9

(#= 2)

EANEE 231029
TOCIHEE S1201019
ERR24FE~FERH28FEIFA K FHBBRMOMARERTBIESE]
MRABRBEEME
2 KRE4 BPWKRE

FRENG _BEXE

44 ZAS . YL BRI A —
JOo MR ZEBRHTEARXIEZO1—-501 EWRKEXBFYU/\ARN
HETOS o =B FESTIL RO =S R
e E s R EERET DL G &)
HErEE
HEREES MEDRS %
Sl & I8 T S EF 0 R 51T
TOSIHORSMFEREYR 7 &
ZUBBERS (EIL-EFR £4-El ANt
10 AETOS IS HEHAEE
HRESR B & | JOCIONCOWERE | ISR THRE
gk, | EEMEBEORRAEHE
i w1 ey | MOEHETNICEBEH | B+ BT/ His/
; T L T MBI EET AR | BATOEEDEA
KRB | S
=13
- F/ASLEERBE. T
BEXZ | ik BBHmERT |/ BEOMIETE. &
Fill & BT SR | ERMEAT | /HE =¥ i . =
o 24T INARADIEF PEREF/FEAMH. TN
7 ARADEIHE
AT | ZILMEEBROERRKER | Sb-B ZELYEEK
— BTS2 | MOEHETNICEZEY | ICEMT 2EHEER
= TR AL | WEEEYEEERT AR | L, EHMETNARE
1= NER £HT3
EYEERDTNART
ZikE. | OEREHOES -BYEH ot AT
s BT | ¢ R ORSF | oo BRI
58 RIE o E . - Lo s T o WMOTSAEVEEFRT
RE | —ELTRMORI-BTR | oo T
12 MEL—Y - KBSt T4 4
FHA—DER




(#= 2)

EANEE 231029
TOCIHEE S1201019
ZtYMEEROFEREAER | . e s -
GtETRkES) | DOEX i ssiznicrsmy | = CATEET/RE
X5 % T mnm R T R | TERE S ES
= TR H2 D=E GalnN-AlGaN D BEIE
Lt S— ZEYFERDEEBRER
Christian Wetzel | T % % 2 - MDEFEELNICLDESH | & InN ELLSE GalnN
s 42 BRI MFEEERTINAR | 2D T /N1 ADRA
. DER
Haiyan Ou ;;l;:"g ZEMLEROTNART EREITSXEVDIGH
y ;,E%%,* OEREMDOES I -
<HEEODEFRR(MERREZED) >
I=
7’0V )N COMRRRE | TE-BA MEEKSA 7Oz TORE
(ZEORE . Erk26FE 48 1H)
#
FHAOFME B2 | T2 GEE)ROME- B2 MEEKS JaCIHrTHEE
e ikt ZIBKRE-BITEHER- | ZiEYEE XD YH




(#= 2)

EANEE 231029

A IorES S1201019

11 HEOHMECK BHEEHZE10RLUANTIER)
BRIV EH-BER VG EOHE

AARNRZEHRRTHEME, CNETELYFBARRARICEVTEHRMICEVREZ
EBLTERBAE EEYFEFREBRRTAR L 4—EPRIC. BEERE. TovY—
JIRKE,. BEULUES—IRRZORRTIN—TREERRPOAREE DKL
F£IHLITEOT HLWRERHAREM - TNARTOCRKXMEHELT 5. BAEMICIE,
EeYFBAERI O RIVES BEYFERS /25 LBEROEREM, SHIZEVINES
BRGEBIEYHFBRICE DV THHEET NMRZERY D L TRAIRGERB T OMILZE
FHEEBRICHREED =, SHIZTNODEBRMEEIC, HERMICEHFLGT /34
ADEBL, HRICHERZREITOIAERRELTEBIDAENEAMRRENDEN B
TH%,

(2) A3l

2
AAETODIIMIINETSELE-MEEIILTD 8 L (N5 4. F5 34)THD
o LA EREDRK
P2 =°0 — 43
HE7' 0y MBI B AR 0Y Th -

AT - B MRESL

JoZHEE
ST £1-F )
EJA7ER L
ke o o SREC TRl 3 S TS BILZRAZHIR0D
£357
o N
ORAAGETEEE T R
T IR 53 NI = T Ll | BILAraZIRD
AEY- IE]IE}E Si I\ =
o £33
—E2Y
TUOFED-ROVE .
‘ =1L Bk - 48
HISHRH - AR o MELEERD | C
2 MR B S35+ AllnN 4 B BILYrOZ9ZAD

ElonLiss | o0

BYEDHE - ERF
BEFR T DHESL - —

EMF EK-FE

WISTRE- AR | . E 2 R ORL §
e R T e
KISt -7 1755
— RN
DR

EieHFBEY | BOMREA(H26 £F
PE D fEHT &FTAE YRR HBRIE
)

BITMER--#Hix BIE X

zh (4FiLE|)

H24 M5 H26 £ 3 AETIEITMEELLTREXRHEZERL. IEITSNIETE -, I
RREREEEBEIVTSAEVFA LED, ERFE XM EFIE Y=, H26 &£ 4 BH5
RRER X - B2 AYEZR - R ELTHRER-BEL.H23 Y HCTSET -




(#= 2)

EANEE 231029

A IorES S1201019

KAIST ) Assistant Professor EL TEEFTETHD.
IBITVH2T M H29 £ 3 AET. . BEHARELLTUMNMHBERZERL, ARICSESIETE
T=o

KEREICBEALTIEEARAR T IL—TTUTDEYTHS,

H24 BLEREF4E 34 BLREFE 3394 (BT 194)

H25 tELERFEFEE 3L/ UET 14) BLHREREREE 3394 (BT 18 4)

H26 TELREFLE 24 BELRERE 3548 (BT 204)

H27 ELREFLE 54 BLREFE 384 (BT 174)

H28 1BLERFEFE4E 5R(UBT 24) BLHREREREE 6LUET 184)

H26 M5 2 Z DIE L REFA RHEE - THEE) . SHITH2T AL 1 BZFEMUVMEES)
ZRALLTERAL. REBMEBEAXZESFORMIIRHEIE TS, LEEOKRERE
BLUOEIHAREIIBFEROH. RE 2HLGEDORREH T,

Fr-. AEZEO-OWEE I BERALTWS (KREFE - MM E - E2FHETHIT)

HE R AR F D E R

o LR RRED KL
oc N e
Eﬁj'bj D/ Ial"ﬁ&(j- %bfﬁﬁqﬁ7ou:j“l7l":

JozEE
s 21353

ZHERE-HIR X & Bk /04v - | ZIeYFEHK-FE
EFFYMEFEI | HILIFOAZIRD
E4%XL—DmBEK- | £
- TN A R
. EF#REtEL—
HOKBGEM. 2B
ZRW-%5LEDD
& CEE

T > <% —% I # X | Haiyan Ou EFEITSAEVDE | EYFE(K-FE
FOEHUIR M ELER,. PD | HILIMAZHORAD
DB XEEIKE. | EH
BLREFEZ24
(B12mA)=ZITA
n

L >+ 5 — I # X | Christian Wetzel kEMHEED LED £ | ZieYF BK-H1E
2 BU% HOAGELOER | HILIFOZIRD
EIR

P/ - B MEEL

(3) Witk - Ex i 5F

(EHEER) €9')—2)L—L 150m24+-155m2, T/NA R HFFHEZE 55m? {FAE: 44
(MREE) OEHRERBILEYSHEARREED. @. . 29 I2H%) 4 & (FIARKM: 18
12 B5fE]) @74 R) VIS4 E(®. D)+ BEFE—LBENEE(30)(FIARKRE: 18 128
f5) ®ICP TyF 4 ZEE(®)(FIRAER: 1 B 12 B € TX <L —5(31) (F| A ERE:
1 B 12 B5ffl) @EB BB (28) (FIFAKR: 1 B 12 Bfsl) @R/3v4a) 5 %iE(32)(F
FAERT: 1 B 12 BR) @ hY—F LI Ryt  REB(HEEBETFIEMEE(2,15) (FI A ERS:




(#= 2)

EANEE 231029

A IorES S1201019

1 B 5 FfH) ®FIB- <404 T e EE A E FIEME (FIARRE: 18 3 K
(33)@X REIHTEE(34)(FIARRE: 1 B 12 FfE) €74 LIy E RE %(ﬁllﬁﬁﬁﬁsﬁ
1 B 3 ) @ L—FBEMIERESS) (FIARM: 183 E#F'EEJ)O#%WT/\{Z&W
(14,27, 26) (FIFAEEfE: 1 B 3 Kff) e#ERFTHEES. 12, 17, 21, 25) (FI| AEFfAE:

12 B5f]) @ T /N4 X 2aL—%(SILENSe, TCAD %) (FIFAKFMAE: 1 B 12 B5fE)
}acl:lﬁlk%ﬁ’éﬁ)\l.,f:rbl/\—%A**%(Q)(HZM(*IJFHH#FEE] 1 B 12 B . $84FR
FHEL R R (22) (FI AR 1 B 12 BefE) . REIEREE (H25)(7) (FIFAKERE: 1 B 6 KfE)

(A EREOWME XTE. 1SRV 14IZHETAREBIZIZTEREVY xFFF 2L,

<BHEFTOEB KRR VZERE>

AARTIL—TIE. ZIEMFEERMBEEDREL. CNETICTHATHO TRM B O S &
BEFEROER., CEMHIEGEEERL. HRICARGTTECYFERIZLLIFTR/IEE
LED#FIL® . HRAREREFEARL—Y  SUELHNLED,. BRI ORFGE, 70
UTATTNARERBRLCE, AR TOD VLTI, CNETRHRELTE-MEREBE
HEIHRBREEMBLIUTNANARTOLRBEMZEH L. REMICEFHFHLET NI ADE
IREZBIETCEFHELTWA BERERE-TN\AMRTORRIZEVLWTUTOELSIL R EEE
L7=.
1. ERERILEVMSHEREEICE TS5 ZDGHEE XEEITAEEDHEILZITL. ThE
GaN &V GalnN/GaN AT OB [SEA T ST ML (1 [TRFE)
TFUOFEVEZIEWFEEIRIZ 0.4% Y AL T EITHIN(2 [TXG)
AllnN DR -5 R B fEmRER M QML (*3 [TX )
TNARERA A BEE BRI n =LY FEKR(5.9x104Qem)DEIR(*4 TR )
BEERZEYEBARIN RIVEEESVZINET /NARITHERACS ITXIE)
/NILY AIN ER EANDREIEFIXR S L EE M QOBEIL(*6 (TXTIE)
£54/01%8 LED I2H T 50 B QIR (X7 IZXTIE)
ITO EABZ ALV -ERALY &S HiTEHEIL(*8 [TxTIE)
9. AlGalnP LELMFERDEEESEMEMEIL(* ITXIE)
10. GaN ERMSDL—H RIBER T ZFEIL(*10 [TXTIS)
1. F/AT) ANV TS AED BB M EREL(11 (2X5)
12. AlGalnP EZEeEEREREZ ITO ZRWV - N\ESBT DML
13. T/Oa5 LR EFREEDIER BT DML
14. BN EEEZBIELLEEF EFEANEZHET S5 &ML
SHIT, INOLDFRBAERBEM/TNARATOCREZREICUTOISIBEFHLET NI RER
BHLT-,
@ ZIHEER-EERE - AR/ ENRTTIVI—DER (ZHEE 10°A/W LLE)
DEIR(*M12 [TXTIE)
EEYFERICEVWVTHRASGENEQERIEFIFORBGEMDER(*13 [THIT)
GaN/AIGaN RICEWTIIHRHELLIEFRMED L —TF DEEH(*14 IT3HIE)
R 5T 99.9% L1 D AllnN E Bk 2 BIERSEOEE(*15 [T)H)
FoYTEAGIE 2 FRTRATLECYFEAERTIIR LED DEIR(*16 [THE)
BREIL—THMEH TOARVELES LED QEIR (M7 ITXIE)
FoRIIEEEFRAWV-EREE - Y490 LED QEHE(*8 IZxi)
ELYFERNRIIEEZAV-ZEEECYFERRGENDEIR(*19 [TXIE)
FHHDIMWIHRRSHH:H29.3 Bm) OELYFEARE AL —TEER
EeYFEERBDENLL—HITHRULVT.DBR BICERER T MIZET /N\(REEH
FEHAESEEERAV T NNMABEICSVLWT. BIeYFEEREELL—TEER

©NOOREWN

@@@@@@@@@@




(#= 2)

EANEE 231029

A IorES S1201019

EERDOLIIC.COH 5 ERTPFELTWHARRRICNA ., F-G5T N\(RZEHT D
BEDRRERLTE

<EBHWE=BEMNENSF-m>

FRICEEE L E-HAERRDSBEFICEN-HERRELTL. DOERERILEVSHERE
EITBITATDFHRE X REFTAEEDHEILZITL., TN%E GaN, GalnN/GaN ~NTOH%
& . AlGaN/GaN 4. GalnN/GaN B FiE:&EISE AT M2 HIQBEYEEK-BE
REE AR/ N R T 4T I5—NDER, @GaN BV TIHHRIELZBEFREIEDL
—HFDERIRDX V)7 EAZHIHTEIEIEST 2 JRETHENLT S LED DEIEHGREHR
ZEMFERNRILEEOEROZRIEMFEARKGEMCEOVTHARSNEOD B
F—E> S %% LED ISEAQEAREHNIDZELYEERRARLL—TEERLH
(Fond, UTFIZKRBEDOEERET 5,

O BEHERELEYSHERREICE TS TDIGEHEE X REFAEEDHEILEZITL. ThEx
GaN B & GalnN/GaN ANTOESIZEAT AT 2 L
ZEMFEBRTNARDFEALITERERILEVMTIEREETERINTLS, TDHE
mARBMEBEETERTH LT, TOGEHEBRMEIBOTEETHD, CNETIT, X
AWV BE-ERORY - EEFZZTDGHRETLEHMALERESNATEY. EREICT
NAREEICAWNON TS, AETIEESIC—F5HEDH . X REAN-ZOBEREIME
BETLTzo CNETORE T, A TIXEAITEL A 2= GalnN DEFAERZEREIZE=4—
FTAHENARETHAEEZMETILEBOTEN-HREZE L. ChoDBRF 5 HD
BEEE. 2EOZE 1 £L2EANNICTEVEMER TS,

@ EBtY+EKR-BERE-AIRL/ RIMETATII—DER
ZIEMEERDNVRF vy T IR —(XENAD ORI R 2, FEEIZHIz>TEY.
REARFLETTERAZFELTCORALHFINTLS, CNET. KT IL—TZIELH
EL-HR D DOHAEHEBIMNS pin TR AA—ROREBERILEERRLBTINA ADRES
NTELED SRBRENMENCELEEZALIZIEEBENVILMA GO TGN ST, KEFE
BERETIE. TOMREREZMRT B2, AIGaN/GaN NTOESZ ANV 2 RITEFHRE
pn FEICLOTHRSN-EZRBEETATHIBEEMITHREL. ThITL>THBHTHLY
SRBEENEONDZZEXZHELHNICLE. AT /NS ADMEEIL., BREOELYWEEFEZAN
2R BFOUREET EET AT TIEEL, SiZAWLV-pin AN AFA—KOT7 /NS 1T
ARNTAF—FDZHEEEL 3~4 HEEZELTHY. FARTFLLTERLZARELNS
WA EFHEELREBEOYIARIRAETHAIEEHLNICL=, T-. ZAERIE
AlGaN D#ARAS p U ZIZ GalnN ZAAWLNSZEICK->THIEHRIEETH S EELBHALMIZLT=, =
NEDTNARIE, B9 LED DERIEICEEHNF—T NARELTHELTUKIEL TS
S, CNODREIZBEFEN 4. FAEDZTEN 2 HISBEINAGEBVEMES
T3,

QEMFERRICEVTIIHEHRNELLIEFRIEDL —F DRI
EEYMFEBERL—HE. ChFETICHFLR-FR-ZEBL—INERESA TS Y
BICIZEN B AO TR L., SOITIEFRNBIHICTES>TILNS, COIBENEE (Tt F
BAMBCTEERRELGEETHY. EECLCIEREMFICERMEHFIATNS,
AMETIL—TTlE, HRRERELENL—FDEH (2007 F: 4355 EHRICE
BRITT-RREZHELTELD. LR EREIRRKOBMOERZETIIERHETH D,
ZTORLARELEBRIE. SVEFREEZE D p B AlGaN R I L EHARETHY. TD
F=OL—RIRICHDBELRETEIANTELRWNEWNSZETH D, TORBAERRT 51-0
[CIEMDF )T EADFEERALTHCENEETHY .. AT IL—TTIREFEMEIZE
BL71=, EFRIEIXEFTEADEBELGLALY  ENL—F DOEREMNAREICHSEHFS




(#= 2)

EANEE 231029

A IorES S1201019

NN, CNETEEMEEARMBIZBWVWTEFRIEIZESL—FDOH®E X HILOT-,
RKITIN—TTlE. BHBREOXRBFHIBEISIZIFRIVL—BERED LR EEREL., F
DEBERDBRERFIL. HRATIEICHTEFRMEICLIZLYEERL—FDERZE
HEEL, S(1F. RAFZZENBEHOT NARIZHAL., HRRMICIEK R A HIfH e g8
ENEL—HORREZBIRT FETHS, cNoDERITIBEEEN 1| B EZMMIZE
WEFlZEH/ TS,
@F v )T EALEEIHTBHIEICEST 2 ZETHILT S LED DER

—fHZICLED TIE—DODFEMEBE— DD pn HEETHARAL O, —DDKETLAMFENLL
B, REFTEH, ZDOULDEEREHEAATEZRERTHEINT S LED OERBZHBA
. CDEE. REEBADEFLEEA (FYUT)DH—LEANDLETHD, KAET L
—TJTIE, FYUTDFEANKEICEBL. ZOHIEICKY 2 RRTRNATHIENTAEETHD
CEERELI HICThREBEESEBERRL. ZIITHEED Mg ZH/MNT 5 LIT&-T, %)
RI2DDRRERTHRASEDIENTREIZHE ST, ARRIT. FENZE (1 ) THLHES
GHfich . SRIEQRXNERABOFREARNLL—TLHEADERLEFTES,
GOEERZEYFEARMN RILIESDER

ZEMEERIN RIEESEZESAGENCEREAL Y OEBREMELTEETH
M. INETORETIEFRILVEESTOERMNIEEIZH LN (~50Q EVLVSBERNEFE
Lfze ZTIL—TTlE p B GalnN O:E A, FHELIBOFEDEILLEETV ERANASQ
BELLS—HEBEV O RILESZEBRL £, CORMEEREERBECZEE KNG
BMICEAL. HATHOTOI RILEEZRAV-EEEABGENEERTOILEDK
BEELI=, INODERIIBFHFEDN 3 HHALEZMMITE VL EEF TS,
® ZIEYMFEARKBEHIBOVTHARESDREZER

EEMFERKEENICSVT. BB FREE- SHER - EXREFLANDILIZEST
ZEYMFERKRKGERCSVWTHEHARSNEELEE L, CNOoORRIEBFHREES H4E
EELXTEVEFHEEFTLS,

<BEEH o E>

FROESIC AFRRETRE DL TEOBRRELFLHLL BT DR
R FURLESOMER—E LY | Y HhE G ECNETE LML EHHRT
EF A RIS ABED SN TOANSDRMERIL, ZO— AT, HAREEEZD
b ChE 1 SEDTEFMUELT AAANDBANFARTHEEEZOND,

< B 2l O R HEFER &t Ik >
ATODIIRTIE, EHONBEROCE 1ROV ROV LETHEL. NEBOFHEL D
D - TRENARES AR REAREHELT -,

<5MER (55 =) 5Tf OO R #E R &t ik >

HEFHEICES VW TEBOFEMAREICLDPREFFMEREL . ZRIE DN TEDGX
BZEATo1=. BEARMICE. IRUADBIHIZRIT-RYBHERIEL. ZIEYFBEHAR
(R M mfskzE s =

<HRYPERTERORE>

ERDESC. ARRRETIE. ZPFBROBREAROCVIN—RU T2 T &Kl
EFHRDEBERMERALIz. ChoDEBERMIETHLOAT NI RBNHIBHTEMT
HBEEZLN, SRRV IV—TTRILEEIRT NI RAORIRICAITREFZEDH TLKF
ETHD.




(#= 2)

EANEE 231029

A IorES S1201019

©oNOORLON=

9.
10.
11.

<WHAEBRRDENIRHZNE >

AKARBEEOAEKREDOFBTESLIUNBORRARE THAIRTFETSHETE
LED MFBAIZKDHMET 2014 FO/—RIVYBEEERZE L, £, ThEE oM ITFIZ,
ZEHERZZHRDLICGaNHARIVY—I T LEERL. AARESEL TV, SHI2, REF
RERITIREL-FfiZERAL. 2016 FEXIYBBREXLT NI RARAE L 2—%FHEL.
Ko A—FhDICRERDOAET NI ZADORAFKIZRYEN>TINS, SLIZ. KAAREDE
EHRLUTOLSEZE, BHFEFEBICEEINALERARTNEZFLICHEMICHVEEMES
TW3,

[FEDRE]

ELYELEERMRER RREME (2012) - FREEX
RAYEFe BEEME (2012): FEREX
ZEYFEERHARE PIRERE (2013) : SRHKEH
ZEMEERTRE RRERE (2014) StLFFE
ZEMEERMRE RRERE (2014) /N EHE
ELYFLEERMES HRREFRE (2014) 1 FH R
ZEYFLEERMRE HRERE (2014) - ZHEE
EEYEEERMRE HRERE (2013): ILKFEF
ISGN Best Young Scientist Award (2015): A. Yoshikawa

. ISGN Best Young Scientist Award (2015): K. Takeda
. ISGN Best Young Scientist Award (2015): D. Komori
. ISGN Best Young Scientist Award (2015): T. Furuta
. ISGN Young Scientist Award (2015): K. Matsui

CAYEZE BREME (2015): tLAE

. LEDIA Best Student Award (2016): K. Matsui
 EEYFERERERBES RREME (2016): TG
CEEYFBRRERARBER XRERE (2016): £FHYMH
CAYEZE BREME (2016): TG

FHOEFFE - BEFAE)AN

IWN (2012 #L1&): M. Ishiguro
ISAMERYE (2012 BRE): AREEX
ACCGE(2013 7 A1#A): T. Yamamoto
ICMOVPE (2014 RXA X): T. Yamamoto
ISGN (2015 ;E#2): K. Takeda

ECCG (2015 «%1)7): J. Ohsumi

i AYIEEE (2016 #HiE) B

EMN meeting (2016 /\> A1) —) K. Matsui
EMN meeting (2016 /\>#')—) A. Yoshikawa
ISAMERE (2016 BRE) tlfnsg
ISPlasma (2017, &£ 5 E) # XHi

12 F—T—F(BZMARABTEZILKRLTVDERDODN DL DEBEB UNTREHL TS

LYs)

(1) ZTIEYFERK (2) fERERE (3) ZFDIHEFAM
(4) FoRIVES (5) LED (6) L—%




(#= 2)

EANEE 231029

A IorES S1201019

(7) F4T95— (8) AW

13 MIRFEROKRE (ARBXELARKR, FIRFILEL,)
FROATDIZRBLIEAERRICHET 5EDIZIE * ZF9 I,

<HEISERL>

1.

10.

MG EER. BERL. ESOAR. B RYOLEROE. BRF (BE)ICOVWTEEA
LTSN ERDEFEENRBSINTONE. BEDIEFZANBATLRA) £, B
AMLFERFRIEIZHEY . BLESEML TS,

"Laser lift-off of AIN/sapphire for UV light-emitting diodes" Hiroki Aoshima, Kenichiro
Takeda, Kosuke Takehara, Shun Ito, Mikiko Mori, Motoaki lwaya, Tetsuya Takeuchi,
Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: physica status solidi (c)
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Tatsuyuki Sakakibara, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu
Akasaki, Takayuki Sugiyama, Hiroshi Amano, Mamoru Imade, Yusuke Mori: Journal
of Crystal Growth Vol. 351 (2012) pp. 126-130.

“‘Development of AIN/diamond heterojunction field effect transistors” Masataka
Imura, Ryoma Hayakawa, Hirotaka Ohsato, Eiichiro Watanabe, Daiju Tsuya,
Takahiro Nagata, Meiyong Liao, Yasuo Koide, Jun-ichi Yamamoto, Kazuhito Ban,
Motoaki Iwaya, Hiroshi Amano: Diamond and Related Materials Vol. 24 (2012) pp.
206-2009.

* “In_situ X-ray diffraction_monitoring during metalorganic vapor phase epitaxy
growth of low-temperature-GaN buffer layer” Daisuke lida, Mihoko Sowa, Yasunari
Kondo, Daiki Tanaka, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and
Isamu Akasaki: Journal of Crystal Growth 361 (2012) 1.(*1 [ZX i)

* "Nitride-based hetero-field-effect transistor-type photosensors with extremely
high photosensitivity" Mami_Ishiguro, Kazuya lkeda, Masataka Mizuno, Motoaki
Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: Physica Status
Solidi RRL 7 (2013) 215-217.(*12 [ZXt i)

* "Analysis _of strain relaxation process in_GalnN/GaN heterostructure by in situ
X-ray diffraction _monitoring during metalorganic vapor-phase epitaxial growth"
Daisuke lida, Yasunari Kondo, Mihoko Sowa, Toru Sugiyama, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: Physica Status Solidi
RRL 7 (2013) 211-214.(*1 [ZX} i)

“Trench-Shaped Defects on AlGalnN Quantum Wells Grown under Different Growth
Pressures” Tomoyuki Suzuki, Mitsuru Kaga, Kouichi Naniwae, Tsukasa Kitano,
Keisuke Hirano, Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki Iwaya, and Isamu
Akasaki: Japanese Journal of Applied Physics 52 (2013) 08JB27.

“Control of the Detection Wavelength in AlGaN/GaN-Based
Hetero-Field-Effect-Transistor Photosensors” Mami Ishiguro, Kazuya Ikeda,
Masataka Mizuno, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and
Isamu Akasaki: Japanese Journal of Applied Physics 52 (2013) 08JF02.

* “Carrier_Injections in_Nitride-Based Light Emitting Diodes Including Two Active
Regions with Mg-Doped Intermediate Layers” Kenjo Matsui, Koji Yamashita,
Mitsuru Kaga, Takatoshi Morita, Tomoyuki Suzuki, Tetsuya Takeuch, Satoshi
Kamiyama, Motoaki Iwaya, and Isamu_Akasaki: Japanese Journal of Applied
Physics 52 (2013) 08JG02.(*16 [Z*t i)

“Combination of Indium—Tin Oxide and SiO2/AIN Dielectric Multilayer Reflective
Electrodes for Ultraviolet-Light-Emitting Diodes” Tsubasa Nakashima, Kenichiro
Takeda, Hiroshi Shinzato, Motoaki Ilwaya, Satoshi Kamiyama, Tetsuya Takeuchi,
Isamu Akasaki, and Hiroshi Amano: Japanese Journal of Applied Physics 52 (2013)
08JGO07.

* “Concentrating Properties of Nitride-Based Solar _Cells _Using Different
Electrodes” Mikiko Mori, Shinichiro Kondo, Shota Yamamoto, Tatsuro Nakao,
Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi
Amano: Japanese Journal of Applied Physics 52 (2013) 08JH02.(*13 =X} i)

* “GalnN-Based Tunnel Junctions in h—p—n Light Emitting Diodes” Mitsuru Kaga,
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Takatoshi Morita, Yuka Kuwano, Kouji Yamashita, Kouta Yagi, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: Japanese Journal of
Applied Physics 52 (2013) 08JHO7.(*18 [Z*t i)

* “Investigations of Polarization-Induced Hole Accumulations and Vertical Hole
Conductions _in _GaN/AlGaN Heterostructures” Toshiki Yasuda, Kouta Yagqi,
Tomoyuki Suzuki, Tsubasa Nakashima, Masahiro Watanabe, Tetsuya Takeuchi,
Motoaki Iwaya, Satoshi Kamiyama, and Isamu Akasaki: Japanese Journal of
Applied Physics 52 (2013) 08JJ05.(*7 [ZX} )

“Study on Efficiency Component Estimation of 405 nm Light Emitting Diodes from
Electroluminescence and Photoluminescence Intensities” Kazuki Aoyama, Atsushi
Suzuki, Tsukasa Kitano, Satoshi Kamiyama, Tetsuya Takeuchi, Motoaki lwaya, and
Isamu Akasaki: Japanese Journal of Applied Physics 52 (2013) 08JL16.
"Dislocation density dependence of stimulated emission characteristics in AlGaN/Al
multiquantum wells" Yuko Matsubara, Tomoaki Yamada, Kenichiro Takeda, Motoaki
Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki and Hiroshi Amano:
physica status solidi (c) Volume 10 (2013) pp. 1537-1540.

¥ “In_situ X-ray diffraction monitoring of GalnN/GaN super lattice during
organometalic vapor phase epitaxy growth” Journal of Crystal Growth 393 (2014)
108.(*1 [TxF )
¥ “Extremely Low-Resistivity and High-Carrier-Concentration  Si-Doped
Alo.osGao.9sN Toru Sugiyama, Daisuke lida, Toshiki Yasuda, Motoaki Iwaya, Tetsuya
Takeuchi, Satoshi Kamiyama and Isamu Akasaki: Applied Physics Express Vol. 6
(2013) 121002.(*4 [ZxF i)

* "Homoepitaxial growth of AIN layers on freestanding AIN substrate by
metalorganic vapor phase epitaxy" Tomohiro Morishita, Motoaki Iwaya, Tetsuya
Takeuchi, Satoshi Kamiyama, Isamu Akasaki: Journal of Crystal Growth Volume
390 (2014) pp. 46-50.(*6 =X i)

* “Multijunction GalnN-based solar cells using a tunnel junction” Hironori
Kurokawa, Mitsuru Kaga, Tomomi Goda, Motoaki lwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, Isamu Akasaki and Hiroshi Amano: Appllied Physics Express Vol. 7
(2014) 034104.(*20 [ZRt i)

* “Control of growth mode in Mg-doped GaN/AIN heterostructure” Tomohiro
Morishita, Kosuke Sato, Motoaki lwaya, Tetsuya Takeuchi, Satoshi Kamiyama and
Isamu Akasaki: Japanese Journal of Applied Phyics Vol. 53 (2014) 030305.(*6 [Zxf
* “Control of crystallinity of GaN grown on _sapphire substrate by metalorganic
vapor phase epitaxy using in situ X-raydiffraction monitoring method” Journal of
Crystal Growth 401 (2014) 367-371.(*1 X UV*13 [ZXH i)

“Laser lift-off technique for freestanding GaN substrate using an In droplet formed
by thermal decomposition of GalnN and its application to light-emitting diodes”
Daisuke lida, Syunsuke Kawai, Nobuaki Ema, Takayoshi Tsuchiya, Motoaki lwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: Applied Physics Letters
105 (2014) 072101.

VI, ARFRBE, Bl B R 5B TS BEREIRE L —F—0BUR] .
TR Z45E 25100 &% 5 5 (2016)
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34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Matsui, K., Kozuka, Y., lkeyama, K., Horikawa, K., Furuta, T., Akagi, T., ... &
Akasaki, 1. (2016). GaN-based vertical cavity surface emitting lasers with periodic
gain structures. Japanese Journal of Applied Physics, 55(5S), 05FJ08.

Takeda, K., lwaya, M., Takeuchi, T., Kamiyama, S., & Akasaki, I. (2016). Electrical
properties of n-type AlGaN with high Si concentration. Japanese Journal of Applied
Physics, 55(5S), 05FE02.

Komori, D., Takarabe, K., Takeuchi, T., Miyajima, T., Kamiyama, S., lwaya, M., &
Akasaki, |. (2016). GaNSb alloys grown with H2 and N2 carrier gases. Japanese
Journal of Applied Physics, 55(5S), 05FDO01.

Osumi, J., Ishihara, K., Yamamoto, T., lwaya, M., Takeuchi, T., Kamiyama, S., &
Akasaki, I. (2016). GaN barrier layer dependence of critical thickness in GalnN/GaN
superlattice on GaN characterized by in situ X-ray diffraction. Japanese Journal of
Applied Physics, 55(5S), 05FD11.

Furuta, T., Matsui, K., Horikawa, K., lkeyama, K., Kozuka, Y., Yoshida, S., ... &
Akasaki, I. (2016). Room-temperature CW operation of a nitride-based
vertical-cavity surface-emitting laser using thick GalnN quantum wells. Japanese
Journal of Applied Physics, 55(5S), 05FJ11.

Yamamoto, Y., Yoshikawa, A., Kusafuka, T., Okumura, T., Iwaya, M., Takeuchi, T., ...
& Akasaki, l. (2016). Realization of high-performance
hetero-field-effect-transistor-type ultraviolet photosensors using p-type GaN
comprising three-dimensional island crystals. Japanese Journal of Applied Physics,
55(5S), 05FJO07.

Yoshikawa, A., Yamamoto, Y., Murase, T., lwaya, M., Takeuchi, T., Kamiyama, S., &
Akasaki, l. (2016). High-photosensitivity AlGaN-based uv
heterostructure-field-effect-transistor-type photosensors. Japanese Journal of
Applied Physics, 55(5S), 05FJ04.

Mori, K., Takeda, K., Kusafuka, T., lwaya, M., Takeuchi, T., Kamiyama, S., ... &
Amano, H. (2016). Low-ohmic-contact-resistance V-based electrode for n-type
AlGaN with high AIN molar fraction. Japanese Journal of Applied Physics, 55(5S),
05FLO03.

Yoshida, S., lkeyama, K., Yasuda, T., Furuta, T., Takeuchi, T., Iwaya, M., ... &
Akasaki, |. (2016). Electron and hole accumulations at GaN/AlInN/GaN interfaces
and conductive n-type AlInN/GaN distributed Bragg reflectors. Japanese Journal of
Applied Physics, 55(5S), 05FD10.

Takasuka, D., Akatsuka, Y., Ino, M., Koide, N., Takeuchi, T., lwaya, M., ... & Akasaki,
I. (2016). GalnN-based tunnel junctions with graded layers. Applied Physics
Express, 9(8), 081005.

lkeyama, K., Kozuka, Y., Matsui, K., Yoshida, S., Akagi, T., Akatsuka, Y., ... &
Akasaki, |. (2016). Room-temperature continuous-wave operation of GaN-based
vertical-cavity surface-emitting lasers with n-type conducting AllInN/GaN distributed
Bragg reflectors. Applied Physics Express, 9(10), 102101.
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3.

“BOWERICEEONT B LED FAEWIE FiF 5. BARZFFE B, 233 R—
2. (2013)

“DARF vy TEER—-BHITIEDISRATIEAN" FREFE ., #F shz. ERELE 404 R
—2(2013). (6.2 ENBRERTAA—FIEH (12 R—)ZEA/REMNEY
"IRAR ) AV HEER —F /BB A FIOREER-RESHRE (2.1 EtpEER
DEHBETNAREE) . TATH, TX-F— TX, 11 R—T(2013).

<%

ZHEKR>

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

"BV EARXRGEMOIRREZOEREE" E/FE. MATH, EILIE. . F
BE. XL BAEREEZET/EE - TEAX L VIILBESBEESL VRO LIE
MEF/IIEZFX v IVABEMDRRIG]. RERKXF, 2012.4.26-27. [HHIEE]
(*13 [TXEFS)

"IREZEILIZfED GalnN/GaN ATOEEDMHMIEEEHRE" WMRERXE, kB XEH. &2
I BGEBRA. SBMERF. EARE. MAZH, LILE. FFSE: £40 2P
FERERRAREES (FL IWN2012), RRER K. 2012.4.27-28.

*"'n B GaN ETFICEHFARRILEEE LU p & GaN FHEDEET" REFEE. 1L
TER. MER, FHER TREH, SARE, U, FIKSE: £ 4 B 2Pt
BREEREREERS (L IWN2012), EERKE, 2012.4.27-28. (*5 2R )
"IBHIAAE! GaN /AT LFERD MOVPE s RICEAT 2R 51" #BHEIEL., MESH.
JLEFR. ABREIT. MRRE, LILE . MAEth, 8RB, FFE: £ 4 @ ZieP
FERERRAREES (FL IWN2012), RRER K. 2012.4.27-28.

"GalnN EFHFEA~AD Al HFMNIZ&S AlGainN EFHFEDER L@ $HARE1T. M0
B, LHFa . HKIE—. THEHRGE. TREH, LILE . 58K KIS 5 4 [
ZE I ERERRREFES (FL IWN2012), RFEKZ. 2012.4.27-28.

x "X #RZ DIFERE MOVPE [ZXYEEfiL7- GalnN/GaN DEERIEE" TR, A
K&, ZIUE EMERTMEXRE, SA/FRE, TRTH, LIS, FIFSE: 5§ 4 [
ZEYEEARERREEES (FLIWN2012), HEEKE, 2012.4.27-28. (*1 [Zx i)
x"PREEFAVCEZEYFER - RRRENIAA—RICEFT5F ) 7EADEE"
WA, ILT/ER ., MEF, FHEN, HRET. MREH, FILE S8FRE. &
HE: ¥ 40 ZEMWFERBEBRREBEES (L IWN2012), RERKF,
2012.4.27-28. (*16 [Zxt i)

" MEZEYEERZAV-EERN RILES" FHER NERX. ZFEE. I
TEE. IMARE. TAEH, EILE EAFRE. AESE: F40 ZEYFBARESR
BREFES (JL IWN2012), BEAZE, 2012.4.27-28. (*5 [ZxthE)

x"p B GalnN ZRWVV =S RREL FET Bt 9 —ICBAT LR FEEXR. B
9h, KEFIERE, EARE. MATEH, EILE FIFE: F40 EYIEARBEERERE
EES (FLIWN2012), HEKEE, 2012.4.27-28. (*12 2R/ IE)

"EEMHE L IREIEMFERERDNRNS DX FICETLHME" KEFIER. B
. BREXR.NEXRE. BAFRHE. MATH, IS XFE. KRGS £ 4 @ =2
ItYFERERRREES (L IWN2012), RERKE. 2012.4.27-28.

* "Optimizations of Nitride Semiconductor-Based Tunnel Junctions" Mitsuru Kaga,
Kouji Yamashita, Takatoshi Morita, Yuka Kuwano, Kouta Yagi, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: 16th International
Conference on Metal Organic Vapor Phase Epitaxy (ICMOVPE-XVI), Pusan, Korea,
2012. 5.20-25. (*5 [ZX®t i)

¥ "In-Situ _Real-Time X-Ray Diffraction Study during Ga1-xInxN/GaN
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Heterostructure  Growth by MOVPE for Understanding Strain Relaxation
Mechanism" Motoaki lwaya, Daisuke lida, Daiki Tanaka, Toru Sugiyama, Mihoko
Sowa, Yasunari Kondo, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki:
16th __International Conference on Metal Organic Vapor Phase Epitaxy
(ICMOVPE-XVI), Pusan, Korea, 2012. 5.20-25. (*1 [Zxt5)

"Microstructure of AlGaN on Low-Dislocation Density AIN Underlying Layer Grown
by Epitaxial Lateral Overgrowth" Kimiyasu Ide, Junichi Yamamoto, Motoaki Iwaya,
Satoshi Kamiyama, Tetsuya Takeuchi, Isamu Akasaki, and Hiroshi Amano: 16th
International Conference on Metal Organic Vapor Phase Epitaxy (ICMOVPE-XVI),
Pusan, Korea, 2012. 5.20-25.

"Investigation of AIN/GaN Multilayer Stacks for DBR Applications" Kouta Yagi,
Mitsuru Kaga, Kouji Yamashita, Kenichirou Takeda, Motoaki Iwaya, Tetsuya
Takeichi, Satoshi Kamiyama, Hiroshi Amano, and Isamu Akasaki: 16th International
Conference on Metal Organic Vapor Phase Epitaxy (ICMOVPE-XVI), Pusan, Korea,
2012. 5.20-25.

"B FEARBQFT/MILFEBERTNARAANDIGH" EAFRE: BEAEEBES
(B3R - AEE- R SRS F10 Z2EYWFERT NI RICEHADSEREZEMN
I70AMER I RETLE HHEES. AINKE. 20125658308, [BHHERE]
(*1 IZ®HS)

"BEYFBARIEAXIVIILBEEOHER" XFE. ABER, ILOHE, SH5.
HEN. 5T H - CAYEEZESE F 137 BESRIESRESMESIZEYFERSL
TINA ZADEATHR-E R - TE R EFHER M- IREBTL Y. 2012 £ 6 A 15 B. [#3l
A E|

* "Observation of GalnN strain relaxation by in situ X-ray diffraction _monitoring
during metalorganic vapour phase epitaxy growth" M. Iwaya, D. lida, T. Sugiyama,
M. Sowa, Y. Kondo, H. Matsubara, T. Takeuchi, S. Kamiyama, and |. Akasaki: 4th
International Symposium on_Growth of llI-Nitrides, St. Petersburg, Russia,
2012.7.16-7.19. (*1 [ZX i)

* "Composition dependence of critical thicknesses in GalnN/GaN characterized by
in situ X-ray diffraction measurement", Y. Kondo, D. lida, T. Sugiyama, M. Sowa, H.
Matsubara, M. Ilwaya, T. Takeuchi, S.Kamiyama, and |. Akasaki: 4th International
Symposium on Growth of llI-Nitrides, St. Petersburg, Russia, 2012.7.16-7.19. (*1 [Z
* "Strain Relaxation Mechanism in GalnN/GaN Heterostructure Characterized by in
situ X-ray Diffraction Monitoring During Metalorganic Vapor Phase Epitaxy Growth",
Motoaki Iwaya, Yasunari Kondo, Hiroyuki Matsubara, Mihoko Sowa, Toru
Sugiyama, Daisuke lida, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki:
39th International Symposium on Compound Semiconductors, University of
California Santa Barbara, CA USA, August 27-30, 2012. (*1 IZX%)

"JEFEE AIGaN/GaN HFET @ AlGaN 7\ )7 ® AIN EILDER KU SiBEKREFEME" K
FrIEfE, BEERERS, MER, FEEXR BAFRHE MAEH, £lU &, KB £, X
% & B73ELRAYEFRFBERES. BEXRF-WMILKF. 201249 A 11 B-14 H.
*"EIV - BESBERADEAZREORN" RHIERE, EAEX, $HiKE1T, B
B OEBEX MREH, Fll B SARE FIF F: F 73 DAYEFEERE
S.EBBEXRF-WMIUKXE.2012F 9 A 11 BH-14 B. (*7 [Zx}&)

* "GalnN/GaN ANTOESITHITHIR T4y D E " WEXSE, SRAXE, 21
e, TR RE, BHERT, EHEN S8FHE MTRTEH, Ll B KF F: F
7T3EICAYBEREES. BEAF-WIUKRE . 2012F 9 8 11 H-14 H. (1 [THF)
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37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

"AIGaN/AIN [ZH1T5TH# AIN ERfiZ E&REFMN" HFORE, LIRBHF E8FRHE,
MREWH, EIlL B, AE B, XF & F 73 ECAMEREREER. BEAFE-IN
XK=, 2012 %9 B 11 BH-14 H.

"ITO & SIO2/AIN EBRZ BIEZ A EHE-EBMWIZLS 350nm %45} LED DE#hEE
e"hIs E, fTHEE—, HELE, Ss8FKE LU & MREH, FF F, XF
& ET3ELCAYEZFREBEBER. BEEXF-RILKFE. 201249 A 11 H-14 B.

x "BALYEBERZEZRV-ESREL HFET Bt —"HREEX, MBI, KEFIE
[, EAFRME TREH, Ll & FF F: F 73 DiAYEFEEER. BEX
F-IUKRE, 201249 A 11 H-14 H. (12 [TXIE)

"B YEEARKXGENDELFEICE TIEBEENRBEIL" ZFEEF, ILEXH
X, REEE—BR, hEZER, SA/FRME MRTH, Fill & Kx FXF A F73
Bi-AYEFEEER BEXF-MIUKF 20124 9 A 11 H-14 H. (*13 [TXE)
*x"Mg F—TJhEZRAVN- ZREREAI (A —FITE 5B RIAMKEFEE DRE"
WAy, ILTER, NE ¥ FHER SHARET MREH, Ll 8 S8FEH,
KF B Fr3OLAYEFRBER. BFEXF-MILKF 20124 9 A 11 BH-14
H. (*16 [ZxF )

¥ "Il KB EMEER I RIIVEEZAWN- np S LED" HZHER, mE *x £%
BE, WAEE TREH, Il B SAFRE KF F: F 73 BLAYEFEE
BE.BEBEXRXF-MILKEF,. 2012 F 9 A 11 H-14 H. (*5 [T E)

"100 FroRIL 10um BYA490 LED 7L/ DER" B X, IWTiER, mE 3,
WmAREIT, FHEER TRER, L F E8FHE KB F: F 73 QICAYMESR
RFES. BREARF-WUKRFE.2012F9 A 11 B-14 8.

"EL & PL ##iA#&H - LED IERM S DEH AEDOKEE" FLFE, HAREE, 4t
¥ 7 Lkl E MREL, 58FRE FF B F73ANAYEZEEER. BE
RE-MMUKEE, 201249 A 11 B-14 B.

* "Realization of high efficiency nitride-based solar cells" Motoaki Iwaya, Mikiko
Mori, Shinichiro Kondo, Shota Yamamoto, Tatsuro Nakao, Takahiro Fujii, Tetsuya
Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: The International
Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
[Invited Talk] (*13 [Zxt)

* "Optimization of crystalline quality of GaN using low temperature buffer layer by
in_situ X-ray diffraction_monitoring" Daiki Tanaka, Daisuke lida, Motoaki lwaya,

Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: The International
Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
(*1 IZ®HES)

* "AIN_mole fraction dependence of polarization induced hole concentrations in
GaN/AlGaN heterostructures" Toshiki Yasuda, Kouta Yagi, Tomoyuki Suzuki,
Tsubasa Nakashima, Masahiro Watanabe, Tetsuya Takeuchi, Satoshi Kamiyama,
Motoaki Iwaya, and Isamu Akasaki: The International Workshop on Nitride
Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19. (*7 [ZX} &)
"Fabrication of AlInN/GalnN MIS heterostructure field-effect transistors" Kazuya
Ikeda, Yasuhiro Isobe, Hiromichi Ikki, Kimiyasu lde, Motoaki lwaya, Tetsuya
Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: The International
Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
* "High sensitivity extremely nitride-based heterofield-effect-transistor-type
photosensors" Mami Ishiguro, Kazuya lkeda, Masataka Mizuno, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: The International
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52.

53.

54.

55.

56.

57.

58.

59.

Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
[Invited Talk] (*13 [SXf /i)

* "Composition dependence of critical thicknesses in GalnN/GaN characterized by
in_situ_X-ray diffraction _measurement" Yasunari Kondo, Daisuke lida, Toru
Sugiyama, Hiroyuki Matsubara, Mihoko Sowa, Motoaki lwaya, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu Akasaki: The International Workshop on Nitride
Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19. (*1 [ZX}5)

* "Strain relaxation mechanism in GalnN/GaN heterostructure characterized by in
situ XRD monitoring during growth and ex situ measurements" Hiroyuki Matsubara,
Daisuke lida, Toru Sugiyama, Yasunari Kondo, Mihoko Sowa, Shinya Umeda,
Motoaki lwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: The
International Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan,
2012.10.14-19. (*1 [Zxt )

"Fabrication and characterization of AlGalnN quantum wells" Tomoyuki Suzuki,
Mitsuru Kaga, Koichi Naniwae, Tsukasa Kitano, Kesuke Hirano, Tetsuya Takeuchi,
Satoshi Kamiyama, Motoaki Iwaya, and Isamu Akasaki: The International
Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
"Study on efficiency component estimation by electroluminescence and
photoluminescence intensities" Kazuki Aoyama, Atsushi Suzuki, Tsukasa Kitano,
Satoshi Kamiyama, Tetsuya Takeuchi, Motoaki Iwaya, and Isamu Akasaki: The
International Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan,
2012.10.14-19.

"Nonpolar a-plane AlGaN/GaN heterostructure field-effect transistor grown on
freestanding GaN substrate" Masataka Mizuno, Yasuhiro Isobe, Kazuya lkeda,
Mami Isiguro, Motoaki lwaya, Tetuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki,
and Hiroshi Amano: The International Workshop on Nitride Semiconductors
(IWN2012), Sapporo, Japan, 2012.10.14-19.

"Combination of ITO and SiO2/AIN dielectric multilayer reflective electrodes for UV
light-emitting diodes" Tsubasa Nakashima, Kenichirou Takeda, Yuko Matsubara,
Motoaki lwaya, Tetyuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi
Amano: The International Workshop on Nitride Semiconductors (IWN2012),
Sapporo, Japan, 2012.10.14-19.

* "Carrier_injections in_nitride-based light emitting diodes including two active
regions with Mg-doped intermediate layers" Kenjo Matsui, Koji Yamashita, Mitsuru
Kaga, Takatoshi Morita, Tomoyuki Suzuki, Tetsuya Takeuchi, Satoshi Kamiyama,
Motoaki Iwaya, and Isamu Akasaki: The International Workshop on Nitride
Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19. (*1 [ZX}5)

* "Concentrating properties of nitride-based solar cells using different electrodes"
Mikiko Mori, Shota Yamamoto, Shinichiro Kondo, Tatsuro Nakao, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: The
International Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan,
2012.10.14-19. (*13 [Zxt %)

* "GalnN-based tunnel junctions in n-p-n_light emitting diodes" Mitsuru Kaga,
Takatoshi Morita, Yuka Kuwano, Kouji Yamashita, Kouta Yagi, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: The International
Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
(*5 [ZXF i)

"Microstructure analysis of AlGaN on AIN underlying layers with different threading
dislocation densities" Kimiyasu Ide, Yuko Matsubara, Motoaki Iwaya, Tetsuya
Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: The International
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60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
"MOVPE growth of embedded GaN nanocolumn" Shinya Umeda, Takahiro Kato,
Tsukasa Kitano, Toshiyuki Kondo, Hiroyuki Matsubara, Satoshi Kamiyama, Tetsuya
Takeuchi, Motoaki lwaya, and Isamu Akasaki: The International Workshop on
Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.

* "Lateral hydrogen diffusion at p-GaN layers in nitride-based LEDs with tunnel
junctions" Yuka Kuwano, Mitsuru Kaga, Takatoshi Morita, Tetsuya Takeuchi,
Motoaki Iwaya, Satoshi Kamiyama, and Isamu Akasaki: The International
Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.
(*5 25 IS)

"Carrier profiling technique for DUV LEDs" Yuta Furusawa, Inazu Tetsuhiko, Shinya
Fukahori, Cyril Pernot, Myonghee Kim, Takehiko Fujita, Yosuke Nagasawa, Akira
Hirano, Masamichi Ippommatsu, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, Yoshio Honda, Masashi Yamaguchi, Hiroshi Amano, and Isamu
Akasaki: The International Workshop on Nitride Semiconductors (IWN2012),
Sapporo, Japan, 2012.10.14-19.

*"EEYFEARXBGENOS L 58FH. MTRTEH, EILE, RS, XF
& F2RERKAEENSE. AMKE. 2012411 A9 R-11 H. [B#HERE] (13
=5315)

"FIL—THEICMIT-ZLMF B np #1E LED O/ER" ZHEEH. ME =.R%
BE.LRHBE. TREH. EIL . 58FR. FAEE . EFFERAFEFESR ED.
CPM. LQE ERIMES. KERMILKE. 2012 &£ 11 A 29 B-30 H.
"UI7ATEREANDERTABEDER A EDHRIIE LV LED ~DIGHE"LEE
. BEHEL, SNERTF.EBEERIT.LE BA.&F ALYV HBARAE R IHE—.
iR . 58FRE. MRTH, LIS, FGE EFFEHREEFS ED. CPM, LQE
ERMES. KR K. 2012 £ 11 A 29 B-30 B.

*"n-GaN REBEEHITIHEERN p-GaN @O Mg ZI7ETR2EHL" ZHES.

. FEHES LWTES.EmIIKE. MTAEtHh. E8FHE. Ll 8. FFSE - EFE
$HEEZ= ED, CPM. LQE ERIMER. KBRMIIKZE, 2012 & 11 A 29 H-30 H.
(*5 1T IS)

* “Observation _of group |ll nitride semiconductors by in situ X-ray diffraction
monitoring during metalorganic _vapor phase epitaxy growth” Motoaki Iwaya,
Daisuke lida, Mihoko Sowa, Yasunari Kondo, Daiki Tanaka, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu Akasaki: 2012 Collaborative Conference on Crystal
Growth, Orland, FL, USA, 2012.12.11-14. [Invited Talk] (*1 IZX}&%)

* "High-sensitivity HFET type photosensors with a p-GalnN gate" Mami Ishiguro,
Kazuya l|keda, Masataka Mizuno, Motoaki lwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, Isamu Akasaki: SPIE Photonic west 2013, San Francisco, USA,
2013.2.2-8. (*12 IZX®)

"Influence of growth interruption on performance of nitride-based blue LED" Kazuki
Aoyama, Atsushi Suzuki, Tsukasa Kitano, Naoki Sone, Satoshi Kamiyama, Tetsuya
Takeuchi, Motoaki lwaya, Isamu Akasaki: SPIE Photonic west 2013, San Francisco,
USA, 2013.2.2-8.

"Introduction of the Moth-eye patterned sapphire substrate technology for cost
effective high-performance LED" Koichi Naniwae, Midori Mori, Toshiyuki Kondo,
Atsushi Suzuki, Tsukasa Kitano, Satoshi Kamiyama, Motoaki lwaya, Tetsuya
Takeuchi, Isamu Akasaki: SPIE Photonic west 2013, San Francisco, USA,
2013.2.2-8. [Invited Talk]

"Fabrication of moth-eye patterned sapphire substrate (MPSS) and influence of
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72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

height of corns on the performance of blue LEDs on MPSS" Takayoshi Tsuchiya,
Shinya Umeda, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu
Akasaki, Toshiyuki Kondo, Tsukasa Kitano, Midori Mori, Atsushi Suzuki, Fumiharu
Teramae, Hitoshi Sekine: SPIE Photonic west 2013, San Francisco, USA,
2013.2.2-8.

"Performance of nitride-based light emitting diodes using an Indium-zinc-oxide
transparent electrode with moth-eye structure" Shugo Mizutani, Satoshi
Nakashima, Motoaki lwaya, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki,
Toshiyuki Kondo, Fumiharu Teramae, Atsushi Suzuki, Tsukasa Kitano, Midori Mori,
Masahito Matsubara: SPIE Photonic west 2013, San Francisco, USA, 2013.2.2-8.

*"GalnN roRILEESFFOEERL" ZEHER NE 7. ZHESE. WHER.
EBRMEX. TREH,. EAFRE. LU B KE F: ¥ 60 BICAYMEBEEREFZM
EES MEIITRKRE. 2013 4 3 A 26 B-30 A. (*5 IZXH5)

*x"GaN KB RICH1TS Sb FMOHME" HAEIT. EEER. WEBRHF. ME
. MREH, L B EAFB. G 5. ¥ 60 O AYEBEERESESTEMER
S ME)IIRKAE. 2013 F 3 A 26 B-30 H. (*2 [ZHR5)

x"LED ##i& L GaN rFoRILEEQEERE" EIXE . NE X.E/FBE. TN
Fih, Fl B K F: ¥ 60 MEAYEFESESPNERTE. BSIIITRKZE,
2013 #£ 3 A 26 H-30 H. (*7 IZx15)

*x "JEXIFR AIN/GaN ZEERSHEEDRTEER" FHEREX. EKXEX. THIEE.
MHEfg—B. AT, BARME. LU B ORE £ ¥ 60 OIEAYEZEESE
B ES. ME)IIRXE. 2013 £ 3 A 26 H-30 H. (*15 [ZxHi)

"};/ ELO I2&%d m @ GalnN ERED#&E" /MNEEX EHEE—H. TEER. 58
FHE. LWL E.rREH, FIE B £60 QEAYEFEAEZTENEES. B
TRKR%. 2013 £ 3 A 26 H-30 B.

*x "MOVPE £I2&d AllnN SERREDEE" /NMEhE. BHAET. ZFHER. TKH
T, bl B EAFHE. FE F: F£60 MLAYEFLESTEHMEERES. B5)
IRXZ. 2013 4 3 A 26 B-30 H. (*3 [Zxi5)

* "MOVPE [S&YMESLILT- GalnN/GaN BB FEEDZDIHEE X HEFEICES
FR{f" ILUAZRT. SRE A AEEK. SR F. EAFHE. ITREH, Ll &,
KiE F: F£60 OLAYMEFEEST2iMBEES. NI KXF. 20135 3 A 26
H-30 H. (*1 IZH5)

x"REAITSIXELHAYTY S ZEFIALE GalnN/GaN EFHF D TE" 8k H A,
Yuntian Chen. Yiyu Ou, Ahmed Fadil, Oleksii Kopylov. & XM, TREH, F1L
. KR F.Haiyan Ou: ¥ 60 ML AYEFSESEMERS. #HS)ITH K2,
2013 4 3 A 26 H-30 H. (*11 [T 5)

* "B EBR HFET Bt o —@BEDR#EIL" GREEX. thEMNVE. KEFIE
B.AAFE. LWL E. MATH.FE £ F 60 BICAYEZEESTEMEES
£ AT IRXE. 201343 826 B-30 H.[ZERSEE] (f121oxi)

*x "GalnN B FHEERBELICLIBELYFEEARKRBEMDOS EEEL" RIIRK.
NEE— IWAPA . FEEF . EAFHE . MRAEH, L 8B, 7 5. X%
g F60 EICAYEBEFSESZMEES. MEIITE XS, 20134F 3 A 26 H-30
H. (*13 IZX5)

"350nm 44 LED OFXIWMYBLHEDOEL" g 2B MHEE—B. FrELEE. 58
R, LU BE.AAEH, Rl B.XF L F 60 RICAYMEZEETEMER
& ME)IIRKZE. 2013 4 3 A 26 H-30 A.

"EXRTAMI Y7747 ERIZES LED OXBMYHLIEOHE"TEESR. BHE
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88.

89.

90.

91.

92.

93.

94.

95.

96

th, EMREF.ASEN.EHEET.ILEF 7. FAEY. HBAREE. FiF £, BIR
B #EIR—. 58FRHE.MREHR, LU &: 5 60 BICAYEFZSEZTZME
B AEINIFXKE.2013 £ 3 A 26 H-30 H.
"EFIOVIEBLEEMREBIZCKIEFA—/N\—TO0—DEEESHR" & BA. DNFHE
W, FHEER. HARAET. RSN, EIL & 58FRE.AE £ F 60 BLAY
HEPSESZMEER. @EJIIITHKXFE. 2013 £ 3 A 26 B-30 B.

"HEAR p EIEMHIEICETAFERKARKEN" REES. ME F. FHEEH. LT
EFLENKRE.TAEH, EAFRE. LU &K F: 5 60 BCAYMEZER
FR2EER. ARIIIITFKE. 2013 £ 3 A 26 B-30 B.
"BIEYFERZERENATAA—FICHITEHENBELLORE M " FHEE. LT
B.0E F.HFHEER.HBARET.MREH, LU . EARBE. K 5 5 60
BIICAYEFEEFTEMNEERER. #F)IITHKE. 2013 £ 3 A 26 H-30 B.
"Direct Evidence of Electron Overflow by Monitoring Emissions from Second Active
Region in Nitride-Based Blue LEDs" K. Hayashi, K. Matsui , T. Morita, T. Suzuki, T.
Takeuchi, S. Kamiyama, M. lwaya, and |. Akasaki: Conference on LED and Its
Industrial Application ’13, Pacifico Yokohama, Yokohama, Japan, 2013.4.23-25.

* "Nitride-Based p-Side Down LEDs on Tunnel Junction" T. Morita, M. Kaga, Y.
Kuwano, K. Matsui, M. Watanabe, T. Takeuchi, S. Kamiyama, M. Iwaya, and |.
Akasaki: Conference on LED and Its Industrial Application ’13, Pacifico Yokohama,
Yokohama, Japan, 2013.4.23-25. (*5 IZX®t%)

* "Observation of GalnN/GaN Superlattice Structures by In Situ X-ray Diffraction
Monitoring during Metalorganic Vapor-Phase Epitaxial Growth" T. Yamamoto, D.
lida, Y. Kondo, M. Sowa, S. Umeda, T. Kato, M. lwaya, T. Takeuchi, S. Kamiyama,
and |. Akasaki: Conference on LED and Its Industrial Application '13, Pacifico
Yokohama, Yokohama, Japan, 2013.4.23-25. (*1 £ X U*13 [TXIG)

"Threshold Power Density Reduction in AlGaN/AIN Multiquntum Wells DUV (288
nm) Optical Pumped Laser" T. Yamada, Y. Matsubara, H. Shinzato, K. Takeda, M.
Iwaya, T. Takeuchi, S. Kamiyama, |. Akasaki, and H. Amano: Conference on LED
and Its Industrial Application 13, Pacifico Yokohama, Yokohama, Japan,
2013.4.23-25.

* “Factors for obtaining a high open-circuit voltage in GalnN-based solar cells”
Motoaki Iwaya, Shinichiro Kondo, Shota Yamamoto, Mikiko Mori, Yasushi
Kurokawa, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, Hiroshi Amano:
Asia-Pacific Workshop on Widegap Semiconductors 2013, Tamsui, New Taipei City,
Taiwan, May 12-15, 2013. (*1 (2%t )

* “Bandgap dependence in nitride semiconductor-based tunnel junctions”, D.
Minamikawa, M. Kaga, Y. Kuwano, T.Morita, T. Takeuchi, S. Kamiyama, M. Ilwaya, |.
Akasaki: Asia-Pacific Workshop on Widegap Semiconductors 2013, Tamsui, New
Taipei City, Taiwan, May 12-15, 2013. (*5 [ZXF)i)

* “High sensitivity group |l nitride semiconductor based heterostructure field effect
transistor type photosensors” Motoaki Iwaya, Mami Ishiguro, Masataka Mizuno,
Kazuya lkeda, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki: The
Collaborative Conference on Crystal Growth (3CG), Cuncun, Mexico, June 10-13,
2013. [invited Talk] (*12 [ZXF55)

* " BEMFERICETEDBOEELENAFTFADICHE MAEH. E/FRE, L
e, RIFSE: £56 EEYFIEARERBEEHREES. ARKXF¥. 201356 A21H
-22 B. [Fa—RkJ)TZIVEE] (7 (ZxE)

CUMRMEO—TaV T IZ&BARE DUV L—Y ORBREMEREREEFBICDOLNT LA
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HBA, MEBHF, FEEL, THE—, 28%HE, MRTEH, LU, KRGE,
XEFE £50 EYFEARBERHEEHEERES. KIRKF. 201346 A 21 B-22 H.

97. “AIGaN/AIN L2 EEFHFDFERBIZHITAEGMNZEKRES" WFE BHF,ILE
5188, hUB B, MTE R—E, B8 RE MR Bth, bl 8, K E XS %
F 50 BLYFEAKRERRREESR. KIRKF.201346 A 21 H-22 B.

98. *“GaInN (2145 InN HARIESEDHEICIDEILYARGEMDSTHEL" BIK
8, REBEE—AF, IWAHIK, &EXEF, 58FH, MTRHEH, ELE, FiF 5XF
& E5E BieYFEKRERREEES. KIRXF. 201346 A 21 H-22H. (*13
[ZxE his

99. x “ZMIFEE X #EEHiEIZELD GalnN/GaN B FEEQTE” ILWARE, SRAX
B, TEERK, STERF, HHEN, E8FKE, MTHRTFH, LU, KIKSE: F
S5k EeY+ERFEREEREER, KRKXZE, 2013F6 A 21 H-22H. (M3 [ITx4)

100. *“REISXEVHYIIVTEFIRALEZE LED ORBEFHEDML” RH
K&H. Yuntian Chen. Yiyu Ou, Ahmed Fadil, Oleksii Kopylov. 58 &, fIAE#H .
LI, RIFSE . Haiyan Ou: 5 5 B EYFBERBERBEEEES. KRKXE.
2013 F 6 A 21 B-22 H.( (*11 (X I5)

101. *“boRIVESEZEITIERTAY0 LED OEREEENE FEBEN, EEHK
X, nmE F, HARET , mILKE, MREH, ElL &, E8FRE, FiF F: F
5E ZYMFBARERBEREES. KIRXFE, 201346 A 21 H-22 B. (*5 ITx )

102. * ‘¥ GaNShERDIERLEGaSbEILDEREREKRGEN BEES, HAE
17, MFRAF, TREH, FILIE, S8FRE, FFE: F 5 0 EYFEEERER
BEEES. KIRXZF.2013F 6 A 21 H-22 H. (*2 [T 5)

103. “xIn situ X-ray diffraction_monitoring of OMVPE GalnN/GaN superlattice
growth” Taiji_Yamamoto, Daisuke lida, Yasunari Kondo, Mihoko Sowa, Shinya
Umeda, Motoaki lwaya, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki: The
19th American _Conference on Crystal Growth and Epitaxy, Keystone, Colorado,
USA, July 21 - 26, 2013. (*1 IZX®S)

104. * “In_situ X-ray diffraction monitoring of GalnN growth by metalorganic vapor
phase epitaxy” Motoaki Iwaya, Taiji Yamamoto, Daisuke lida, Yasunari Kondo,
Mihoko Sowa, Shinya Umeda, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu
Akasaki: 17th International Conference on Crystal Growth and Epitaxy, Warsaw,
Poland, August 11-16, 2013. (*1 [ZXxt %)

105. * “Extreme Low-Resistivity and High-Carrier-Concentration  Si-Doped
Al0.05Ga0.95N” Toru Sugiyama, Daisuke lida, Motoaki Ilwaya, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu_Akasaki: 10th International Conference of Nitride
Semiconductors, Washington DC, USA, August 25-30, 2013. (*4 [ZXH )

106. * “Realization _of the High Conversion Efficiency Solar Cells using Nitride
Semiconductors” Motoaki lwaya, Yasushi Kurokawa, Yosuke Katsu, Taiji
Yamamoto, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi
Amano: 10th International Conference of Nitride Semiconductors, Washington DC,
USA, August 25-30, 2013. [Invited Talk] (*13,*8, *9, *19 Xt &)

107. * “GaNSb _Alloys Grown by Low Temperature Metalorganie Vapor Phase
Epitaxy” Tornoyuki Suzuki, Hiroki Sasajima, Yuuko Matsubara, Yugo Kozuka,
Tetsuya Takeuchi, Satoshi Karniyama, Motoaki Ilwaya, and Isamu Akasaki: 10th
International Conference of Nitride Semiconductors, Washington DC, USA, August
25-30, 2013. (*1 IZXFfi)

108. * “Obtaining a High Open-Circuit Voltage in GalnN-Based Solar Cells” Hironori
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Kurokawa, Shinichiro Kondo, Mihoko Mori, Motoaki Iwaya, Tetsuya Takeuchi,
Isamu_Akasaki, and Hiroshi Amano: 10th International Conference of Nitride
Semiconductors, Washington DC, USA, August 25-30, 2013. (*13 [Zx1 i)

1009. * “Stable Balance of Emission Intensities from Two Active Regions in Nitride
Semiconductor-Based Light Emitting Diodes” Kenjo Matsui, Koji Yamashita, Mitsuru
Kaga, Takatoshi Morita, Yuka Kuwano, Tomoyuki Suzuki, Tetsuya Takeuchi,
Satoshi Kamiyama, Motoaki Iwaya, and Isamu Akasaki: 10th International
Conference of Nitride Semiconductors, Washington DC, USA, August 25-30, 2013.

110.  “* 10-um-Square Micro LED Array with Tunnel Junction” Masahiro Watanabe,
Mitsuru Kaga, Koji Yamashita, Tomoyuki Suzuki, Daichi Minamikawa, Yuka
Kuwano, Tetsuya Takeuchi, Satoshi Karniyarna, Motoaki lwaya, and Isarnu
Akasaki: 10th International Conference of Nitride Semiconductors, Washington DC,
USA, August 25-30, 2013. (*18 IZxF55)

111. “Advantages of the Moth-Eye Patterned Sapphire Substrate for the High
Perfortnance Nitride Based LEDs” Toshiyuki Kondo, Tsukasa Kitano, Atsushi
Suzuki, Midori Mori, Koichi Naniwae, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, and Isamu Akasaki: 10th International Conference of Nitride
Semiconductors, Washington DC, USA, August 25-30, 2013.

112.  “Improvement of Light Extraction Efficiency in 350-nm Emission UV
Light-Emitting Diodes” Tsubasa Nakashima, Kenitirou Takeda, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: 10th
International Conference of Nitride Semiconductors, Washington DC, USA, August
25-30, 2013.

113, *"PoRNEEEZFALEEEYFTEARZEEXAGENOER"E)IRSK, &H
X NMER EAFRE MATEH, EILE FEE XFE £ 74 BICAYEZS
MERMEER, RERKRE, 2013 4F 9 A 15 H-20 H. 13 HLU*19 [TxHE)

114.  *"GaNSb ;B& GaSb EILHHED Sb/N thikEFM" EE EF, &K 817 NE
BfF TN Bt Bl 58 FHE K F: ¥ 74 OEAYEFZSUNERM
mEE, RS AE, 20134 9 A 15 H-20 AH. (*2 [TXS)

115. *"MOVPE£IC&% AllnN DEERKE" /MR $hE, TH £18 K 817 1R
Vth, FILH BN R S F F 74 ARAVEZEMSEMEES, REH
K=, 2013 %5 9 A 15 H-20 H. (*3 [Tx} )

116. *"EREEFNL—FICAG-EREEEEORES" b8 BN EBE #HX
B ¥ BHA ST, Il X8 MR B4, bl B AN R KRE S 740K
AYEZENFERiEES, FEMKXE, 20134 9 A 15 H-20 H. (*18 IZxF5)

117. *"EeYFERERZFRLV- HFET Bt —OREERKRE" B2 BEX, thH
fOan, KB IERE, #1338 =98, 58 R LWL FF F: ¥ 74 BLAYVEZER
MEZMEES REHXE, 2013459 A 15 H-20 H. (*12 [ZX5)

118. "VSLEZHAULV-AIGaN/ANZEEFHFDOAFEFFAE" LA %184, W[ H
¥, TH B8, 58 = MR 84, Ly 8, FF B, X¥F & 5 74 @G
AYBEF<UMFZMEESR, RIEHKE, 201349 F 15 H-20 8.

119.  "AlGaN/AIN ZEZEEFHF DAFFFOERMZEKREMN" LR BFRF, LA 4
BA, fTH @8, 548 RIE A T, £l &, KR £, X & $ 74 BEA
MBZEMEFRMEER, RS KE, 201349 A 15 B-20 B.

120. * “In_situ X-ray diffraction_monitoring of GalnN/GaN superlattices growth by

metalorganic vapor phase epitaxy” Taiji Yamamoto, Daisuke lida, Yasunari Kondo ,
Mihoko Sowa , Shinya Umeda , Motoaki Iwaya, Tetsuya Takeuchi, Satoshi
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Kamiyama, and Isamu Akasaki: 2013 JSAP-MRS Joint Symposia, Doshisha Univ.,
Kyoto, Japan, September 18-19, 2013. (*1 [Zx} /i)

121. * “Enhanced internal quantum efficiency of green emission GalnN/GaN
multiple quantum wells by surface plasmon coupling” Daisuke lida, Yuntian Chen,
Yiyu Ou, Ahmed Fadil, Oleksii Kopylov, Motoaki lwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, Isamu_Akasaki, and Haiyan Ou: 2013 JSAP-MRS Joint Symposia,
Doshisha Univ., Kyoto, Japan, September 18-19, 2013. (*11 [ZX} &)

122.  “Reduction of the threshold power density in AIGaN/AIN multiquntum wells DUV
(288 nm) optical pumped lasers” Tomoaki Yamada, Yuko Matsubara, Hiroshi
Shinzato, Kenichiro Takeda, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama,
Isamu Akasaki, and Hiroshi Amano: 2013 JSAP-MRS Joint Symposia, Doshisha
Univ., Kyoto, Japan, September 18-19, 2013.

123. “Quantitative evaluation of electron overflow by monitoring emissions from
second active region in nitride-based blue LEDs” Kento Hayashi, Kenjo Matsui,
Takatoshi Morita, Tomoyuki Suzuki, Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki
Iwaya, and Isamu Akasaki: 2013 JSAP-MRS Joint Symposia, Doshisha Univ.,
Kyoto, Japan, September 18-19, 2013.

124. “10 um square micro LED and 100 channel array with tunnel junctions”
Masahiro Watanabe, Mitsuru Kaga, Koji Yamashita, Tomoyuki Suzuki, Daichi
Minamikawa, Yuka Kuwano, Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki Iwaya,
and Isamu Akasaki: 2013 JSAP-MRS Joint Symposia, Doshisha Univ., Kyoto,
Japan, September 18-19, 2013.

125. “Asymmetric AIN/GaN-DBRs with high reflectivity” Koudai Hagiwara, Toshiki
Yasuda, Kouta Yagi, Kenichirou Takeda, Motoaki lwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, and Isamu Akasaki: 2013 JSAP-MRS Joint Symposia, Doshisha Univ.,
Kyoto, Japan, September 18-19, 2013.

126. “Moth-eye Patterned Sapphire Substrate technology for cost effective high
performance LED” Toshiyuki Kondo, Tsukasa Kitano, Atsushi Suzuki, Midori Mori,
Koichi Naniwae, Satoshi Kamiyama, Tetsuya Takeuchi , Motoaki Iwaya, and Isamu
Akasaki: 2013 JSAP-MRS Joint Symposia, Doshisha Univ., Kyoto, Japan,
September 18-19, 2013.

127.  “MOVPE growth of embedded GaN nanocolumn” Shinya Umeda, Takahiro
Kato, Tsukasa Kitano, Toshiyuki Kondo, Satoshi Kamiyama, Tetsuya Takeuchi,
Motoaki lwaya, and Isamu Akasaki: 2013 JSAP-MRS Joint Symposia, Doshisha
Univ., Kyoto, Japan, September 18-19, 2013.

128. * "Externally high sensitivity group Ill nitride semiconductor based
heterostructure field effect transistor type photosensors" M. Ishiguro, M. Mizuno, M.
Iwaya, T. Takeuchi, S. Kamiyama, |. Akasaki: 3rd International Conference on
Materials and Applications for Sensors and Transducers, Prague, Czech Republic,
September 13-17, 2013. (*12 [Zx5)

129. x"A—/N\—20—{IHIC@mIF7- np ¥EE GalnN-LED" MTAEth, EAFRTE, Lt
W 5, R F: AXFMREKTIIRFryTFERE-BFTNAIRE 162 £8
£ ¥ 86 MR R, £ HFE, 2013 & 10 A 10 B. [{KIEHEE] (*7, “17 [SHIE)

130. "Dislocation density dependence of stimulated emission characteristics in
AlGaN/AIN multi-quantum wells" Motoaki Iwaya, Yuko Matsubara, Tomoaki
Yamada, Kenichiro Takeda, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasak,
and Hiroshi Amano: 8th International Workshop on Bulk Nitride Semiconductor,
Kloster Seeon, Germany, September 30-October 5, 2013.

131. "EEREZEICLS SICHEROF—EVTEEN—LICEAT K" BAIEZ, |
HEE, FERE THEMEHA FIXE BxEs, 8#RIRE— 2, FLE TRE
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th, EAFRE FHE: FBEEEREENRE, R%F,20134 11 A6 H-8A8.

132.  *"#3R GaNSb ERDHEERUE GaSb EILDEICAIFRAEEESR, K
217 WMEBAF TREH, EILE SEXFRE FEE: F 43 OHEEREEAR
i, R¥,2013F 11 A 6 H-8 H. (*2 [ZH &)

133. *"AllnN OERERKEICET LR /NMEHE, RHERE, HARET THEHh,
FILE EAFE KRGS FLEFEEKEERNSE E¥%,20134F 11 A6 H-8 H.
(*3 [ZXF )

134,  "H#EMI mE GaN ZEiF EAD GalnNmRE" /MR, sEBEE—ER, #HEHEEH,
BEARE, MTREH, LIUE, FFE: FEEEEXEGEENEIF—TOIS4, 4
HEXE, 20134 11 A 14 B-15 B.

135.  *"in-situX #RZFL = GalnN/GaN EfEEBEFEEDEHRE" IUARE, RAKX
B, AR fRAK, BMERF, EHIEWH  WEXE SB/FHRE MREH, EILFE,
FIFSE: FEREFEAGEMEIF—TOI5L, FHEXSE, 20134511 A 14 H-15
B. 1 IZxi)

136. *"pURILEESZRAVVE N EZEYEEAZESEXGEN"EHESRE, RIR
R, AN SA/RE TREH, EILFE RS, XFE CHAYPEFS SC E
EMXEMIEER 2013, BHEXE, 2013 F 11 A 16 H. (*19 IZXT5)

137. "ERTAMIHI7747ERERAVZZEEYMFR LED OEgEm ERET"EFIEXRF,
L8 E], AEEERTT, FALEY, HAREE, IR, LIS, 58FHE MTREH,
KIS ICAYEFR SC KEBMRXZPMEER 2013, BHEKXE, 2013411 A 16
H.

138. *"bORIVEETZAVVEZERESECLYFEAROERA"Z)IRE, EHEX, NE
7, EAFRE MREH, LIl B K FXF F BEFERBEFSE (ED,
CPM, LQE ERIMZESR) . KX, 2013 & 11 A 28 H-29 H. (*19 [Zxf[i&)

139.  "350nm %4} LED ZXERYEHLNFEXREICEAT SR FIs ZEMHE—H, 58
RIE, £lL &, TREH, FF £, XF & EFEBREEFS (ED, CPM, LQE
ERIMES) . KIRKXZ. 20134 11 A 28 H-29 H.

140. *"In_situ X-ray diffraction_monitoring of group Il nitride growth by MOVPE"
Motoaki Iwaya, Hironori Kurokawa, Yosuke Katsu, Taiji Yamamoto, Tetsuya

Takeuchi, Satoshi Kamiyama, Isamu Akasaki: Workshop on Ultra-Precision
Processing for Ill-Nitride, Santa Barbara, USA, October 16-18, 2013. [Invited Talk]
(*1 [ZXF )

141. * “Homoepitaxial growth of AIN films on freestanding AIN (0001) substrates by
metalorganic vapor phase epitaxy” Tomohiro Morishita, Motoaki Iwaya, Tetsuya
Takeuchi, Satoshi Kamiyama, Isamu Akasaki: SPIE Photonics West 2014, San
Francisco, USA, February 1-6, 2014. (*6 [IZXti%)

142. * “Realization of the high conversion efficiency solar cells using high InN molar
fraction GalnN active layer” Motoaki Iwaya, Hironori Kurokawa, Yosuke Katsu, Taiji
Yamamoto, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, Hiroshi Amano:
SPIE Photonics West 2014, San Francisco, USA, February 1-6, 2014. [Invited
Talk] (*19 [ZxF)

143. “Improvement of photosensitivity in heterostructure-field-effect-transistor type
photosensors with a p-GalnN gate” Mami Ishiguro, Kazuya lkeda, Takuya Murase,
Yuma Yamamoto, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki: ISPlasma,
Meijo University, Japan, March 2-6, 2014.

144. “Nitride-based hetero-field-effect-transistor-type photosensors with extremely
high photosensitivity and complete solar-blind” Takuya Murase, Mami Ishiguro,
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Yuma Yamamoto, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki: ISPlasma,
Meijo University, Japan, March 2-6, 2014.

145. * “Analysis of GalnN/GaN supperlattices on GaN template during growth by
in-situ_X-ray diffraction” Taiji Yamamoto, Daisuke lida, Yasunari Kondo, Mihoko
Sowa, Shinya Umeda, Hiroyuki Matsubara, Motoaki lwaya, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu Akasaki: ISPlasma, Meijo University, Japan, March
2-6, 2014. (*1 [ZxtI5)

146. “Realization of m-plane GalnN thick films grown on submicron patterned
groove-GaN substrate” Keiya Kozaki, Shinichiro Kondo, Shinya Umeda, Motoaki
Iwaya, Satoshi Kamiyama, Tetsuya Takeuchi, and Isamu Akasaki: ISPlasma, Meijo
University, Japan, March 2-6, 2014.

147. "High reflective and low resistive silver electrode on p-GaN" Shunsuke Kawai,
Daisuke lida, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu
Akasaki: ISPlasma, Meijo University, Japan, March 2-6, 2014.

148. * “Current confinement by nitride-based buried tunnel junction” Y. Kuwano, M.
Ino, T. Morita, D. Minamikawa, T. Takeuchi, S. Kamiyama, M. lwaya, and |. Akasaki:
ISPlasma, Meijo University, Japan, March 2-6, 2014. (*18 [ZX}/5)

149. * “Low _resistive _GalnN tunnel junctions with high InN mole fractions” D.
Minamikawa, Y. Kuwano, S. Kawai, T. Morita, T. Takeuchi, S. Kamiyama, M. lwaya,
and |. Akasaki: ISPlasma, Meijo University, Japan, March 2-6, 2014. (*5 [ZX &)

150. “Improvement of the light extraction efficiency in 350-nm-emission UV
light-emitting diodes by novel distributed bragg reflector p-type electrode” T.
Nakashima, K. Takeda, M. Ilwaya, T. Takeuchi, S. Kamiyama, |. Akasaki, and H.
Amano: ISPlasma, Meijo University, Japan, March 2-6, 2014.

151. “Technologies of nitride-based LEDs”, Satoshi Kamiyama, ISPlasma, Meijo
University, Japan, March 2-6, 2014 [Tutorial talk]

152. * “Observation of group lll nitride semiconductors by in situ X-ray diffraction
monitoring during MOVPE growth” Motoaki Iwaya, Taiji Yamamoto, Daisuke lida,
Mihoko Sowa, Yasunari Kondo, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu
Akasaki: International Conference on Materials and Characterization Techniques,
VIT University, Vellore, India, 10-12 March, 2014. [Invited talk] (*1 [ZX}/i&)

153. *x’REISAXAEVEZFIALE#%E LED OEFIEICHIGTT fH KiE. 58 F
.M B, Bl BHORE B BAREMIRELSJDARX vy TR ERN - EF TN
ARE 162 FEX £ 8B EMRR, FIFREE 2014 F3 A 8 A [{K#\EE] (*11(C

154. “‘pE GaN LD Ag EBZALV:-ERFEBOKRE AE&EN, BRBXEH 586%K
9, TREH, EIUE, RS F 61 BAVERZREFTEMEER. FIUERX
FHERYXv/NX, 201453 A 17 H-20 H.

155. “BFA—/N\—JO0—EHEHRAZHAN-FE€ LED BF7AVIB DRI #MEA,
WA, THREE, BEAX MTREH, LIUE, S8FKE FHE: F 61 EIGH
MBZREFTENBER. FIUFERKRZERRTv /X 2014 F£3 A 17 B-20 8.

156. *x“DBHIEICEIENREAZTFOR—ILFIADKE ZHIEE, #HKEA, TTH
fE—ER, PIBE TAREth, SAFRE, LIWE, FIFE, XFiE: 5 61 BLAYER
LESZHEES. BUERAEHEER T v /8R,. 2014 5 3 B 17 H-20 BH. (*6 (<

157, *"MEZEYELEE FILES LOEHE LED SEEH, AHES 2%
BE, EEHKX EAFHE MTHRHEt, FILE, FIFE: £ 61 BICHAYEESESE
HiEELS. BUFREASHEERE Y v /8. 2014 &£ 3 B 17 H-20 B. (*5 I2x)
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158. ‘Il IREEYFEKIFBAHA P RIVESICEIEREERE Z2HHESE, Bl
16, HFEEN AFES TREH, LS S8FRE FIFSE: £ 61 BELAYESE
SEFZMBES, FIIFRAFHEERT v/ X, 2014 £ 3 A 17 B-20 B. (*18
[SxF I

159. *“GalnN/GaN NTAREEICE T LB BEDEUEEKREFN" RIFHE, &
BRORAL, MMFERE SREAH, ILARE, EMERF SB8FE MRATH, FLFE,
FRIFE: 5 61 BCAYEFSEFTZMEES. FUFREAXAFHEERF v /X,
2014 &£ 3 A 17 H-20 H. (*1 [Zxf5)

160. *“EYFBAHFETR UV Rt Y —DRRE Y —iHA" IUKRHE, HES
i, BEREEX, ILAAE, S/8FRE MTRHEH, ELE, KRIES: £ 61 BISHAYEE
SEFFMBER. FUFRAXFBEERF v /VR, 2014 F£3 A 17 H-20 H. (*12
[SXF I

161. “BLIRER/NNYAEKIZEKYHEFELI: AIN NI 7BICBET 285 FHEAR, kAKX
&, AERRE, BHERTF 58FHE MREH, EIUE, RIFE: F 61 EEAYE
FREFPNBER. FUFERKFMRERST v/ X, 2014 £ 3 A 17 H-20 B.

162. *“MOVPE Z#ALV:=-E&E AInN OEFE/RE" tLfnsg, [MEWHE, TAE
12, TREH, FILE EARE AEE: F 61 BICHAYEEEEFTENRES. T
IR REHEERT v/ X, 2014 &£ 3 A 17 H-20 H. (*3 [Zxi5)

163. *‘EHERE AINN [CEEZLYFERZEIERGE NMEHE, HLNE/, &
H#EE MREh, EILIE S8FRE FFE: ¥ 61 BICHAYMEFSEZTFMER
2. FIUFRRXFHEERF Y/ X, 2014 £ 3 A 17 H-20 B. (*3 BEU*15 IZHHE)

164. *“JEMBME m @ GaN EiR LIZ/EZILT- GalnN RABEMDHEFHE" MNEHEEX, B
R, E/FRE, LIS TREh, RS XFE F 61 BAEAMEFRESFSE
HEREE. FIUFRAFBEER T v/ R, 2014 £ 3 A 17 B-20 B. (*13 [ZH5)

165. “&F SIC DEEYMRAE LED ~ADICHICMIT-HE" £EILE, EAFRE TR
Bih, FIFE: F 61 BICAYMEZEEFENBESR. FUERXKFZHEERFEF N
A.2014 £ 3 A 17 B-20 B.[{8#&HEE]

166. *“B InN ELHZE GalnN ZAHWV-FRILIEES” BIIKE, Z2HESE, W68
v, HREESN SA/FRE MTREH, EILE RIFE: £ 61 BLCHAYMEFREFTZIM
FES. FUFRAFHEERT v/ X, 2014 £ 3 A 17 B-20 H. (*5 [THRE)

167. *“ZNIHEHR X #REHEZ AL - GalnN/GaN B8 Fi#EE D &x#Ek” #3550,
GE2EX, ILA%NA, F8FKE MAEH, LT FFSE: F 61 BLAVEZS
E2MFES. FIUREXFHEERT v/ X, 2014 £ 3 A 17 B-20 H. (*1 [ZX5)

168. * ‘EIRELGZELYFEERHFETRY—S—TSARENRE H—" HE S,
GEEX, IUAA E8FRE MATH, LILE, RIFSE: 5 61 ALAYPEEZR
E2iMEES FILFRAZHEBEL /X, 2014 £ 3 A 17 B-20 A. (*13 =3
i)

169. “ELYMHRFER LED ITEHHAMYELHFERED-ODL—FMIHEDEET”
TEHE, HAYE, LA, EHES, MEEA, LIUE TREH, E5FRMHE, K
E: F61OAMEZEEZFTZMEERES. FUZRXFEERFEF v /IR 2014 £
3 A 17 B-20 B.

170. * “Investigation of Hole Injection in UV-LEDs Utilizing Polarization Effect” T.
Yasuda , K. Hayashi, T. Nakashima, T. Takeuchi, S. Kamiyama, M. Iwaya, |.
Akasaki, and H. Amano: Conference on LED and lIts Industrial Application ’14,
Yokohama, Japan, 22-24 April, 2014. (*7 [ZXt )

171. * “Roles of Mg Doping in Nitride Semiconductor-Based Light Emitting Diodes




(#= 2)

EANEE 231029

A IorES S1201019

with Two Active Regions” K. Matsui, T. Morita, T. Suzuki, T. Takeuchi, S. Kamiyama,
M. Iwaya, and |. Akasaki: Conference on LED and Its Industrial Application ’14,
Yokohama, Japan, 22-24 April, 2014. (*5 [ZXt )

172. * “Nitride-Based Light Emitting Diodes with Buried Tunnel Junctions” M. Ino, Y.
Kuwano, T. Morita, D. Minamikawa, T. Takeuchi, S. Kamiyama, M. Iwaya, and |.
Akasaki: Conference on LED and Its Industrial Application ‘14, Yokohama, Japan,
22-24 April, 2014. (*5 E XU*17 [ZxHiS)

173.  “Study of High-Reflective Ag-Based Electrode on p-Type GaN” S. Kawai, D.
lida, M. lwaya, T. Takeuchi, S. Kamiyama, and |. Akasaki: Conference on LED and
Its Industrial Application 14, Yokohama, Japan, 22-24 April, 2014.

174. “Fabrication of Nitride-Based Blue LED with Eliminating Light-Absorptive Laser
Scribing Damages” S. Hanai, |. Nakatani, A. Suzuki, T. Kitano, D. lida, T. Kato, M.
Iwaya, T. Takeuchi, S. Kamiyama, and |. Akasaki: Conference on LED and Its
Industrial Application *14, Yokohama, Japan, 22-24 April, 2014.

175. * “An alternative hole injection: Nitride-based tunnel junctions” T. Takeuchi, D.
Minamikawa, Y. Kuwano, M. Watanabe, M. Iwaya, S. Kamiyama, |. Akasaki:
International Conference on Metamaterials and Nanophysics, Varadero, Cuba, 22
April to 1 May 2014. [Invited Talk] (*5 [ZXt55)

176. * “Development of nitride-based photosensor” Motoaki Iwaya, Takuya Murase,
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: International
Conference on Metamaterials and Nanophysics, Varadero, Cuba, 22 April to 1 May
2014. [Invited Talk] (*13 [ZXFh5)

177. * “Solar blind and exteremely high photosensitivity AlGaN-based UV
hetero-field-effect-transistor-type photosensors” Takuya Murase, Mami Ishiguro,
Tomoaki Yamada, Motoaki Ilwaya, Tetsuya Takeuchi, Satoshi Kamiyama, lasmu
Akasaki: Compound Semiconductor Week 2014, Montpellier, France, May 11-15,
2014. (*13 IZRtS)

178. * “Fabrication of Multi-junction GalnN-Based solar cell” Hironori Kurokawa,
Mitsuru Kaga, Tomomi Goda, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, Isamu Akasaki, Hiroshi Amano: Compound Semiconductor Week 2014,
Montpellier, France, May 11-15, 2014. (*19 [Zx}/i)

179. * “Activation Energy of Extremely Low-Resistivity and
High-Carrier-Concentration Si-Doped Alo.0sGao.9sN” Motoaki Iwaya, Daisuke lida,
Toru Sugiyama, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: 5th
International Symposium on Growth of llI-Nitrides, Atlanta, USA, May 18-22, 2014.
(*4 IZ®HI5)

180. “Dislocation Density Dependence of Modal Gain in AlGaN/AIN Multiquantum
Wells” Tomoaki Yamada, Kenichiro Takeda, Motoaki lwaya, Tetsuya Takeuchi,
Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: 5th International
Symposium on Growth of IlI-Nitrides, Atlanta, USA, May 18-22, 2014.

181. “Development of GaN-based semiconductors of excellent quality and and their
p-n junction blue-light-emitting devices”, Isamu Akasaki, Japan-Sweden Science,
Technology & Innovation Sympoium 2014, Stockholm, Sweden, May 21, 2014.
[Invited talk]

182. *“GalnN/GaN ANTOEBICH T HEFAEDEMEEKREFN" BEMSE, Tk
REL, WMEXSE, EAFHE, L B, REh, FiF 5. EFERBEFESED-
CPM:SDM #MtER), B EKXE. 2014 £ 5 A 28 H-29 H. (*1 [Zxi5)

183. *“GaNSb D SbHYAAELREMEICEHT 2% NHEXE, BEEES, HAE
7, TEH, ElL B EAFRE, R B EFEHREEFE(ED-CPM-SDM ##
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"), BEEXF. 2014 &£ 5 A 28 H-29 H. (*2 [Tx}%)

184. x"BYFER HFET HENZRAFEFORREH—ICRILAHEE, HEEsS
i, BEEXR, IUH%E, SAFRE, L ¥ MRATEH, ki 5. EFEHREE
¥ X (ED-CPM-SDM MiER), ZHEXRF. 2014 F 5 B 28 H-29 BH. (*13 [TH &)

185. *“ZEWFERLED [CHEFELFX VI THMENDAEEEETDEZE” BEFHX,
M® oA, ZHEEE EA%E MTHREH, El F, R B, X% & EFIER
BEFE(ED-CPM-SDM#IER), AEHEKXF. 2014 5 A 28 H-29 H. (*7 [T &)

186. “ZEt#HHR LED EEDOL—F—MIICKDIMYBLMERLDOZEEY £H E&,
MmARHE, LF 7, SREAXEH, MEEA, TREH, 58FKE, LU & FiF =:
BIEF=(ED-CPM-SDM IR =), EHEKXF.2014 £ 5 F 28 H-29 H.

187. “ERT7AXBMYHLIEEZETHF R LED", Ll & ABHELH]E 125 X8
=-EXH LED [ REERMRR. GRKXZE (BWYT5148).2014 F£7 A 11
B B8R

188. * “Dislocation density dependence of the critical thickness in _GalnN/GaN
heterostructure” Taiji Yamamoto, Daisuke lida, Yasunari Kondo, Mihoko Sowa,
Hiroyuki Matsubara, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and
Isamu Akasaki: 17th International Conference on Metalorganic Vapor Phase
Epitaxy, Lausanne, Switzerland, 13-18 July 2014. [Invited Talk] (*1 [ZX}&)

189. “AlGaN/AIN ZEEFHFDOXZFFFOERMEEMKREFN LB, E8RHE,
MREMH, EILE, FIEE, XKL £ 6 AREYPFEREERREBES, 24X
%, 2014 &£ 7 B 25-26 H.

190. *“JEHB{E m @ GaN Eix Lt GalnN RABGEMDFMH" /MEtER, 2R, W
ARE, 2A/FRME, TWEH, EILE XEFE FIESE: 56 BRI F EEREERK
EHEES, AWASE, 2014 F 7 B 25-26 H. (*13 [Tx3)5)

191. *“rEYIF7FAT7EREICE TS am GaN EICEET HiEMm MR L DEET” Mk
A, KEFeiz, PEshE, SREXH BHASE EEAE L E MR Eh 5
B FREE KFIFE: ¥ 6 BECLYFEARERBIEZEESR, AWKAY, 2014 £ 7 A
25-26 BH. (*7 [ZXF )

192, *“SIAVT)CEMICEDIREISAEUHZRE LED DR LETl” AR HAEH,
AERN, TEREE, EAFRE, MTRFEH, FILE, FIFFE: F 6 BRYFERLE
A REBES, RWKE, 2014 £ 7 A 25-26 H. (*11 [THE)

193. “MOVPE #REEIZLSGaN F/aTL" KEFRz, LIS, MATH, 28 F
B, FlF B FOREBLYIEAERBARFESR, EWKE, 201447 A 25-26 8.

194, “BFA—N\—DO—EEHHNZHAV:-FE LED EFJIO0vIEDOHEE MEA,
ZHEE, BEAX, TREH, EILE, E8FR%R, KRGSE: ¥ 6 AELLMFEREE
mAEEESR, AWKE, 2014 £7 A 25-26 H.

195. x‘ERRELGZEYMFER AlGaN F HFET BY—S—T S/ VFENA R H—
CMEESEE, AEEXR, IWHEBA, LAHE SAFRME, MAHEH, FUE, R
E FoRECLYFEARBERREZEES, AWAF, 2014 F 7 H 25-26 H. (*13 1<

196. “p B! GaN IZxi9 % Ag BB LERILRER DR AEEN, BREXEH, 58%
9, MTREHh, LU, RIS 0 F 6 RELCEYMFERERREREESR, ABKE,
2014 &£ 7 A 25-26 H.

197. > "EYWFER AIGaN ZRHWVVEENZHARFO R Y —IER" IUARTHEE,
F#EESS, (IWEANEE, EARME, MAEtH, FILE, FRIFS: . F 6 OZREYFER
RREREREES, WX, 2014 &£ 7 A 25-26 H(*13 IZXG).
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198. *"BYF B LED ICHE TS50 BEFOME" BEHKN, MEAN, THELE,
EORE MAEH, IS XBFE FAES - ¥ 6 BRI EREREREE
=, AWK, 2014 F£ 7 B 25-26 B. (*7 ITXE)

199. *“ZONEMBEEISIRNAIAA—FICEITS Mg QL WHER, TRE
th, FILE, EAFRME, AFE: £ 6 NELYIEREEREREER, ABXE,
2014 F£ 7 A 25-26 B. (*16 [Zxt )

200. *“ZLYHFEEKLED (CEFAEAGEICKHIINBETDOEZE RHEE, B
A, A, MTAREH, EAFRE, FIUE RIGE, XFE: £ 6 BELYFE
KEEREEES, RWXSE, 2014 £ 7 A 25-26 H. (*7 12/ )

201. x"'MEZEYFERICLDIBDIAHARILES HEF EE, M)l XE, KF
w2z, TN Bth, Bl & 58 RB F F: F 6 AEEYELEFRERRREER
&, AWK, 2014 F£ 7 A 25-26 B. (*5 [Zxfhi)

202. *“GalnN RroRILEEZETS LED” MIIXE, #FES, 28FMHE, MRAE
th, EILE, FRIGE: £ 6 BELYFEARERBAEHREES, FBKF, 2014 F 7 A
25-26 B. (*5 [TxF)i)

203. “HEREEFELL—THIRFORNMIEXOKRE FEEN, EEHK, BIIMAE,
MREH, EILE, EAFRE, FEE: FORREYMFERERREEER, AHX
¢, 2014 &£ 7 A 25-26 H.

204. “‘BIeYFEAREHRAEL—VICETLERZEREOFETE E)IME, +5
B, INEHRE, LA, MREH, LIUE, 28F%HE, FFE: F 6 IELYF
BAERERREES, AHXE, 2014 &7 A 25-26 A.

205. x“ZDIFEER X KEHEZRALV: GalnN RABEMEEDRE L IUART],
2R, NMNEFER, SA/FRE, FILE MMAEH, FIFS: 5 6 BELYFEREE
B EEES, BEKE, 2014 £ 7 A 25-26 H. (*1 [Txi5)

206. *"EEREE AlnN AWV-ZEERMNECHATIHR NEHE, HILANE,
THERE, MREH, EILE EA/FRE AES: FeRECYIERERRREE
=, BWKF, 2014 £ 7 A 25-26 H. (*3 HLU*15 [ZXHiE)

207. *“GalnN/GaN NTOEEITHE T LEFEE DM EZEIRFHS" RIEME, ik
RAL, MEXSE S/8FH, LIS TREH, FIFSE: 5 6 BRI EREERRK
REES, AWAE, 2014 F 7 B 25-26 H. (*1 TR )

208. *‘EmE AllnN OEEBEOQEE" MILAE, NMEHE, THEE TREH,
FILE, EAFE AEE: ¥ 6 ORI EREEREERS, AWXFE, 2014
F£7 A 25-26 H. (*3 [Zxf5)

209. *“MOCVD j£ZFL\/- GaNSb DfEFRBE" INGAE, BEER, HAET, I
AT, 2%, FIUE, FIFSE. F 6 NELYFEAREERREEES, AWK
% 2014 &£ 7 A 25-26 H. (*2 [IZRS)

210. * “MOCVD ;EIT&D Sh&FHRMLIZAIN B LU GaN DER" EE E&/, /IhF X
B MR ¥t 58 FH ELE K S ¥ 6 BELYWLERELRESEE
&, AWK, 2014 F£ 7 A 25-26 B. (*2 [Zxfh)

211.  “ZEt¥R LED HffixalfR” LU EoRBLEMFERERRREER, 4H
KE, 2014 £ 7 B 25-26 B. [Fa—KJTILEE]

212. * “Lattice relaxation process in GalnN/GaN heterostructure system as function
of dislocation density in underlying GaN layer” Motoaki lwaya, Koji Ishihara, Taiji
Yamamoto, Daisuke lida, Yasunari Kondo, Hiroyuki Matsubara, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu Akasaki: The Workshop on Ultra-Precision
Processing for Wide-Gap Semiconductors 2014, Bath, United Kingdom, August
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20-22 2014. [Invited talk] (*1 [SXF )

213. * “Nitride-based optoelectronic devices utilizing tunnel junctions” Tetsuya
Takeuchi, Motoaki lwaya, Satoshi Kamiyama, and Isamu Akasaki: Lester Eastman
Conference on High Performance Devices 2014, Ithaca, USA August 5-7 2014.
[Invited Talk] (*5 EXU*16 X )

214. * “Demonstration of GalnN-based laser pumped by an electron beam” M.
Iwaya, K. Kozaki, T. Yamada, T. Takeuchi, S. Kamiyama, |. Akasaki, Y. Honda, H.
Amano, S. Iwayama, J. Matsuda, N. Matsubara, T. Matsumoto: International
Workshop on Nitride semiconductor 2014, Wroctaw, Poland Auqust 24-29 2014.
[Invited Talk] (*14 [Z3tI5)

215. * “Nitride-based tunnel junctions as an alternative hole injection” Tetsuya
Takeuchi, Motoaki Iwaya, Satoshi Kamiyama, and Isamu_ Akasaki: International
Workshop on Nitride semiconductor 2014, Wroctaw, Poland August 24-29 2014.
[Invited Talk] (*5 XU*16 [ZXF )

216. * “Laser _lift-off technique of 380-nm light emitting diodes grown on GaN
substrate” D. lida , S. Kawai , T. Tsuchiya, N. Ema, M. Ilwaya, T. Takeuchi, S.
Kamiyama, and |. Akasaki: International Workshop on Nitride semiconductor 2014,
Wroctaw, Poland August 24-29 2014. (*18 [Zx1 )

217. * “Fabrication of surface plasmon based green light emitting diodes by
nanoimprint technique” D. lida , S. Kawai, T. Tsuchiya, M. lwaya, T. Takeuchi, S.
Kamiyama, and |. Akasaki: International Workshop on Nitride semiconductor 2014,
Wroctaw, Poland August 24-29 2014. (*11 [Zx}%)

218. * “Fabrication_of nonpolar_m-plane GalnN-based solar cell on freestanding
m-plane GaN _substrate” K. Kozaki, H. Kurokawa, M. lwaya, T. Takeuchi, S.
Kamiyama, and |. Akasaki: International Workshop on Nitride semiconductor 2014,
Wroctaw, Poland August 24-29 2014. (*5 [ZXF )

219. “Lattice relaxation process in GalnN/GaN heterostructure system as function of
dislocation density in underlying GaN layer” Motoaki lwaya, Koji Ishihara, Taiji
Yamamoto, Daisuke lida, Yasunari Kondo, Hiroyuki Matsubara, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu Akasaki: Workshop on Ultra-Precision Processing
for Wide Band Gap Semiconductors, Bath, UK, 20-22 Augast, 2014.

220. “Low Resistive and Low Absorptive Nitride-Based Tunnel Junctions” Daichi
Minamikawa, Masataka Ino, Daiki Takasuka, Motoaki Iwaya, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu Akasaki: Material Research Society Fall Meeting,
Boston, USA, Nov. 30-Dec. 5, 2014.

221. “Evaluation of Electron Overflow in Blue-LEDs with P-AlGaN Or P-GaN Electron
Blocking Layer“ Kento Hayashi, Toshiki Yasuda, Shota Katsuno, Tetsuya Takeuchi,
Satoshi Kamiyama, Motoaki lwaya, Isamu Akasaki: Material Research Society
Fall Meeting, Boston, USA, Nov. 30-Dec. 5, 2014.

222. “Optimization of Carrier Distributions in Periodic Gain Structures towards Blue
VCSELSs” Kenjo Matsui, Kosuke Horikawa, Yugo Kozuka, Kazuki Ikeyama, Tetsuya
Takeuchi, Satoshi Kamiyama, Motoaki lwaya, Isamu Akasaki: Material Research
Society Fall Meeting, Boston, USA, Nov. 30-Dec. 5, 2014.

223. “Study on the High Reflective Ag Ohmic Contact on High Carrier Concentration
Si-Doped Alo.03Gaoe7N” Shunsuke Kawai, Daisuke lida, Motoaki Iwaya, Tetsuya
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Takeuchi, Satoshi Kamiyama, Isamu Akasaki: Material Research Society Fall
Meeting, Boston, USA, Nov. 30-Dec. 5, 2014.

224. “Analysis of GalnN/GaN Heterostructure Grown on GaN Underlying Layer with
Different Dislocation Density” Koji Ishihara, Taiji Yamamoto, Daisuke lida, Yasunari
Kondo, Hiroyuki Matsubara, Motoaki lwaya, Tetsuya Takeuchi, Satoshi Kamiyama,
Isamu Akasaki: Material Research Society Fall Meeting, Boston, USA, Nov.
30-Dec. 5, 2014.

225. “Growths of AllnN Single Layers and Distributed Bragg Reflectors for VCSELS”
Yugo Kozuka, Kazuki lkeyama, Toshiki Yasuda, Tetsuya Takeuchi, Satoshi
Kamiyama, Motoaki Iwaya, Isamu Akasaki: Material Research Society Fall Meeting,
Boston, USA, Nov. 30-Dec. 5, 2014.

226. “Laser lift-off technique for freestanding GaNsubstrate using an In droplet formed
by thermaldecomposition of GalnN and its application to LED” Motoaki Ilwaya,
Daisuke lida, Syunsuke Kawai, Nobuaki Ema, Takayoshi Tsuchiya, Tetsuya
Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: 10th International Symposium
on Semiconductor Light Emitting Devices (ISSLED 2014) Kaohsiung, Taiwan, Dec.
14h-19t 2014.

227. “In-situ x-ray diffraction analysis for MOVPE growth of nitride semiconductors’
Motoaki Iwaya, Taiji Yamamoto, Koji Ishihara, Tetsuya Takeuchi, Satoshi
Kamiyama, and Isamu Akasaki: SPIE Photonics West, San Fransisco, USA, Feb.
7th-12th 2015.

228. “Performance of nitride-based blue LED fabricated on sapphire substrate with
nanostructured SiO2” Shun Hanai, Motoaki lwaya, Tetsuya Takeuchi, Satoshi
Kamiyama, Isamu Akasaki, and Tsukasa Kitano: SPIE Photonics West, San
Fransisco, USA, Feb. 7t"-12t, 2015.

229. “Analysis of GalnN/GaN Superlattice on GaN by in situ X-Ray Diffraction
Monitoring Attached with Metalorganic Vapor Phase Epitaxy Equipment” Motoaki
Iwaya, Taiji Yamamoto, Daisuke lida, Koji Ishihara, Tetsuya Takeuchi, Satoshi
Kamiyama, Isamu Akasaki: Material Research Society Spring Meeting, San
Francisco, USA, April 6-10, 2015.

230. “Electrical Properties of High CarrierConcentration n-Type AlGaN” K. Takeda, K.
Mori, T. Kusafuka, M. lwaya, T. Takeuchi, S. Kamiyama, and |. Akasaki: The 3rd
International Conference on Light-Emitting Devices and Their Industrial
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22"9-24t" 2015,

231. “Correlation between Crystal Qualities and Electrical Properties in Si-Doped
AlosGaosN" T. Yasuda, S. Katsuno, T. Takeuchi, M. Iwaya, S. Kamiyama, |. Akasaki,
and H. Amano: The 3rd International Conference on Light-Emitting Devices and
Their Industrial Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22"4-24t,
2015.

232. “AIN Epitaxial Growth on Sapphire with an Intermediate Layer” S. Katsuno, T.
Yasude, M. Iwaya, T. Takeuchi, S. Kamiyama, |. Akasaki, and H. Amano: The 3rd
International Conference on Light-Emitting Devices and Their Industrial
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22M9-24% 2015.
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233. “AIN Growth on Sputtering AIN Template Substrate by Hydride Vapor Phase
Epitaxy” D. Yasui, H. Miyake, K. Hiramatsu, M. lwaya, |. Akasaki, and H. Amano:
The 3rd International Conference on Light-Emitting Devices and Their Industrial
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22"9-24% 2015.

234. “MOVPE Growth of AINSb Alloys” K. Suzuki, D. Komori, H. Sasajima, K. Takarabe,
T. Takeuchi, M. Iwaya, S. Kamiyama, and |. Akasaki: The 3rd International
Conference on Light-Emitting Devices and Their Industrial Applications (LEDIA'15),
Pacifico Yokohama, Japan, Apr. 22M-24t 2015.

235. “Carrier Gas Dependence on GaNSb MOVPE Growth” D. Komori, H. Sasajima, K.
Takarabe, K. Suzuki, T. Takeuchi, S. Kamiyama, M. Iwaya, and |. Akasaki: The 3rd
International Conference on Light-Emitting Devices and Their Industrial
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22"-24 2015,

236. “Electrical Properties of GaNSb Grown at Low Temperatures” K. Takarabe, D.
Komori, K. Suzuki, T. Takeuchi, M. Ilwaya, S. Kamiyama, and |. Akasaki: The 3rd
International Conference on Light-Emitting Devices and Their Industrial
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22M-24 2015,

237. “Contact Characteristics of V-Based Electrode for High AIN Molar Fraction
n-AlGaN” K. Mori, K. Takeda, T. Kusafuka, M. Iwaya, T. Takeuchi, S. Kamiyama, I.
Akasaki, and H. Amano: The 3rd International Conference on Light-Emitting
Devices and Their Industrial Applications (LEDIA '15), Pacifico Yokohama, Japan,
Apr. 22nd-24th 2015,

238. “Nitride-Based Tunnel Junctions towards Deep UV-LEDs” D. Takasuka, D.
Minamikawa, M. Ino, T. Takeuchi, M. Iwaya, S. Kamiyama, H. Amano, and I.
Akasaki: The 3rd International Conference on Light-Emitting Devices and Their
Industrial Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22"-24t 2015,

239. “Optimization of Periodic Gain Structures toward Blue VCSELs” K. Matsui, D.
Komori, K. Horikawa, T. Takeuchi, S. Kamiyama, M. lwaya, and |. Akasaki: The 3rd
International Conference on Light-Emitting Devices and Their Industrial
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22"9-24% 2015.

240. “Conductive n-Type AlInN/GaN Distributed Bragg Reflectors” K. lkeyama, Y.
Kozuka, T. Yasuda, T. Takeuchi, S. Kamiyama, M. Iwaya, and |. Akasaki: The 3rd
International Conference on Light-Emitting Devices and Their Industrial
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22"9-24t 2015,

241. “A Pulsed Operation of VCSELs on AllnN/GaN DBR Grown with High Growth
Rate” Y. Kozuka, K. lkeyama, T. Akagi, S. lwayama, K. Nakata, T. Takeuchi, S.
Kamiyama, M. Iwaya, |. Akasaki: The 3rd International Conference on
Light-Emitting Devices and Their Industrial Applications (LEDIA '15), Pacifico
Yokohama, Japan, Apr. 22"9-24% 2015.

242. “Electrical properties of extremely low-resistivity and high-carrier-concentration
Si-doped AlGaN with low AIN molar fraction” Kunihiro Takeda, Kazuki Mori, Toshiki
Kusafuka, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu
Akasaki: The 7th Asia-Pacific Workshop on Widegap Semiconductors (APWS
2015), Seoul, Korea, May 17-20, 2015.
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243. “Growth of AIN layer on sputtered AIN template substrate by hydride vapor phase
epitaxy” Shinya Tamaki, Daiki Yasui, Hideto Miyake, Kazumasa Hiramatsu, Motoaki
Iwaya, Isamu Akasakai, and Hiroshi Amano: The 7th Asia-Pacific Workshop on
Widegap Semiconductors (APWS 2015), Seoul, Korea, May 17-20, 2015.

244 “In situ X-ray diffraction analysis of GalnN/GaN heterostructure during MOVPE
growth” Motoaki lwaya, Taiji Kondo, Koji Ishihara, Junya Osumi, Tetsuya Takeuchi,
Satoshi Kamiyama, and Isamu Akasaki: The 7th Asia-Pacific Workshop on
Widegap Semiconductors (APWS 2015), Seoul, Korea, May 17-20, 2015.

245. “Extremely Low-resistivity and High-carrierconcentration Si-doped AlGaN with
Low AIN Molar Fraction for Improvement of Wall Plug Efficiency of Nitride-based
LED” Motoaki Iwaya, Kunihiro Takeda, Daisuke lida, Tetsuya Takeuchi, Satoshi
Kamiyama, and Isamu Akasaki: The 11t Conference on Lasers and Electro-Optics
Pacific Rim (CLEO-PR 2015), Busan, Korea, August 24-28, 2015.

246. “Extremely Low-resistivity and High-carrierconcentration Si-doped AlGaN with
Low AIN Molar Fraction for Improvement of Wall Plug Efficiency of Nitride-based
LED” Motoaki Iwaya, Kunihiro Takeda, Daisuke lida, Tetsuya Takeuchi, Satoshi
Kamiyama, and Isamu Akasaki:The 11" International Conference on Nitride
Semiconductor (ICNS-11), Beijiin, China, Augast 30-September 4, 2015.

247. “MOVPEE % FH W 7= SITRIIAIINN/GaN~T 1 #2465 OB AR wilfndy, Z2HE
BE, NGhE, SEINMUE, I, LU, EASREE, RRFE: ET5E IS
MRS AN 2, dbiEE R, 20144E9 017 H-9H20H.

248. “Mg F—7AlGaNIZ L 5 AlGaN/GaN HFETHI 4/ 7 + b & o % — D & PERE L
WARKERS, FHELTR, BIREE, SRR, e, L, JRigsE: 750 S
MBS =, AWRE R, 201449 H17H-9H20H.

249. “SICOGMBIRL 7 v & AT 2RI BT 2 MET HmREE, M,
AR, B, FRIEE: HT5E ISHMEL Y SIKEAEES, ALEE K,
20144F9H17H-9H 20H.

250.  “GalnN/GaN~7 mfZ& 281 DA TR ORHE" AR, drifemk, AR
R, aaRE, Ed, B, SRIEE: 750 ISR KT IR
2, JbHEE KT, 20144F9H17H-9H20H.

251. “EINNTE L HRGaInN%E VW b o 3 uEs (2) "HEIIRE, HBEE, A

BOCE, HBKE, I, R, AT BTSSR
e, ALRE R, 20144°9H17H-9H20H.

252, “MOVPEIEIRK RIZ L 5GaNT /) 27 LD~ A7 XE — AR KB 2,
g, B, TN, SRR, R B75E ISR ES TN
S, JbiEE K%, 2014459 H17H-9H20H.

253. “BI v U TIREESEH R — 7" n’fAlo.03Gao.e7N_E D AgER & F V7= 8 S5 B AR D
et EEIT, SRHEKE, SRRl TNEh, BILE, JREFE: 750 S
B SR S, JbEE RS, 201499 H17H-9H20H.

254. “NRZEAC EAR N o 2 NVBEE & W T B S OEU L HEE
B, FMIRE, vrdgt, EBILE, SRR, RIEEFE: F750 SRSk
e, AE KT, 20144F9H17H-9H20H.

255. “U—W—1 7 A7 HFIC L 2 GaN Fafi & FI8E U 7= T 2R4ALED” A F K,
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WEs, tREER, LM, SaEE, MWEth, BILE, RIS F75[E IS
B K2R p el e, AiE RS, 2014%9H17H-9A20H.

256. “GalnN/GaN#E#& 1% F 72 bW KI5 B A E OfE IUARZR ], B,
INRRE R, CHASFEEA, BIWE, PrNETH, RIS HET75E S A EL AT A
dE sy, dbMEE RS, 2014559H17H-9H20H.

257. “TEY 7 7 A 7 5 EICB T DafiGaNAE I BT 2l MEEE/A, KB M
Z, GrEgOLSR, fRHOKEE, BHEE, fmEAA, EILE, TN, SRFEE, R
WF53: Z575[1 ARSI S, ALiE K, 20144F9H 17 H-9H 20
H.

258. “‘AINN= & ¥ 3 v VD miE kR & 2RSS~ g, 7
WHHL, EaFE, B, RIFE 440 B AR R E RS ENESHE., 8K
% 20144F11H6H-8H.

259. “Z8y ZIEAINT 7 L— N A O T-AINOHVPER R 224k KE, =%
FN. R FIEL, En R R B, K i 56205 RS BRI
TS, BRI v 78 &, 2015423 11H-14H.

260. ‘B v U T REEAIGaNO ELEE R B, & =, WHE E,
AR R, MW e, Bl L ORI 5 Ee20alh A S RIS
HHER PR ¥ > /)&, 2015453 11 H-14H.

261. “TREESNLEDIZ AT 7= 2L 28R - o RV ORFY EAE K&, )l
KA. ¥ E&, VN B, B5n FBE, B B K i RE 55 56205
BRSBTS, W RFIME X v o XA 20154E3H11H-14H.

262. ‘AR ERWEE U vy 7RIAALEDO G g &4, H K
i, A B, Bl B N B, A BB R 5 el iR
BREBFINGEEES . B RFEMIE S v o3& 2015423 H11H-14H.

263. “GaN I /EHRL L 7- GalnN L[5 35 L O'GalnN/GaN#B &+ D XHrZ DI 22
BT KA M, AR B, LA RE, AR R, TN T, Bl B R 5
5562[01 i AW B S RPN G 2 . BRI % v > N2 2015423 H 11 H-14
H.

264. ‘K77 RE GO T Ml & JRITROKGFMEORE” PEIN R DNk
BAL WA B, fRE KiE, Bl B N i, AR R, R 5 55620
ISR BRE RIS . BB RERE v 3 A, 201593 H11H-14H.

265. “EAKLE ONn-AlGaNIZ BT AVREMD = & 7 N £ —2 . iHE
B/ I {ER = S A I o 1L N N I 2 D N 5 = I N R > 1 s A 51 o
MBS R RIGEE S B RFME X v XA, 201543 H11H-14H.

266. “EVEREITERANLED O ERUC BT 2 M Ft” 5k Al W& BRI, Sa SR,
YN B, bl B ORI BB ZE62(0lE M EL A R LIRS . YR FIM
B v 282, 20154E3H11H-14H.

267. “SiO27 / It E 2 3 2 HAK FIC/ER U 7= (bW R 5 BLED D FE SR
e B, dbBF ®], B FBEA, PN T, B B ORI FE: 620 A EE
SEFLWGERS, WERFMEE S v 32 20154£3H11H-14H.

268. “F  fEEE N X HDLEDOMERER RICBEI o aFZE” Bl B B R, AT
W, ARG 550 62[nlS B P S RS . AERTFME X v /XX
201543 11 H-14H.
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269. “IEn Ak E R AIINN/GaNZ @ 5 S 58 2 W T2 3O L — 02OV A3 R /1
B thie, il fodr, RA FEE. Al E OPHE B TR I, Bl B A
A BB, R B 62N B RTINS . R v N A
201543 11 H-14H.

270. “HmEe L —YIicmi)=GalnN JEMEEIZRET 298" d & L,
W, SEINMUE, NEHE, wulfng, Sl ® ORARFEE, MNiEh, Bl &, A
KRR, R B FB7EIE A EERERRERES JIERT A Ed v 3R,
201545 7-8H .

271. “AlinN £33 L TPAIINN/GaN £ a8 s S 85 D BB AN RFIE” 75 I FROKEA,  Huiliofn
A, P, Bl B, SRR, SR 5B FHETREIZ SRS R RS
ALK A¥x vy o8&, 20154E5H7-8H.

272. “ZOYBIZEX BEPTEA VW GaN EoGalnN HifER X U'GalnN/GaN
FEAS ORI RAMH, AlFEL, ILRRE], SRFEH, MRS, Bl &,
R B SETRIEA Y AR B RS, BIERT FEd v N Z | 2015
HFE5H7-8H.

273. “EEE Y U T EEn BAIGaN DOfff kR & BERUSERE Aa R, RHEFH
7z, BRHECKER, A2 g, e, Bl B, JRIE B SBT7RIEAb) B AR SR
FEi#Ea, Hbk® AEfy o8, 201545 7-8H.

274. S EEREFROE L — T OBUR & RIS BT TR R R SRR 27 AR

(% 48 7)) MBI EERES BAELHIBE R Y T L 2015648 A 27 H.

275. T. Takeuchi, M. Ilwaya, S. Kamiyama, and |. Akasaki, "GalnN-based tunnel
junctions for novel optoelectronic devices", EMN Meeting on Photovoltaics, 2016,
Hong Kong.

276. T. Takeuchi, M. Iwaya, S. Kamiyama, and |. Akasaki, "Current status of
GaN-based vertical-cavity surface-emitting lasers (VCSELs)", 4th International
Workshop on LEDs and Solar Applications, 2016, Nagoya.

277. T.Yasuda, S. Yoshida, T. Takeuchi, M. lwaya, S. Kamiyama, |. Akasaki, and H.
Amano, Polarization Induced Hole Accumulations in Nitride Semiconductor
Heterostructures, LEDIA'16, Yokohama, Japan, (2016)

278. K. Matsui, K. lkeyama, T. Furuta, Y. Kozuka, T. Akagi, T. Takeuchi, S.
Kamiyama, M. lwaya, and |. Akasaki, GaN-based VCSELs using Periodic Gain
Structures, LEDIA'16, Yokohama, Japan, (2016)

279. N. Kuwabara, T. Yasuda, S. Katsuno, N. Koide, T. Takeuchi, M. Iwaya, S.
Kamiyama, and |. Akasaki, ITO/Ga203 Multilayer Electrodes Towards Deep
UV-LEDs , LEDIA"6, Yokohama, Japan, (2016)

280. S. Ushida, A. Yoshikawa, M. lwaya, T. Takeuchi, S. Kamiyama, and |. Akasaki,
Temperature Dependence of the Nitride-based HFET Structure Photosensors,
LEDIA'16, Yokohama, Japan, (2016)

281. K. Suzuki, K. Takarabe, D. Komori, D. Takasuka, N. Koide, T. Takeuchi, M.
Iwaya, S. Kamiyama, and |. Akasaki, Low-Temperature Grown p-Side Structure with
GalnN Tunnel Junction and n-GaNSb, LEDIA'16, Yokohama, Japan, (2016)

282. T. Senga, N. Nagata, M. lwaya, T. Takeuchi, S. Kamiyama, |. Akasaki, Si
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concentration dependence of laser oscillation characteristics in AIGaN multiple
quantum well active layer, ICCGE-18, Nagoya, Japan (2016).

283. J. Osumi, R. Kanayama, M. lwaya, T. Takeuchi, S. Kamiyama, |. Akasaki,
Observation of AlGaN/GaN heterostructure by in situ XRD attached metalorganic
vapor phase epitaxial equipment, ICCGE-18, Nagoya, Japan (2016).

284. Y. Akatsuka, D. Takasuka, M. Ino, T. Akagi, T. Takeuchi, M. lwaya, S.
Kamiyama, |. Akasaki, Low resistiveGalnN tunneljunctionswith high Si
concentrations, ICCGE-18, Nagoya, Japan (2016).

285. Kenjo Matsui, Takashi Furuta, Natsumi Hayashi, Yugo Kozuka, Takanobu
Akagi, Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki lwaya and Isamu Akasaki,
3-mW RT-CW GaN-Based VCSELs and Their Temperature Dependence,
IWN2016, Florida, USA (2016).

286. Daiki Jinno, Shun Otsuki, Teruyuki Niimi, Hisayoshi Daicho, Motoaki Iwaya,
Tetsuya Takeuchi, Satoshi Kamiyama and Isamu Akasaki, High Temperature
Annealing of Sputtered AIN Buffer Layer on r-Plane Sapphire Substrate and its
Effect on Crystalline Quality of a-Plane GaN, IWN2016, Florida, USA (2016).

287. Bo Monemar, Plamen P. Paskov, K. Takeda, Motoaki Iwaya, Tetsuya Takeuchi,
Satoshi Kamiyama and Isamu Akasaki, Low Temperature Photoluminescence in
Highly Si-Doped AlxGa1-xN with x < 0.09, IWN2016, Florida, USA (2016).

288.  Yuki Kurisaki, Satoshi Kamiyama, Tetsuya Takeuchi, Motoaki lwaya and Isamu
Akasaki, Theoretical Investigation of Nitride Nanowire-Based QuantumShell
Lasers, IWN2016, Florida, USA (2016).

289. Ryoma Seiki, Daisuke Komori, Kazuki lkeyama, Toshiaki Ina, Takeyoshi
Onuma, Takao Miyajima, Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki lwaya and
Isamu Akasaki, Local Structural Analysis around In Atoms in Al0.82In0.18N alloy by
Using X-Ray Absorption Fine-Structure Measurements, IWN2016, Florida, USA
(2016).

290. Ryousuke Kanayama, Junya Osumi, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi
Kamiyama and Isamu Akasaki, Characterization of AlIGaN/GaN Heterostructure by
In Situ X-Ray Diffraction Attached Metal Organic Vapor Phase Epitaxy, IWN2016,
Florida, USA (2016).

291. Takao Miyajima, Daisuke Komori, Toshiaki Ina, Ryoma Seiki, Kiyofumi Nitta,
Tetsuya Takeuchi, Tomoya Uruga, Satoshi Kamiyama, Motoaki Iwaya and Isamu
Akasaki, Determination of the Site of Sb Occupation in MOCVD-Grown GaN1xSbx
Using X-Ray Absorption Fine-Structure Measurements, IWN2016, Florida, USA
(2016).

292. Yasuto Akatsuka, Daiki Takasuka, Takanobu Akagi, Tetsuya Takeuchi, Motoaki
Iwaya, Satoshi Kamiyama and Isamu Akasaki, Buried Tunnel Junctions Using Low
Resistive GalnN Tunnel Junctions with High Si Concentrations, IWN2016, Florida,
USA (2016).

293. Akira Yoshikawa, Saki Ushida, Motoaki lwaya, Tetsuya Takeuchi, Satoshi
Kamiyama and Isamu Akasaki, Physical Property of the High Photosensitive Field
Effect Transistor Type UV Photosensors with AlGaN/AlGaN Hetero Structure,
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IWN2016, Florida, USA (2016).

294. Saki Ushida, Akira Yoshikawa, Motoaki Iwaya, Satoshi Kamiyama, Tetsuya
Takeuchi and Isamu Akasaki, Temperature Dependence in AlGaN-Based
Heterostructure Field-Effect Transistor Type UV Photosensors, IWN2016, Florida,
USA (2016).

295. Akira Yoshikawa, Saki Ushida, Motoaki Ilwaya, Tetsuya Takeuchi, Satoshi
Kamiyama and Isamu Akasaki, Physical Property of the High Photosensitive Field
Effect Transistor Type UV Photosensors with AlGaN/AlGaN Hetero Structure,
IWN2016, Florida, USA (2016).

296.  Junichiro Ogimoto, Yugo Kozuka, Takanobu Akagi, Natsumi Hayashi, Tetsuya
Takeuchi, Satoshi Kamiyama, Motoaki lwaya and Isamu Akasaki, Design and
Fabrication of Modulation-Doped GaN-Based Vertical Cavities for Blue
Surface-Emitting Lasers, IWN2016, Florida, USA (2016).

297. Toshiki Yasuda, Tetsuya Takeuchi, Motoaki Iwaya, Satoshi Kamiyama, Isamu
Akasaki, Hole Accumulations to Polarization Charges in Relaxed AlGaN
Heterostructures with High AIN Mole Fractions, IWN2016, Florida, USA (2016).

298. Noriaki Nagata1, Takashi Senga, Motoaki lwaya, Tetsuya Takeuchi, Satoshi
Kamiyama and Isamu Akasaki, Low Resistivity Ohmic Contact V-Based Electrode
Contributed by Using Thin SiNx Intermediate Layer for High AIN Molar Fraction
n-Type AlGaN, IWN2016, Florida, USA (2016).

299.  FTE EEAT. MREF KM, B4 SREA. TR B, b B R B or my o
7 A 7 HAR I a i GalnN &I HEIEIC BT 2 Et, 5 63 S iy kY
sy AR U A B, 2015.

300. ZEIR EA. b B PN i, e REAL ORI B, MEEw T VA
Y a2 AW E IO L — P OBERAIRET. 5 63 RSB R R AN S
YRV U L H R, 2015.
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The luminescent properties of Mg-doped GaN have recently received particular attention, e.g., in the
light of new theoretical calculations, where the deep 2.9 eV luminescence band was suggested to be
the main optical signature of the substitutional Mgg, acceptor, thus, having a rather large binding
energy and a strong phonon coupling in optical transitions. We present new experimental data on
homoepitaxial Mg-doped layers, which together with the previous collection of data give an
improved experimental picture of the various luminescence features in Mg-doped GaN. In n-type
GaN with moderate Mg doping (<10'® cm ™), the 3.466eV ABEI acceptor bound exciton and the
associated 3.27eV donor-acceptor pair (DAP) band are the only strong photoluminescence (PL)
signals at 2 K, and are identified as related to the substitutional Mg acceptor with a binding energy of
0.225 = 0.005eV, and with a moderate phonon coupling strength. Interaction between basal plane
stacking faults (BSFs) and Mg acceptors is suggested to give rise to a second deeper Mg acceptor
species, with optical signatures ABE2 at 3.455eV and a corresponding weak and broad DAP peak at
about 3.15eV. The 2.9eV PL band has been ascribed to many different processes in the literature. It
might be correlated with another deep level having a low concentration, only prominent at high Mg
doping in material grown by the Metal Organic Chemical Vapor Deposition technique. The origin of
the low temperature metastability of the Mg-related luminescence observed by many authors is here
reinterpreted and explained as related to a separate non-radiative metastable deep level defect, i.e.,

not the Mgg, acceptor. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862928]

. INTRODUCTION

Mg is so far the only acceptor dopant that can be used
for p-doping in Ill-nitride based devices, such as light emit-
ting diodes (LEDs) and laser diodes (LDs), for visible and
ultraviolet (UV) wavelengths. Although much work has been
done in an attempt to clarify the electronic and optical prop-
erties of Mg acceptors, there still remain open questions
regarding the interpretation of experimental data on the prop-
erties of Mg-doped III-nitride materials. This holds true even
for GaN, the most developed IllI-nitride compound in terms
of crystal perfection and doping control. In this paper, we
shall concentrate on the optical properties of Mg-doped
GaN, specifically on luminescence with laser excitation
(photoluminescence (PL)) and with electron excitation (cath-
odoluminescence (CL)). Such optical data give the most
detailed information on the energy level structure of accept-
ors via their characteristic spectra, and also on the related
recombination mechanisms of carriers and excitons.

The main PL (or CL) spectra related to acceptors in
semiconductors are the acceptor bound exciton (ABE) and
donor-acceptor pair (DAP) spectra, as reviewed for GaN in
Ref. 1. These PL signatures for Mg-related acceptors were

0021-8979/2014/115(5)/053507/8/$30.00
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established only in recent years,z‘4 with the ABE1 peak at
3.466¢eV in unstrained GaN at 2K and the corresponding
DAP peaking at about 3.27 eV. The latter PL emission was
studied in detail already four decades ago™® and established
as a DAP emission, but the connection with the Mg acceptor
was not definitely known at the time. An unusual feature
with Mg acceptors is that there are two ABEs present at high
Mg doping, the additional one being a broader ABE2 peak at
about 3.455¢eV at 2K.* Another puzzling observation is the
instability of the Mg related spectra vs. UV excitation or
electron excitation in the low temperature region for p-type
materials, manifesting itself as the emission intensities going
down with excitation time.*’™ This effect is particularly
strong before the Mg-activation anneal of the samples, and
has raised questions whether the above-mentioned optical
signatures are related to the substitutional Mgg, acceptor or
possibly to an unstable Mg-related complex.*

At lower photon energies additional spectra in
Mg-doped GaN are noted. A broad peak at about 2.9eV is
commonly observed at high Mg doping concentrations in
Metal-Organic Chemical Vapor Deposition (MOCVD)
grown samples.'™'" This has most often been assigned to
the presence of Mg—nitrogen vacancy (Mg-Vy) deep donor

© 2014 AIP Publishing LLC
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complexes in the material.' In the deep red spectral region
there is a broad band observed at about 1.8 eV, suggested as
related to a deep Mg-related complex defect.'*'

In this paper, we will present additional PL and CL data
obtained from MOCVD-grown GaN:Mg samples on low
defect density bulk GaN substrates. These data allow a more
definite identification of the above-mentioned characteristic
ABE and DAP spectra for GaN:Mg. Furthermore, the reason
for the apparent presence of two acceptor species will be dis-
cussed in terms of interaction between Mg acceptors and
structural defects induced by the acceptor doping. For com-
parison, we also include new data from Mg-doped GaN sam-
ples grown by Halide Vapor Phase Epitaxy (HVPE).

Il. SAMPLES AND EXPERIMENTAL PROCEDURE

The MOCVD samples, used in this work, were grown
on thick (>300 um) bulk GaN templates. Some of these thick
GaN substrates were grown with HVPE at Linkoping
University, and removed from the sapphire substrates with a
laser lift-off technique, as reported previously.'> Other bulk
c-plane GaN substrates were supplied by Furukawa Co.,
Ltd., Japan. The c-plane Mg doped MOCVD samples were
grown at Meijo University as well as at Bremen University,
details of the growth procedure can be found in previous
papers.* The m-plane GaN:Mg samples were grown at
Virginia Commonwealth University, on m-plane bulk GaN
substrates provided by Kyma, Inc.'® Some HVPE grown
thick (about 11 um) GaN:Mg layers on sapphire were pro-
vided by Oxford Instruments, the growth conditions are
described in Ref. 17.

Thermal annealing at Meijo University and Linkoping
University was done at 800 °C for 10 min in N, atmosphere.
At Bremen University Rapid Thermal Annealing (RTA) was
done during 1min at 800°C. Stationary PL spectra were
measured with above band gap continuous wave UV excita-
tion (laser photon energy of 4.65eV) at temperatures from
2K to 300K, and detected by a UV enhanced liquid nitrogen
cooled Charge Couple Device (CCD). PL transient measure-
ments were done using femtosecond pulses from an ampli-
fied and frequency tripled Ti:sapphire laser (frequency
250kHz and photon energy 4.65eV), and detected with a
UV sensitive Hamamatsu streak camera with a slow sweep
unit. Cross-sectional Transmission Electron Microscope
(TEM) analysis was done with a high resolution FEI Tecnai
G2 200keV Field Emission Gun (FEG) instrument. CL
spectra were measured using a MonoCL4 system integrated
with a LEO 1550 Gemini scanning electron microscope
(SEM) and equipped with a liquid-He-cooled stage for
low-temperature experiments. A fast CCD detection system
or a Peltier cooled photo-multiplier tube (PMT) was used for
spectral acquisition.

lll. EXPERIMENTAL RESULTS

A. Photoluminescence spectra in the near bandgap
region

The main features of Mg-related bound exciton (BE)
spectra in GaN were discussed in Ref. 4. In Fig. 1(a), we
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FIG. 1. Low-temperature near-bandgap spectra of nominally undoped (a)
and Mg-doped ([Mg] =3 x 10" ecm™) (b) homoepitaxial layers grown by
MOCYVD on m-plane bulk GaN substrates.

show new PL data that illustrate the difference in PL spectra
at 2K for nominally undoped GaN and highly Mg-doped
GaN, in this case for m-plane samples. Separate Secondary
Ton Mass Spectroscopy (SIMS) data on other samples indicate
that for a nominally undoped GaN layer grown on a bulk GaN
substrate the residual Mg concentration can be at most about
1 x 10" em ™ at the interface between the layer and the sub-
strate, and decreases to low 10'®cm ™ upon further growth.
This Mg contamination can be ascribed to the well-known Mg
memory effect in MOCVD growth,'® and varies from sample
to sample. The PL of the nominally undoped sample in Fig.
1(a) does indeed show the two silicon and oxygen related do-
nor BEs (DBEs) at 3.472eV and 3.471 eV, respectively, but
also clearly the Mg-related ABE1 peak at 3.466eV (in fact,
consisting of two separate peaks, as may be expected for
ABEs in GaN (Ref. 19)). We note that in this spectrum there
is no trace of the second ABE2 peak previously reported for
more highly doped GaN:Mg.* Likewise, there is no trace of
other sharp line spectra related to Mg doping, previously
reported in the region 3.35eV to 3.42eV.? In n-type samples
with low Mg-doping, the metastable properties of the
Mg-related luminescence are also absent. Another sample
with a controlled Mg doping of [Mg] =1 x 10" cm™—> shows
very similar spectra as in Fig. 1(a).

In the m-plane sample doped with Mg to a concentration
of 3 x 10"® cm™? there is a broad ABE2 peak (Fig. 1(b)), in
agreement with earlier data on c-plane samples.* This ABE2
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FIG. 2.PL spectra of c¢-plane MOCVD homoepitaxial GaN:Mg
([Mg]=1x 10" cm~?) measured at different temperatures after annealing.

peak has a very similar polarization behavior as the ABEI
peak (dominantly E_c¢), indicating that both are somehow
related to a substitutional Mgg, acceptor. Moreover, there is
also a series of rather strong peaks in the region
3.35-3.42¢V, in addition to the broadened phonon replicas
related to free and bound excitons present in the same energy
range. The origin of these lines is different basal plane stack-
ing faults (BSFs), as discussed in Ref. 21.

Shown in Fig. 2 is the temperature dependence of PL for
a c-plane MOCVD sample, with a Mg concentration of
approximately 1 x 10'” cm . The sample is annealed, which
in this case enhances the relative intensity of the ABE2
peak.* The spectral PL development with temperature is
very much the same for the two peaks ABE1 and ABE2, and
they both disappear at about 50K, leaving behind only the
DBE peak in the near bandgap region. Note that the narrower
ABEI1 peak is observed at the high energy flank of the broad
ABE?2 peak. These temperature dependent data are a support
of the ABE nature of the broad ABE2 peak, which due to the
spectral broadening cannot be established with standard
spectroscopic means (e.g., via resolving the electronic sub-
structure of the no-phonon line'?). We note that the DBE PL
features in GaN are stable up to much higher temperatures,
e.g., 150K in samples with low doping.**

In order to obtain a complete experimental picture, the
spectra from an 11-um-thick HVPE grown GaN:Mg layer on
sapphire was studied as well, as shown in Fig. 3. The Mg
concentration was not exactly known in this sample, but the
hole concentration was measured as 2 x 10'®cm ™ at room
temperature, which is consistent with an Mg concentration
of about 2 x 10" cm™>."7 The spectra clearly show the two
Mg related ABEs with a similar appearance as in the
MOCVD Mg-doped sample in Fig. 1(b). Previous work in
literature also shows the presence of both the ABE1 and the
ABE2 peak in Molecular Beam Epitaxy (MBE) grown
GaN:Mg at high doping concentrations, although the identity
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FIG. 3. Near-bandgap PL spectra of as-grown HVPE GaN:Mg layer ([Mg]
2% 10" cm™?) at different temperatures.

of the peaks was incorrectly labeled.”® Therefore, the pres-
ence of two Mg-related acceptor bound exciton near bandgap
PL signatures in GaN appears to be universal.

B. The DAP spectrum at 3.27 eV

A common feature in all acceptor related luminescence
spectra in semiconductors is that the ABE spectra in the near
bandgap region are accompanied by DAP spectra at lower
energies, i.e., there is one DAP emission and one ABE peak for
each particular acceptor species. For low Mg doping levels, the
relation between the ABE1 peak at 3.466eV and the 3.27eV
DAP peak (with accompanying LO phonon replicas at lower
energies) has been established in the literature.> For Mg dop-
ing at concentrations [Mg] < 10"®cm™ these are the only
acceptor related PL features in this energy range, and therefore
have to be assigned to the substitutional Mg acceptor.

For higher Mg concentrations, the connection between the
ABE2 peak and a weak broad background under the low
energy part of the 3.27¢eV peak has also been suggested.* In
order to shed more light on this, we have carried out new time
resolved PL measurements in the DAP region for an Mg-
doped sample with [Mg] =2 x 10" cm >, see Fig. 4. From
these data, it is obvious that at longer delay times (several us) a
broad spectrum peaking at about 3.15 eV is dominant, which is
then suggested to correspond to a broad DAP emission related
to the A2 acceptor with a larger binding energy, consistent
with the larger ABE2 binding energy (compared to ABE1)
observed in the near bandgap spectra. A longer decay time for
deeper DAP emissions is a general observation in semiconduc-
tors." A discussion on the suggested interpretation of the corre-
sponding deeper acceptors in terms of Mgg, acceptors
interacting with structural defects is presented below.

C. Deeper Mg-related spectra

At higher Mg doping levels, in the range of 10 ecm ™ for
MOCVD samples, a strong broad PL band at about 2.9eV is
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FIG. 4. Time-resolved PL spectra of m-plane MOCVD homoepitaxial
GaN:Mg ([Mg] =2 x 1019cm’3) obtained with a time delay of 1 us between
each curve. (The repetition rate of the femtosecond laser excitation was
250kHz.)

noted and sometimes dominates the PL spectra.'®'* We show
such spectra in Fig. 5 for MOCVD grown samples, measured
under different excitation conditions. In the sample with moder-
ately high doping (1.5 x 10" cm ™) clearly both the 3.27 ¢V and
the 2.9 eV emission band are seen separately, while in the highly
doped sample (1 x 10*° cm ™) only the 2.9 eV emission is pres-
ent. This shows that these are two separate emissions, and that
they are only moderately affected by potential fluctuations in the
material.'>** The connection to Mg-Vy complexes often sug-
gested for the 2.9 eV emission (see, e.g., Ref. 10) also seems less
probable, since such complexes are expected to have a low con-
centration after annealing.”>~’ The deep 2.9 ¢V emission seems
to be strong only for highly doped MOCVD grown GaN:Mg,
and not observable (or at least very weak) for the corresponding
doping in MBE (Refs. 23 and 28) or HVPE grown materials
(see, Fig. 6). This situation presumably reflects the very different
growth conditions in these three growth techniques.

IV. DISCUSSION

A. Tentative model for the second deeper Mg related
acceptor responsible for ABE2

Acceptor bound excitons at high doping level have pre-
viously been studied for other compound semiconductors
like InP and ZnTe.?**° In these cases, a substantial broaden-
ing of the ABE peak (corresponding to ABEI in our case) is
observed; it broadens out towards lower energy and there is
also some downshift in the mean peak position. The broaden-
ing on the low energy side is explained as an effect of the
dispersion of the distances in the lattice for interacting
acceptor pairs binding the excitons at high doping.**** Our
observations for the Mg acceptors in GaN with two distinct
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annealed HVPE GaN:Mg layer ([Mg] 2 x 10" cm ™). (The modulation of
the spectra is due to the interference effect.)
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ABE peaks (ABE1 and ABE2) over the entire doping range,
ie., say 1 x 10" cm > to 2 x 10190m_3, are clearly different
from the above traditional description of ABEs at interacting
acceptors in the III-V and II-VI compounds. There is no
appreciable shift of the main ABE1 acceptor peak with
increased Mg doping, and the second ABE2 peak is well sep-
arated from ABEI over this range of concentrations. So we
conclude that the two ABE peaks correspond to two different
acceptor species caused by the Mg doping. At an Mg con-
centration above about 2 x 10" cm , the ABEs interact
strongly so that a Mott-like transition occurs and excitons
(ABEs) are no longer bound to the acceptors, thus the near
bandgap ABE spectra disappear.

The unusual situation that two different acceptor levels
are created by one acceptor dopant in the case of Mg-doped
GaN has prompted new structural investigations of
GaN:Mg.*'*? The observation that the second acceptor re-
sponsible for the ABE2 signature is only observed in highly
doped GaN:Mg suggests the possibility of a correlation with
structural defects, that have also been observed in the
GaN:Mg samples studied here.*? These structural defects
appear only significantly for [Mg] > 10'"® cm >, and are dom-
inantly BSFs in the case of homoepitaxial material.>'~?
Some of these SF defects are very small in the c-plane sam-
ples (a couple of nm in size), and those could also be pyra-
mid features, as reported for GaN:Mg grown on sapphire.>
These defects are presumably induced during growth by the
introduction of Mg atoms in the lattice.*

The observed properties of the A2 acceptor discussed
here may be understood in a similar way as for the BSF-
related PL in n-type GaN.>* In that case, it was argued that
the localization of electrons (and subsequently excitons) to
BSFs in n-GaN is mainly induced by donor potentials in the
vicinity of the BSE.** In the case of acceptor doping the
acceptor potential is much more localized, within <1 nm,
meaning that the acceptor hole may not easily delocalize to
the BSF plane, but will distort the local potential at the BSF,
thus assisting the BSF hole (and exciton) localization, so that
the BSF luminescence is observed.* The acceptor will, in
turn, be perturbed by the nearby BSF potential mainly gov-
erned by the spontaneous polarization field,”" positioned on
the average a few nm away in p-GaN with an Mg doping of
10" cm ™. This perturbed potential should be sufficiently
different from an unperturbed Mg acceptor to give rise to the
A2 acceptor and its characteristic ABE2 spectrum.

We note that there is independent evidence for the stimu-
lation of BSF luminescence by acceptor doping, as recently
observed in a series of n-type m-plane homoepitaxial GaN
samples.” Also in our m-plane Mg-doped samples there are
strong BSF-related spectra in the range 3.3-3.42eV, appa-
rently stimulated by the Mg doping (Fig. 7). These BSF PL
spectra are different from the ABE2 peak, again emphasizing
that the A2 acceptor is likely to be associated to a specific site
of the Mg acceptor in relation to the BSF plane, i.e., not ran-
domly distributed acceptors. The microscopic geometry of the
A2 acceptor center remains to be revealed by future studies.

The PL spectrum of the unperturbed A1 acceptor has the
appearance expected for an isolated Mg acceptor.'® The com-
plex defect aggregate (Mg acceptor plus BSF), on the other
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FIG. 7. Low temperature CL spectra of m-plane MOCVD homoepitaxial
GaN:Mg ([Mg]=1x 10" cm ™).

hand, is suggested to explain the additional binding energy
(ABE2 is deeper than ABEIl), and the broad lineshape of
ABE2 (see, Figs. 1(b), 2, and 3). The peculiar lineshape
observed for ABE2 may originate from a strong transfer pro-
cess for excitons between different sites (from shallower BEs
to deeper ones). Such excitonic transfer has been observed pre-
viously in other III-V and II-VI semiconductors and explained
in terms of acoustic phonon assisted exciton tunneling.*®>’
Transient PL spectroscopy on a highly doped GaN:Mg sample
clearly demonstrates decay processes dominated by such trans-
fer, see Fig. 8. The range of acoustic phonons in GaN has been
determined to cover phonon energies up to above 30 meV
(Ref. 38) therefore the ABE2 peak at 3.455eV is well within
the range of a transfer process involving the ABE1 at 3.466 eV
as the main original state. The intensity profile of ABE2 has a
high energy portion, which is, continuously rising from ABE]
all the way down to the ABE2 peak. The position of ABE2 is
rather well defined in all samples, and the acceptor binding
energy (as well as the ABE2 binding energy) should be deter-
mined by the specific configuration of the defect center, i.e.,
the Mg acceptor—BSF combination.

The PL decay traces in Fig. 8(a) clearly show the fast
initial decay of the shallower DBE and ABEI signal, much
faster than the radiative decay times observed in samples
with lower doping.* In Fig. 8(b), a time resolved develop-
ment of the ABE1-ABE2 pair of peaks is shown. These data
show directly the spectral shift of the PL signal from the
ABEI position to ABE2, mostly during the first 100 ps. This
is naturally explained as exciton transfer, as discussed above.

The broad ABE2 PL peak has a very specific depend-
ence on excitation intensity, i.e., at low excitation levels the
peak is just barely seen, while it increases superlinearly at
high excitation levels (Fig. 9). This is again consistent with
the exciton transfer processes. At low excitation levels there
are few neutral acceptors and ABEs, and therefore the dis-
tance of an ABE site to another neutral acceptor is long. This
means a low probability for transfer because the overlap ma-
trix element is very small. With increasing excitation the
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FIG. 8. (a) PL decay curves taken at different photon energies for c-plane
MOCVD homoepitaxial GaN:Mg ([Mg]=1.5x10"cm ) and (b)
time-resolved PL spectra of the same sample.

occupation probability of both neutral acceptors and neutral
ABESs (ABE]1) increases, and as a result the distance between
ABEIL sites and neutral A2 acceptors becomes favorable for
transfer.

B. The 3.27 eV DAP emission and blue PL band at
29eV

While the relation of the 3.27eV PL spectrum to the
Mgg. acceptor seems to be well established experimentally,
the identity of the blue PL band peaking at about 2.9eV is
confusing within the confines of the available data and their
interpretation in the literature. As stated above, the early
investigations focused on a DAP recombination model with
a deep Vny-Mg donor complex together with a substitutional
Mg acceptor.'® This DAP model is only consistent with a
high concentration of these donor complexes (>10""cm™?),
while the investigations that followed estimated the actual
concentration of these donors to be as low as 10" cm ™
before annealing and much lower after anneal.”>*® Further,
the Optically Detected Magnetic Resonance (ODMR) inves-
tigations of GaN:Mg failed to show any evidence for deep
donors.*® Recently, another interpretation of this blue PL as
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FIG. 9. Excitation intensity dependent PL spectra of m-plane MOCVD
homoepitaxial GaN:Mg ([Mg] =1 x 10" em™).

a DAP involving shallow donors and the substitutional Mgg,
acceptor was presented, based on theoretical calculations
indicating that the Mg acceptor should be deeper than previ-
ously believed and have a strong phonon coupling.*' This
interpretation also means that the 3.27 eV DAP is not related
to the Mgg, acceptor, but to an Mg-H complex. The blue PL
is only strong in MOCVD grown GaN at high Mg doping,
however, while the same material grown with MBE or
HVPE does not show the blue PL peak, in spite of the fact
that a similar number of Mgg, acceptors should be present.
There are many early papers demonstrating the DAP nature
of the 3.27eV PL.>® A most relevant recent paper on low
Mg doped MBE samples demonstrate clearly both the DAP
and the free-to-bound (FB) transition, at different tempera-
tures, confirming the binding energy of the Mg acceptor as
225+ 5meV.*> An argument against the interpretation of
the 3.27eV emission as being related to a neutral Mg-H
complex is that this complex (from theoretical results*') is
only expected to be found in p-type samples with a high Mg
doping, while in reality the 3.27eV PL is also prominent in
n-type GaN. It is, in fact, the only Mg-related PL emission in
n-type GaN, and dominates the PL spectrum in all Mg-doped
samples, except in very highly doped MOCVD samples
where the 2.9 eV band is strong. This behavior is expected if
the 3.27 eV DAP involves the Mg, acceptor.

Returning to the deeper 2.9¢eV band there is some evi-
dence from ODMR data for a DAP recombination, since a
shallow donor signal is observed for detection in this
peak.**** Thermal quenching of the emission is observed
near room temperature with an activation energy of
0.3-0.4eV.*> This would be consistent with an acceptor
level of similar binding energy, deeper than for the Mgg,
acceptor. The oscillator strength for the deeper 2.9 eV transi-
tion is naturally weaker than that for the 3.27eV PL line,
explaining the frequently observed spectral upshift in this
spectral range upon increasing excitation density.

The annealing studies in H plasma reported in Ref. 11 are
interesting. It is shown that the 2.9eV PL seems to be H-
related, and the corresponding defect does not noticeably
affect the hole concentration. The authors explain their data
regarding a DAP process with an H-related deep donor (bind-
ing energy 0.37¢eV) and the shallow Mg acceptor, similar to
other work.*> An alternative model would be a H-related
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complex that gives rise to the 2.9eV PL line, but has a con-
centration much lower than the [Mg] atomic concentration,
and thus does not affect the hole concentration in p-GaN.

C. Instabilities of acceptor related luminescence
spectra

An important property that needs an explanation is the
instability of the PL or CL spectra (ABE as well as 3.27eV
DAP spectra) during prolonged excitation with above
bandgap UV light or energetic electrons.*”~® This is particu-
larly important for MOCVD material which usually contains
an appreciable concentration of H. In our previous work, it
was suggested that this property could be interpreted as evi-
dence for instability of the acceptor responsible for the
ABEI and the 3.27 eV spectral features.* Since our later op-
tical investigations discussed in this paper are only consistent
with a model where the ABE1 and the 3.27eV PL features
are related to the substitutional Mg acceptor, we have tested
alternative models to explain these instabilities. In Fig. 10,
we show time sequential PL spectra of an m-plane Mg doped
sample, obtained at time intervals of 10s during continuous
UV excitation. It is obvious that in this case, the dominant
feature of this short term instability is a rapid degradation of
the PL efficiency in the entire near bandgap region, evidence
for a rapid nonradiative process induced by the UV excita-
tion. Such a process is most naturally explained by the pres-
ence of a defect possessing instable properties, acting as a
non-radiative shunt path for the near bandgap luminescence.

The involvement of another defect (i.e., not primarily
the Mg acceptor) in the instability process is further indi-
cated by time-resolved PL data of the DAP emission at
3.27eV (see, Fig. 11). This figure shows that upon long term
excitation there is a clear downshift in energy of the 3.27 eV
DAP peak, evidence for a decrease of the hole occupation of
the Mg acceptor.*®*” This decrease means that the quasi
Fermi level is raised in the bandgap during the long term ex-
citation in this experiment, which is understood if another
deeper (nonradiative) defect level is active in the recombina-
tion process, capturing photoexcited holes to a metastable
state, which decreases the hole occupation in the Mg

acceptor. This nonradiative defect is then directly
6
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FIG. 10. Low-temperature spectra of m-plane MOCVD homoepitaxial

GaN:Mg ([Mg] =3 x 10" cm™>) obtained at time intervals of 10s during
continuous UV excitation.
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FIG. 11. Low-temperature spectra of c-plane MOCVD homoepitaxial
GaN:Mg ([Mg]=1.5x 10" cm™?) measured upon long term continuous
UV excitation showing a clear red shift of the DAP emission.

responsible for the long term instability properties. To reveal
specific properties of the defect responsible for the long term
instability, more experiments to obtain Deep Level Transient
Spectroscopy (DLTS) data are needed.

As mentioned above, this idea with an independent deep
level defect responsible for the instability allows the inter-
pretation of the strongest features in PL and CL data of
Mg-doped GaN, the ABEI peak and the 3.27eV DAP, as
connected to the regular substitutional Mg acceptor, a sim-
pler model than the one discussed in Ref. 4. Unfortunately,
electrical measurements to reveal properties of the metasta-
ble defect are very difficult in the low temperature range
involved here, and very limited such data for Mg-doped
p-GaN are found in the literature.*® Metastable defects are
also reported for n-GaN, suggested to be Vg,-related.**~°
Such defects related to Vg, would be unlikely in p-GaN
(Ref. 51) therefore, more work is needed to explore the iden-
tity of the metastable defect in Mg-doped GaN.

V. CONCLUSIONS

We discuss new and previous optical data for the Mg
acceptor in GaN, in an attempt to arrive at the simplest possi-
ble model that can explain all the data in aggregate.
Intriguing properties discussed in previous work were the ex-
istence of two different acceptor signatures in low tempera-
ture PL spectra for bound excitons (ABE1 at 3.466eV and
ABE?2 at 3.455¢eV), and the corresponding DAP1 at 3.27eV
and the weaker DAP2 at about 3.15eV. Since at low Mg
doping (n-type samples) only ABE1 and DAPI1 are observed,
the above-mentioned spectra should be related to the substi-
tutional Mg acceptors, i.e., no Mg-H related complexes as
previously suggested in relation to the observed instabilities*
are needed to explain these optical data. The second deeper
set of broadened spectra ABE2 and DAP2 appear at higher
doping ([Mg] > 10"®cm ™), simultaneously, as structural
defects (basal plane stacking faults) are introduced.’ The
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acceptors involved in the ABE2 and DAP2 peaks are there-
fore assigned to substitutional Mg acceptors perturbed by the
induced structural defects (BSFs). This correlation was made
possible in this work via the use of homoepitaxy on bulk
GaN substrates, thus avoiding the more complex spectral
behavior in samples grown on sapphire.’” The unusual unsta-
ble behavior in the optical spectra at low temperatures for
high Mg doping may then be explained by the presence of
another nonradiative recombination path via a deeper defect
level which is metastable in this low temperature range
(<300K), and affects the PL of the Mg-related spectra via
the quasi-Fermi level under optical excitation. Since the
deeper radiative PL emission at 2.9eV only occurs at high
doping levels in MOCVD samples (and is not regularly
observed in similarly Mg-doped MBE and HVPE samples),
it is implausible that this emission is related to the substitu-
tional Mg acceptor, as recently suggested in theoretical
work.*""> Tt may relate to a deeper acceptor of low concen-
tration, introduced primarily in MOCVD growth.
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We developed a laser lift-off technique for a freestanding GaN substrate using an In droplet
formed by thermal decomposition of GalnN. A combination of an In droplet formed by thermal
decomposition of GalnN during growth and a pulsed second-harmonic neodymium-doped yttrium
aluminum garnet laser (A =1532nm) realized the lift-off GaN substrate. After laser lift-off of the
GaN substrate, it was used to achieve 380 nm ultraviolet light-emitting diodes with light output
enhanced 1.7-fold. In this way, the light extraction can be improved by removing the GaN
substrate. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893757]

Group-III-nitride-based light-emitting diode (LED)
technology appears to be an excellent candidate for solid-
state platforms. Currently, high-brightness GalnN-based
visible LEDs have been commercialized.'™ In particular, the
external quantum efficiency of blue LEDs has reached
approximately 83%.> However, the ultraviolet (UV) LED
still has a low external quantum efficiency because of a low
internal quantum efficiency, low free hole carrier concentra-
tion in the p-layer, and high internal absorption by the metal
electrodes and epilayer.G_lo The UV LED is also a major
focus in the research efforts of group-IlI-nitride-based LEDs.

High-efficiency UV-A LEDs are usually grown on sap-
phire substrates fabricated by a laser lift-off (LLO) technique
and polishing/etching of the GaN epilayer after lift-off from
the sapphire substrate.'' It is well known that of UV-A
LEDs are strongly dependent on the dislocation density of
the underlying layer. With the adoption of a high-quality
low-dislocation-density GaN substrate, the UV-A LEDs are
expected to have improved internal quantum efficiency as a
result of reduced nonradiative recombination.'*"? It is signif-
icantly important to reduce the dislocation density of the
underlying layer to realize high-performance devices. The
light extraction efficiency can also be improved by using the
surface texturing technique.'* However, growing UV-A
LEDs on GaN substrates is avoided because the GaN
substrate has a degradation factor of light extraction owing
to internal absorption loss due to the presence of impurities
(e.g., oxygen and carbon) and their complexes.'>'® For the
realization of high-efficiency UV-A LEDs grown on GaN
substrates, it is required to remove the GaN substrate. We
look to expect a LLO, which is one technique of overcoming
GaN absorption loss. According to several reports, the real-
ization of LLO LEDs grown on sapphire substrates has
almost been achieved.'” " A typical LLO technique enables
us to separate the sapphire substrate from the interface with
GaN using a high-energy pulsed UV laser (e.g., KrF pulsed
excimer laser; A=248nm), because they have a huge
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difference in absorption energy. Thus, the GaN layer nearby
the interface with sapphire can strongly absorbed the UV
laser light, which induces a Ga droplet formed by the decom-
position of GaN. However, it then leads to the degradation of
the quality of the active layer owing to the absorption of the
high-energy pulsed UV laser light. On the other hand, a GaN
epilayer on the GaN substrate has almost the same absorp-
tion energy gap. Therefore, it is impossible to remove the
GaN substrate from the UV-A LED structure by the typical
LLO technique.

In this study, we developed a LLO technique for free-
standing GaN substrate using adopting an In droplet layer
formed by thermal decomposition of GalnN during growth.
The In droplet layer is expected to absorb light at visible and
infrared wavelengths by surface plasmon resonance.”’ Our
LLO technique enabled the separation of the GaN substrate
from the epilayer through the use of a pulsed second-
harmonic neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser (4 =1532nm) as a result of the absorption of
visible light in the In droplet layer. The LLO LED had
improved electron-luminescence (EL) emission intensity
owing to the reduced absorption loss of the GaN substrate.
Specifically, our LLO technique is expected to be useful for
the reuse of the GaN substrate and the utilization of some
devices to realize low cost and high performance.

All the samples were grown by metalorganic vapor
phase epitaxy in a face-down 2 in. x 3 wafer horizontal-flow
reactor. We prepared a high-quality freestanding GaN sub-
strate. The threading dislocation density of the GaN substrate
was below 10°cm 2, as characterized by cathodolumines-
cence (CL) at room temperature. First, we investigated the
crystalline quality of a 2-um-thick highly Si-doped n-Al o3
Gapgg7N layer grown on a GaN substrate with/without
removing the layer of Gag gslng ;5sN/GaN superlattices (SLs).
The samples with and without Gaggslng1sN/GaN SLs are
assigned as samples (A) and (B) in Fig. 1, respectively. It is
well known that GalnN is a very sensitive material with
thermal stability.22 After the growth of Gaggslng sN/GaN
SLs, they were transformed into In droplets by the thermal

© 2014 AIP Publishing LLC
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FIG. 1. Schematic view of n-Aly03Gago7N layers (a) with and (b) without
Gag gsIng 1sN/GaN SLs grown on GaN substrate. GaggsIng sN/GaN SLs
were transformed into In droplet layer by thermal decomposition of
Gay g5Ing 15N during n-GaN and n-Alg o3Gag 97N growth.

decomposition of GalnN during n-GaN and n-Al o3Gag 7N
growth at 1040°C. The characterization of an as-grown
highly Si-doped n-Aly03Gag ;N layer with/without the In
droplet layer grown on a GaN substrate by X-ray diffraction
(XRD) (Regaku: Smart Lab), transmittance (Shimadzu: UV-
2500PC), and CL (Hitachi: SU-70) revealed the crystal struc-
ture, optical property, and crystalline quality, respectively.
Second, we fabricated an UV-A LED with a GaInN mul-
tiple quantum well (MQW) active layer grown on a GaN
substrate. Figure 2 shows the fabrication steps of LLO and
control LEDs. The LLO LED consisted of 8 periods of
Gag gsIng 15sN/GaN SLs in order to remove the GaN sub-
strate, a l-um-thick Si-doped n-GaN layer, 2-um-thick
highly Si-doped n-Alj 3Gag 97N layer, 10 periods of Gag o7
Ing p3N(2nm)/GaN(2nm) SLs, 5 periods of GaggsIngosN
(6nm)/GaN(12.5nm) MQWs, a 20-nm-thick Mg-doped
p-Alp.13Gag g7N electron-blocking layer, and a 120-nm-thick
Mg-doped p-GaN contact layer. Actually, the Gag gsIng 15N/
GaN SLs for the removing layer were almost completely
transformed into In droplets by the thermal decomposition
of GalnN with increasing temperature to 1040°C during
n-GaN and n-Alg y3Gago7N growth. After exposure of the

Fill epoxy resin

Appl. Phys. Lett. 105, 072101 (2014)

n-Aly 03Gag 97N layer by inductively coupled plasma etching,
a Ag(150 nm)/ITO(30nm) contact was deposited on both n-
Alp3GagosN and p-GaN layers. Bare LED chips of
500 x 600 um? size were fabricated as flip-chip structures.
After mounting bare LED chips on submounts with Au
bumps, an epoxy resin was applied to fill the gap between
the LED chip and the submount.”” The LLO setup consists
of a pulsed second-harmonic Nd:YAG laser (A=532nm).
The irradiation energy density was 125mJ/cm”. After
removing the GaN substrate, we etched the back surface to
improve the light extraction efficiency, using hot potassium
hydroxide (KOH) solution after LLO.">2° The control LED
was composed of the 200-um-thick GaN substrate without
the GaggslngsN/GaN SLs for removing GaN substrate.
Finally, light output power- and voltage-injection current
(V-I, L-I) characteristics of each LED were measured using a
luminescence characterization system (Otsuka Electronics:
MCPD-9800).

The X-ray diffractions of samples (A) and (B) are shown
in Fig. 3. We found that Ga g5Ing ;5N/GaN SLs were almost
destroyed by thermal decomposition during the growth of n-
GaN and n-Aly03Gago7N at 1040 °C. At the same time, it
included the metal phase of In (i.e., In droplet) dissociated
from GalnN. We confirmed the existence of the In droplet
layer in sample (A) from the (101) diffraction. This result
shows that the Gaggslng1sN/GaN SL removing layer was
completely transformed to In droplets during growth.

We characterized the transmittances of samples (A) and
(B), as shown in Fig. 4. Sample (A) exhibits absorption in a
wide range from violet to infrared wavelengths. Regarding
the X-ray diffraction results, it was found that light absorp-
tion was due to the In droplet layer. Insets of Fig. 4 show
images of the as-grown samples. In particular, sample (A)
had already turned black. It was found that the In droplet
layer can absorb visible light by surface plasmon resonance.
This causes selective absorption of visible or infrared pulse
laser light by the In droplet layer, because neither the GaN
substrate nor the LED structure can absorb visible and infra-
red light. In this way, we found that removing of the GaN
substrate technique was possible using a visible or infrared
pulse laser. Then, there is no worry about the degradation of

& lift-off GaN substrate

Bare flip-chip structure

Nd:YAG laser,

As grown GaN substrate 2
(A =8321M) Etehed surface
(a) n-GaN (1um)
UV-LED R In droplet layer R In droplet layer
In droplet layer UV-LED
n-GaN (1um) n-side -side
GaN substrate m FIG. 2. Schematic view of fabrication
(200 pm) oxy resin steps of (a) LLO and (b) control LEDs.
Before LLO LED poxy
GaN substrate GaN substrate
(200 pm) (200 pm)
5 n-GaN (1um) n-GaN (1um)
(b) UV-LED UV-LED '|:|'| UV-LED
n-GaN (1pm) n-side p-side
GaN substrate e [ — e [ —
(200um)
Control LED Control LED
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FIG. 3. XRD of samples (A) and (B) with and without removing layer,
respectively. The diffracted X-ray at the (101) plane indicated the metal
phase of In in sample (A) with the removing layer.

the quality of the MQW active layer owing to the absorption
of high-energy laser light.

We observed threading dislocation densities of samples
(A) and (B) by CL. From the CL results, threading disloca-
tion densities of samples (A) and (B) were estimated to be
5% 107 and 3 x 10°cm ™2, respectively. We found that sam-
ple (A) had an increased threading dislocation density. We
consider that after the decomposition of Gagslng 15sN/GaN
SLs during growth, the threading dislocations were induced
via the generation of misfit dislocation in the interface
between n-GaN and the In droplet layer. The LLO LEDs pre-
dict that the internal quantum efficiency will be degraded
compared with that of the control LEDs. However, the dislo-
cation density was sufficiently low compared with that of
conventional GaN grown on a sapphire substrate, the typical
value is 2-5 x 10%cm 2. The quality of sample (A) was
sufficient for use in high-performance UV-A LEDs.

The EL spectra of LLO and control LEDs without and
with the GaN substrate, respectively, are shown in Fig. 5.
The LLO LED indicated strong EL emission compared with
that of the control LED. The LLO LED showed enhanced
light output power even though a decrease in internal

100 : . . .
80 - . -
~ |
g . .
® 60 — .
< Sample (B)
=
£ 40t
C
o
|_
20 - o IR
Sample (A)
0 J 1 1 1 N L L
300 400 500 600 700 800

Wavelength(nm)

FIG. 4. Transmittance as a function of wavelength. Sample (A) absorbs light
in the entire visible range. Insets show images of as-grown samples of differ-
ent colors. Scale bars are 1 cm.
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FIG. 5. (a) EL spectra of each LED at 50 mA. (b) Inset EL spectra are on the
log scale. Insets shown are EL of LLO and control LEDs.

quantum efficiency due to the degradation of the crystalline
quality of the underlying n-AlGaN epilayer was predicted.
We also found that the EL peak emission of LLO LED was
shifted to a short wavelength from 383 to 380 nm. We con-
sider that the EL intensity and wavelength were different
because they were cut off at a shorter wavelength by the
GaN substrate, which acted as an absorber. After LLO pro-
cess, the yellow luminescence of the deep level recombina-
tion can be reduced.'>'® The L-I and V-I characteristics of
UV LEDs are shown in Fig. 6. The light output power of the
LLO LED can be enhanced 1.7-fold at 50mA compared
with that of the control LED. V-I characterizations were the
same because the highly Si-doped n-Alg o3Gag 97N layer is
an extremely low-resistance material.”> These results con-
firm that we have realized the LLO of the GaN substrate.
Our LLO technique can overcome the absorption loss due to
the GaN substrate. It is very promising for improving the
external quantum efficiency of UV-A LEDs.

We achieved the removing of the GaN substrate from
the UV-A LED structure by a LLO technique. Gag gsIng. 15N/
GaN SLs were transformed into an In droplet layer by the

40
£ 30}
T S
= <
o [
Q20 %
5 =
o o
5 >
o
= 10
=
B = Gonmiteo)

—a— Control LED
0 1 1 1 0
0 10 20 30 40 50

Current (mA)

FIG. 6. L-I and V-I characteristics of LLO and control LEDs.
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thermal decomposition of GalnN during growth. It was able
to absorb light in the visible range, which enabled the use of
the visible pulse laser. After the lift-off process, the UV-A
LEDs show EL intensity enhanced by 1.7-fold. Therefore, it
is very effective to improve light extraction by reducing the
light absorption loss. Therefore, UV-A LEDs can also be
grown on the GaN substrate by the LLO technique.

This work was supported by the Program for the
Strategic Research Foundation at Private Universities,
2012-2016.
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We report internal quantum efficiency enhancement of thin p-GaN green quantum-
well structure using self-assembled Ag nanoparticles. Temperature dependent pho-
toluminescence measurements are conducted to determine the internal quantum effi-
ciency. The impact of excitation power density on the enhancement factor is inves-
tigated. We obtain an internal quantum efficiency enhancement by a factor of 2.3 at
756 W/cm?, and a factor of 8.1 at 1 W/cm?. A Purcell enhancement up to a factor
of 26 is estimated by fitting the experimental results to a theoretical model for the
efficiency enhancement factor. © 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4931948]

. INTRODUCTION

An efficient high-brightness solid-state lighting solution is of central industrial and social rele-
vance in terms of reducing energy consumption and environmental benefits. The GalnN-material
based light-emitting diodes (LEDs) technology appears to be an excellent candidate in solid-state
lighting platform. Improving the LEDs performance within the green gap is challenging, and is
also a major focus in the research efforts of GalnN-based LEDs. The LEDs grown on c-plane
sapphire substrate have a large piezoelectric field in the quantum well (QW) due to quantum
confined Stark effect (QCSE).!?> The large piezoelectric field is one of the most critical factors
limiting the internal quantum efficiency (IQE) in the green gap. In order to improve GalnN-based
LEDs both enhancement of the IQE and development of an efficient light extraction techniques
to ‘drag’ the photons out of the LED crystal are required.** It is well known that spontaneous
emission, including the recombination rate and the emission profile, can be modified by the nearby
photonic environments.>® The key concept underlying plasmon enhanced light emission is the local
density of optical states (LDOS), which accounts for the available number of modes per frequency
at a certain position. Recent progress in nanophotonics and nanotechnology opens possibilities of
engineering LDOS at nanometer scale and at highly advanced levels to achieve directional emis-
sion or enhanced light-matter interaction.””'* Such a nanophotonic approach has been applied to
light emitting devices.'>%2425 The rationale behind is that the transfer of energy from carriers in
GalnN QW into localized optical plasmon supported by the metallic nanostructures will create an
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additional light emission channel called plasmonic channel. With a thin p-GaN layer plasmonic
channel will dominate the spontaneous emission and significantly enhance the radiative recombi-
nation rate of light sources. As the rate of emitted photons is enhanced compared to the undesired
non-radiative channels, which are unaffected by the plasmonic structures, we expect to overcome
the challenge on IQE. Subsequently, the radiation captured by the plasmonic structure needs to be
scattered into desired output angles by designed grating effects from periodic plasmonic structures
or by exploiting random scattering from disordered plasmonic structures. Indeed, the IQE measure-
ment of blue emission GalnN QWs indicates that significant plasmonic coupling can be achieved
at approximately 6.8-folds when the distance of the active layer to the metals (D) is very small,
i.e. ~10 nm.? The blue LEDs having a small D of 30 nm is reported to have enhanced optical output
power by 38% using the nanoparticles embedded in p-GaN.!” For a larger D of approximately
70 nm, the green emission output power based on the plasmonic coupling of the metals with active
layer has been improved by approximately 90-220% with contribution from both IQE and light
extraction efficiency.'® It is also very interesting to note that the photoluminescence (PL) intensity
of the green GalnN QW has been improved by a factor of 4.8 using periodic nanocylinders with
a 5 nm spacing layer.” It has been shown that for very large D ~200 nm, a 26% improvement of
the optical output power due to enhanced light scattering can be achieved without benefits from
plasmon enhanced IQE.'? Despite the aforementioned evidences on improved PL or electrolumines-
cence (EL) emission, to the best of our knowledge, there is no quantitative study of how original
emitter IQE affects the enhancement obtainable through LSP-coupling between metal and emitter.

In this paper, we experimentally demonstrated the IQE enhancement of plasmon-based LED
epi-structures by depositing metallic nanoparticles on top of the GaN crystal using a low-cost solu-
tion. The IQE is estimated from low temperature PL. measurements. We perform excitation power
density dependent measurements, which show the IQE can be substantially enhanced with properly
selected nanometallic structure. The paper is organized as follows: In section II, we outline the
fabrication procedures of our LED structures and the metallic nanoparticles, and demonstrate the
measurement setup. In section III, we present and discuss our experimental results of PL and IQE
enhancement. Finally, section IV concludes the paper.

Il. METHODS

LED structures were grown by metalorganic vapor phase epitaxy (MOVPE) in a horizontal
flow reactor. C-plane sapphire substrates were thermally cleaned in a H, ambient at approximately
1050 °C. After that, approximately 20-nm-thick low temperature (LT)-GaN buffer layer was depos-
ited at 535 °C.>* After annealing process a 2-um-thick GaN layer was grown at 1050 °C on the
annealed LT-GaN nucleation layer. The final LED structure consisted of a 2-um-thick n-GaN:Si
layer, a 10 periods of GalnN:Si (3 nm) / GaN:Si (2 nm) superlattice layer, a 5 periods of GaN:Si
(11.5 nm) / GaInN (2 nm) QWs active region covered with 5-nm-thick GaN capping layer, a
20-nm-thick p-GaN:Mg, and a 5-nm-thick p*-GaN:Mg p-contact layer. The distance of last QW
to LED surface was 30 nm. This LED structure had an optimized thin p-GaN layer for coupling
of localized surface plasmon (LSP) to QWs, which is expected to enhance the light emission of
QWs with LSP coupling. Self-assembled Ag NPs were fabricated by electron-beam evaporation and
thermal annealing. Various-thickness Ag thin films were deposited on top of the LED surface. The
samples were annealed at 200 °C for 30 min in N, atmosphere. Ag thin film was transformed into
random nanostructures during thermal annealing process.

The observations of Ag NPs on top of the LED surfaces were conducted by scanning electron
microscope (SEM). Excitation power density dependent PL measurement was carried out to charac-
terize the emission of GalnN/GaN QWs grown on c-plane sapphire substrate. The PL. measurement
setup consisted of a continuous wave GalnN-based diode laser and a spectrometer. The excitation
laser operated at 405 nm and the output power density could be tuned from 1 to 756 W/cm?.
PL measurement was carried out with excitation and collection via the backside of the polished
sapphire substrate. The extinction spectrum of Ag NPs was extracted from a transmittance spectrum
measurement. Transmittance was measured from the sapphire to the top surface p-GaN side, while
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FIG. 1. SEM images of Ag NPs on LED surface after thermal annealing process. Ag deposition thicknesses are (a) 4 nm
(sample A), (b) 9.5 nm (sample B) and (c) 17 nm (sample C), respectively.

reflectance was measured from the sapphire side. The light source used for the measurements was a
white-light Xenon lamp.

lll. RESULTS AND DISCUSSIONS
A. Self-assembled Ag NPs

The Ag NPs were fabricated using a low-cost approach, i.e. by thermal annealing of Ag thin
films on the surface of LED structure with designed thin p-GaN layers. Fig. 1 shows plan-view SEM
images of Ag NPs with different Ag deposition thickness. Samples A, B and C are Ag films with
a thickness of 4, 9.5 and 17nm, respectively, which are transformed into random NPs after thermal
annealing on top of the LED p-GaN surface. As the Ag film thickness increases, the size of Ag NPs
becomes larger, while the density of Ag NPs decreases. Ag NPs had a tendency of becoming more
irregular-shaped and with an increased size distribution as the thickness was increased.

Fig. 2 shows the extinction spectra of the three samples. PL emission spectrum of GalnN/GaN
5QWs LED without Ag NPs constituting a reference sample is also shown in Fig. 2. Considering
the extinction spectra, each sample shows a characteristic peak. For sample A the extinction peak
is located at 482 nm, and the peak position of sample B is 540 nm, while the main peak position
of sample C is 672 nm. In the case of sample C a smaller peak is visible in the extinction spec-
trum at 410 nm. We attribute these peaks to the dipolar resonances in the NPs, hence for sample
C a higher order mode is present at short wavelengths.?” It is seen that the peaks red-shift with
increasing average particle size, while the full width at half maximum (FWHM) increases. These
self-assembled Ag NPs have different sizes and spacing, and this will in principle give rise to
an inhomogeneous broadening of the LSP resonances from the distribution of the particle sizes.
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FIG. 2. Extinction spectra for samples A, B and C. Reference PL spectrum is shown for comparison.
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Sample A has the most regular-shaped NPs with a small spread in size distribution, and is in effect
showing a resonance peak with the smallest FWHM. Resonance peak of sample C seems to be
located at around 700 nm, but has a large FWHM in contrast, the tail of which is covering the QWs
emission spectrum. Sample B had a better spectral overlap with the QWs emission than the other Ag
NPs structures. It is therefore expected that LSP coupling with QWs of sample B can be the most
pronounced. The resonance peaks shift towards longer wavelengths as Ag NP size increases due
to the red-shift of the dipolar resonance for larger diameter, as long as the dipole approximation is
valid.’

B. PL measurements

We investigated PL enhancement of GaInN/GaN QWs with various Ag NPs. For PL. measure-
ments the sample excitation and emission collection were done from the backside of the polished
sapphire substrate, and the spectra measured at room temperature are shown in Fig. 3. It is seen that
the PL emission of sample A has remained nearly unchanged compared to the bare LED emission,
while PL enhancements are observed for sample B and C. Increasing the Ag thickness, hence also
the average particle size, results in an increase in PL enhancement. The integrated PL enhancements
of samples A-C relative the reference sample are 1.25, 2.59 and 6.02, respectively.

Other mechanisms could exist behind the PL. enhancement in addition to LSP-QW coupling.
One is an enhanced reflection from the top p-GaN surface of either the excitation laser signal,
and/or the emission from the QWs, both of which would give an enhanced signal at the detector.
The reflectance spectra (not shown) reveal that the Ag NPs formed on the p-GaN surface do not
result in an increased reflection compared to the as-grown surface at the QWs emission wavelength.
At the excitation wavelength the reflection is enhanced by 10 %, which results in an insignifi-
cant enhancement factor that is already taken into account in Fig. 3.2° These factors are therefore
excluded.

C. Temperature dependent PL

We proceed to study the improvement of the IQE based on temperature dependent PL. We
analyzed the IQE of the LEDs with various Ag NPs by measuring PL intensity versus tempera-
ture, as shown in Fig. 4. Under the assumption that non-radiative recombinations are inactivated
at cryogenic temperatures, one can retrieve the IQE from the temperature dependence of inte-
grated PL intensity 7.2 The IQE is defined by normalizing the integrated PL intensity to 1 at
20 K, i.e., assuming the IQE to be 100 %. Thus, the IQE at room temperature will be defined
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FIG. 3. Room temperature PL intensity of GaInN/GaN 5QWs with Ag NPs on top. Excitation power density is 756 W /cm?,
and emission peak is around 530 nm.
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as IQE = Losk/Iok. As the temperature increases, PL intensity degrades due to the activation of
non-radiative recombination process. The IQE for the 530 nm emission was found to be 19.3 %
for the reference sample. Regarding the Ag NP coated samples, the expression for the IQE will be
modified due to LSP-coupling, = (kjuq + kspnirsp)/(kraa + knraa + ksp), where k,uq, knraq and ksp
are the radiative, non-radiative and LSP coupling rates, and n;sp is the radiative coupling efficiency
of the LSP mode. It has been demonstrated that ksp and k,,,; follow similar trends as a function
of temperature, and it is therefore reasonable to estimate ksp ~ O at low temperatures and assume
that IQE is approximately 100 % for the Ag NP coated samples.>’” We can then estimate the IQE of
samples A-C the same way as the reference, and obtain 26.1 %, 26.4 % and 44.2 %, for samples
A, B and C, respectively, with 756 W/cm? of excitation power density. Table I summarizes the IQE
enhancement factors.

We note that the IQE of A is almost equal to that of B, and higher than the reference sam-
ple IQE, contrary to what was observed in the PL. measurements of Fig. 3 where sample B had
a considerably higher PL intensity. The integrated PL intensity is proportional to the external
quantum efficiency, and as such it includes the effects of both IQE and light extraction efficiency
(LEE). The observed difference between the integrated PL and IQE enhancement factor suggests
a modified LEE for samples A-C. The IQE enhancement of sample A is higher than its integrated
PL enhancement which indicates a degraded LEE. As for samples B and C is it seen that the inte-
grated PL intensity has a higher enhancement than the IQE. Assuming the integrated PL intensity
is proportional to the external quantum efficiency (EQE), the LEE enhancement can be estimated
through the ratio between integrated PL enhancement and IQE enhancement. This follows since
the integrated PL enhancement can be written as Ing/Iret = LEEAy/LEE .t X IQE Ag/ IQE,.;- The LEE

TABLE I. Summary of enhancement parameters. Also given is the LSP radiative efficiency and Purcell factor obtained from
power density variation and the relation between IQE enhancement and initial IQE.

Avg. size Integrated PL Deduced LEE High power IQE Low power IQE

Sample [nm] enhancement?® enhancement enhancement” enhancement® nLsp Fp
A 50 1.25 0.93 1.35 1.10 - -

B 120 2.59 1.90 1.36 1.71 0.38 24
C 185 6.02 2.63 2.29 8.12 0.45 26.5

At 295 K, and 756 W/ cm? excitation power.
High power: 756 W /cm?, Low power: 1 W/cm?.
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ratios for samples A-C are listed in Table I, where sample B and C show an enhancement by a factor
of 1.9 and 2.6, respectively, while A shows a reduced LEE based on these estimations.

The improved LEE due to Ag NPs is observed from sapphire-side emission, and is expected to
be coming from the scattering of Ag NPs acting on the QW emission, i.e. the radiatively emitted
light from the QWs that are not coupled to LSP modes. The emitted light from the QWs will see
a modified interface when Ag NPs are included compared to a bare GaN-air interface, and this is
expected to change the LEE.?” In the following we will direct our attention to the IQE enhancement
caused by the Ag NPs.

D. Excitation power density dependent IQE

We continue to study the excitation power density dependent IQE, which further supports the
conclusion of improved IQE due to plasmonic coupling from temperature dependent PL. measure-
ment. In Fig. 5(a) we obtain the IQE at various excitation power densities for the emission point
with 530 nm peak wavelength at 756 W/cm?. We first note the increasing IQE of the reference
sample with increasing power densities. This effect is attributed to coulomb screening of the
quantum-confined stark effect (QCSE) by the increasing carrier density.”®

Fig. 5(b) shows the IQE enhancements with changing excitation power density. The trend for
samples B and C is a decreasing enhancement with power density, while for sample A the opposite
trend is observed, although weak. It is also noticed that the enhancements factors for sample A and
B approach each other at high power density.

To understand the decrease in IQE enhancement, we need to keep in mind the increase in
original (reference sample) IQE with increasing power density. The observed trend is that the lower
the initial IQE is, the higher the enhancement factor is due to LSP coupling, and this is in agreement
with the theoretical expectation of an inverse relation between IQE enhancement due to Ag NPs, K,
and initial IQE without Ag NPs, 7;, which can obtained as the ratio,?’

K= (Kraa + kspriis) [ (Krad + Ksp + knraa) _ 1+ Fpiirsp )
krad/ (krad + knrad) 1+ Fp77i ’

where F,, = ksp/kyqq, is the Purcell enhancement factor, and 7,sp is the radiative efliciency of the
LSP-mode. This relation also implies that the requirement for IQE enhancement, i.e. K > 1, the
LSP-mode radiative efficiency has been to be larger than the initial IQE, n;sp > 1. We plot
the IQE enhancement factors of Fig. 5(b) as a function of the initial IQE in Fig. 6. The inverse
relation is most clear for sample C, while sample B shows a similar but weak trend. For sample A,
the opposite trend is observed. Using Eq. (1) we can roughly fit the data in Fig. 6 to obtain both
the Purcell factor and the radiative efficiency of the Ag NPs. From these measurements, we estimate
a Purcell enhancement factor of 26.5 and an LSP radiative efficiency of 45 % for the Ag NPs of
sample C. The values obtained for sample B are 1.7 for the Purcell and 38 % for LSP radiative
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FIG. 5. (a) The estimated IQE and (b) IQE enhancement factor as a function of excitation power density at 295 K. Inset is
the zoom in for sample A and B.
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efficiency. The results are summarized in Table 1. Due to the opposite trend observed for sample A,
no parameters could be obtained. The difference in Purcell factors between sample B and C imply
different LSP-QW coupling rates, where C has a higher coupling rate than B. Through numerical
calculations we have previously investigated the decay rate enhancement in the plane of the QWs
from Ag NPs, and have found that larger NPs exhibit larger enhancement factors for particle sizes
up to about 200 nm in diameter.>* The difference in average Ag NP size between sample B and C
explains why the Purcell factor of C is larger than B.

As seen from the extinction spectra, the LSP resonance of sample A is blue-shifted relative to
the emission peak, while those of B and C are red-shifted. When increasing the excitation power
density, in addition to the increase in IQE, the GalInN/GaN QWs peak emission wavelength is
blue-shifted due to the screening piezoelectric field by free-carriers.?'*> For the reference sample
the emission peak around 528 nm is red-shifted to 537 nm when the excitation power is decreased to
1 mW/cm?. Such a red-shift with decreasing excitation power is also present for samples A-C. For
sample A this implies an emission peak shift towards the LSP resonance. As such, two competing
mechanisms are present in the case of sample A when increasing the excitation power density; the
first is the emission peak blue-shift, resulting in a better overlap with the LSP-mode resonance, and
the second is an increase in original IQE from the increased carrier density, resulting in a reduced
IQE enhancement factor from LSP-coupling. The increasing enhancement factor of sample A as
seen from the inset of Fig. 6 when excitation power density is increased can therefore be expected
to be the result of increasingly better spectral overlap between the QWs emission spectrum and
the LSP-mode. The extinction spectra for sample B and C are relatively broad (FWHM larger than
200 nm), hence this effect would be insignificant for B and C. However, the extinction FWHM of
sample A is around 50 nm, therefore an emission peak shift of about 10 nm is expected to have an
effect on the LSP-QW coupling.

We also note that despite having the best spectral overlap between sample B resonance peak
and the emission wavelength, sample B does not have the highest PL or IQE enhancement. This
can be understood by considering the absorption and scattering properties of the Ag NPs. These
effects were previously investigated and it was found that the scattering to absorption ratio is an
important characteristic when determining whether Ag NPs can provide efficiency enhancement.*”
The absorption in the NP is the loss channel for the LSP mode, and reducing these losses relative
to the scattering can ensure a higher LSP mode radiative efficiency. Despite the matching of the
extinction or resonance peak of sample B with the emission wavelength, sample C is expected
to have a higher scattering capacity at the emission wavelength due to its larger average Ag NP
sizes relative to sample B.3*** This is because the scattering-to-absorption ratio of sample C is
higher than B due to the larger Ag NPs. As such sample C is scattering dominated and sample A
is absorption dominated, while sample B is in between these limits. As the emission is channeled
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into the LSP mode, the scattering efficiency of the NP is crucial when energy is to be re-emitted
into free-space radiation. This agrees with the parameters obtained by the fittings of Eq. (1), where
sample B and C had LSP radiative efficiencies of 38 % and 45 %, respectively.

IV. CONCLUSIONS

We investigated the LSP-QW coupling and resulting IQE enhancement of GalnN/GaN QW
LEDs with self-assembled Ag NPs. It was found that the strong PL enhancement was partly due
to LSP-QW coupling, and partly due to LEE enhancement, and separating these effects we noted
an IQE improvement due to LSP-QW coupling at 530 nm emission from 19.4% to 44.1% using
large sized Ag NPs (sample C) at 756 W/cm?. It was also found that the IQE enhancement is
strongly dependent on excitation power density, yielding highest enhancement factors at low free
carrier densities. Where an IQE enhancement by a factor of 2.3 was observed at 756 W/cm?,
an enhancement factor of 8.1 was observed at 1 W/cm?. Our results confirm the inverse relation
between the aforementioned quantities, and implicate that it is imperative to take the excitation
power density into account when conducting PL. measurements to investigate the enhancement due
to LSP-coupling. We therefore establish quantitative enhancement factors depending on original
IQE, and further confirm the fact that the lower the IQE of a light emitting structure is, the higher
the enhancement factor will be due to surface plasmonics from Ag NPs.
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We investigated unintentionally doped nonpolar a- and m-plane GaN layers grown by metalorganic
vapor phase epitaxy under several sets of conditions on freestanding a- and m-plane GaN substrates.
Oxygen contamination in a-plane GaN is greatly reduced by increasing the V/III ratio during growth. As
aresult, a high-resistivity GaN buffer layer for an AlGaN/GaN heterostructure field-effect transistor was
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1. Introduction

Nonpolar group III nitride semiconductors have attracted
significant attention for use in optical and electronic device
applications because of their lack of spontaneous and piezo-
electric polarization fields [1]. Most Ill-nitride heterostructure
field-effect transistor (HFET) devices are grown on c-plane [2-7]
and have two possible operation modes; depression mode
(D-mode) and enhancement mode (E-mode). D-mode HFETs are
already practically applied in high-frequency circuits, whereas
E-mode HFETs are expected to be used in future fail-safe circuits
with low power dissipation.

In the case of HFET devices in the nonpolar GaN, the two-
dimensional electron gas (2DEG) density in the channel layer can be
controlled by intentional doping in the barrier layers [8]. Therefore,
E-mode operation can be expected with a comparatively easy device
fabrication process. However, there are several problems in the use
of a nonpolar plane for HFET devices. First, heteroepitaxially grown
nonpolar GaN films have a high density of dislocations and stacking
faults [9,10]. This problem can be solved by performing growth on a

* Corresponding author.
E-mail address: iwaya@meijo-u.ac.jp (M. Iwaya).
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freestanding GaN substrate [11]. Second, nonpolar planes are
chemically active. Therefore, contamination by oxygen is a serious
problem [12]. Oxygen acts as a shallow donor in GaN [13], making
the fabrication of HFETs with a high breakdown voltage difficult
[14]. Fe-doping in polar and nonpolar HFETs has been used to
compensate for the oxygen [15,16]. Although this is effective for
reducing the leakage current, it tends to degrade the device
performance through Fe segregation [17,18].

In this study, we investigated the residual oxygen contamination
in nonpolar GaN by varying the growth temperature and V/III ratio
during the growth of GaN by low-pressure metal organic vapor
phase epitaxy (MOVPE). In particular, we characterized the surface
morphology and oxygen contamination for each set of conditions.

2. Experimental details

All samples were grown by MOVPE. Trimethylgallium (TMGa),
trimethylaluminum and ammonia (NH3) were used as the source
gases. As the substrates, we used +c-, m- and a-plane freestanding
GaN films grown by the Na-flux method [19]. The threading
dislocation density and stacking fault density of these GaN sub-
strates were determined to be less than 5 x 10° cm~2 and less than
2 x 10°cm™!, respectively. These substrates were sliced with an
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offset angle of 0+ 0.5° and then subjected to chemical mechanical
polishing. By using these freestanding GaN substrates, a GaN buffer
with a specular surface morphology and good crystalline quality can
be realized [20,21].

3. Results and discussion

Table 1 shows the growth conditions, the root mean square
(RMS) surface roughness obtained by atomic force microscopy
(AFM) and the oxygen concentration in the top GaN buffer
obtained by secondary ion microprobe mass spectrometry (SIMS).
Sample 1 was grown on a +c-plane GaN substrate. This sample was
prepared as a reference for comparison. After 10 min thermal
annealing at 1050 °C in NHs and hydrogen, an unintentionally
doped GaN layer was grown. The growth conditions of GaN were
as follows: V/III ratio: 1000, growth temperature: 1050 °C, reactor
pressure: 200 hPa, TMGa flow rate: 150 pmol/min, NH3 flow rate of
3 slpm. Samples 2 and 3 were grown on m- and a-plane Na-flux

Table 1
Growth conditions, surface roughness and oxygen concentration of epitaxial GaN.

127

GaN substrates, respectively. After 10 min thermal annealing at
1030 °C in NH3 and hydrogen, an unintentionally doped GaN layer
was grown. In the growth of a- and m-plane GaN, the surface
morphology can be improved by performing growth under a low V/
Il ratio of as low as 200 and at a low growth temperature of 1030 °C
[22,23]. The growth conditions for a- and m-plane GaN were as
follows: V/II ratio: 250, growth temperature: 1030 °C, reactor
pressure: 100 hPa. Next, an unintentionally doped GaN layer was
grown at a V/III ratio of 1000, a growth temperature of 1030 °C and a
reactor pressure of 100 hPa. Samples 4 and 5 were grown on m- and
a-plane Na-flux GaN substrates, respectively. After 10 min thermal
annealing at 1060 °C in NH3 and hydrogen, an unintentionally doped
GaN layer was grown. The growth temperature and pressure were
fixed at 1060 °C and 100 hPa, respectively. The V/III ratio was
increased from 250 to 1000 and then 2000. Note that the growth
rate on each plane is different under the same growth conditions
and that the total thickness is not exactly the same for all samples.
For example, the growth rate of sample 1 (+c-plane) was approxi-
mately 3 pm/h. In a growth temperature of 1030 °C (sample 2 and

Plane 1st GaN layer 2nd GaN layer

3rd GaN layer Surface roughness Epi-GaN of oxygen

5x5um? RMS (nm)  concentration

Temperature (°C)  V/IIl ratio Temperature (°C) V/Ill ratio Temperature (°C)  V/III ratio (each top layer)
Sample 1 +c 1050 1000 - - - - 0.29 Detection limit
Sample2 m 1030 250 1030 1000 - - 0.16 2x 1018
Sample 3 a 1030 250 1030 1000 - - 0.19 1x 10"
Sample4 m 1060 250 1060 1000 1060 2000 0.82 3 x 10"
Sample 5 a 1060 250 1060 1000 1060 2000 0.24 Detection limit
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Fig. 1. Impurity profiles of epitaxial GaN layers measured by SIMS. (a, ¢) and (b, d) show the oxygen and carbon concentrations in samples 1-5, respectively.
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3), although the growth rate was slightly higher for m-plane, it was
almost same as c-plane. However, the growth rate of m-plane was
approximately 15 to 30% higher than that of a-plane under high-
temperature growth condition.

Fig. 1 shows the oxygen and carbon concentration profiles of
each epitaxial GaN layer in samples 1-5. The detection limit of the
oxygen and carbon concentrations in SIMS measurement is
2x10'"® cm~3. According to Fig. 1(a) and (b), the oxygen and
carbon concentrations in sample 1 (+c-plane) were below the
detection limit. In contrast, samples 2 (m-plane) and 3 (a-plane)
exhibit a relatively high oxygen density. The oxygen concentra-
tions of samples 2 (m-plane) and 3 (a-plane) are 2 x 10'® and
1x 107 cm~3, respectively. Additionally, the carbon concentra-
tions of samples 2 (m-plane) and 3 (a-plane) are 7 x 10! cm—3
and exceed the detection limit. Samples 1-3 are not significantly
contaminated by carbon. The concentrations of silicon and hydro-
gen impurities are also below the detection limit at all samples.

To reduce the oxygen contamination, growth at a higher
temperature is effective [12,24-26]. However, when m- and
a-plane GaN were grown at a growth temperature of over
1080 °C, the surface morphology deteriorated. Therefore, we fixed
the growth temperature at 1060 °C and changed the V/III ratio to
control the oxygen concentration in samples 4 (m-plane) and 5
(a-plane). To decrease the oxygen concentration with increase in
V/II ratio has already been reported [12], similarly, the SIMS
profiles of these samples show that it was suppressed under these
growth conditions. In particular, the top layer of sample 5 on
a-plane GaN (V/III ratio: 2000) has an oxygen concentration
below the detection limit. From these results, GaN is confirmed
the difference in oxygen and carbon incorporation on a-, m- and
c-plane GaN, differences in the incorporation of impurities with
the crystal orientation have also been reported for other materials
[27]. Similarly, we consider that the surface kinetics varies with
the crystal orientation owing to the formation of dangling bonds.

Fig. 2 shows differential-interference-contrast microscopic
(DIC) images and bird’s-eye-view AFM images of each sample.
Samples 1-3 exhibit specular surfaces in the DIC images. The AFM
results also indicate atomically flat surfaces. The RMS surface
roughness values of +c-, m- and a-plane GaN were 0.29, 0.16 and
0.19 nm, respectively. However, the surface morphologies of
samples 4 and 5 were much rougher than those of samples 1-3.
Such rough surfaces would cause difficulties in device fabrication
processes.

Next, we grew a sample structure on a-plane GaN with the
simultaneous aim of reducing the oxygen concentration and
realizing a flat surface. The growth rate has been reported to
affect the crystalline quality and surface morphology of c-plane
GaN [28,29]. Fig. 3 shows a schematic view of the sample

sample 2] |

100 m

structure. This sample structure was grown on a freestanding
a-plane GaN substrate by a newly developed V/III ratio modula-
tion process. After 10 min thermal annealing at 1060 °C in NH3
and hydrogen, an unintentionally doped GaN layer was grown.
The growth temperature and growth pressure were fixed at
1060 °C and 100 hPa, respectively. In contrast, the V/III ratio
was increased stepwise from 250 to 1000 and then 2000. The
thicknesses of the films grown at each V/III ratio were set to 1,
1 and 2 pm, respectively. The growth rate was 3 pm/h. Then, a 1-
pm-thick GaN layer was grown at a low growth rate of approxi-
mately 1.0 pm/h and a high V/III ratio of 3500, where the growth
rate was controlled by adjusting the TMGa supply. A thick and
highly resistive GaN buffer layer is indispensable even when
using a GaN substrate owing to the n-type conductivity of the
substrate and Si contamination at the interface between the GaN
substrate and the first epilayer [30]. If the growth condition of the
low-growth-rate layer only use, the time of the device fabrication
is very long. It is very important to fabricate the device in a short
time is important. So, we combined the growth conditions of
conventional-growth-rate layer and the low-growth-rate layer.
Subsequently, a 1-nm-thick unintentionally doped Alp35Gag.gsN
layer, a 3-nm-thick Si-doped Alp36GagssN layer and a 17-nm-
thick unintentionally doped Alg3sGagesN layer were grown,

u-Alj 36Gag 6,N:17nm
n-Aly36Gag ¢4N:3nm

u-Alj36Gag gN:1nm

Low growth rate layer
>lum

V/II ratio:3500

Temperature:1060°C
Unintentionally doped GaN

V/II ratio:2000

Temperature:1060°C
Unintentionally doped GaN

V/III ratio:1000

Temperature:1060°C
Unintentionally doped GaN

>4um
S—

V/II ratio:250

Temperature:1060°C
Unintentionally doped GaN

A-plane LPE-GaN sub

Fig. 3. Sample structure on freestanding a-plane GaN substrate obtained using
newly developed V/III ratio modulation process.
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Fig. 2. Sample morphology of epitaxial GaN observed in (a) DIC images and (b) bird’s-eye-view AFM images.
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a
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<0001>
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Fig. 5. (a) Plan-view TEM and (b) cross-sectional TEM images of the structure in
Fig. 3.

where the V/III ratio, growth temperature and growth pressure
for each layer were 500, 1090 °C, and 100 hPa, respectively.

Fig. 4 shows the surface morphology of the sample shown in
Fig. 3 obtained by high resolution X-ray diffraction (XRD) with a
(11-20) 20/w-scan and SIMS profile of the oxygen and carbon
concentrations of the sample. The RMS roughness of this sample
was 0.18 nm over an area of 5 um x 5 pm. A satellite peak was
observed in the XRD 26/w-scan. As shown in Fig. 4(a) and (b), a
macroscopically specular surface and an atomically flat surface
were obtained by inserting the low-growth-rate layer. Further-
more, the oxygen concentration was under the detection limit.

Fig. 5 shows plan-view and cross-sectional TEM images of the
sample shown in Fig. 3. The threading dislocation and stacking
fault densities were determined to be less than 5 x 10° cm~2 and
less than 2 x 10° cm ™!, respectively. Thus, the crystalline quality
of epitaxial a-plane AlGaN/GaN is similar to that of the Na-flux
GaN substrate.

Using this growth method, a high-performance nonpolar
a-plane GaN-based HFET can be realized on an unintentionally

10!
ol >1x 107 cm?3 Vo= -10V
10 i (Standard growth condition)
107
g
g
< 102
%]
= I
103 F
L <2x 10" em
10'4 3 (newly developed process)
107
0 10 20 30 40
Vps [V]

Fig. 6. Off-breakdown voltage of the structure in Fig. 3 at a gate bias is — 10 V. (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

doped GaN buffer layer. Next, we measured the off-breakdown
voltage of the structure in Fig. 3 at a gate bias of —10V to
estimate the specific resistance. The result is shown in Fig. 6.
Under the following device fabrication process conditions, mesa
isolation was performed by removing approximately 300 nm of
AlGaN and GaN by reactive ion etching using Cl, gas. The ohmic
contact used for the drain/source, which was composed of Ti
(30 nm)/Al (100 nm)/Ti (20 nm)/Au (150 nm), was annealed at
850 °C for 30s in N,. The gate electrode was composed of Ni
(20 nm)/Au (80 nm). The gate length, width and spacing between
the drain/source metals of the device were 2, 100 and 8 um,
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respectively. The blue line in Fig. 6 is the leakage current of the
sample with an oxygen concentration of over 1x 10! cm—3,
which was grown under the standard growth conditions with
the growth conditions of the GaN buffer layer in sample 3. The red
line is the leakage current of the sample grown by the newly
developed V/III ratio modulation process. These results show that
we successfully achieved devices with a very low leakage current
by using the new process. The resistivity of the newly fabricated
a-plane GaN buffer layer is estimated to be higher than
1 x 103 Q cm. Details of other device performances have been
reported in a previous paper [8].

4. Conclusion

Control of the V/III ratio and the growth temperature is
effective for reducing oxygen contamination in an epitaxial GaN
film as well as for realizing an atomically flat surface on an
a-plane GaN substrate grown by the Na-flux method. We were
able to fabricate a high-quality nonpolar a-plane AlGaN/GaN
wafer with a high-resistivity GaN buffer layer and a smooth
surface. The results of this study can be applied to the growth
of high-resistivity GaN buffer layers in nonpolar a-plane HFETs.
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In this study, we investigated the application of a novel in situ X-ray diffraction (XRD) monitoring method
to control GaN crystal growth using a low-temperature (LT)-deposited buffer layer. We found that this
method is useful in controlling the annealing of the LT-buffer layer, which strongly depends on the
crystallinity of GaN. Accordingly, if we employ in situ XRD grown on GaN using LT-buffer layer on
sapphire substrate, the optimization of the annealing conditions will become easier because it would be
possible to determine by only one growth procedure. Therefore, we expect that this method will serve as

a new and helpful optimization tool for crystal growth.
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1. Introduction

Nowadays, high-brightness blue, green, and white light-emitting
diodes (LEDs) [1] and high-power violet and blue laser diodes [2,3]
based on group-III nitride semiconductors have been commercialized
as a result of several breakthroughs such as the growth of high-
crystallinity GaN on sapphire using a low-temperature (LT)-deposited
buffer layer [4] and realization of conductivity control of nitrides
[5-7]. Optoelectronics in the visible-short wavelength region has
been established via the use of nitrides. These devices are typically
fabricated by metalorganic vapor phase epitaxy (MOVPE) [8].

In device manufacturing, a key process is an in situ monitoring
method for MOVPE. Such a method can be used to obtain informa-
tion about some parameters during growth, such as the wafer bow,
crystalline quality, and lattice constant. This information provides
feedback about the growth condition and can be used to determine
the growth mechanism. Therefore, in situ monitoring is expected to
serve as a key technology to improve the device performance.

To obtain this information during growth, in situ monitoring
methods based on different sources such as light, electron beams,
and X-rays can be used. Among these sources, an electron beam is not
suitable for MOVPE because it requires high vacuum. Thus, visible and
infrared light are typically used [9-13]. Thus far, many studies have
focused on in situ measurement methods using visible and infrared

* Corresponding author.
E-mail address: iwaya@meijo-u.ac.jp (M. Iwaya).

0022-0248/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jcrysgro.2013.11.010

light. Such methods can be used to measure the surface morphology,
layer thickness, wafer curvature, and surface temperature. For exam-
ple, because the reflectance intensity oscillates with an increase in the
film thickness, this interference effect allows us to determine the
growth rate [14]. Because the reflectance intensity also significantly
affects the surface morphology, it is effective for controlling the
coalescence of crystal nuclei during initial growth in the case of
GaN growth via an LT-buffer layer on a sapphire substrate [15]. It is
also possible to determine the critical film thickness from curvature
measurement, such as an AlGaN/GaN heterostructure [16,17]. More-
over, in situ monitoring devices for MOVPE are commercially available,
and these systems have already been used to develop devices such
as LEDs.

However, visible and infrared light cannot be used for nanos-
cale monitoring. Therefore, methods based on them cannot be
used to measure the lattice constant, relaxation, and composition
and crystalline quality of films. For example, when GaN films were
grown on sapphire substrate using an LT-buffer layer, their crystal-
linity was found to be strongly dependent on the annealing
condition of the LT-buffer layer [18]. However, in situ monitoring
using visible and infrared light is not suitable for controlling the
annealing condition of the LT-buffer layer.

In principle, in situ monitoring using X-rays is a candidate in
this regard. The resolution of X-rays differs significantly from that
of light, and therefore, in situ monitoring based on the former can
be used to measure the lattice constant, thin-film nanostructure,
and crystalline quality. Several studies have already focused on
in situ monitoring using X-rays for MOVPE growth [19-24].
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However, most of these analyzed the crystal growth mechanism.
Studies have hardly focused on feedback about the crystal growth,
such as crystallinity, via in situ monitoring using X-rays.

In this study, we investigated the application of a novel in situ
X-ray diffraction (XRD) monitoring method to control GaN crystal
growth using an LT-buffer layer. As a result, we found that this
method is useful for controlling the annealing of the LT-buffer
layer, which strongly depends on the crystallinity of GaN.

2. Experimental procedure

GaN films were grown on (000 1) sapphire substrates using
MOVPE apparatus with a horizontal water-cooled quartz reactor.
Trimethyl-gallium (TMGa) and ammonia (NH3) were used as Ga
and N source materials, respectively. Hydrogen (H,) and nitrogen
(N5) were used as carrier gases. Table 1 and Fig. 1 show the GaN
growth conditions for MOVPE and the timing chart of the growth
process, respectively. After thermal cleaning of the sapphire
substrates in H, gas at 1020 °C for 10 min, a ~20-nm-thick GaN
LT-buffer layer was deposited at 520 °C for 3 min. The LT-buffer
layer on sapphire was heated up to 1125 °C for 6 min, and its
temperature was maintained with appropriate annealing time.
After annealing, a 3-pm-thick GaN film was grown at 1125 °C for
80 min.

We evaluated the LT-buffer layer and GaN epitaxial layer with
symmetric (0 0 0 2) Bragg diffraction using an in situ XRD system.
We equipped the MOVPE system with an in situ XRD monitoring
device. A beryllium window was installed in the MOVPE to serve as a

Table 1
Growth conditions in this study.

Process Reactor pressure [hPa] Gas
(a) Thermal cleaning 933 H,
(b) Temperature down 933 H,
(c) GaN buffer layer 933 TMGa
Ha
NH;
(d) Thermal annealing 933-500 H,
NHs
(e) GaN growth 500 TMGa
Hz
NHs3

Annealing time

Imin 3min  6min  9min  12min 1Smin
| 1 1 i i

Ep

1125 Fmrmemimemims
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e ccccccecccada.
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Fig. 1. Timing chart of GaN growth process in this study. (a) Thermal cleaning in H;
flow at 1020 °C for 10 min. (b) Temperature down at 520 °C for 10 min. (c) LT-GaN
was deposited at 520 °C. (d) LT-GaN was annealed [Annealing time 1 (3, 6) min:
Substrate was heated up to 1125° for 1 (3, 6) min. Annealing time 9 (12, 15) min:
Substrate was heated up to 1125°C for 6 min. Then, the temperature was
maintained for 3 (6, 9) min. Therefore, the annealing time 9 (12, 15) is given by
the ramp time (6 min) plus the holding time (3 (6, 9) min).]. (e) 3-pm-thick GaN
was grown at 1125 °C.

viewport for passing X-rays. An in situ X-ray was focused on the
sample surface using a Johansson curved crystal mirror. By this
approach, the incidence angle of the X-ray can be changed without
moving the X-ray source. Moreover, the diffracted X-ray was
detected by a one-dimensional charge-coupled device [25,26]. By
this method, the scattered X-ray can be detected without moving
the substrate and detector. By using this configuration, this system
realized the equivalent of a (0 0 0 2) 26/w scan without requiring the
use of an analyzer crystal in 1 s during wafer rotation. Furthermore,
the 26 value was calibrated by the XRD peak from the sapphire
substrate. In this system, the tilt component and distribution of the
lattice constant ¢ can be simultaneously characterized from the full
width at half maximum (FWHM) [23,24]. Although the resolution
limit decreases slightly, this in situ XRD system is excellent for
measuring the equivalent of a (000 2) 26/w scan for a very short
time and without moving the substrate, X-ray source, and detector.
In this study, we measured the in situ XRD spectrum at a frequency
of once per period. Further, FWHMs of the in situ XRD spectrum
were analyzed by using a Gaussian fitting method. The growth
temperature was measured by in situ optical monitoring. We also
observed the crystallinity of GaN by a typical ex situ XRD
measurement.

3. Result and discussions

Fig. 2 shows the typical in situ XRD spectra with symmetric
(0002) diffraction of the LT-GaN buffer layers with different
annealing times (as deposited (0), 1, 3, 6, 9, 12, and 15 min). In
this study, we defined an annealing time of O min (as deposition of
buffer layer) as the time at which buffer layer deposition is
completed. These figures showed that the X-ray spectra of the
deposited buffer layer included a clear peak attributable to the
GaN crystal. This suggests the crystallization of hexagonal single
crystals in the LT-GaN buffer layers before annealing. According to
previous reports, these broadened in situ XRD spectra also suggest
that the crystalline structure of the LT-GaN buffer layers is
composed of a random amorphous-like phase, a cubic phase, or
a mixed cubic-hexagonal phase [14,15,18,23,27-30]. Furthermore,
the in situ XRD spectrum of the annealed LT-GaN buffer layer
indicated that thermal annealing of the LT-GaN buffer layer
immediately after its growth serves to induce the crystallization
of hexagonal single crystals. Then, the intensity of the in situ XRD
spectrum was strongest when the annealing time was 6 min, after
which it began decreasing. In other words, the hexagonal single
crystals were evaporated by thermal annealing for an annealing
time exceeding 6 min. At this time, the crystal structure was
almost completely transformed into hexagonal single-crystal
islands. Although these results have been reported previously
[18], this in situ XRD method can be used to determine the
optimization of the growth condition through only one growth.

Fig. 3 and Table 2 summarize the peak intensity and FWHM of
the in situ XRD spectrum from LT-GaN buffer layers during thermal
annealing as a function of the annealing time. The figure shows
that the X-ray intensity increases up to an annealing time of 6 min,
after which it decreases. In contrast, the FWHM narrows with an
increase in annealing time up to 9 min. The FWHM was the
minimum at an annealing time of ~9 min, and it saturated. The
FWHM then widened with a further increase in annealing time.

To consider the annealing effect of the LT-GaN buffer layer, we
were evaluated to prepared LT-GaN buffer layer samples with
annealing time of 3, 6, and 12 min. Fig. 4 shows the scanning
electron microscopic (SEM) images of each sample. From these
figure, we confirmed a marked difference in the surface morphol-
ogy by annealing. Fig. 5 shows the schematic view of
the changes due to annealing of the LT-GaN buffer layer by
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Fig. 3. Annealing time dependence of X-ray intensity and FWHM (00 2) from
in situ XRD monitoring method.

Table 2
Results of in situ and ex situ XRD.

Annealing In situ XRD LT-GaN FWHM [arcs]

time intensity FWHM

[min] [counts] [arcs] Tilt Twist
[002] [102]

3 602 3560 506 823

6 945 2800 285 314

9 678 2800 256 310

12 249 2990 280 325

15 74 3080 266 368

in situ XRD and SEM results. We considered etching and crystal-
lization in LT-GaN buffer layer is in progress simultaneously in the
initial time of annealing. And crystallization ends at a certain

for annealing times of 1 and 3 min. Fig. 6 shows the annealing time
dependence of the FWHM of ex situ X-ray rocking curves (XRCs)
from the (00 0 2) diffraction, which is a distribution of the tilt
component, and the (1 —1 0 2) diffraction, which is a distribution
of the twist component, of 3-pm-thick GaN films. Although slight
tilt component is also included from the (1 —1 02) diffraction,
twist component is dominant in this measurement method
[31,32]. Table 2 summarizes the FWHM of ex situ XRCs from the
(0002) and (1 —102) diffractions as a function of annealing
time. The figure and table show that the tilt and twist distributions
of GaN films are strongly dependent on the annealing time of the
LT-GaN buffer layer. The FWHMs of the ex situ XRC from GaN
narrowed with an increase in the annealing time up to 9 min. The
FWHM was the minimum at an annealing time of ~9 min, and it
saturated. Then, the FWHM widened with a further increase in the
annealing time. In other words, we found that the crystallinity of
GaN is the best when it was grown on the narrowest FWHM of the
annealed LT-buffer layer. By using the same technique, we could
well reproduce the annealing time of the LT-buffer layer. There-
fore, we found that this in situ XRD monitoring method is useful
for controlling the annealing of the LT-buffer layer. Accordingly, if
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Fig. 4. Plan view SEM images of LT-buffer layer with annealing times of (a) 3 min, (b) 6 min, and (c) 12 min.

LT-buffer layer (nucleation)

0 min 3 min 6 min

Etching and crystallization
proceed simultaneously.

R

12 min 15 min

Crystallization is almost finished.
Etching continues.
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Fig. 5. Schematic view of the changes due to annealing of the LT-GaN buffer layer from experimental results.
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Fig. 6. Annealing time dependence of FWHM of tilt (0002) and twist (1-102)
distributions from 3-pm-thick GaN films on LT-buffer layers with different
annealing times.

we apply the in situ XRD monitoring system under various growth
conditions, the optimization of growth conditions will be easier,
because it would be possible to determine the optimized growth
condition through only one growth. The in situ XRD monitoring
system proposed herein enabled us to estimate the optimized
annealing condition during growth. This implies that this system is
extremely effective for the optimization of crystal growth.

4. Conclusion

We examined the application of a novel in situ XRD monitoring
method to control GaN crystal growth using an LT-buffer layer. The
FWHM determined from the in situ XRD monitoring method could
be used to accurately observe the changes in the LT-buffer layer
with annealing. Accordingly, if we employ in situ XRD grown on
GaN using LT-buffer layer on sapphire substrate, the optimization
of the annealing conditions will become easier because it would
be possible to determine by only one growth procedure. We found
that this in situ XRD monitoring method is useful for controlling
the annealing of the LT-buffer layer.
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We observed the growth of the Gaggolng2oN (2 nm)/GaN (3 nm) superlattice (SL) structure by in situ
X-ray diffraction (XRD) monitoring. The satellite peaks from the — 1st to the + 1st order can be obtained
from these in situ XRD spectrums. From the full width at half maximums (FWHMs) of the Oth and —1st
satellite peaks as a function of the SL periods, we observed a clear trend in each FWHM. It was found that
by analyzing this trend along with florescence microscopic and transmission electron microscopic
analysis, an analysis of the In segregation and misfit dislocation are possible. Accordingly, if we employ

in situ XRD under various growth conditions, the optimization of the growth conditions will become
easier because it would be possible to determine the number of periods at which In segregation and
misfit dislocation increases by only one growth procedure.

© 2014 Published by Elsevier B.V.

1. Introduction

Because the bandgap of GalnN ternary alloys has a broad range
from 0.65 eV to 3.43 eV [1,2], these alloys are suitable for solar cell
applications. By using a combination of GalnN alloys, one can
theoretically design a multijunction solar cell with a bandgap
spanning the infrared to ultraviolet regions of the solar spectrum
[3-5]. This makes it possible to achieve high-efficiency multi-
junction solar cells. Thus far, by improving the crystallinity of
GalnN, improving the electrode structure, and using the concen-
tration of sunlight, the conversion efficiency of GaInN-based solar
cells has been improved by up to 4% [6]. We have reported that the
superlattice (SL) structure is useful for improving the crystallinity
of the GalnN active layer [7-12]. However, there are numerous
practical problems that must first be solved. Although an increase
in the SL periods and InN molar fraction is required for realizing
high-performance GalnN-based solar cells, the crystallinity of
GalnN SL will deteriorate rapidly by introduction of misfit disloca-
tions [3], introduction of growth pits [13,14], and increase of In
segregation [13-17] in GalnN, if the layer exceed the critical
thickness. In particular, In segregation (composition fluctuation)
will rapidly degrade the device performance such as GalnN-
based blue and green laser diode and solar cells [16,17]. Also,
In segregation can be measured from the dot emission density

* Corresponding author. Tel.: +81 528321151.
E-mail address: 133434039@ccalumni.meijo-u.ac.jp (T. Yamamoto).

0022-0248/$ - see front matter © 2014 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.jcrysgro.2013.11.072

determined by fluorescence microscopy. We found that the solar
cell characteristics degrade rapidly when this dot emission density
exceeds ~10°cm~2 [17]. Therefore, it is very important to
determine the optimal growth conditions under which the dot
emission density is less than 10°cm~2. In addition to the dot
density, the device characteristics are also degraded by the
presence of misfit dislocations. Therefore, numerous experiments
will be required to explore the optimal growth conditions unless
in situ observations are employed.

In situ monitoring in organometallic vapor phase epitaxy
(OMVPE) is a key process in device manufacturing. This approach
can provide information about the growth condition and help
clarify its mechanism. Therefore, in situ monitoring is expected to
serve as a key technique for improving the device performance.
Thus far, in situ observation methods using visible/infrared light
have been used to improve the device performances [18-21].
In situ monitoring can be used to measure the surface morphology,
layer thickness, wafer curvature, and surface temperature. How-
ever, it is impossible to perform nanoscale measurements using
visible/infrared light, because its wavelength exceeds several
hundred nanometers. Therefore, we cannot measure with this
technique the crystalline quality and structure of thin film layer
such as SLs structures. In contrast, because the resolution of X-ray
and visible/infrared light is significantly different, in situ monitor-
ing using X-rays can be used to measure the SL structure. Several
studies have reported on in situ observations using X-rays in
OMVPE growth [22-27]. However, most of these have focused on
the analysis of the crystal growth mechanism.
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In this study, we have applied in situ X-ray diffraction (XRD)
measurement to optimize the GalnN SL structure via the suppres-
sion of In segregation and the generation of misfit dislocations.

2. Experimental procedure

The samples were grown on c-plane sapphire substrates using
OMVPE apparatus with a horizontal face down 2” x 3” reactor
(TNEMC: GRC-203). Trimethyl-gallium (TMGa), trimethyl-indium
(TMIn), and ammonia (NH3) were used as Ga, In, and N source
materials, respectively. Hydrogen (H,) and nitrogen (N,) were
used as the carrier gases. Revolution speed of the substrate
susceptor was 5rpm in constant. After the growth of a 3-pm-
thick GaN template at 1050 °C on c-plane sapphire covered with a
low-temperature GaN buffer layer [28,29] using H, carrier gas at
933 hPa, it was cooled to 750 °C and the carrier gas was changed to
N». Then, 75-period Gag golng 20N (2 nm)/GaN (3 nm) SL was grown
on the GaN template. The growth time of GaggolngoN and GaN
are 42 s and 81 s, respectively. During growth of the Gaggolng20N
layer, the flow rates of the TMG of 65 pmol/min, TMI of 65 pmol/
min, NHs of 800 mmol/min, V/III ratio of 8500, and N, of 16 I/min
were used. The threading dislocation density of the GaN template
was ~3x 108 cm™2. We evaluated the GalnN films with sym-
metric (0002) Bragg diffraction using an in situ XRD system [26].
Fig. 1 shows the schematic view of the experimental setup.
We attached in situ XRD observation equipment to the OMVPE
apparatus. The X-ray monitoring system used in this study was
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- ~
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spread X-ray A
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the growing sample.

ffracted X-ray

Cu X-ray tube

X-ray 1D CCD detector

Substrate

Focused X-Ray

Contain many
angle X-rays

Diffracted X-Ray

Fig. 1. Schematic view of the experimental setup.
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Fig. 2. In situ XRD spectrum of 75-period Gaggolng2oN (2 nm)/GaN (3 nm) SL
during growth of 10, 23, 33, and 43 periods.

supplied by Rigaku Corporation. The OMVPE apparatus was
equipped with a beryllium window that served as a viewport for
passing X-rays. An in situ X-ray was focused on the sample surface
using a Johansson curved crystal mirror. By using this method, the
incidence angle of the X-rays can be changed without moving the
X-ray source. Moreover, the diffracted X-ray was detected by a
one-dimensional charge-coupled device. By using this method, the
scattered X-ray can be detected without moving the substrate and
detector. By using this configuration, this system realized the
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Fig. 3. Enlarged view of Fig. 1 at 0 and — 1satellite peak region.
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Fig. 4. FWHM of the Oth and — 1st satellite peaks as a function of the SL periods.

Total GalnN thickness (nm)
20 30 40 50 60 70 80

0.30 :::::Mﬁ§“nuuﬂ$fﬂ"u:
Gop, Gd
Go000g00

025+

0.20 4 0"
° _151

simulation (O‘h)

FWHM(degree)

<o

=

O
:

e

=

S
;

10 15 20 25 30 35 40

Periodic number

Fig. 5. This figure was inserted the results of the simulation in Fig. 4.
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equivalent of a (0002) 26/w scan without requiring the use of an
analyzer crystal in 1 s during the rotation of the wafers. Further-
more, the 20 value was calibrated based on the GaN peak.
Although the resolution limit decreases slightly, this in situ XRD
system is able to perform the equivalent of a (0002) 26/w scan at a
resolution of 1arcsec. In this setup, the full half width maximum

a b

(FWHM) is both controlled by the dispersion in the lattice constant
c and the mosaicity of the crystal [26,27]. Due to the diffraction
geometry, we measure here the mosaicity tilt. In this study we
acquired in situ XRD data at the frequency of one diffractogram per
SL period. Further, FWHMs of the in situ XRD spectrum were
analyzed by using a Gaussian fitting method.

C

10 pm

10 ym

Fig. 7. Images corresponding to those shown in Fig. 5 (a)-(e) with blue light removed by using image processing. We have also shown the cyan dot emission density in each
figure. (a) 10 peroids, (b) 20 periods, (c) 25 periods, (d) 30 periods and (e) 40 periods. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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We also fabricated additional five GaggolngoN (2 nm)/GaN
(3 nm) SL samples with 10,20,25,30, and 40 periods for ex situ
characterization. We evaluated the In segregation in each sample
through fluorescence microscope (Nikon LV100D, Excitation light:
Halogen lamp (50 W), excitation power density: ~ several kW/cm?)
observations. And we used transmission electron microscopy (TEM)
(HITACHI H-9000A) to observe misfit dislocations. The accelerating
voltage of our TEM is 300 kV. In this condition, plan-view TEM
images were observed.

3. Results and discussion

Fig. 2 shows the in situ XRD spectrum obtained from 75-period
Gapgolng 20N (2 nm)/GaN (3 nm) SL during the growth of 10, 23,
33, and 43 periods. Also, Fig. 3 shows an enlarged view of Fig. 2 at
0 and —1 satellite peak region. We confirmed clear satellite peaks
from the —1st to the + 1st order. Even though the measurement
time was 1 s, the satellite peaks from the SL were observed and
separated. Therefore, reasonably high resolution and short mea-
surement time was achieved by this in situ XRD system. In
addition, the FWHMs of the satellite peaks showed a certain
trend. Up to a certain period, the FWHM of the satellite peaks in
the in situ XRD spectrum reduced. Because the FWHM of XRD
generally decreases with increasing film thickness, this is a
reasonable result in theory [30]. In contrast, FWHM increased
after a certain period. To exactly analyze this trend, we analyzed
the FWHMs of the satellite peak of each period. Fig. 4 summarizes
the FWHM of the Oth and — 1st satellite peaks as a function of the
SL periods. Moreover, Fig. 5 was inserted the results of the
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Fig. 8. Dot emission density as a function of the SL periods.

25pairs

simulation (FWHM of Oth satellite peak) in Fig. 4. In this simula-
tion, we have used the XRD simulator (Rigaku: GlobalFit). There is
a difference between simulation and experimental results. We
thought this difference is the effect of crystallinity of the under-
lying GaN layer and disorder of the GalnN/GaN superlattice.
In particular, it is considered that the influence of crystallinity is
greater because this in situ XRD does not use an analyzer crystal.
However, the trend of the experimental results and the simulation
is the almost same up to a certain period. We observed a clear
trend in each FWHM. Up to 25 periods, the FWHMs from satellite
peaks of XRD decreased continuously with an increase in the
period. This trend is the same as the simulation result. However,
we confirmed that the FWHM did not show this tendency and
increased after ~25 periods. Therefore, we considered that a
crystallographic change may have occurred. Next, we analyzed
the additional SL samples having different periods. Through
various analyses, we concluded that the FWHM increases with
the In segregation. Fig. 6 show fluorescence microscopic images of
10-, 20-, 25-, 30-, and 40-period GalnN SL structures. These figures
show significant differences. To clarify these differences, we
applied image processing techniques to these fluorescence micro-
scopic images. Fig. 7 show the images corresponding to those
shown in Fig. 6 with the main blue emission from the SL removed
by image processing. These figures showed cyan emission attri-
butable to In segregation. The evolution of the dot emission
density is summarized Fig. 8. It can be seen that the cyan dot
density strongly increases after 30 SL periods. This particular SL
thickness correlates with the onset of the FWHM increase
observed by XRD during the in situ XRD measurement (Fig. 4).
The main blue emission from the SL follows an opposite variation
with a strong decrease for SL thicknesses over 30 periods. This
effect is attributed to the generation of misfit dislocations, as
observed later by TEM (Fig. 9). Fig. 10 show ex situ XRD reciprocal
space maps of the asymmetric reflection (20-24) of sample with
25, 30 and 40 SL periods. The SL relaxation is not directly apparent
with this ex-situ technique. In addition, we performed TEM
analysis in order to analyze in detailed microstructure. Fig. 9 show
plan-view TEM images at 25 and 30 period SL samples. Note that
we could observe to the interface of GaN and GalnN, because the
thickness of the TEM sample is approximately 150 nm. In 25 SLs
sample, threading dislocations from the underlying GaN can be
confirmed, but there was little misfit dislocations at GaInN/GaN
interface. In contrast, in 30 SLs sample, many misfit dislocations at
GalnN/GaN interface were confirmed. These experimental results
could be explained as follows. Fig. 11 show the diagram of the
growth model based on the obtained results. Up to 25 periods,
few dot emissions attributable to In segregation are observed.
In addition, misfit dislocations are not increased. Thus, the FWHM

misfit dislocations

30pairs

Fig. 9. Plan vies TEM images of 25 and 30 period SL samples.



112 T. Yamamoto et al. / Journal of Crystal Growth 393 (2014) 108-113

25pair

30pair

v

T

EQI
&
Z

vl

-
R

40pair

Fig. 10. XRD reciprocal space mapping images from 25, 30 and 40 period SL samples.
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from satellite peaks reduces in accordance with the increase in
period, whereas In segregation and misfit dislocations rapidly
increases after 25 periods. Because the periodicity of the SL is
disturbed, the FWHM of the satellite peak increases. Accordingly,
if we employ in situ XRD under various growth conditions, the
optimization of the growth conditions will become easier because
it would be possible to determine the number of periods at which
In segregation and misfit dislocation increases by only one growth
procedure. In addition, this result confirmed the improvement in
the device performance. The device performance is reported in
detail elsewhere [31].

4. Summary

We observed the growth of the GaggolngoN (2 nm)/GaN
(3 nm) SL by in situ XRD monitoring. The satellite peaks from the
—1st to the +1st order can be obtained from these in situ XRD
spectra. From the FWHMs of the Oth and — 1st satellite peaks as a
function of the SL periods, we observed a clear trend in each
FWHM. Up to 25 periods, the FWHMs from the satellite peaks
decreased with an increase in the period. We can theoretically
describe this result. However, we confirmed that the FWHM did
not continue to show this tendency and that it increased after ~25
periods. This has been attributed to In segregation and misfit
dislocations based on fluorescent microscopic and TEM analysis.
Accordingly, if we employ in situ XRD under various growth
conditions, the optimization of the growth conditions will become
easier because it would be possible to determine the number of
periods at which In segregation and misfit dislocations increase by

only one growth procedure. The in situ XRD monitoring system
proposed herein enabled us to estimate the In segregation and
misfit dislocations of the GalnN/GaN SL structure during growth.
This implies that this in situ XRD observation is extremely effective
for the optimization of the device performance.
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We report on laser lift-off (LLO) of AIN/sapphire for UV
light-emitting diodes (LEDs). Underfill between chip and
submount is a key factor for the successful LLO of
AlN/sapphire. We fabricated thin-film-flip-chip UV
LEDs with a peak wavelength of 343 nm using the LLO.

1 Introduction

UV light-emitting diodes (LEDs) are promising for
various applications, such as bioagent detection, water and
air purification, and dermatology [1]. Group Ill-nitride-
based UV LEDs have been reported by several groups [2-
6]. Although the internal quantum efficiencies (IQEs) of
DUV/UV LEDs are higher than 70% by improving the
crystalline quality of AlGaN [7], the external quantum ef-
ficiency (EQE) is still low. This is one of the most serious
problems preventing the realization of high-efficiency de-
vices. Therefore, technology for the improvement of the
light extraction efficiency (LEE) is very important for
high-efficiency DUV/UV-LEDs.

At present, there are many reports on improving the
LEE in nitride-based LED by the laser lift-off (LLO)
method [8], many of which are GaN/sapphire LLO, and the
LLO of AlN/sapphire was few [9,10]. Moreover, details of
the LLO conditions such as wavelength, irradiation condi-
tion, and implementation method have not been reported
yet. In addition, LLO of AIN is considered to be more dif-
ficult than that of GaN, because the melting point of AIN is
much higher and precipitated aluminum by LLO of AIN is
difficult to remove.

In this study, we investigated LLO of AIN/sapphire in
detail. We established the substrate separation of
AlN/sapphire just by laser irradiation as a simple process.
We also fabricated thin-film-flip-chip UV LEDs with a

@WILEY il ONLINE LIBRARY
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Moreover surface texturing was carried out on the exfoli-
ated AIN surface. The light output power from the UV
LED after the LLO and the surface texture at exfoliated
surface is 1.7 times higher than that before the LLO at 20
mA.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

peak wavelength of 343 nm by LLO. Moreover surface
texturing was carried out at the exfoliated surface.

2 Experiments

UV LEDs were fabricated on a double side polished
sapphire (0001) substrate by metal organic vapor phase
epitaxy. First, we grew 2-um-thick AIN on a sapphire sub-
strate at 1400 °C, then, a 2.5-um-thick Alg,sGaNg7s film
was grown at 1100 °C. Next, the wafer was removed from
the reactor, and grooves along the (1 100) direction were
formed by conventional photolithography and reactive ion
etching. The width, spacing, and depth of the grooves were
5,5, and 1 um, respectively. Then, a thick Alj,sGag7sN
layer was regrown for 4 h on the grooved underlying layer.
The growth temperature and pressure during Alg,sGag7sN
growth were 1100 °C and 6.6x10* Pa, respectively. During
the growth of the AlGaN layer, the flow rates of TMGa,
TMAI and ammonia were 0.030, 0.013, and 61 mmol/min,
respectively. UV-LEDs were fabricated on this high-
crystalline-quality AlGaN underlying layer. Figure 1
shows a schematic of the device structure in this study. The
thickness of the Si-doped n-Al,5Gag7sN layer was 4 pm.
Then, an unintentionally doped GaN (3 nm)/
Aly15GayggsN:Si (8 nm) three quantum well (QW) active
layer, a p-AlpsGagsN (20 nm) blocking layer, a p-
Aly»5Gag 75N (50 nm) cladding layer, and a p-GaN (50 nm)
contact layer were successively stacked. The size of the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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LED was 500 x 500 um” with a p-contact area of 500 x
140 umz. After exposing the n-Aly,GaggN contact layer to
Cl, RIE, a Ti/Al/Ti/Au (30/100/20/150 nm) contact was
deposited on the exposed n-Aly,5Gag 75N contact layer. The
n-electrode annealing conditions were 800 °C in nitrogen
ambient for 30 s. A Ni/Au (10/40 nm) contact pad was de-
posited on the p-GaN contact layer. The p-electrode an-
nealing conditions were 550 °C in O, ambient for 1 min.
The emission peak wavelength of the UV LED was 343
nm.

After dividing the above wafer into chips using scrib-
ing equipment, these chips were mounted with the flip-chip
configuration using gold bumps. We prepared two samples
with and without underfill as shown in Fig. 2. The underfill
(U8437-2) was used to fill the gap between a device and a
submount. Here, the major component of the underfill is
epoxy resin. To remove the sapphire substrate, the LLO
technique was used. An ArF pulsed excimer laser with a
wavelength of 193 nm and pulse width of 15 ns was di-
rected through the back of the transparent sapphire sub-
strate. The laser light was absorbed at the interface be-
tween the AIN and the sapphire, and it will induce the de-
composition of the AIN. The laser beam spot size was 1 x
2 mm’, which was slightly larger than the size of the flip-
chip UV LED. Figure 3 shows the irradiated energy den-
sity vs yield rate. The yield rate was obtained from the re-
sult of experiments by changing the irradiated energy den-
sity per ten samples each. The best yield rate was obtained
in the range where the irradiated energy density was higher
than 1.0 J/cm®. In this study, we employed the irradiated
energy density was 1.0 J/em?, which was sufficiently high
to perform LLO with one laser pulse. The devices were
separated between the substrate and device only by the ir-
radiation of the laser, unlike in the case of GaN/sapphire.
Moreover, the radiation energy required to perform LLO of
GaN has been reported that approximately 0.26 J/cm”[11].
This difference in energy density are probably due to the
decomposition temperature of AIN and GaN.

After the LLO, surface texturing will be carried out on
the backside surface by hot aqueous potassium hydroxide
(KOH) wet etching for the improvement of LEE. The wet
etching condition was 100 °C for 1 min.

p-AlGaNelect

-
GaN/AIGaN MQW

n-Aly 5sGag 7N

Al »5Gag 75N

AIN
Sapphire(0001)

Figure 1 Structure of UV LED.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 Flip-chip configuration with and without underfill.
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Figure 3 Irradiated energy density vs yield rate.

3 Results and discussion

Figures 4(a) and 4(b) show photographs of the sample
after the LLO with and without the underfill, respectively.
These results clearly show a significant difference between
the samples with and without the underfill. While the sam-
ple without underfill was unintentionally chipped, the
sample with underfill was successfully peeled off the sap-
phire substrate. We suspect that the physical shock by de-
composition causes chip damage in the case without un-
derfill. On the other hand, in the case with underfill, the
device had no mechanical damage, because the UV LED
had been completely fixed to the mounting substrate,
Therefore, the underfill is useful to successfully perform
the LLO.

With underfill
—_—
Wil

-4

_ 500um .

Original cf)f]?'size —500im

Figure 4 Photograph of UV-LED after LLO [left] with and
[right] without underfill.
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Figure 5 (a) and (b) show 26-o scan data from XRD before LLO
and after LLO.

To confirm the backside materials before and after LLO,
we measured X-ray diffraction (XRD) of the sample back-
side surfaces. Figures 5(a) and 5(b) show 20/ scan data
from XRD before and after LLO, respectively. A strong
peak from the sapphire substrate was observed in Fig. 5(a).
In contrast, after LLO, no peak from the sapphire substrate
was observed and intense AlGaN and AIN peaks were ob-
served. This XRD result indicates no sapphire was re-
mained on the backside after the LLO.

Figure 6 shows an SEM image of an AIN surface of our
samples after hot KOH wet etching at 100 °C. A large tri-
angular texture was obtained. This texture structure is ex-
pected to improve the LLE in UV-LED.

N

P

ORI S
Mﬁﬁy}wﬂ.
;- RN %‘ YQ\' i

Figure 6 SEM image of exfoliated AIN plane after KOH etching.

Figure 7 shows normalized electroluminescense (EL)
spectra of UV LEDs before and after the LLO. The EL
emission peaks from each device were 343 nm. The peak
position and FWHM of the EL spectra are almost the same
before and after the LLO. This result indicates that serious
damage to the active layer was not introduced by the LLO.
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Figure 7 Normalized EL spectra before and after the LLO.

Figure 8 shows I-V and L-I curves of UV LEDs before
the LLO, after the LLO, and after the LLO with KOH wet
etching under DC bias condition. While the operating volt-
ages are almost the same, the light output power after the
LLO is 1.3 times higher than that before the LLO This im-
provement probably comes from the surface roughness af-
ter the LLO, as shown in the SEM image (Fig. 9). As a re-
sult, we did not clearly observe the damage in the perform-
ances of the UV LED. Also, the light output power after
the LLO with KOH wet etching is 1.7 times higher than
that before the LLO at 20 mA current injection. This result
indicates that the LLE was improved and no damage was
introduced by LLO and KOH etching.

—I‘—bcforc LLO
—O—after LLO 1.00
6F —/— after LLO with KOH /.. -
- JorsE
S — / =
g A e A =z
L T o eso g
S é-/ 5
= o 1 ..
P 025 &
/D%%. 2
0 T 0.00
0 10 20
Current (mA)

Figure 8 V-I and L-I curves of UV LEDs before LLO, after
LLO, and after the LLO with KOH wet etching.
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5.8 Vi Xy, @

6um

Figure 9 Surface SEM image of exfoliated AIN plane after the
LLO.

4 Conclusions

We have achieved the LLO of AIN/sapphire and the sur-
face texture fabricated by wet etching for higher extraction
efficiency. Underfill is a key to successfully implement the
LLO of AlN/sapphire. The light extraction efficiency of
the UV-LEDs was also improved by 1.7 times by a combi-
nation of LLO and KOH etching.
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The Shockley—Read-Hall (SRH) model was applied to the determination of photoluminescence (PL) and electroluminescence (EL)
characteristics. From the ratio of the internal quantum efficiency (IQE) obtained from the PL and EL intensities, the carrier injection efficiencies
(CIE) for 405 nm LEDs were derived. All the efficiency components including the IQE, CIE, and light extraction efficiency for 405 nm LEDs were
obtained for various structural parameters by fitting the experimental data to theoretical equations of the SRH model.

© 2013 The Japan Society of Applied Physics

1. Introduction

The external quantum efficiency (EQE) of LEDs is the
most commonly used and important value, because it can be
easily measured. However, it is a product of the internal
quantum efficiency (IQE), carrier injection efficiency (CIE),
and light extraction efficiency (LEE). Therefore, each of
them should be properly clarified to understand the physics of
device operation. For the estimation of IQE, the determina-
tion of temperature-dependent PL intensity and the appli-
cation of the Shockley—Read-Hall (SRH) model to the
evaluation of EL intensity versus current characteristic? have
been reported. In the former approach, the determination of
PL excitation similarly to that in LED operation is difficult.
For the latter case, the obtained IQE is a type of nominal
IQE including CIE. Therefore, the components of the actual
IQE and CIE cannot be derived. Estimation of CIE as the
ratio of the IQE for electroluminescence (EL) to that for
photoluminescence (PL) obtained using the SRH model has
been reported for an AIGaN/GaN ultraviolet laser diode.”

However, the CIE for visible LEDs has not been inves-
tigated because it is not thought to be a significant issue. For
the optimization of device structures, understanding of the
CIE and other efficiency components will be very useful.

In this study, we applied the SRH model to determination
of PL and EL characteristics, and derived the IQE, CIE, and
LEE in 405 nm LEDs for various AIN molar fractions in the
p-AlGaN electron-blocking layer.

2. Estimation of CIE by SRH Model

In the SRH model, the nonradiative recombination factor A,
radiative recombination factor B, and droop factor C are
included as functions of the carrier density n. C is the droop
factor including the carrier overflow and auger recombina-
tion. However, it is known that the droop is negligibly small
in optimized 405 nm LEDs;* therefore, the droop is thought
to be only caused by the carrier overflow in unoptimized
heterostructures in 405nm devices. In the case of EL,
electron excitation is calculated from the current injection as
follows:?

where J is the injected current density into the device, g is
the electron charge, and d is the total width of the quantum
well (QW). Optical excitation is used for the determination
of PL characteristic, where the rate of generation (G) by
photo excitation is expressed by~

G = An + Bn*. )

The third component in Eq. (1) is neglected, because there is
no carrier overflow in photo excitation. The light intensities
of EL and PL are defined as

L = kB, 3
IPL = T]an, (4)

where k. and n are the sensitivity and a proportional
constant, respectively. Substituting Eqgs. (3) and (4) into
Egs. (1) and (2), respectively, the following equations are
obtained:

J=aLY? 4+ BL + yL*, (52)
G = PivIp + P 1y, (6a)
where
qdA qd qdC

=3/ = 7> = 37> Sb
& P "= O

A 1
P=—, =— 6b
= T 2= (6b)

In the case of experimental PL, a nominal generation rate G
is expressed by
_ Plaser(l - R)Otl . Plaser(l - R)OC

G 9
Aspotlhl) Aspothv

@)

where Pl is the excitation power density, R is the Fresnel
reflectivity, « is the absorption coefficient, / is the total width
of the QW, and hv is the photon energy of the excitation
source. These parameters such as «, B, y, P;, and P,, were
obtained by fitting of theoretical and experimental curves of
the output versus carrier density characteristic for EL and
the light output versus generation rate characteristic for PL.
The absorption coefficients for GaN and InN were assumed
to be 2.0 x 10°cm~! (Ref. 6) and 1.5 x 10°cm™! (Ref. 7),
respectively. That of the GalnN QW active layer was

J

—= An+ Bn* + Cn’, (1) 1.29 x 10°cm™2, obtained from Vegard’s law using the

4 values of the binary materials. Since the excitation source
08JL16-1 © 2013 The Japan Society of Applied Physics
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was a He—Cd laser with a wavelength of 325 nm, carriers
were generated not only in the QWs but also in the whole
layer, and carriers flow into QWs from neighboring layers.
Therefore, Eq. (7) could not be used for the estimation of net
G and related parameters. However, we used the nominal G
to draw the curves of Ip as a function of G, and fit Eq. (6a)
to the curve to obtain the parameters P, and P,, which are
also the nominal values. In this fitting, these curves are
almost identical in the lower carrier density range because of
the small contribution of the C component in Eq. (1). Then,
the IQEs for EL and PL excitation were calculated by
substitution of the parameters as described above into

Bn? L
I E = = —, 8
QgL An + Bn2 + Cn2 'BJ ®)
an Bl’l2 IpL
QB =———— =— =P, —— 9
B = B2~ G G ©

Although G and P, are nominal values, as mentioned
above, the ratio of P, to G in Eq. (9) does not include the
uncertainty of the excitation. The ratio of IQEg, to IQEp,
represents CIE. LEE was calculated as the ratio of the
experimental EQE to IQEg, .

3. Experimental Procedure

Firstly, the estimation of efficiency components for two
types of 405nm LED with different LEEs was examined.
From the same LED epitaxial wafer, an LED with Ni/Au
as a p-type electrode and an LED with ITO® as a p-type
electrode were fabricated.

Secondly, 405nm LEDs with an ITO electrode and
different AIN molar fractions of 0, 15, and 25% in the
p-AlGaN electron-blocking layer (EBL) were fabricated,”
and the efficiency components of the devices were
examined. All the LED samples have a multiple quantum
well (MQW) active layer composed of five QWs, where the
widths of the QW and barrier layer are fixed at 2.8 and
12 nm, respectively. In addition, the samples with AIN molar
fractions of 15 and 25% have an EBL with a thickness of
30 nm.

The LED chips were mounted on TO headers without
resin encapsulation, as shown in Fig. 1, and their EL
properties were measured using an integrated sphere. Their
PL properties were measured using the excitation source
of a 325nm He-Cd laser and a cooled Si-CCD-type
photodetector.

4. Results and Discussion

Figures 2(a) and 2(b) show the curve-fitting results of
EL and PL measurements for LEDs with ITO and Ni/Au
p-electrodes, respectively. The theoretical curves obtained
with Egs. (5a) and (5b) can be made to closely fit the
experimental ones by adjusting the fitting parameters o, S,
y, P;, and P,. The modified carrier density in the PL
measurement is determined by fitting the curve of IQEpy
versus carrier density to the curve of IQEg versus carrier
density in the low-excitation range as shown in Fig. 3.
Also, Fig. 3 shows the fitting results of samples with AIN
molar fractions of 0, 15, and 25%. From these results, the
efficiency components when the carrier density was injected
at S0mA in this sample structure were obtained, as shown
in Table I. The LEE of the ITO device is about 15%, which
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Fig. 2. (Color online) Fitting results for (a) EL and (b) PL.

is much higher than that of the Ni/Au device. This is
reasonable because ITO has a very low light absorption. The
values of IQEg; and CIE for the two types of LED were
consistent because they originated from the same epitaxial
wafer. Accordingly, these efficiency components are thought
to be reasonable, indicating the usefulness of our estimation
model.

For the LEDs with different AIN molar fractions, the same
procedure as above was carried out. Figure 4 shows the CIEs
of the three LEDs as a function of carrier density. For the
devices with AIN molar fractions of 15 and 25%, the CIE at

© 2013 The Japan Society of Applied Physics
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Table Il. Comparison of efficiency components for LEDs with AIN molar

0 fractions of 0, 15, and 25% in p-AlGaN electron-blocking layer (injection
""" PLIQE current is S0mA).
8 EL (AL:0%) IQE 1
i AIN 0% AIN 15% AIN 25%
7 — -EL (AL:15%) IQE :
/ EQE 3.7 9.1 6.1
e ° —EL (AL2%) 108 4 IQEg; 233 57.1 39.6
g 5 / IQEp, 94.8 94.8 94.8
! LEE 15.9 15.9 15.4
3 ./ CIE 30.1 62.6 45.0
2 /
1
0 === 50 mA in this sample structure are summarized in Table II.
OO cameigfi;;icm-*) HOOB+I6 - Although the CIE is strongly dependent on the AIN molar
‘ fraction in the p-AlGaN electron-blocking layer, the LEEs in
Fig. 3. (Color online) Fitting results for IQEgr and TQEp. this series are almost the same. Th%s result is also reasonable.
Our estimation model for the efficiency components appears
to be reliable for various types of LED.
Table 1. Comparison of EQE, IQExCIE, and LEE for LEDs with ITO 5. Conclusions

electrode and NiAu electrode as p-electrode (injection current is 50 mA).

ITO device Ni/Au device
EQE 9.1 7.1
IQEgL 57.1 56.3
IQEp. 94.8 94.8
LEE 15.9 12.5
CIE 62.6 61.0
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Fig. 4. (Color online) Carrier density dependence of CIE.

a low carrier density was almost 100% and decreased with
increasing carrier density. The CIE of the LED with an AIN
molar fraction of 15% slowly decreases with increasing
carrier density. However, the LED with an AIN molar
fraction of 0% exhibits a very low CIE even at low carrier
densities. This may contain some measurement error. The
PL measurement was carried out for only one sample, since
the active layer is assumed to be uniform over the 2-in. LED
wafer. However, IQEg. and IQEp;, were not thought to be
agreed with each other, indicating that fitting errors may be
involved. At high carrier densities, the CIE of this device is
considered to be reliable. All the efficiency components in
this series of LEDs when the carrier density was injected at

08JL16-3

The SRH model was applied to 405nm LEDs. The CIE
was derived from the ratio of the two types of IQE for the
EL and PL intensities. These efficiency components were
estimated for two series of LEDs. The efficiency components
of LEDs with Ni/Au and ITO electrodes as p-electrodes
were compared. It was found that the LEE of the LED with
the ITO electrode was higher than that of the device with
the Ni/Au electrode, while IQEg. and CIE for the two
types of LED were consistent. The efficiency components
of LEDs with AIN molar fractions of 0, 15, and 25% in
the p-AlGaN electron-blocking layer were also compared.
Although CIE is strongly dependent on the AIN molar
fraction in the p-AlGaN electron-blocking layer. The LEEs
in this series are almost the same. These results are
reasonable. Therefore, derivation of the efficiency compo-
nents by this approach is considered to be useful for
understanding device physics.
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We demonstrated a room-temperature (RT) continuous-wave (CW) operation of a GaN-based vertical-cavity surface-emitting laser (VCSEL) using
a thick GalnN quantum well (QW) active region and an AllnN/GaN distributed Bragg reflector. We first investigated the following two characteristics
of a 6nm GalnN 5 QWs active region in light-emitting diode (LED) structures. The light output power at a high current density (~10kA/cm?) from
the 6 nm GalnN 5 QWs was the same or even higher than that from standard 3nm 5 QWs. In addition, we found that hole injection into the farthest
QW from a p-layer was sufficient. We then demonstrated a GaN-based VCSEL with the 6 nm 5 QWs, resulting in the optical confinement factor of
3.5%. The threshold current density under CW operation at RT was 7.5kA/cm? with a narrow (0.4 nm) emission spectrum of 413.5nm peak

wavelength. © 2016 The Japan Society of Applied Physics

1. Introduction

[I-nitrides and their alloys with direct bandgaps cover a
broad range of operating wavelengths. After the first
demonstration of nitride-based pn-junction LEDs in 1989,
GalnN-based LEDs and lasers were successively achiev-
ed.!™ Now, GaInN-based edge-emitting lasers are operating
from ultraviolet to green regions.*” On the other hand,
vertical-cavity surface-emitting lasers (VCSELs) were in-
vented by Soda et al. in 1979, and the advantages of the
VCSELs are low power consumption and two-dimensional
arrays.®) Thus far, the power conversion efficiency of infrared
VCSELs reached 62%.” Recently, nitride-based VCSELs
have also been achieved,'%'® and expected to be utilized
in retinal scanning displays, adaptive laser headlights, and
visible light communication systems. However, further
improvements of nitride-based VCSELs are required for
practical use. The nitride-based VCSELSs still have a much
higher threshold current density than the infrared VCSELs.!”

One of the possible reasons for the high threshold current
density is the low optical confinement factor caused by
thin quantum wells (QWSs) in the nitride-based VCSELs.
Generally, in infrared VCSELs, an 8 nm 3 QW active region
is used within a 11-cavity, resulting in a more than 3% optical
confinement factor.!” On the other hand, in nitride-based
light-emitting devices, a thin (less than 3nm) GalnN QW
active region has been typically used to prevent a small
overlap between electron and hole wave functions due to
piezoelectric polarization fields in the wells.'® If the active
region with 3nm GalnN 5 QWs is used in a 41-cavity, the
optical confinement factor is calculated to be only 2%. Note
that such a large cavity length should be used for the nitride-
based VCSELSs since an intracavity contact structure must be
used owing to the absence of conductive distributed Bragg
reflectors (DBRs), and this situation aggravates the low
optical confinement factor. The use of thick GalnN QWs
certainly results in the improvement of the optical confine-
ment factor, but also leads to a couple of issues related to
carrier injections. One of the issues is the small overlap
between electron and hole wave functions in the GalnN
QWs as mentioned above. Another is poor carrier injec-
tions, especially hole injections, into the farthest QW from a

05FJ11-1

p-layer.'~2? Nitride-based materials have largely asymmetric
carrier properties, such as effective mass and mobility,
between electrons and holes; thus, the issue is more serious
than in the case of the other III-V semiconductor materials.

In this study, we first calculated the GalnN well width
dependence on the optical confinement factor in the nitride-
based VCSELs. Then, we experimentally measured the light
output power of 6nm GalnN 5 QWs in an LED structure in
comparison with that of 3nm 5 QWs to investigate the effect
of thick QWs on the light output power, in other words, the
overlap between electron and hole wave functions in the
QWs. We also prepared an LED with specific 6 nm GalnN 5
QWs in which 4 QWs were emitting 405 nm wavelength
and the farthest QW from a p-layer was emitting 425 nm
wavelength. This is to determine whether the hole injection
into the farthest QW was sufficient by comparing the 425 and
405 nm intensities from the LED. The device characteristic
measurements were carried out at a very high current density
to investigate the situation under a possible VCSEL opera-
tion. Finally, we demonstrated a room-temperature (RT)
continuous-wave (CW) operation of a nitride-based VCSEL
containing 6nm GalnN 5 QWs and a 44-cavity with an
AlInN/GaN DBR.

2. Experimental methods

Figure 1 shows calculated optical confinement factors as a
function of GalnN well width. A VCSEL structure in the
calculation consisted of a GaN substrate, a 40-pair AlInN/
GaN DBR, a 4/-cavity, and an 8-pair SiO,/Nb,Os DBR. The
4]-cavity contained a 300nm n-GaN layer, GalnN/6 nm
GaN 5 QWs, a 15 nm p-AlGaN electron-blocking (EB) layer,
a 60nm p-GaN layer, a 10nm p**-GaN contact, a 20 nm
indium-tin oxide (ITO) p-contact, and a 30 nm Nb,Os spacer.
The thicknesses of the layers were designed for a wavelength
of 410nm. Note that this structure is identical to that of a
VCSEL fabricated and measured later. We calculated the
optical power distribution in the cavity and DBRs, and then
estimated the ratio of optical power in all the QWs to that in
the cavity/DBRs. A 2.0% optical confinement factor was
estimated in the case of 3nm 5 QWs, while a 3.5% optical
confinement factor was obtained in the case of 6nm 5 QWs.
Thus, the calculation result suggests that 6nm QWs have a

© 2016 The Japan Society of Applied Physics
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Fig. 1. Calculated optical confinement factors of a nitride-based VCSEL
as a function of well width.

high optical confinement factor, which is comparable to that
of infrared VCSELs (~4%).!” Thus, we decided to use 6 nm
5 QWs in the following experiments.

Next, we fabricated two LED test structures (Samples A
and B) in order to investigate the effect of thick well width
on light output power, in other words, an overlap between
electron and hole wave functions. In this study, the LED test
structures were grown on c-plane sapphire substrates by
metal-organic chemical vapor deposition (MOCVD). The
test structure consisted of a 30 nm low-temperature-deposited
buffer layer, a 2 um undoped GaN layer, a 0.4 um n-type GaN
layer, a GalnN/GaN 5 QW active region, a 15nm p-type
AlGaN EB layer, a 60nm p-type GaN layer, and a 10nm
p*t*-GaN contact. Sample A contained 6 nm GaInN/6 nm
GaN 5 QWs and Sample B contained 3nm GalnN/6 nm
GaN 5 QWs. The peak wavelengths of both the 5 QWs were
adjusted to be 405nm. After the epitaxial growth, LEDs
were fabricated with the wafers by our standard fabrication
process. The emission area of the LEDs was 15um in
diameter for the LED characteristic measurements under high
current densities, which is comparable to that in a possible
VCSEL operation. A transparent 20nm ITO p-electrode was
formed on top of the p-GaN contact layer, while a Cr/Ni/Au
multilayer was used as both an n-electrode and a p-pad
electrode. Standard 300 um? LEDs were also fabricated for
measurement under low current densities.

Another LED test structure (Sample C) with specific 6 nm
GalnN 5 QWs was also prepared.'*2? The specific GaInN 5
QWs consisted of 4 QWs emitting a 405 nm peak wavelength
and the remaining QW emitting a 425 nm peak wavelength,
which is located at the farthest position from the p-AlGaN EB
layer (nearest to the n-GaN layer) in order to evaluate hole
injection into the farthest QW by monitoring an emission
intensity of not only 405nm but also 425nm. The two
differently sized LEDs mentioned above were also prepared.

Finally, we fabricated VCSELs with 6 nm GalnN 5 QWs
as shown in Fig. 2. The VCSEL structure was grown on a
GaN substrate by MOCVD, in the same manner as that
described in the optical confinement factor calculation. Note
that the 40-pair AlInN/GaN DBR showed 99.7% reflectivity
at around 410 nm as measured with an absolute reflectivity
measurement system. The size of the VCSEL was defined
by an 8-um-diameter SiO, aperture. A transparent 20 nm ITO
p-electrode was formed on the SiO, aperture. In addition, a
Nb,Os spacer layer and an 8-pair SiO,/Nb,Os DBR were
deposited on the ITO p-electrode to form the VCSEL cavity.
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Fig. 2. (Color online) Schematic view of our VCSEL with 6nm 5 QWs
and an AlInN/GaN DBR.
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Fig. 3. (Color online) J-V-L characteristics of Samples A (6nm 5 QWs)
and B 3nm 5 QWs) at (a) high and (b) at low current densities.

The reflectivity of the 8-pair SiO,/Nb,O; DBR was
measured to be over 99.9% at around 410 nm.

3. Results and discussion

The current density—light output power (J-L) characteristics
of Samples A (6nm QWs) and B (3nm QWs) are shown in
Fig. 3(a) under high current densities up to 10kA/cm? and
(b) under low current densities up to 100 A/cm?. The J-L
characteristics under high current densities clearly show that
the light output power from the 6 nm QWs is comparable to
or even higher than that from the 3nm QWs. At the same
time, the light output power from the 3nm QWs was much
higher than that from the 6 nm QWs under low current
densities as typically observed in standard LED operations.
Thus, we conclude that the overlap between electron and hole
wave functions in the 6 nm QWs is sufficiently high under

© 2016 The Japan Society of Applied Physics
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Fig. 4. (Color online) Emission spectra of Sample C (specific 6 nm

5 QWs) under various current densities. Emission spectra of Sample A
(uniform 6nm 5 QWs) and emission spectra only from the farthest QW in
Sample C were also plotted.
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Fig. 5. Ratio of emission intensity from the farthest QW to total emission
intensity from specific 5 QWs as a function of current density.

high current densities, like in the VCSEL operating range. It
seems that the screening of the piezoelectric polarization field
by the injected carriers is sufficient under such high current
densities.

Figure 4 shows emission spectra of Sample C (specific
6nm 5 QWs) under various current densities. In addition,
emission spectra of Sample A, in which all the 6 nm QWs
were identical and emitting 405nm peak wavelength, are
plotted with black dotted lines for comparison. Here, the
intensities of all the spectra were normalized in their peak
intensities. It is possible to estimate the emission spectra only
from the farthest QW emitting 425 nm peak wavelength in
Sample C by subtracting the spectra of Sample A from those
of Sample C. Then, the spectra only from the farthest QW are
also plotted with colored lines. Figure 5 then shows the ratio
of the integral intensity of the emission spectra from the
farthest QW (shown with colored lines in Fig. 4) to the
integral intensity of the emission spectra from Sample C
(shown with black solid lines in Fig. 4) as a function of
current density. As intensity ratio of more than 35% was
observed from 50 A/cm? to 5kA/cm? In principle, a 20%
intensity ratio is expected in the case of a uniform carrier
injection into 5 QWs, and the measured value here was
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Fig. 6. (Color online) J-V-L characteristics of a VCSEL with 6 nm QWs
and an AlInN/GaN DBR under RT CW operation. The threshold current
density was 7.5kA/cm?.
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Fig. 7. (Color online) Emission spectra before and after the threshold.
After the threshold, a narrow peak with 0.4nm FWHM at 413.5 nm was
observed.

higher than the expected value. We consider that the higher
value could come from a smaller bandgap of the farthest QW,
which should cause a larger carrier capture. In addition, we
observed that the ratio was relatively low when the current
density was less than 50 A/cm? and more than SkA/cm’.
The low carrier injections into the farthest QW should be
due to low hole injections. Such low hole injections may be
caused by the existence of large piezoelectric fields at the
low current density resulting from the small screening of the
fields and by carrier overflow, in other words, a poor hole
injection, at the high current density. Eventually, we
conclude that the carrier injection into the 6nm 5 QWs is
sufficiently uniform.

Figure 6 shows the J-V-L characteristics of the VCSEL
with 6nm GalnN 5 QWs under CW operation at RT. The
threshold current density is 7.5kA/cm?, and the operating
voltage at the threshold is 4.8 V. The differential quantum
efficiency (174) is still low, 0.46%, with the maximum output
power of 45uW at 14kA/cm? At this moment, the
maximum output power could be limited owing to the self-
heating of the VCSEL, considering the low thermal con-
ductivity (~5Wm~'K~!) of AlInN layers.>® Figure 7 shows
emission spectra before and after the threshold. After the
threshold, a narrow (0.4nm full width at half maximum)
peak at 413.5nm was clearly observed. We previously
reported a pulsed operation of a nitride-based VCSEL with
the 3nm GalnN 5 QWs, showing a threshold current density
of 17kA/cm?2> A higher optical confinement factor with
thick QWs is one of the reasons for the low threshold current
density.

© 2016 The Japan Society of Applied Physics
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8)
4. Conclusions
. . .. 9)
We have achieved a RT CW operation of a nitride-based
VCSEL using 6nm GalnN 5 QWs and a 41-cavity with a
40-pair AlInN/GaN DBR. The threshold current density  10)
under CW operation at RT was 7.5 kA/cm? with a narrow
(0.4nm) emission spectrum of 413.5nm peak wavelength. 1)
We also showed that the 6 nm GalnN 5 QWs provided a high
optical confinement factor, a sufficient overlap between 12)
electron and hole wave functions, and uniform carrier injec- 13)
tions under high current densities.
14)
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Using the epitaxial lateral growth technique, we compared the crystallinity and relaxation ratio of 3-um- and 200-nm-thick AlpsGagsN on an AIN
template and AIN grown by epitaxial lateral overgrowth (ELO-AIN), both of which were grown on a sapphire substrate. Although the relaxation
ratios of 3-um-thick AlpsGagsN were almost the same, the misfit dislocation density at the interface and the density of threading dislocations
reaching the surface of Alp 5sGag 5N were significantly different. Also, the increase in the density of newly generated misfit dislocations was found to
be highly dependent on the quality of the AIN underlying layer. We also discuss the difference in the initial growth mode of each AlysGagsN

sample. © 2013 The Japan Society of Applied Physics

1. Introduction

High-crystalline-quality AlGaN is essential for realizing
high-performance UV /deep UV light emitters.'~> The direct
growth of an AlGaN film on a sapphire substrate leads to
poor material quality.*® When AlGaN is grown on GaN,
because of the substantial lattice mismatch between AlGaN
and GaN, tensile stress in AlGaN is released through crack
generation when the critical thickness is exceeded.” More-
over, the light extraction efficiency of UV light-emitting
diodes (UV-LEDs) with an emission wavelength of lower
than 360nm on GaN is much lower than that of UV-LEDs
on AIN, because GaN absorbs UV light. Thus, the majority
of UV-LEDs®*'? and laser diodes'" have been fabricated on
a thick AlGaN/AIN template.

However, there is a lattice mismatch as large as 2.4%
between GaN and AIN. Therefore, the generation of misfit
dislocations cannot be avoided when AlGaN is grown on
AIN. It has been reported that the AIN molar fraction density
of dislocations generated in AlGaN on underlying AIN
depends on the AIN molar fraction.'>! These reports
suggest that the highest dislocation density occurs in
AlGaN with an AIN molar fraction of approximately 0.5.
Furthermore, the microstructure and relaxation process of
AlpsGagsN on AIN with threading dislocation densities
(TDDs) of approximately 1 x 10° and 3 x 10'°cm~2 have
been reported.'*"'® These reports show that the relaxation
mechanism of AlGaN changes with the TDD of the AIN
underlying layer. In the case of AlpsGagsN on AIN with
a TDD of approximately 3 x 10!°cm~2, AlGaN films are
relaxed by the inclination of a-type pure edge threading
dislocations (TDs) with Burgers vector b = (1/3)(1 120).

AIN films with a low dislocation density of approxi-
mately 2 x 108 cm™2 grown by epitaxial lateral overgrowth
(ELO) have been reported.'” Using this technique, an
improvement in the internal quantum efficiency of UV-
LEDs has been reported.ls) As can be seen from the above,
the relaxation process in AlGaN on an AIN template varies
with differences in the underlying layer such as the
difference in dislocation density. Therefore, there may be
a different relaxation process for AlGaN grown on an
ELO-AIN. However, there have been no reports on the

08JE22-1

(a)
AlGaN AlGaN on Growth condition
AIN template Thickness
AIN Sample 1 0 2um
c-Sapphire Sarnple 2 3.0pum
(b)
AlGaN AlGaN on Growth condition
ELO-AIN Thickness
ELO-AIN Sample 3 0.2pum
c-Sapphire Sample 4 3.0pm

Fig. 1. (Color online) Schematic views of (a) 200-nm- and 3-um-thick
Al sGagsN grown on AIN template, and (b) 200-nm- and 3-um-thick
Aly5GagsN grown on ELO-AIN.

relaxation process of AlGaN on an ELO-AIN underlying
layer.

In this study, we characterized AlysGapsN on an ELO-
AIN underlying layer by transmission electron microscopy
(TEM), X-ray diffraction reciprocal lattice space mapping
(XRD mapping) method, and atomic force microscopy
(AFM). We compared the crystallinity and relaxation ratio
of 3-um- and 200-nm-thick AlysGagsN on an AIN template
and ELO-AIN, both of which were grown on a sapphire
substrate.

2. Experimental Procedure

Figures 1(a) and 1(b) show schematic views of the sample
structures. All samples were grown on a c-plane sapphire
substrate using a customized high-temperature-growth
metalorganic vapor phase epitaxy (HT-MOVPE) system,
which had a horizontal flow channel configuration and a
face-down substrate setup. First, 4-um-thick AIN was grown
on the sapphire substrate at a high growth temperature of
1,400°C"*” at 100 Torr. The total TDD of the AIN film
used in this work was approximately 1 x 10° cm~2. Periodic
grooves along the (1100) axis, where the width, spacing, and

© 2013 The Japan Society of Applied Physics
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Fig. 2. (Color online) Relaxation ratio in AlysGagsN as a function of
AlpsGapsN thickness grown on AIN template and ELO-AIN.

depth are 3, 3, and 1pum, respectively, were formed on
the AIN. Then, the AIN grooves were embedded in an
approximately 20-um-thick ELO-AIN layer. We succeeded
in growing a low-dislocation-density AIN template with an
almost uniform dislocation density of 2 x 108 cm 2, which
was confirmed by plan-view TEM and from the full widths
at half maximums (FWHMs) of the measured X-ray rocking
curve (XRC). Then, 200-nm- and 3-pum-thick AlysGagsN
layers were grown on the ELO-AIN underlying layer. We
also fabricated 200-nm- and 3-um-thick AlysGagsN on AIN
templates with an average TDD of 1 x 10° cm~2 as shown in
Fig. 1(a). The AIN molar fraction in AlGaN was estimated
from the lattice constants @ and ¢ determined by X-ray
diffraction measurements.>'* Cross-sectional TEM speci-
mens of AlysGagsN samples were prepared using the
focused ion beam technique with low-energy Art-ion
milling. Plan-view TEM specimens were prepared from
the AlgsGagsN samples by standard mechanical polishing
and Art-ion milling techniques. The microstructure of the
AlpsGapsN films was analyzed by TEM operating at
300kV. All observation directions were parallel to the
(1100) direction. We also used the g - b method®” in order to
determine the components of the dislocations. The relaxation
ratio and surface condition of each sample were character-
ized by XRD mapping around the (2024) diffraction and by
AFM, respectively.

3. Results and Discussion

Figure 2 shows the relaxation ratio in AlpsGagsN as a
function of AlysGagsN thickness characterized by XRD
mapping around the (2024) diffraction. From this figure,
there was almost no dependence of the relaxation ratio on
the underlying layer. Moreover, we observed similar lattice
constants a and ¢ for the AlGaN films on AIN template and
ELO-AIN. We concluded that AlGaN samples with almost
the same relaxation ratio and AIN molar fraction can be
obtained even on different underlying layers.

Figure 3 shows bright-field plan-view TEM images of
(a) 3-um-thick AlpsGagsN on an AIN template and (b)
3-um-thick AlpsGagsN on ELO-AIN. From these figures,
the TDDs of the AlysGagsN samples were approximately
8.3 x 10° and 2.6 x 10° cm~2, respectively. It was clear that
the TDDs at the surface of these two samples were different.
That is, although the relaxation ratios of the AlysGagsN
samples were almost the same, the densities of misfit

08JE22-2

Fig. 3. Plan-view TEM images and TDs at the surface: (a) 3-um-thick
Aly5GagsN grown on AIN template and (b) 3-pum-thick AlysGagsN grown
on ELO-AIN.

Fig. 4. (Color online) Dark-field cross-sectional TEM images of

(a) 3-um-thick AlpsGapsN grown on AIN template and (b) 3-um-thick
AlysGagsN grown on ELO-AIN, taken along the [1100] projection with
diffraction vector of g = [1 1201.

Fig. 5. Plan-view TEM image of 3-um-thick AlysGaysN grown on ELO-
AIN near the interface, taken along the [0001] projection.

dislocations of AlysGagsN on the AIN template and ELO-
AIN were significantly different.

Figure 4 shows dark-field cross-sectional TEM images of
(a) 3-um-thick AlysGagsN grown on the AIN template and
(b) 3-um-thick Aly5GagsN grown on ELO-AIN, taken along
the [1100] projection with a diffraction vector of g = [1120].
The inclination of a-type dislocations at the AlGaN film was
confirmed as shown in Figs. 4(a) and 4(b). Similar results
have been reported in Refs. 14 and 15. Therefore, it was
necessary to investigate the behavior of misfit dislocations at
the interface between AlysGagsN and AIN. Figure 5 shows
a bright-field plan-view TEM image at the AlysGagsN/
ELO-AIN interface extracted from 3-pum-thick AlysGagsN
grown on ELO-AIN. From this figure, the misfit dislocation
density (MDD) generated at the interface between AlGaN

© 2013 The Japan Society of Applied Physics
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Fig. 6. (Color online) MDD at the interface as a function of thickness of
AlpsGagsN grown on AIN template and ELO-AIN.
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Fig. 7. (Color online) TDD at the surface as a function of thickness of
AlpsGagsN grown on AIN template and ELO-AIN.

and AIN in this sample is approximately 2.6 x 10° cm™2.
In contrast, the MDD of the 3-um-thick AlysGagsN grown
on the AIN template is approximately 7.9 x 10° cm~2. That
is, there were significant differences in MDD depending on
the underlying AIN layer.

Figures 6 and 7 show the MDD and TDD of AlysGagsN
as a function of the AlpsGagsN thickness, respectively.
From these figures, the TDD of AlysGapsN on the AIN
template is almost the same as the MDD, but the TDD
of AlpsGagsN on ELO-AIN is lower than the MDD. Next,
we performed AFM observation of the 200-nm-thick
Alp5GagsN on an AIN template and ELO-AIN to investigate
the initial growth modes in AlysGagsN. Figure 8§ shows
AFM images of (a) 200-nm-thick AlysGagsN grown on an
AIN template and (b) 200-nm-thick AlysGapsN grown on
ELO-AIN. From these figures, we confirmed that the growth
modes of AlGaN on the AIN template and ELO-AIN are
significantly different and involve two-dimensional growth
and three-dimensional growth, respectively. We also char-
acterized the surface structure of ELO-AIN from the AFM
and TEM images. From these images, small steps of
approximately 40 nm at intervals of 6 um were confirmed.
The difference in growth mode was due to the difference in
surface structure.

We propose a mechanism as illustrated in Fig. 9. The
initial growth of AlysGapsN on an AIN template is two-
dimensional, as observed from the initial growth of
AlpsGagsN. In contrast, the initial growth of AlysGagsN
on ELO-AIN was three-dimensional via the nucleation of

08JE22-3
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Fig. 8. (Color online) AFM images of (a) 200-nm-thick AlysGagsN
grown on AlIN-template and (b) 200-nm-thick Alp5GagsN grown on ELO-
AIN.
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Fig. 9. (Color online) Modes of initial growth and growth at a thickness
of 3 um for (a) Alps5GagsN grown on AIN-template and (b) AlysGagsN
grown on ELO-AIN.

Alg5GagsN. In Aly5Gag sN on the AIN template, most of the
misfit dislocations generated at the AlysGagsN/AIN inter-
face will thread to the surface since the initial growth mode
is two-dimensional. In contrast, lattice relaxation can also
be realized by changing the growth mode to be three-
dimensional.>>® Thus, we consider that the three-dimen-
sional growth contributes to the relaxation in AlysGagsN
on ELO-AIN, in addition to the generation of the misfit

© 2013 The Japan Society of Applied Physics
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dislocations. Therefore, the MDD in AlysGagsN on ELO-

AIN is less than that of AlysGapsN on the AIN template. 2
In addition, the misfit dislocations are bent laterally by 6)
three-dimensional growth. Many threading dislocations
do not reach the surface owing to their termination by 7)
loop formation. This mechanism explains the significant 8)
difference in the TDD of AlysGagsN on an AIN template
and ELO-AIN, even though the relaxation ratios of the 9)
Aly5GagsN are almost the same. 10)
4. Conclusions 11)
We compared the crystallinity and relaxation ratio of 3-pum-
and 200-nm-thick Alps5GagsN on AIN templates and ELO- 12)
AIN grown on sapphire substrates. Although the relaxation 13)
ratios were almost the same, the increases in the misfit
dislocation densities of the Aly5GagsN on the AIN template ~ 14)
and ELO-AIN were significantly different. We also con-
firmed that the growth modes of AlysGagsN on the AIN 15)
template and ELO-AIN are significantly different and ex-
hibit two-dimensional growth and three-dimensional growth, ~ 16)
respectively. 17)
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Strain relaxation in a GalnN/GaN heterostructure is analyzed
by combining in situ X-ray diffraction (XRD) monitoring and
ex situ observations. Two different characteristic thicknesses
of GalnN films are defined by the evolution of in situ XRD
from the full width at half-maximum of symmetric (0002)
diffraction as a function of GalnN thickness. This in situ

1 Introduction GalnN is widely used as an active
layer in high-brightness blue and green light-emitting di-
odes (LEDs) and violet laser diodes [1]. The application of
GalnN films in high-efficiency solar cells is also expected
[2]. The bandgap of GalnN alloys ranges from 0.65 to
3.43 eV, making them suitable for the design of high-
conversion-efficiency multijunction solar cells [3]. So far,
we have succeeded in fabricating GalnN-based solar cells
[4-6]. As a result, we have obtained solar cells with up to
4% conversion efficiency by irradiating concentrated
sunlight with intensity up to 300 suns [6]. To realize high-
performance GalnN-based solar cells with a high open-
circuit voltage and fill factor, it is essential to realize a low
surface pit density of less than 10’ cm™ [4, 5]. Moreover,
GalnN-based green/yellow/red LEDs still have low inter-
nal quantum efficiency compared with blue LEDs [7]. The
internal quantum efficiency of these LEDs decreases with
increasing InN molar fraction in GalnN, which is caused
by the generation of misfit dislocations (MDs) at the
GalnN/GaN interface and built-in electrostatic fields [8, 9].
GalnN films with a high InN molar fraction on GaN have

@WILEY il ONLINE LIBRARY
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XRD measurement enables to clearly observe the critical
thicknesses corresponding to strain relaxation in the
GalnN/GaN heterostructure caused by the formation of sur-
face pits with bent threading dislocations and the generation
of misfit dislocations on GaInN during growth.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

already been used to analyze the relaxation mechanism by
which defects are formed by strain relaxation [10-14].
However, the sequence of relaxation in the GalnN/GaN
heterostructure remains to be clarified. Moreover, an un-
derstanding of the critical layer thickness at which MDs
and surface pits are introduced in the GalnN/GaN het-
erostructure is essential for the realization of high-
performance devices.

In this study, we examined the application of the in situ
XRD observation to GaInN/GaN heterostructures. As a re-
sult, we found that this method is useful for analyzing the
relaxation process in GalnN/GaN heterostructures by in
situ XRD monitoring of the full width at half-maximum
(FWHM).

2 Experimental procedure All the samples were
grown by metalorganic vapor phase epitaxy in a face-down
2" x 3 wafer horizontal-flow reactor. After the growth of a
3-um-thick GaN template at 1050 °C on c-plane sapphire
covered with a low-temperature buffer layer [15], it was
cooled to 755-790 °C. Then, GalnN films of approxi-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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mately 500 nm thickness with various InN molar fractions
were grown on the GaN template. The threading disloca-
tion (TD) density of the GaN template was approximately
3 x 10* em %, which was characterized by plan-view trans-
mission electron microscopy (TEM). We evaluated GalnN
films with symmetric (0002) Bragg diffraction using an
in situ XRD system. In situ X-ray was focused on the sam-
ple surface using a Johansson curved crystal mirror, and
the diffracted X-ray was detected by a one-dimensional
charge-coupled device [16, 17]. This system realized the
equivalent of a (0002) 26/w scan without any analyzer
crystal in 1 s during rotation of the wafers. In this system,
the tilt component and the distribution of the lattice
constant ¢ can be simultaneously characterized from the
FWHM [18]. We observed the GalnN surface structure and
defects close to the GalnN/GaN heterointerface by scan-
ning electron microscopy (SEM) and TEM, respectively.
Strain relaxation was also evaluated by a typical ex situ
XRD reciprocal space mapping.

3 Results and discussion The in situ XRD spec-
tra of GaggsIng3N/GaN heterostructures are shown in
Fig. 1(a); the InN molar fraction in GalnN can be deter-
mined from each peak of the spectrum, and its value corre-
sponds exactly to the value estimated by ex situ XRD. Also,

w
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Figure 1 (online colour at: www.pss-rapid.com) In situ XRD (a)
spectrum and FWHM (b) as a function of GaggsIng ;3N film
thickness. The experimental FWHMSs include the tilt distribution
of (0002) diffraction. This indicates that the critical thickness for
the strain relaxation process, 4., can be obtained by comparing
the results of experiments and simulations. The inset of (b) shows
the derivative of the FWHM with respect to Gagg;Ing 3N film
thickness.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

we confirmed that the peak positions of GaInN and GaN
slightly shifted by the influence of the warpage of the sam-
ple. Figure 1(b) shows typical in situ XRD FWHMSs of the
Gagg7Ing 13N films during growth. The FWHM of the
Gay g7Ing 13N films decreases with increasing film thickness,
as determined using a pseudo-Voigt function [16]. The in-
set in Fig. 1(b) shows the derivative of the FWHM with re-
spect to GalnN thickness. We confirm the existence of a
difference between the experimental results and simulation
values. The simulated XRD spectra were obtained using
X’pert Epitaxy 4.0a, a typical X-ray analysis software [19].
The simulated FWHM was then determined using the same
pseudo-Voigt function. Normally, the FWHM decreased to
the same extent as the underlying GaN layer with increas-
ing film thickness; however, this markedly changes for a
small film thickness. The experimental and simulated
FWHMs were shown to similarly decrease with increasing
Gagg7Ing 13N film thickness up to approximately 20 nm.
However, the FWHMs of the GaggsIng ;3N films with
thicknesses exceeding 20 nm tended to deviate from the
simulation values. Then, the FWHM started to saturate at a
GalnN thickness of approximately 100 nm in spite of de-
creasing simulation values. These behaviors suggest that
the FWHM increases via the generation of MDs and pits
owing to strain relaxation in Gayg;Ing 3N films. Therefore,
we defined 4 and &, to be approximately 20 + 3 nm and
100 £ 5 nm, respectively.

Figure 2 shows a summary of the growth models along
with bright-field TEM images, plan-view SEM images,
and XRD (2024) reciprocal space maps of 10-, 35-, 80-,
and 110-nm-thick Gagg;Ing 3N films grown on GaN layers.
The TDs almost reached the surfaces of the GaggsIng 3N
films grown on the GaN layers in stage (I). We found that
the GaggsIng 13N films formed surface pits at the ends of
the TDs with increasing GaggsIng 3N film thickness in
stage (II). In general, surface pits are formed along an in-
clined {l 101} plane [20]. Here, TDs appear to laterally ex-
tend with increasing Gayg7Ing 13N film thickness, as shown
in Fig. 2(a) and (b). This suggests that TDs are bent dur-
ing growth by in-plane compressive stress between
Gay g7Ing 13N and GaN. Then, the surface pits expand with
increasing GaggsIng 3N film thickness, as shown in
Fig. 2(f) and (g). It is considered that this promotes the
fluctuation of the InN molar fraction in GalnN films by the
composition pulling effect [11, 12]. Therefore, ., is asso-
ciated with bent TDs, which form surface pits at the ends
of TDs. It was clarified that the deviation between the ex-
perimental results and simulation values for the FWHM
above a thickness of /.| increases with increasing apparent
FWHM. Moreover, the density of surface pits increased
with increasing Gagg;sIng 13N film thickness, as shown in
Fig. 2(h). The formation of additional surface pits on the
Gay g7Ing 13N films was mainly caused by TDs induced via
the generation of MDs with strain relaxation in the
Gag g7Ing 13N/GaN heterostructure in stage (III). We found
that a network of MDs was generated along the (1 100) di-
rection close to the Gag g7Ing 13N/GaN heterointerface; such

www.pss-rapid.com
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Figure 2 (online colour at: www.pss-rapid.com) Summary of several ex sifu measurements of Gagg;Ing ;3N films with various thick-
nesses showing plan-view (a)—(d) bright-field TEM and (e)—(h) SEM images, and XRD reciprocal space maps (i)—(1) around (2024)
diffraction. Schematic views of the growth models in stages (I)—(III) are also shown. These stages involve completely coherent growth,
the bending of TDs and the formation of surface pits, and the introduction of MDs, respectively.

dislocations were induced via slips along the {l 123} direc-

tion in the {1 122} plane system [21], as shown in Fig. 2(d).

This result suggests that (a + ¢)-type MDs were induced at
the GaggsIng3N/GaN interface with strain relaxation in
Gag g7Ing 13N. Therefore, although FWHMs by this in situ
XRD do not give any direct information on relaxation,
h. and hy, were indicated as two different critical thick-
nesses at which the strain relaxation results in the forma-
tion of surface pits with bending TDs and the introduction
of (a+ c¢)-type MDs, respectively. The GalnN films are
almost perfectly coherently grown on GaN, as indicated
by the results of XRD mapping shown in Fig. 2(i)—(k).
Although strain relaxation was evaluated by conventional
ex situ XRD reciprocal space mapping [21], this method
cannot be used to clearly show the relaxation of bent
TDs with the formation of surface pits on GaggsIng 13N
films. At thicknesses exceeding /.,, we only observed the
relaxation of MD generation at the heterointerface by ex
situ XRD reciprocal space mapping as shown in Fig. 2(1).
That is, relaxation in GalnN can only be confirmed
by XRD reciprocal space maps above a thickness of
he. Therefore, in situ XRD monitoring was shown to be a
useful method for evaluating /., in the thin-film growth
stage.
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GalnN critical thicknesses 4., and A, for various InN molar frac-
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[22-25].
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We also investigated the values of 4, and A, for vari-
ous InN molar fractions from the behavior of the FWHMs
by in situ XRD and ex situ measurements, as shown in-
Fig. 3. The results obtained in situ and ex situ were in good
agreement. We also compared our experimental results
with the results of theoretical calculations in Refs. [22-25].
Theoretical models of the critical thickness are generally
based on lattice relaxation due to the introduction of misfit
dislocations at the heterointerface. However, the experi-
mental results indicate that the MDs are introduced by
strain relaxation after the formation of bent TDs and that
surface pits start to open up at a thickness exceeding 4.
Therefore, our experimental results are not in good agree-
ment with previous theoretical models. It is considered that
the difference between the experimental and theoretical re-
sults for the generation of MDs in GalnN films is caused
by the formation of bent TDs and the opening up of surface
pits. We also observed the behavior of defects in
GalnN/GaN heterostructures with several GalnN thick-
nesses by TEM. We found that the estimated critical thick-
nesses were in good agreement with those obtained
by TEM observation. This indicates that the results of in
situ and ex situ observations are in relatively good agree-
ment.

4 Summary We observed strain relaxation in GalnN
films during growth by in situ XRD monitoring. The evo-
lutions of XRD peaks and FWHMs were obtained as func-
tions of the GalnN film thickness. Two different features
of strain relaxation were found: the formation of surface
pits with bending TDs and the introduction of (a + ¢)-type
MDs. The in situ XRD monitoring system proposed here
enabled us to indicate the lattice properties and observe
several strain relaxation features of GalnN films during
growth. This is considered to be very helpful for growing
high-performance device structures while suppressing the
formation of surface pits and MDs.
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The room-temperature continuous-wave operation of a 1.5A-cavity GaN-based vertical-cavity surface-emitting laser with an n-type conducting
AlInN/GaN distributed Bragg reflector (DBR) was achieved. A peak reflectivity of over 99.9% was obtained in the n-type conducting AllnN/GaN
DBR so that the current was injected through the DBR for the operation. The threshold current was 2.6 mA, corresponding to the threshold current
density of 5.2kA/cm?, and the operating voltage was 4.7 V. A lasing spectrum with a peak wavelength of 405.1 nm and a full-width at half maximum
of 0.08 nm was also observed. © 2016 The Japan Society of Applied Physics

aN-based vertical-cavity surface-emitting lasers
G (VCSELs) are expected to be adopted in various

applications, such as retinal scanning displays,
adaptive headlights, and high-speed visible-light communi-
cation systems. Recently, the lasing operations of GaN-based
VCSELs with a combination of two dielectric distributed
Bragg reflectors (DBRs)!”'? or a combination of a top
dielectric DBR and a bottom undoped GaN-based DBR!!~1)
have been demonstrated. Although most of the commercial-
ized infrared VCSELs utilize conducting GaAs-based
DBRs,!” most of the GaN-based VCSELSs reported so far
have no other choice but to rely on double intracavity contact
structures due to such insulating DBRs. The double intra-
cavity contacts typically lead to current crowing at current
aperture edges, low optical confinement factors due to a large
cavity length, and complexities of fabrication processes,
resulting in high threshold current densities and low slope
efficiencies. If at least an n-type conducting GaN-based DBR
is successfully developed, such as the n-type conducting
GaAs-based DBR, a very short (~11) cavity structure with a
simple back-side n-electrode is possible, leading to high-
performance and low-cost GaN-based VCSELs.

There are few reports on the n-type conducting GaN-based
DBRs. Arita et al. fabricated a 26-pair n-type Aly4GaggN/
GaN DBR, showing a peak reflectivity of 91% at 400 nm and
a series resistance of 180Q in a microcavity LED config-
uration.'® Then, a 20.5-pair n-type AIN/GaN DBR grown on
a SiC substrate by MBE showed a peak reflectivity of 99% at
450nm and a specific series resistance of 2 x 107> Qcm?.!?
Also, a 40-pair n-type Aly1,GaggsN/GaN DBR showed a
peak reflectivity of 91.6% at 368 nm and a bulk resistivity
of 0.52Qcm.?? However, so far, there has been no report
on the laser operation of a GaN-based VCSEL with a con-
ducting DBR. We have been developing insulating and
n-type conducting Al g,Ing 1gN/GaN DBRs.?!?? AlInN is
lattice-matched with GaN, so that the AIInN/GaN DBRs
have potentials of higher material quality and reflectivity than
the AlGaN/GaN DBRs,*** possibly comparable to the
GaAs-based DBRs.” A negative aspect of AlInN was the
very low growth rate, but we have optimized the growth con-
ditions for AlInN with a growth rate of over 0.5um/h.2"
Regarding the conductivity, it must be considered that the
large polarization charges induced at the AlInN/GaN inter-
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Fig. 1. (a) Schematic of a 10-pair Si-doped AlInN/GaN DBR structure for

vertical current injection and (b) a Si-doping profile in a pair of AllnN/GaN
layers.

faces markedly affect the vertical conductivity through the
interfaces.”® We then proposed and developed a new concept
of modulation doping for a nitride-based DBR to neutralize
the large polarization charges with ionized donors.?>?”
In this study, we developed n-type conducting AlInN/GaN
DBRs and demonstrated the room-temperature continuous-
wave (CW) operation of a GaN-based VCSEL utilizing the
n-type conducting AlInN/GaN DBR.

We prepared four different samples on free-standing (0001)
n-GaN substrates (carrier concentration: 1 x 10" cm™3, thick-
ness: 330um) by metalorganic vapor phase epitaxy. The
first three samples were AlInN/GaN DBRs. As shown in
Fig. 1(a), a 10-pair Si-doped AlInN/GaN DBR with a 5nm
n*-GaN contact layer was prepared in order to investigate
vertical current injection. A 1.0 um n-GaN buffer layer with
a Si concentration of 6.0 x 10'®cm™ was grown before the
DBR growth. The thicknesses of AlInN and GaN were 4045
nm, designed as a peak reflectivity wavelength of 405 nm.
After the DBR growth, the 5 nm n*-GaN contact layer with a
Si concentration of 1 x 10?°cm™ was capped. On the other
hand, as described in Fig. 1(b), a specific modulation doping
with Si was formed in the DBR based on our previous
results.”” Although the Si concentrations in most regions
were in the range of 10'®-10'”cm™3, a very high Si concen-
tration (6 X 10'°cm™>) was doped in 15 nm regions including

© 2016 The Japan Society of Applied Physics
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Fig. 2. Schematic of a 1.54-cavity GaN-based VCSEL with vertical
current injection through the n-type conducting AlInN/GaN DBR.

the top AlInN interfaces with GaN at which a large negative
polarization charge concentration (3 X 10'>cm™2) was gen-
erated. Note that Si could be ionized and positively charged
with the concentration of 6 x 10'°cm™ in the 15nm regions
corresponding to a sheet concentration of 9 x 10" cm™,
Therefore, the Si concentration around the interface should be
sufficiently high to completely neutralize the high negative
polarization charge concentration. This is a concept that we
previously proposed, sufficiently eliminating energy spikes
in the band diagram at the GaN/AlInN interfaces due to the
polarization charges in order to obtain a low vertical resistance
through the interfaces.”>?” A 60-um-diameter mesa was
formed by dry etching, and Cr/Ni/Au contacts were depos-
ited on the top of the mesa and on the back side of the
substrate. Current density—voltage (/-V') characteristics under
a vertical current injection through the DBR were measured.

The second DBR sample was a 46-pair Si-doped AlInN/
GaN DBR for reflectivity and surface morphology measure-
ments. The same modulation doping with Si was performed,
but no contact layer was grown on the DBR. For comparison,
a 40-pair undoped AlInN/GaN DBR, which was used in
our previous VCSELs showing room-temperature CW
operations,'>!'® was also prepared as the third DBR sample.
Reflectivity spectra of the DBRs were measured with an
absolute reflectivity measurement system, and the surface
morphology was observed by atomic force microscopy.

The fourth sample was a GaN-based VCSEL with the
46-pair Si-doped AlInN/GaN DBR as shown in Fig. 2. After
growing the AlInN/GaN DBR, a 1.251-cavity containing
50 nm n-GaN, five 3nm GalnN/6 nm GaN quantum wells, a
20 nm p-Aly,GaggN electron blocking layer, 60 nm p-GaN,
and a 10 nm p*-GaN contact were continuously grown on the
DBR. Next, a 39 um mesa of 200 nm height was formed on
the wafer for device isolation by dry etching. Note that the
Si-doped AIInN/GaN DBR was hardly etched out in the
VCSEL structure. Then, 10nm SiO, with an 8-pm-diameter
aperture, a 20 nm indium—tin oxide (ITO) p-electrode, and a
32nm Nb,Os5 spacer layer were deposited, forming a 1.54-
cavity. The emission area was defined by the 8-um-diameter
aperture of SiO,. Next, an 8-pair Nb,O5/SiO, top DBR,
showing a 99.9% reflectivity, was also deposited. Finally,
a p-pad on the ITO layer and an n-electrode on the n-GaN
substrate back side were deposited. Current—voltage—light
output power (/I-V-L) characteristics were measured under
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Fig. 3. J-V characteristics of a 10-pair Si-doped AlInN/GaN DBR.

CW operation at room temperature. Emission spectra and
polarization characteristics were also measured. The light
output power was coupled to a fiber cable in the above
measurements.

Figure 3 shows the J-V characteristics of the 10-pair
Si-doped AlInN/GaN DBR for the vertical current injection.
The positive voltage in the figure means that a positive
voltage was applied to the top n-electrode on the mesa.
A linear relationship between current density and voltage
was clearly observed in both forward and reverse directions.
A specific series resistance of 1.7 x 107*Q cm? was obtained.
Considering the number of pairs and the contribution of
n-electrode contact resistances, the resistance of a 46-pair
DBR is estimated to be 7.8 X 107*Qcm? or lower, which
is lower than that previously reported for the GaN-based
DBR,'” but still higher than that reported for a p-type
GaAs-based DBR (6.2 x 1075 Qcm?).!?

Figures 4(a) and 4(b) show wide-range and narrow-range
reflectivity spectra of the 46-pair Si-doped and 40-pair
undoped AlInN/GaN DBRs, respectively. A large stopband
width (22 nm) above a 90% reflectivity and many sharp side
lobes were consistently observed from both the DBRs as
shown in Fig. 4(a). Furthermore, the 46-pair Si-doped AlInN/
GaN DBR showed a peak reflectivity of over 99.9% at 404
nm, which was clearly higher than that of the 40-pair undoped
AlInN/GaN DBR. These results suggest that our modulation
doping with Si in the AlInN/GaN DBR does not adversely
affect the reflectivity characteristics. The higher reflectivity of
the 46-pair DBR was mainly due to 6 additional pairs. We also
observed a well-ordered surface morphology of the Si-doped
DBR covered with atomic layer steps in Fig. 5, suggesting
that a small surface roughness (RMS value: 0.08 nm) led to a
low scattering loss as a reflector. As indicated above, we have
obtained the 46-pair Si-doped AlInN/GaN DBR showing
the very high reflectivity and reasonably good electrical
conductivity simultaneously.

Figures 6(a) and 6(b) show the I-L-V characteristics and
emission spectra of the 1.51-cavity GaN-based VCSEL with
the n-type conducting AlInN/GaN bottom DBR under CW
operation at room temperature. A marked increase in light
output power was clearly observed at 2.6 mA, and also a very
narrow emission spectrum (FWHM: 0.08 nm) at 405.1 nm
was observed. In Fig. 6(b), a redshift of the emission peak
was also observed with an increase of the injected current. At
this moment we believe the shift was caused by heating due
to a low thermal conductivity of AllnN layers.”® Figure 7
shows light output power as a function of polarizer angle at

© 2016 The Japan Society of Applied Physics
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Fig. 4. (a) Wide-range and (b) narrow-range reflectivity spectra of a 46-

pair n-type conducting AlInN/GaN DBR and a 40-pair undoped AllnN/GaN
DBR.
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Fig. 5. 2 x2um? AFM image of a 46-pair n-type conducting AIInN/GaN
DBR.

5.0mA, indicating that the emission light was linearly
polarized. Thus, we concluded that the GaN-based VCSEL
with the vertical current injection through the conducting
bottom DBR showed a room-temperature CW operation with
a threshold current of 2.6 mA, corresponding to a threshold
current density of 5.2kA/cm?. The operating voltage and
differential device resistance at the threshold current were
4.7V and 250 Q, respectively. Previously, we demonstrated
the 4A-cavity GaN-based VCSEL containing the double
intracavity contacts with the insulating AlInN/GaN DBR.
The VCSEL showed a 7.5 kA /cm? threshold current density
and a 4.8 V operating voltage.'® Thus, we concluded that the

102101-3

Voltage [V]

Light Output Power [arb. unit)

0 t u t t

0 1 2 3 4 5 6 7
Current [mA]

(@)

12
= 10 I,
g ——0.921,
n‘ R - — U-s S]lll
S
_— 6 b
1§. —_—>| |
Wi
£ 4r A : 405.1nm
= FWHM : 0.08nm
= Ll

0 i i i

404 405 406 407

Wavelength [nm]
(b)
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Fig. 7. Light output power of a VCSEL as a function of polarizer angle at
5.0maA.

characteristics of our GaN-based VCSEL with the n-type
conducting bottom DBR were comparable to or even better
than those of the GaN-based VCSEL with the insulating
DBR. Further improvements of the characteristics of the
GaN-based VCSELs with the n-type conducting DBRs are
expected with the further optimization of the modulation
doping of Si in terms of not only resistivity but also the
absorption and appropriate design/control of layer thick-
nesses in the VCSELs.

In summary, a room-temperature CW operation of the
1.54-cavity GaN-based VCSEL with an n-type conducting
AlInN/GaN bottom DBR was achieved. The n-type con-
ducting AlInN/GaN DBR simultaneously showed an ohmic
behavior and a high reflectivity (99.9%). As a result, the
GaN-based VCSEL showed a threshold current density of

© 2016 The Japan Society of Applied Physics
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5.2kA/cm? and an operating voltage of 4.7V at a lasing
wavelength of 405.1 nm. These results indicate the feasibility
of high-performance and low-cost GaN-based VCSELs with
vertical current injections through conducting DBRs.
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We examined the control of the detection wavelength in AlGaN/GaN-based hetero-field-effect-transistor (HFET) photosensors. The detection
wavelength of these devices can be controlled by using the p-GalnN optical gate or inserting a GalnN channel layer between AlGaN and GaN. In
addition, the photosensitivity of AlIGaN/GaN HFET photosensors with a p-GalnN optical gate was more than two orders of magnitude higher than
that of the AIGaN/GaN HFET photosensor with a GalnN channel layer. Moreover, the photosensitivity of the AIGaN/GaN HFET photosensor with
a p-GalnN optical gate greatly surpassed those of commercially available Si pin and Si avalanche photodiodes, and was comparable to those of

photomultiplier tubes. © 2013 The Japan Society of Applied Physics

1. Introduction

Since group-IlI-nitride semiconductors, i.e., InN, GaN, AIN,
and their alloys, have direct wide band gaps ranging from
0.67 to 6.2eV,'™ they are suitable materials for optical
devices for light in the UV to near-infrared range, which
includes the entire visible region. High-performance emit-
ters, such as UV-,* blue-, green-, and white-light-emitting
diodes® and UV-” violet-¥ blue-,” and green'”-laser
diodes, have already been achieved using these materials.

In contrast, the physical properties of nitride semiconduc-
tors are expected to be applied to other devices, such as
hetero-field-effect-transistors''? and solar cells.'>!¥ More-
over, the nitride-based photosensors in the UV-region have
also attracted attention for such applications as flame
detection and biosensors.'*!® The nitride-based photosen-
sors are also promising as a technology for frontier
applications, such as wireless visible-light communication.
Wireless visible-light communication has attracted attention,
for example, for use in the optical bus of computers and for
wireless access in vehicles, because it has major advantages
such as no effect of electromagnetic radiation, low cost,
and high directionality. In wireless visible-light commu-
nication, Si-based photosensors, such as pin diodes, are
used. However, the communication speed of such a system
is limited to several hundred kbps because of the low
performance of the photosensors. To increase the commu-
nication speed, the photosensor used must have a high
photosensitivity, a high ratio of photocurrent to dark current
(high S/N ratio), and a high response speed.

Recently, we have reported novel high-performance
nitride-based AlGaN/GaN hetero-field-effect-transistor-type
(HFET-type) photosensors with a p-GaN optical gate.’”
These photosensors employ a two-dimensional electron
gas at the heterointerface between AlGaN and GaN as a
highly conductive channel with a high electron mobility.
The photosensitivity of these devices greatly surpassed those
of commercially available Si pin and Si avalanche photo-
diodes, and was comparable to those of photomultiplier
tubes.?"

Figure 1 shows schematic diagrams of the operating
principle of this device. Such devices take advantage of the
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Fig. 1. (Color online) Schematic diagrams of the operating principle of
HFET-type photosensor with p-GaN optical gate (a) with no irradiation of
light and (b) with irradiation of light.

two-dimensional electron gas (2DEG) by means of the
AlGaN/GaN heterostructure and depletion layer formed by
the p-GaN optical gate. In Fig. 1(a), a 2DEG is formed at the
AlGaN/GaN heterointerface region without the p-GaN.
Thus, contact and sheet resistances in this region are very
small. In contrast, because the depletion layer is formed
immediately beneath the p-GaN, sheet resistance in this
region is very high. According to the concept of the voltage
divider circuit, most of the voltage is applied immediately
beneath the p-GaN. Because this distance is several
micrometers, an electric field as high as 10* V/cm is applied
only immediately beneath the p-GaN, when a voltage of
several volts is applied between the anode and cathode
electrodes. In addition, the electron mobility of the 2DEG
in the AlIGaN/GaN heterointerface is approximately 1000
cm?V~'s~!. When electron-hole pairs are formed in the
p-GaN optical gate by irradiating light, the conduction band
edge in the AlGaN/GaN heterostructure is considered to
change. The drift current density is determined as the
product of the elementary charge, electron concentration,
electron mobility, and electric field. Accordingly, a large
photocurrent can be obtained by irradiating weak light to the
AlGaN/GaN heterostructure, as shown in Fig. 1(b). There-
fore, this structure can be expected to have an extremely

© 2013 The Japan Society of Applied Physics
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high photosensitivity and a high S/N ratio. However, there
are many unclear points in the operating principle of these
devices. In particular, control of the detection wavelength in
these devices is unknown.

In this study, we examined the control of the detection
wavelength in the AlGaN/GaN-based HFET photosensors.
We also discuss the performance of these devices.

2. Experimental Procedure

Figure 2 shows a schematic view of the HFET-type
photosensor with a p-layer optical gate. The device was
grown by metalorganic vapor phase epitaxy on a sapphire
(0001) substrate covered with a low-temperature-deposited
(LT-) buffer layer.”” In this study, we fabricated three
samples for controlling the detection wavelength. In type I
[Fig. 2(a)], we fabricated an AlGaN/GaN HFET-type
photosensor with a p-GalnN optical gate. This structure is
a stack comprising a 3.0-um-thick unintentionally doped
GaN (u-GaN) layer, a 12-nm-thick unintentionally doped
Alp,GapgN (u-Alg,GaggN) barrier layer, and a 110-nm-
thick Mg-doped p-Gag ggIng 14N layer with a Mg concentra-
tion of approximately 3 x 10" cm™3. In type II [Fig. 2(b)],
we fabricated the AlGaN/GaN HFET with a GaInN channel
layer inserted between AlGaN and GaN with a p-GaN
optical gate. This structure is stacked with a 3.0-um-thick
u-GaN layer, a 2-nm-thick u-Gaggplng 10N channel layer, a
12-nm-thick u-Aly,Gag gN barrier layer, and a 110-nm-thick
Mg-doped p-GaN layer with a Mg concentration of
approximately 3 x 10 cm™. In type III [Fig. 2(c)], we
fabricated the AIGaN/GaN HFET with a 120-nm-thick
p-GaN optical gate as a reference. The AIN molar fraction
and thickness of the AlGaN barrier layer were determined
by X-ray diffraction 26/w scans with (0002) diffraction. The
hole concentrations in the p-Gag g¢Ing 14N and p-GaN optical
gates were approximately 2 x 10'® and 1 x 108 cm™3 at
room temperature (RT), respectively.

After the activation of Mg acceptors by heating at 525 °C
for 4min in N, mesa isolation was performed by Cl,
reactive ion etching (RIE). Next, the p-layers were etched by
RIE, except in the light-receiving area. Then, Ti/Al/Ti/Au
was deposited as the anode and cathode contacts on the
u-Aly,GaggN layer. The length and width of the p-GalnN
optical gate were 2 and 100um, respectively, and the
interval between the anode and cathode contacts was 8 um.
No antireflection coating was used for any of the devices in
this study. The photocurrent at each light wavelength was
measured with a semiconductor parameter analyzer (Agilent
Technologies HP-4155C). The photosensitivity of each
photosensor was calculated from the photocurrent measured
at light wavelength intervals of 5nm using a spectroscope
with a Xe lamp at RT. The intensity of the spectral radiance
was measured at each wavelength. The monochromatic light
irradiation densities of the spectroscope-measured photo-
sensitivity ranged from 200 to 220 uW /cm?. Since the light-
receiving area was 200 um?, the amount of received light
was very small and equivalent to approximately several
hundred picowatts.

3. Results and Discussion

Figure 3 shows the monochromatic photosensitivity of
each HFET-type photosensor with a driving voltage between
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Fig. 2. (Color online) Schematic views of device structures: (a) HFET-
type photosensor with p-GalnN optical gate, (b) HFET-type photosensor
with GalnN channel layer, and (c) HFET-type photosensor with p-GaN
optical gate.

the anode and cathode (Vac) of 5V obtained using a Xe
lamp and a spectrometer. Figure 4 also shows the normal-
ized monochromatic photosensitivity of each photosensor.
The absorption edge wavelengths of the photosensors with
the p-GalnN optical gate, the GalnN channel, and the p-GaN
optical gate were approximately 450, 410, and 375nm,
respectively, as shown in Fig. 4. From this result, we
concluded that the detection wavelength of the photosensi-
tivity of the HFET-type photosensor can be controlled by
controlling the InN molar fraction in the p-GalnN optical
gate or the GaInN channel layer. In addition, the photosensor
with the p-Gag glng,N optical gate exhibits photosensitivity
up to a longer wavelength of 450nm. This is considered
to be due to the difference in the InN molar fraction in the
p-GalnN optical gate and the GalnN channel. Moreover,
the maximum photosensitivity of the photosensor with the
p-GalnN optical gate is three orders of magnitude higher
than that of the GalnN-channel sample. Since the mobility of
the HFET with a GalnN channel is about two orders of

© 2013 The Japan Society of Applied Physics
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Fig. 3. (Color online) Monochromatic photosensitivity of each HFET-
type photosensor.
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Fig. 4. (Color online) Normalized monochromatic photosensitivity of
each HFET-type photosensor.

magnitude lower than that of the AlIGaN/GaN HFET,? we
inferred that such a difference in photosensitivity indeed
exists in these devices. Therefore, we concluded that the
p-GalnN optical gate is the best structure for controlling
the detection wavelength of the AlGaN/GaN HFET-type
photosensors. The photocurrent-to-dark current (S/N) ratios
of the p-GalnN optical gate and the GalnN channel were on
the order of 10? and 10, respectively.

Table I summarizes the photosensitivity, detection wave-
length, and dark current of each photosensor. We also
included the photosensitivity of our photosensors and
those of commercial Si p—i-n photodiodes (Hamamatsu
Photonics SZ387-1010R),24) Si avalanche photodiodes
(APD; Hamamatsu Photonics S8664—55),25) and photomul-
tiplier tubes (Hamamatsu Photonics H7421-40, H7421-50,
R928, and R3896).%% The photosensitivity of the HFET-type
photosensor with a p-GalnN optical gate greatly surpassed
those of the Si pin photodiode and Si APD and was
comparable to those of the photomultiplier tubes. In
addition, the dark currents of the HFET-type photosensor
using a p-GalnN optical gate and GalnN channel layer are
higher than those of other devices. We thought that this is
caused by an insufficient depletion layer in the 2DEG in a
p-GalnN optical gate and GalnN channel devices. Therefore,

08JF02-3

Table 1. Photosensitivity, detection wavelength, and dark current of
commercial Si pin photodiode, Si APD, photomultiplier tubes, and HFET
photosensors in this work.

Detection Maximum Dark
Structure wavelength  photosensitivity current
(nm) (A/W) (A)

HFET-type photosensor s s
with p-GalnN optical gate 450 4x10 10
HFET-type photosensor > _5
with GalnN channel layer 410 > 10 10
HFET-type photosensor N " 9
with p-GaN optical gate 375 410 10
Si p-i-n photodiode'” 320-1100 4 x 107! 2.0 x 10710
Si APD' 320-1000 4 x 10! 5.0 x 1078
Photomultiplier tube'” 185-900 9 x 10° 1.0 x 1078

we believe that the dark current is possible to be reduced by
optimizing the device structure.?”-?®

In addition to the high sensitivity, a high-speed response
can be expected, because the response of this device is
thought to be determined by the transit time of the 2DEG
under the optical gate or the photocarrier recombination time
in the p-GalnN optical gate, which are both estimated to be
less than 1ns.**” The dynamic performance of this device
will be examined in the near future.

4. Conclusions

We fabricated high-performance HFET-type photosensors
for the detection of visible light. The detection wavelength
of the photosensitivity of the HFET-type photosensor can
be controlled by controlling the InN molar fraction in the
p-GalnN optical gate or GalnN channel layer. Since the
maximum photosensitivity of a photosensor with the
p-GalnN optical gate is three orders of magnitude higher
than that of the GalnN-channel sample, we concluded that
the p-GalnN optical gate for controlling the detection
wavelength of the AlIGaN/GaN HFET-type photosensors is
the best structure. The photosensitivity of the HFET-type
photosensors with a p-GalnN optical gate greatly surpassed
those of the commercially available Si pin photodiode and
Si APD and was comparable to those of photomultiplier
tubes.
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AlGaN/GaN hetero-field-effect-transistor-type (HFET-type)
photosensors are fabricated with a p-GalnN optical gate for
the detection of visible light. These photosensors employ a
two-dimensional electron gas at the heterointerface between
AlGaN and GaN as a highly conductive channel with a high
electron mobility. By changing the InN molar fraction in the

1 Introduction Wireless visible-light communication
has attracted attention for use in the optical bus in com-
puters, for wireless access in vehicles, and so forth, be-
cause it has major advantages such as no effect of electro-
magnetic radiation, low cost, and high directionality. For
these applications, the photosensor used must have a high
photosensitivity, a high ratio of photocurrent to dark cur-
rent (high S/N ratio), and a high response speed. However,
no appropriate devices with a high photosensitivity and a
high S/N ratio in the visible region have been developed.
For instance, although a photomultiplier tube is able to de-
tect light with an externally high photosensitivity, it is
breakable, expensive, has a short lifetime, and requires a
high operation voltage exceeding several hundred volts.
Moreover, the photosensitivities of Si pin and avalanche
photodiodes are up to four orders of magnitude lower than
that of a photomultiplier tube.

Since group-III-nitride semiconductors, i.e., InN, GaN,
AIN, and their alloys, have direct wide band gaps ranging
from 0.67 to 6.2 eV [1-3], they are suitable materials for
optical devices ranging from UV to near-infrared light,
which includes the entire visible region. High-performance
emitters, such as UV- [4], blue-, green-, and white-light-
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p-GalnN optical gate, the wavelength range of the photosen-
sitivity of the HFET-type photosensors can be controlled. The
photosensitivity of the AlIGaN/GaN HFET-type photosensors
with a p-GalnN optical gate greatly surpassed those of com-
mercially available Si pin and Si avalanche photodiodes, and
was comparable to those of photomultiplier tubes.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

emitting diodes and violet-, blue-, and green-laser diodes
[5], have already been achieved using these materials. In
contrast, although there have been several reports of nitride-
based photodetectors, such as photoconductors [6], Schot-
tky photovoltaic detectors [7], pin photodiodes [8], solar
cells [9, 10], and photo field-effect transistors [11], no ap-
propriate devices with both a high photosensitivity and a
high S/N ratio have been realized. In addition, with the ex-
ception of solar cells, most devices only exhibit photosensi-
tivity in the UV region, and cannot detect light in the visible
region. Therefore, there are no suitable photosensors for
application to wireless visible-light communication.

In this study, we fabricated high-performance nitride-
based AlGaN/GaN heterostructure-field-effect-transistor-
type (HFET-type) photosensors with a p-GalnN optical
gate for the detection of visible light. These photosensors
employ a two-dimensional electron gas (2DEG) at the het-
erointerface between AlGaN and GaN as a highly conduc-
tive channel with a high electron mobility. In addition, a
p-GalnN layer ensures a high photosensitivity in the visi-
ble region and a high S/N ratio. The obtained results are
very promising for the development of high-performance
photosensors for wireless visible-light communication.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Experimental procedure Figure I shows a sche-
matic view and a microscopic top-view image of an HFET-
type photosensor with p-GalnN optical gate. The device
was grown by metalorganic vapor phase epitaxy on a sap-
phire (0001) substrate covered with a low-temperature-
deposited (LT-)buffer layer [12]. After depositing the
20-nm-thick LT-buffer layer at 500 °C, a 3.0-um-thick
unintentionally doped GaN (u-GaN) layer, a 12-nm-thick
unintentionally doped Aly,GaggN (u-Aly,GaggN) barrier
layer, and a Mg-doped p-GalnN layer with a Mg concen-
tration of approximately 3 x 10" cm™ were grown. We
fabricated two devices with p-GalnN layer having InN mo-
lar fractions of 0.14 and 0. The AIN molar fraction and
thickness of the AlGaN barrier layer were determined by
X-ray diffraction 26/w scans with (0002) diffraction. The
hole concentrations in the p-Gaggslng 14N and p-GaN opti-
cal gate, which were determined by Hall effect measure-
ment, were approximately 2 x 10" and 3 x 10" em™ at
room temperature (RT), respectively.

After the activation of Mg acceptors by heating to
525 °C for 4 min in N,, mesa isolation was performed by
Cl, reactive ion etching (RIE). Next, the p-GalnN optical
gate was etched by RIE, except in the light-receiving area.
Then, Ti/Al/Ti/Au was deposited as the anode and cathode
contacts on the u-Aly,GaggN layer. The length and the
width of p-GalnN optical gate were 2 um and 100 um, re-
spectively, and the interval between the anode and cathode
contacts was 8 um. No antireflection coating was used for
any of the devices in this study.

In these devices, in absence of any p-layer, a 2DEG is
formed at the AlGaN/GaN heterointerface region. Thus,
contact and sheet resistances in this region are very small.
The electron mobility is approximately 1000 cm*/Vs. How-
ever, in presence of a p-GalnN layer directly on top of the
depletion layer, the sheet resistance in this region is
very high. Therefore, whenever, a voltage of several volts
is applied between the anode and cathode electrodes, an
electric field as high as 10* V/em acts across the depletion
layer. Next, however, when by the irradiation of light onto
the p-GalnN optical gate, electron—hole pairs are generated
and the conduction band edge in the AlGaN/GaN het-
erostructure is considered to change. The drift current den-
sity depends on the product of the elementary charge, elec-
tron concentration, electron mobility, and electric field.
Accordingly, a large photocurrent can be obtained by irra-

) 30 pm R

anod; ad Ll :
p-GalnN (110 nm}

(TUAUTHfAG) | 2Hm E

Cathode
(TUAITI/AU)

(a) Schematic view of the sample structure

Figure 1 (online colour at: www.pss-rapid.com) Schematic view
and top-view microscopic image of HFET-type photosensor.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

diation of weak light in the AIGaN/GaN heterostructure.
Therefore, this structure can be expected to have an ex-
tremely high photosensitivity and a high S/N ratio.

The photosensitivity of each photosensor was calcu-
lated from the photocurrent measured at light wavelength
intervals of 5 nm using a spectroscope with a Xe lamp at
RT. The photocurrent at each light wavelength was meas-
ured by a semiconductor parameter analyzer (Agilent
Technologies, Inc.: HP-4155B). The monochromatic light
irradiation densities of the spectroscope-measured photo-
sensitivity ranged from 200 to 220 pW/cm’. Since the
light-receiving area was 200 um?, the amount of received
light was very small and equivalent to approximately sev-
eral hundred picowatts.

3 Results and discussion Figure 2(a) and (b), re-
spectively, show the monochromatic photosensitivity of
HFET-type photosensors with p-Gaggglng 4N and p-GaN
optical gates with a driving voltage between the anode and
the cathode (Vac) of 5V obtained using a Xe lamp and
spectrometer. Figure 3 shows the normalized monochro-
matic photosensitivity of each photosensor. From these
figures, although there are differences in the photosensitiv-
ity of each device, the photosensors can achieve a high ex-
ternal photosensitivity, exceeding 10* A/W. Also, dark cur-
rent densities of the photosensors with the p-Gaggslng 14N
and p-GaN optical gates of approximately 1 pA/mm and
lower than 10 nA/mm, respectively, were obtained at
Vac =5 V. The S/N ratios of the photocurrent to dark cur-
rent of each sample were on the order of 10* and 10°
respectively. The dark current of such HFET-type photo-
sensors using a p-GalnN optical gate is higher than those
using a p-GaN optical gate. We believe that this is caused
by an insufficient depletion of the 2DEG in the case of the
p-GalnN optical gate and optimization should allow a fur-
ther reduction of the dark current. Although the device
structure needs to be optimized to maximize the photosen-
sitivity and S/N ratio of the device, we have shown that a
photosensor with a high external photosensitivity can be
achieved. In addition, Fig.3 shows normalized mono-
chromatic photosensitivities of HFET-type photosensors.
From this figure, the absorption edge wavelengths of the
photosensors with p-Gaggelng 4N and p-GaN optical gates

5x10°*

Vac=5V

Vac=5V { —
RT = 4x10* RT
<
> 4
Z 3«10
-‘Z 4
§ 2x10
9
S 1x10*
o
0 . . . 0
300 350 400 450 500 300 350 400 450
Wavelength [nm] Wavelength [nm]

(a) p-GalnN (b) p-GaN

Figure 2 (online colour at: www.pss-rapid.com) Mono-
chromatic photosensitivity of HFET-type photosensors with (a)
p-Gag gsIng 14N and (b) p-GaN optical gates.

www.pss-rapid.com
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Figure 3 (online colour at: www.pss-rapid.com) Normalized
monochromatic photosensitivity of HFET-type photosensors.

were approximately 420 nm and 375 nm, respectively.
From this result, we concluded that the wavelength range
of photosensitivity of the HFET-type photosensor can be
controlled by controlling the InN molar fraction in the
p-GalnN optical gate. In addition, the photosensor with the
p-Gag gsIng 14N optical gate exhibits photosensitivity up to a
longer wavelength of 450 nm. This is considered to be due
to the fluctuation in the InN molar fraction of p-GalnN
since this device has a thick GalnN film [13].

We also compared the photosensitivity of our photo-
sensors with those of commercially available Si pin photo-
diodes (Hamamatsu Photonics K.K.: S2387-1010R) [14],
Si avalanche photodiodes (Si APD) (Hamamatsu Photonics
K.K.: S8664-55) [14], and photomultiplier tubes (Hama-
matsu Photonics K.K.: H7421-40, H7421-50, R928, and
R3896) [14]. Figure 4 shows a summary of the mono-
chromatic photosensitivity of each photosensor. The pho-
tosensitivity of the HFET-type photosensor with a p-
GalnN optical gate greatly surpassed those of the Si pin
photodiode and Si APD and was comparable to those of
the photomultiplier tubes.

Moreover, the response time of this device is thought
to be determined by transit time of 2DEG under the optical
gate or photocarrier recombination time in p-GalnN opti-

Photomulfplier tube (R3895

10° 'ﬁﬁ\
-F_\ \,k \ Photomultiplier tubd (R928)\
104 V.. VaW
vy HFET-type Phdtosensor
(p-GalnN)
\

\ Photomultiplier tube (H7421-50)
10° i

~~——Photomuyltiplier tube (H7421-40)
| Si APD ($8644-55)

-
o
Gl

Photosensitivity [A/W]
=)

—
101 P | —
10° EEE:I'-type Si pin photodiode(S2387-1010R)
poaN) |
10
300 450 600 750 900

Wavelength [nm]

Figure 4 (online colour at: www.pss-rapid.com) Monochromatic
photosensitivity of commercially Si pin photodiode, Si APD,
photomultiplier tubes and HFET photosensors of this work.

www.pss-rapid.com

cal gate. In a previous report, cutoff frequency of junction
HFET using p-GalnN has been reported to reach more than
6 GHz [15]. Thus, we consider that it is possible to further
shorten the transit time of electrons under the optical gate.
Moreover, since the minority carrier lifetime in p-GaN has
been reported to be 0.3 ns [16], photocarrier recombination
time in p-GalnN estimated to be less than 1 ns. Therefore,
in addition to the high sensitivity, high-speed response can
be expected. Dynamic performance of this device will be
examined in the near future.

4 Summary We fabricated high-performance HFET-
type photosensors for the detection of visible light. By
changing the InN molar fraction of the p-GalnN optical
gate, the wavelength range of photosensitivity of the
HFET-type photosensors can be controlled. The photosen-
sitivity of the HFET-type photosensors with a p-GalnN op-
tical gate greatly surpassed those of the commercially
available Si pin photodiode and Si APD and was compara-
ble to those in photomultiplier tube.
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The crystalline quality of GaN and Al o3Gago,N epitaxial
layers on (100) B-Ga,0O; substrates was significantly im-
proved by the facet-controlled growth method. The facets
were controlled by changing the nitrogen ambient ther-
mal annealing temperature. We demonstrated the high-
crystalline-quality GaN and AljosGageoN on B-Ga,O3

1 Introduction Group IlI-nitride-based UV LEDs are
expected in many applications such as excitation sources
of white LED lamps, material processing, healthcare field,
and sterilization. There have been many reports on high-
efficiency UV LEDs on sapphire substrates [1, 2]. How-
ever, the wall plug efficiency of UV LEDs is still lower
than that of GalnN-based blue LEDs [3]. One of the major
causes of such low-wall-plug efficiency in the UV LEDs is
the current crowding effect caused by the combination of
insulating sapphire substrates and an n-type AlGaN clad-
ding layer with a relatively higher sheet resistance than that
of GaN. One of the best methods to solve this problem is to
use a vertical conductive device structure. Thus far,
GalnN-based vertical visible and near-UV LEDs were
grown on GaN and SiC conductive substrates [4, 5]. How-
ever, there is no report on AlGaN-based vertical UV LEDs
on conductive transparent substrates. f-Ga,Os is one of the
most attractive substrates for AlGaN-based vertical UV
LEDs. It has a transparency of up to 260 nm and n-type
high conductivity [6]. These properties can lead to a small
absorption of UV light in f-Ga,0; and make it possible to
realize vertical conductive LEDs. Therefore, B-Ga,0; is a
promising material for the substrate of vertical UV LEDs.
Several groups have reported the GaN epitaxial growth on
B-Ga,0; and GalnN-based blue LEDs [7, 8]. Moreover,
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substrates, which were comparable to GaN and AlGaN
on sapphire substrates using low-temperature buffer lay-
ers. This method is useful for the fabrication of vertical-
type ultraviolet (UV) light-emitting diodes (LEDs) on
B-Ga,0; substrates.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

our group has reported AlGaN with mirror surfaces on -
Ga,0; using low-temperature GaN buffer layers (LT-GaN),
which is essential for UV LEDs [9]. However, the crystal-
line quality of these epitaxial layers was poorer than that
on sapphire substrates. Thus, high-quality AlGaN films on
B-Ga,O; substrates have been urgently required to achieve
high-performance UV LEDs. In this study, to obtain high-
crystalline-quality GaN and AlGaN epitaxial layers on
(100) B-Ga,0; substrates, GaN and AlGaN were grown us-
ing facet layers reported previously [10]. The thermal an-
nealing temperature of B-Ga,0; substrates was used as a
parameter to control the facet formation.

2 Experimental procedure In this study, crystal
growth was performed by metal organic vapor phase epi-
taxy. The aluminium and gallium sources were trimethy-
laluminium and trimethylgallium, respectively. The nitro-
gen source was NHj;. Moreover, the thermal annealing and
growth of GaN and Al 3Gay 9N were carried out in nitro-
gen ambient, because B-Ga,0; substrates were etched using
hydrogen. The GaN and Al o3sGag9oN growths were carried
out using LT-GaN. Al,Ga;,N (0001) films grow epitaxi-
ally on (100) B-Ga,Oj; substrates with an in-plane epitaxial
relationship of Al,Ga; N [1-100]||p-Ga,O5[001] [11].

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 shows the timing charts of the growth tem-
peratures of GaN and AlysGageoN without facet
Al,Ga 4N layers. After performing the thermal annealing
for 3 min at 1100 °C and deposition of LT-GaN at 550 °C,
GaN and Al 0sGag 9N of approximately 2.0-um-thick were
grown at 1080 °C.

C
1080 A frr ke
GaN
and
550 X ¥ LLCCL AlGaN

GaN

time >
Figure 1 Timing chart of the growth temperatures of
GaN and AlGaN.

Figure 2 shows the timing charts of the growth tem-
peratures of GaN and Alj3GaggeN grown with facet-
Al,Ga; 4N layers. The thermal annealing for 3 min and
deposition of LT-GaN at 550 °C were performed in the
same manner as for the samples without facet-Al,Ga, N
layers. In addition, approximately 300-nm-thick facet-GaN
or AlyosGage,N was grown at 1020 and 950 °C. The
growth temperatures of the GaN and Alg3GaggoN facets
were lower than those of conventional GaN and
Al sGagopN layers to enhance island growth. Finally, GaN
and AlgosGaggoN of approximately 2.0-um-thick were
grown on facet-GaN and Al sGaggoN at 1080 °C. In this
case, the thermal annealing temperature was changed from
600 to 1100 °C.

Samples were characterized by atomic force micros-
copy (AFM), scanning electron microscopy (SEM), X-ray
rocking curve (XRC), and photoluminescence (PL) meas-

urement using a He-Cd laser (325 nm) at room temperature.

Growth facet layer at
low temperature

;C/
[ 1080
GaN facet. | AlGaN
550 Ao — G
—_—

GaN é GaN

time

4

T,
1080

1020

550 -}

time
Figure 2 Timing charts of growth temperatures of (a)
GaN and (b) AlGaN using facet layers.

3 Results

3.1 Impact of thermal annealing temperature on f3-
Ga,0; Figure 3 shows AFM images of (a) (100) B-Ga,0O3
substrate and (100) B-Ga,O; substrates annealed at (b)
600 °C, (c) 800 °C, (d) 950 °C, and (e) 1100 °C for 3 min.
From these figures, the surface roughness of p-Ga,0; in-
creases with increasing annealing temperature. By anneal-
ing at 1100 °C, the root mean square (RMS) roughness was
increased from 0.20 to 14 nm.

3.2 Fabrication of facet-GaN Figure 4 shows plan-
view SEM images of samples after substrate annealing and

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

I RMS = 2.67(nm) | RMS = 14.14(nm)
Figure 3 Plan-view AFM images of (a) (100) B-Ga,O; sub-
strate and (100) B-Ga,O; substrate thermal-annealed at (b)
600 °C, (c) 800 °C, (d) 950 °C, and (e) 1100 °C for 3 min.

subsequent deposition of LT-GaN at 550 °C and growth of
approximately 300-nm-thick GaN facet layers at 1020 °C.
From these figures, the GaN islands with inclined facets
were grown, and the area of the surface covered by the
facets was controlled by adjusting the thermal annealing
temperature.

Figure 4 Plan-view SEM images of substrates thermal-
annealed at (a) 600 °C, (b) 800 °C, (c) 950 °C, and (d) 1100 °C
followed by deposition of low-temperature GaN buffer layer
and growth of approximately 300-nm-thick GaN layer at
1020 °C.

3.3 Growth of GaN on facet layers Figure 5 shows
plan-view SEM images of approximately 2.0-pum-thick
GaN layers grown at 1080 °C on each facet-GaN sample.
The surfaces of the GaN films on thermal-annealed sub-
strates at (a) 600 °C and (b) 800 °C were not smooth.
However the surfaces of the GaN films on samples ther-
mal-annealed at (¢) 950 °C and (d) 1100 °C were smooth
and crack-free.

WWW.pss-c.com
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Figure 5 Plan-view SEM images of 2.0-um-thick GaN grown
at 1080 °C on substrates thermal-annealed at (a) 600 °C, (b)
800 °C, (c) 950 °C, and (d) 1100 °C followed by growth of ap-
proximately 300-nm-thick GaN facet layers at 1020 °C.

Figure 6 shows the full width at half maximum (FWHM)
of XRC of GaN. Figure 4 indicates that the facet-GaN cov-
ered the whole surface when the thermal annealing tem-
perature was 950 °C, and the flat surfaces remain when it
was higher and lower than 950 °C. As mentioned in refer-
ence [10], the dislocations existing in the facet regions
bend and do not glide to the surface. Therefore, the crystal-
line quality of GaN was highest when the annealing tem-
perature is 950 °C. The formation of facets was related to
the adequate roughness of the f-Ga,O; substrates. Further
evaluation is necessary.

2000
- T T N N A A
g 1600 ‘
3 I I B :
= 1200 ‘
S
= '
E ,,,,,,,,,, A
= ‘%7 w (0002)-diffraction | |

® (20-24)-diffraction | | = |

0 T T T T
600 700 800 900 1000 1100

Annealing temperature (C)

Figure 6 XRC FWHM of GaN for various thermal annealing
temperatures.

Figure 7 shows the comparison of XRC FWHM be-
tween the GaN without and with the facet-GaN layer by
thermal annealing at 950 °C. The threading dislocation
densities of the GaN films were estimated from the FWHM
values [12]. The calculated dislocation densities of GaN
without and with the facet-GaN layer were 1.9x10'° and
2.5x10° em™, respectively. The threading dislocation den-

WWW.pss-c.com

sity of GaN on (100) B-Ga,0; substrate was successfully
decreased by almost one order of magnitude. Figure 8
shows the PL spectra of the GaN with and without the
facet-GaN layer. These results indicated that the facet-GaN
layer improves the crystalline quality and optical property
of GaN on (100) 3-Ga,0O; substrate.

2000 L
)
2 1500
2
S -|
S 1000
= 500 — B
—=—(0002)-diffraction
- —@—(20-24)-diffraction
0
GaN GaN

without facet-GaN  with optimized facet-GaN

Figure 7 XRC FWHM of GaN without and with facet sample
formed by thermal annealing at 950 °C.

GaN with optimized facet-GaN

~

\ GaN without facet-GaN

Intensity (arb.unit)

350 400 450 500

Wavelength (nm)

550

Figure 8 PL spectra of GaN without and with facet sample
formed by thermal annealing at 950 °C.

3.4 Result of Al g3GaggoN The Alyo3GaggoN was grown
under the same growth conditions of GaN. Only the facet-
AlysGagooN growth temperature was changed to 950 °C.
Figure 9 shows a plan-view SEM images of facet-
AlypsGaggpN  and an  approximately  2.0-um-thick
Aly¢sGaggpN layer grown on facet-Alg sGag 9,N samples at
1080 °C. Moreover, facet-Aly ¢sGag 9N made it possible to
obtain a smooth surface.

Figure 10 shows the XRC FWHM of AljsGag 9N with-
out and with the facet-AljsGago,N layer. The calculated
dislocation densities of GaN without and with the facet-
GaN layer were 2.6x10'" and 4.9x10° cm™, respectively.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1pm

3um

A F L AS

Figure 9 Plan-view SEM images of (a) facet-Al o3sGag 9N and
(b) approximately 2.0-um-thick AljosGagg,N layer grown on
facet-Alj osGag 9oN samples at 1080 °C.

Figure 11 shows the PL spectra of the samples without
and with the facet-Al(gGago,N layer. These results show
that the facet-AlyosGago,N layer is useful for growing
high-quality Al sGago,N on (100) B-Ga,O; substrate.

2500 @
S 2000
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ot
E 1500
= B
T 1000 LJ
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without facet-Al  Ga, N with optimized facet-Al  Ga N

Figure 10 XRC FWHM of Alo'ogGaolgzN without and with fac-
et-AlysGagg,N formed by substrate thermal annealing at
950 °C.

}'RGaMZN with optimized facet-Al Ga N

Al Ga N without facet-AloiosGao_”N

0.08

/
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—
350 400 450 500 550
Wavelength (nm)

Figure 11 PL spectra of Aly3Gago,N without and with facet
sample formed by thermal annealing at 950 °C.

4 Conclusion The thermal annealing of B-Ga,O; sub-
strate at 950 °C led to the form ation of GaN and
Al ¢sGay 9N having an inclined facet covering whole sur-
faces, resulting in high-quality GaN and Al ¢sGag 9N on -
Ga,0; substrates. The facet-controlled method with B-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Ga,0; substrates is useful for high-efficiency vertical UV
LEDs in the future.
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The dependence of the critical thickness for the introduction of misfit dislocations in a GalnN/GaN heterostructure system on the dislocation
density in the underlying GaN layer was investigated using in situ X-ray diffraction (XRD), ex situ scanning electron microscopy, and transmission
electron microscopy analyses. The critical thickness for the introduction of misfit dislocations in the GalnN layer was found to significantly depend
on the dislocation density in the underlying GaN layer. Notably, on the basis of the in situ XRD results, a reliable critical thickness for obtaining
misfit-dislocation-free growth was determined. © 2015 The Japan Society of Applied Physics

1. Introduction

GalnN ternary alloys have bandgaps extending from less
than 0.65 to 3.4eV, and therefore are used as active layers
in commercially available visible-light-emitting devices."
There are many interesting features that render these nitride
semiconductor alloys particularly useful as efficient light
emitters. In addition, these materials are also useful in high-
conversion-efficiency solar cells.>™ Most devices employing
GalnN films are fabricated on GaN, because the growth of
thick GalnN films with high crystallinity on substrates other
than GaN is very difficult. Several studies were previously
conducted to elucidate the mechanism by which defects
form via strain relaxation in GalnN/GaN heterostruc-
tures,® 'V because it is necessary to minimize defect for-
mation in order to improve device performance. However,
current understanding of the critical layer thickness at which
misfit dislocations (MDs) are introduced in GalnN/GaN
heterostructures is insufficient. For example, the reported
values for the critical thickness in GalnN/GaN heterostruc-
ture systems vary widely. In addition, the relationship
between the threading dislocation (TD) density in the under-
lying layer and critical thickness is unclear. We previously
reported the results of in situ X-ray diffraction (XRD)
analyses of GalnN films during metal organic vapor phase
epitaxy (MOVPE).'>! By comparing these results with
ex situ characterization data, such as transmission electron
microscopy (TEM), cathode luminescence, atomic force
microscopy, scanning electron microscopy (SEM), and
XRD reciprocal mapping results, we found that it is possible
to accurately observe the relaxation process that occurs
in GalnN by analyzing the full width at half maximum
(FWHM) of the in situ GalnN XRD spectrum.

In the present study, the critical thickness of introduced
MDs in GaIlnN/GaN heterostructure systems as a function of
the TD density in the underlying GaN layers was investigated
using in situ XRD and ex situ analyses. The results indicated
that the critical thickness for the introduction of MDs in
the GalnN films depended significantly on the dislocation
density in the underlying GaN layers.

2. Experimental procedure

GalnN samples were grown on c-plane sapphire and
freestanding GaN substrates by MOVPE (Taiyo Nippon

115501-1

Sanso GRC-230X) with a face down 2-in. X 3-wafer system
(horizontal flow). Trimethylgallium, triethylgallium (TEG),
trimethylindium (TMI), and ammonia were used as the
Ga, In, and N source materials for the growth of GaN and
GalnN. For the sapphire substrate (~330um), the GalnN
samples were fabricated on an approximately 3-um-thick
GaN template grown using a low-temperature buffer layer.
The TD densities of the GaN template and free standing GaN
substrate (~330um) were approximately 3 x 103cm™ and
less than 3 x 10°cm™2, respectively. After the growth of a
1-um-thick homoepitaxial GaN layer at 1,050 °C on the GaN
substrate or template using H, as the carrier gas at 933 hPa,
each sample was cooled to 730-800 °C and the carrier gas
was changed to N,. A GalnN layer was then grown on
each homoepitaxial GaN layer. The InN mole fraction in the
GalnN film was varied from 0.1 to 0.22 by adjusting the
growth temperature. The mole ratio of TMI to TEG during
GalnN growth was fixed at approximately 0.67.

The GalnN films with symmetric (0002) Bragg diffractions
were evaluated using an in situ XRD system. The MOVPE
apparatus was equipped with a Be window that served as a
viewport for the passage of X-rays, which were focused on
the sample surface using a Johansson curved crystal mirror.
Using this method, the incidence angle of X-rays could be
changed without moving the X-ray source. Moreover, the
diffracted X-rays were detected using a one-dimensional
charge-coupled device, allowing for the detection of the
scattered X-rays without moving the substrate or detector.
With this configuration, the system realized the equivalent of
a (0002) 260/w scan in 1s during the rotation of the wafers
without requiring the use of an analyzer crystal. Furthermore,
the 26 value was calibrated on the basis of the GaN peak.
Although the resolution slightly decreased compared with
that of a conventional XRD system, the equivalent of a
(0002) 20/ scan at a resolution of 1arcsec was possible.
It is also noteworthy that the tilt mosaicity of the crystals
was reflected in the spectrum because an analyzer crystal
was not used. Therefore, the evaluation of the FWHM
data obtained for crystalline dislocations using this in situ
XRD system provided information on both dispersion in
the lattice constant ¢ and tilt mosaicity. The GalnN sur-
face structures and defects close to the GaInN/GaN
heterointerface were also evaluated using SEM and TEM,
respectively.

© 2015 The Japan Society of Applied Physics
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Fig. 1. (Color online) Typical in situ XRD FWHMs of the Gag g7Ing 13N
films on GaN templates and substrates.

3. Results and discussion

Figure 1 shows typical in situ XRD FWHMs for the
Gag g7Ing ;3N films on the GaN templates and substrates.
Each FWHM was determined by fitting a pseudo-Voigt func-
tion for each in situ XRD spectrum. The simulated FWHM
values obtained using the X’pert Epitaxy 4.0a program!'#
(typical X-ray analysis software) are also presented. The
FWHMs for the Gag g7Ing 13N films decreased with increasing
film thickness during the initial growth stage. This result
nearly matched the simulated results. However, the exper-
imental results deviated from the simulated results with
respect to the increase in film thickness. Inflection points
were also observed in the experimental data. To clarify these
inflection points, which are hereafter referred to as hc,
each FWHM curve was differentiated as a function of film
thickness. The behavior of the FWHM for the Gagg7Ing 13N

film on the GaN template was considerably ably different
from that for the film on the GaN substrate; the hc for the
GalnN film on the GaN substrate (100nm) was approx-
imately twice that for the GaInN film on the GaN template
(55 nm).

To investigate these phenomena, GajgsIng 3N samples
with different thicknesses on GaN templates and substrates
were investigated using ex situ characterization techniques.
Figures 2 and 3 show the plan-view TEM images, plan-view
SEM images, and proposed growth models for the Gagg7-
Ing 13N samples of different thicknesses on the GaN templates
and substrates, respectively. As can be seen in these figures,
significant differences were observed with increasing film
thickness.

In the Gapg7Ing 13N samples on the GaN templates, many
growth pits were observed in the plan-view SEM images
from the initial growth stage. In addition, many TDs in the
GalnN sample were observed in the GaN underlying layer in
the plan-view TEM images. However, no MDs were detected
in the 40- and 80-nm-thick Gagg7Ing 3N films on the GaN
templates in the plan-view TEM images. Note that it was
possible to observe the GaN/GalnN interface because the
thickness of each TEM sample was approximately 250 nm.
The lack of any MDs in the 80-nm-thick Gagg7Ing 3N film
on the GaN template was also confirmed via cross-sectional
TEM analysis. Therefore, lattice relaxation introduced by
MDs did not occur in the GagpgsIng 3N films on GaN
templates with thicknesses up to 80 nm. Moreover, the origin
of the growth pits was found to be the TDs in the underlying
GaN layer, as reported in Refs. 7 and 15. In contrast, only
a + c-type MDs along the (1100) direction close to the
Gag g7Ing 13N/GaN heterointerface, which were induced by
slips along the (1123) direction in the {1122} plane
system,'® were observed in the 110-nm-thick Gagg;7Ing 3N
sample. The components of the MDs were characterized via
dark-field cross-sectional TEM analysis. Only these a + c-
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Fig. 2.
GaN templates.
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(Color online) Plan-view TEM images, plan-view SEM images, and proposed growth model for Gayg7Ing 13N samples of different thicknesses on
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type MDs were also observed in the 170-nm-thick Gagg7-
Ing 13N sample, although at a higher density than that in the
110-nm-thick film. Both a-type and a + c-type MDs were
observed in the 250-nm-thick Gag g;7Ing ;3N sample. Notably,
the hc identified in the in situ XRD analysis matched the
appearance of the a + ¢-type MDs. Finally, these trends and
relaxation processes were similar even when the InN molar
fraction in the GalnN film was 0.17 (see below).

Notably, for the Gayg7Ing 13N samples on the GaN sub-
strate, growth pits and MDs were not observed during the
initial growth stage up to a Gagg7Ing 13N thickness of 50 nm.
The growth pits did not appear because the TD density in the
GaN substrate was much lower. On the other hand, a + c-
type MDs were observed in the 70-nm-thick Gagg7Ing 13N
sample, and a-type MDs were detected in addition to a + c-
type MDs in the 200-nm-thick Gagg7Ing 3N sample. In
addition, many growth pits were seen in the plan-view SEM
image of this Gayg7Ing 13N sample. Also, the photolumines-
cence intensity from GalnN films at room temperature
rapidly decreased after the introduction of MDs in both
cases on the GaN substrate and template.

These results indicated that the GalnN films on the GaN
substrates underwent a relaxation process similar to that for
the films on the GaN templates, even though the growth pits
appeared at the initial growth stage for the GalnN films
on the GaN templates. Notably, the appearance of hc was
consistent with the introduction of the a + ¢-type MDs in
both GaN templates and substrates. Note that the symmetric
(0002) Bragg diffraction was measured via in situ XRD.
Because the FWHM of this diffraction is dependent on the tilt
component, it is reasonable for the FWHM to increase when
a + ¢ type-MDs are introduced. Thus, we concluded that hc
indicates the critical thickness at which a + ¢ type-MDs are
introduced.

Next, the critical thickness for the introduction of a + ¢
type-MDs for various InN molar fractions was investigated.
Figure 4 shows the critical thickness for the introduction
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(Color online) Plan-view TEM images, plan-view SEM images, and proposed growth model for Gagg7Ing 13N samples of different thicknesses on
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Fig. 4. (Color online) /¢ of GalnN films on GaN templates and substrates
as a function of InN molar fraction. The results of theoretical calculations
performed using data in Refs. 11, 17-19 are also shown.

of a + ¢ type-MDs (hc) in the GalnN films on both GaN
templates and substrates as a function of InN molar fraction.
The results of theoretical calculations obtained using the data
in Refs. 11, 17-19 are also included in the figure. It can be
seen that the critical thickness for the introduction of a + ¢
type-MDs in the GalnN films depended strongly on the
dislocation density of the underlying GaN layer. This dif-
ference is due to the appearance of the growth pits in the case
of the GaN template. It is possible that a fraction of the strain
energy is released as a consequence of the formation of the
growth pits, because it is thought that the strain energy
required for the introduction of the MDs in the GaN template

© 2015 The Japan Society of Applied Physics
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increased with critical thickness. However, note that the
growth pits generated thinner films on the GaN templates. In
addition, because the growth pits cause significant negative
effects with respect to device performance, GaN substrates
are advantageous when fabricating devices. Furthermore, the
experimental results for the GalnN films on the GaN sub-
strates closely agreed with the calculated results obtained
using the theory of Fischer et al.'” This theory considers
the interaction between dislocations, in contrast to the other
theories. Therefore, we concluded that this theory is the
most applicable since GaN films have many dislocations.
Therefore, it is preferable to use this theory when designing
GalnN/GaN heterostructure systems for device applications
based on the introduction of @ + ¢ type-MDs.

4, Conclusions

We investigated GalnN/GaN heterostructures on underlying
GaN layers with different dislocation densities using both
in situ XRD and ex situ characterization techniques. It was
demonstrated that the critical thickness for the introduction
of a + ¢ type-MDs can be obtained via in situ XRD analysis.
In addition, the critical thickness for the introduction of @ + ¢
type-MDs in GalnN was found to depend strongly on the
dislocation density in the underlying GaN layer.
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We optimized p**-GalnN/n**-GaN tunnel junctions grown on conventional light-emitting diodes, corresponding to n—p—-n structures. We
investigated two dependences at the tunnel junctions, the InN mole fraction dependence and a doping dependence. The lowest voltage drop at
the reverse-biased tunnel junction was 0.68V at 20mA with a 3nm p**-GagglngaN (Mg: 1 x 102°cm=23)/30nm n**-GaN (Si: 4 x 10%° cm=3)
structure. We then found that the Mg memory effect was reasonably suppressed by using the p**-GalnN instead of a p**-GaN. At the same time,
the amount of Si doping in the following n**-GaN should be substantially high to overcome the Mg memory effect.

© 2013 The Japan Society of Applied Physics

1. Introduction

The tunnel diode was invented by Esaki in 1958." While the
diode shows a negative resistance under forward bias, the
diode shows an ohmic characteristic, not a rectification char-
acteristic under reverse bias. Therefore, the reverse-biased
tunnel junction can be a low-resistive-current path from an
n-layer to a p-layer, resulting in greater flexibilities for current
injection. There are some devices utilizing the reverse-biased
tunnel junctions. For example, multijunction solar cells,?
multijunction LEDs,*> and vertical cavity surface-emitting
lasers®® with current confinement are realized.

In nitride semiconductors, one of the remaining issues is
a low hole concentration, resulting in a high resistivity of
p-type layers.!™!) A typical hole concentration in p-GaN is
at most 1 x 108 cm™3,'? and the resistivity is over 1 Q cm,
which is 100 times higher than the resistivity of n-GaN.
These poor characteristics cause high operating voltages
and low hole injection efficiencies, leading to poor device
performances. This situation is even worse for larger band-
gap materials, e.g., AlGaN, which are important materials
for UV regions.l3’14) Therefore, if nitride semiconductor
tunnel junctions are obtained, extensive performance im-
provements of nitride semiconductor devices are expected.
So far, a few reports on the nitride semiconductor tunnel
junctions have been published.'>™!”) The voltage drop at the
tunnel junction is still high, over 1V for some current flow,
and there are no systematic reports on the optimum structure
of the nitride semiconductor tunnel junctions. We then focus
our attention to GalnN because GalnN has a small band gap
energy, a high hole concentration,?*>® and potentially large
polarization field due to the piezoelectric effect.?*>® In this
study, we investigate the InN mole fraction dependence
of p**-GalnN layers in the tunnel junctions. The reverse-
biased tunnel junctions are characterized with n—-p-n LED
structures consisting of the tunnel junctions and the con-
ventional LEDs. In addition, Mg and Si doping dependences
of the voltage drops at the tunnel junctions are investigated.
On the basis of obtained results, influences of a Mg memory
effect on the tunnel junction characteristics are discussed.

2. Experimental Methods

All the samples were grown on c-plane sapphire (0001)
substrates by low-pressure metal organic vapor phase
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n*-GaN contact layer
top n-GaN (500nm)
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Fig. 1. (Color online) Schematics of the n—p—n LED structure with the
tunnel junction.

epitaxy (MOVPE). For the growth of the nitride semicon-
ductor tunnel junctions, triethylgallium (TEGa), trimethyl-
indium (TMIn), ammonia (NHj3), and nitrogen were used
as the Ga, In, and N sources and a carrier gas, respectively.
We also used ethyl-bis(cyclopentadienyl)magnesium (Et-
Cp2Mg), and silane (SiH4) as dopant precursors for p- and
n-type layers.

As shown in Fig. 1, the n—p—n structure where the tunnel
junction was grown on the conventional LED structure was
fabricated to evaluate the reverse-biased tunnel junction in
a device geometry. The structure consists of a GaN low-
temperature-deposited buffer layer (LT-GaN),?” an undoped
GaN layer, a bottom n-GaN layer, GalnN/GaN multiple
quantum wells (MQWs), a p-AlGaN electron blocking layer,
a p-GaN layer, the tunnel junction (p**-Ga;_,In,N/30nm
n™t-GaN), a top n-GaN layer, and a n*-GaN contact layer.
We prepared a total of seven different samples as shown in
Table I. The first sample series (Sample 1 to Sample 3) is
for the study of InN mole fraction dependence in the p**-
GalnN layers. The InN mole fraction was controlled by
TMIn supply on/off and growth temperature, and calibrated
by X-ray diffraction pattern measurements. Furthermore, the
thickness of the p**-GalnN layer was adjusted according to
the InN mole fractions to satisfy the condition of below the
critical thickness.”®?” The second sample series (Sample 3

© 2013 The Japan Society of Applied Physics
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Table I. InN mole fractions, thicknesses, and Mg concentrations of the
p™"-GalnN in the tunnel junctions. Si concentrations in n**-GaN are also
shown.

InN mole Thickness Si concentration Mg concentration

fraction (nm) (cm™) (cm™3)
Sample 1 0 7.5 3 x 102 1 x 102
Sample 2 0.1 7.5 3 x 10% 1 x 102
Sample 3 0.2 3 3 x 107 1 x10%°
Sample 4 0.2 3 3 x 10%° 2 x 107
Sample 5 0.2 3 3 x 102 5 x 101
Sample 6 0.2 3 6 x 102 1 x 102
Sample 7 0.2 3 1.5 x 10%° 1 x 102

to Sample 7) is for the Mg and Si doping dependences in the
tunnel junctions. Doping concentration was controlled by
adjusting the SiH4 and Et-Cp2Mg flows, and calibrated by
secondary ion mass spectrometry (SIMS).

A specific thermal annealing for Mg activation in the
samples was carried out in the LED fabrication process.
High temperature (725°C) and a long (30min) thermal
annealing from etched sidewalls of the p-layers under
oxygen ambient were required for sufficient Mg activation.
Details can be found elsewhere.’” After the annealing, top
and bottom n-electrode pads (Ti/Al/Ti/Au) were evapo-
rated simultaneously by a standard lift-off technique. Since a
low-resistivity top n-GaN layer exists at the surface unlike
the conventional LED, no conductive transparent electrode
is required. A conventional LED with a p-contact layer and
a Ni/Au semitransparent electrode was also prepared to
compare it with the LEDs containing the tunnel junctions.

The Mg and Si doping depth profiles of the samples were
measured by SIMS. Surface morphologies of the LEDs with
the tunnel junctions were characterized by an atomic force
microscope (AFM). In addition, interfaces at the tunnel
junctions were observed by scanning transmission electron
microscope (STEM). Current—voltage (I-V) characteristics
were then measured with 300 um? LEDs. Emission patterns
of the LEDs were also observed at the injected current of
50mA.

3. Results and Discussion

3.1 InN mole fraction dependence of p**-GalnN in tunnel
junctions

Figures 2(a)-2(c) show bird’s-eye-view AFM images of the
LEDs with tunnel junctions having different InN mole
fractions in p™*-GalnN layers (Samples 1-3). The InN mole
fractions in Figs. 2(a)-2(c) are 0, 0.1, and 0.2, respectively.
Surface roughness values of these samples are lower than
0.2nm as the root-mean-square value. This value is similar
to that of the conventional LED. In addition, Fig. 3 shows
a cross-sectional STEM image of the LED with the 3nm
ptT-Gagglng,N tunnel junction (Sample 3). Even though
the tunnel junction was heavily doped (more than 1 x 10%
cm™3), smooth interfaces similar to those of the MQWs were
obtained.

Figure 4 shows [-V characteristics of the three LEDs
with the tunnel junctions and the conventional LED. The
operating voltages of the LEDs with the tunnel junctions
were 6.20, 4.60, and 4.38 V at 20 mA for 0, 0.1, and 0.2 InN
mole fractions in the p™*-GalnN layers, respectively, while
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RMS=0.19nm

Fig. 2. (Color online) Bird’s-eye-view AFM images (5 x 5um?) of the
surface for the LEDs with the p™*-GaInN tunnel junctions with different
InN mole fractions: (a) 0, (b) 0.1, and (c) 0.2.

top n-GaN layer(500nm)
+
n-GaN layer(30nm)
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p-GaN{100nm)

p-AlGaN(20nm)

GalaN{3nm)/GaN(13nm)
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Fig. 3. Cross-sectional STEM image of the LED with the 3nm p*+-
Gap gIng,N tunnel junction.

Fig. 4.

(Color online) Emission patterns of the LEDs with the p*+-
GalnN tunnel junctions with different InN mole fractions: (a) 0, (b) 0.1, and
(c) 0.2. The case of conventional LED is also shown for comparison.

that of the conventional LED was 3.60 V. Since the struc-
tures underneath the tunnel junctions are the same as the
conventional LED structure, the differences in voltages from
the conventional LED correspond to the voltage drops at the
reverse-biased tunnel junctions. Therefore the voltage drops
at the tunnel junctions are 2.65, 1.03, and 0.78 V at 20 mA
for 0, 0.1, and 0.2 InN mole fractions in the p™+-GalnN
layers, respectively. The results clearly indicate that the
pTT-GalnN layers contribute to the drastic reductions in
voltage drops at the tunnel junctions. Figure 5 shows the

© 2013 The Japan Society of Applied Physics
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Fig. 5. (Color online) I-V characteristics of the three LEDs with p*+-
GalnN tunnel junctions with different InN mole fractions. The conventional
LED result is also plotted.

emission patterns of the three LEDs with the tunnel
junctions and the conventional LED. The conventional
LED shows a uniform emission pattern since the current is
spreading at the semitransparent electrode. Similar uniform
emission patterns were also observed from the LEDs with
the tunnel junctions. The result indicates that good current
spreading at the top n-GaN was achieved and uniform tunnel
junctions were formed.

Figure 6 shows Si and Mg doping profiles measured by
SIMS at the tunnel junctions of Samples 1-3. (1-2) x 10%°
cm™ of Mg and 2 x 10* cm™3 of Si were confirmed. We
then found that residual Mg concentrations in the follow-
ing n'*-layers, so-called Mg memory effect, were sup-
pressed using GalnN as the Mg-doped p-layers in the tunnel
junctions. When the InN mole fraction is 0, the residual
Mg concentration in the n**-layer remained high, about
5x 10"”cm™. On the other hand, with the Mg-doped
ptT-GalnN layers, the residual Mg concentration steeply
decreased to 1 x 10" cm™ in the subsequent n™*-GaN
layers. At least we can say that the existence of the In
atoms on the surface should play an important role in
the suppression of the residual Mg incorporation. Further
investigation is necessary to clarify the mechanism.

3.2 Doping concentration dependence in tunnel junction
In order to further investigate the influences of the Mg
memory effect, additional LEDs with x2 and x1/2 doping
concentrations (Samples 3 to 7) were -characterized.
Figures 7(a) and 7(b) show [-V characteristics of the Si
and Mg doping dependences for the LEDs with the tunnel
junctions. The operating voltages of the LEDs are greatly
influenced by the amount of Si doping. Especially in the
case of x1/2 Si doping case (Sample 7, Si: 1 x 10 cm™3),
the voltage drop at the tunnel junction was markedly
increased. Note that the residual Mg concentration in the
nTt-GaN was still high especially at the interface, some
amount of Si could be easily compensated, resulting in the
high voltage drop due to the wider depletion region.
Actually, the x2 Si doping sample (Sample 6, Si: 4 x
102 cm™3) showed further improvement, indicating that
a higher Si concentration within the range used in the
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Fig. 6. (Color online) Mg and Si doping profiles measured by SIMS in
the LEDs with p**-GaInN tunnel junctions with different InN mole
fractions.
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Fig. 7. (Color online) /-V characteristics of (a) Mg and (b) Si doping
dependences for the LEDs with the tunnel junctions.

experiment is better. Interestingly, the voltage drop was
almost independent of the amount of Mg doping within the
range in the experiment. Several reasons are considered. A
larger Et-Cp2Mg flow could result in a large amount of Mg
incorporated, but with a more severe Mg memory effect at
the same time. Alternatively, the polarization field due to the
piezoelectric effect may be more dominant than the built-in

© 2013 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 52 (2013) 08JH06

M. Kaga et al.

field with the impurity doping. Further investigation will be
necessary to clarify the reason.

Eventually, the lowest voltage drop at the tunnel junction
was 0.68 V at 20mA obtained by optimizing the InN mole
fraction and doping concentration, at which the resistance
corresponds to 34 Q2. This is one of the lowest values of
the nitride-based tunnel junctions reported so far. It is still
necessary to further reduce the voltage drop for practical
uses. A couple of further optimizations, such as reduction of
hetero barrier spikes between GalnN and GaN with graded
layers, the position of GalnN layer (currently only the p**-
side), and the profile of the Si doping, are expected.

4. Summary

In summary, we have demonstrated the n-p-n LED
structures with the p™*-GalnN/n*"-GaN tunnel junctions.
By employing the 3nm p**-Gagglng,N/heavily Si-doped
30nm n**-GaN tunnel junction, we obtained a very low
voltage drop at the tunnel junction (0.68 V at 20mA). We
found that the Mg memory effect was reasonably suppressed
using the p™*-GalnN layer in the tunnel junctions. At the
same time, the amount of Si doping in the subsequent
n™t-GaN should be substantially high to overcome the Mg
memory effect. We found that it is essential to suppress the
Mg memory effect in order to obtain low-resistivity tunnel
junctions.
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We systematically investigated metalorganic vapor phase epitaxy (MOVPE) growths of AIN layers with trimethylgallium (TMGa) supply on sapphire
substrates at 1100—1250 °C. We found that Ga incorporations into the AIN layers contributed to smooth surfaces covered with step terraces at the
early stage of the Al(Ga)N growth. In addition, a GaN mole fraction leading to the smooth surfaces was found to be around 2—3% at the beginning
of growth. The Ga supply during the AIN layer growth at 1150 °C provided very smooth Alyg9Gag 01N layers on sapphire substrates.

© 2017 The Japan Society of Applied Physics

1. Introduction

Nitride-based deep ultraviolet light-emitting diodes (DUV-
LEDs) are expected to be utilized in various applications
of medical and industrial fields. In order to fabricate the
DUV-LEDs, an AIN layer on a sapphire substrate is used
as a template. Originally the AIN epitaxial growths were
performed around 1100 °C,'® but later on high quality AIN
templates for efficient DUV-LEDs have been achieved by
growing at above 1400 °C.*'D At the same time, some issues
have been arose related to such a high growth temperature for
AIN. First, the wafer bowing caused by the high growth
temperature, deteriorates wafer uniformity and yield.'>!®
Second, metalorganic vapor phase epitaxy (MOVPE) reactors
require specialized heaters and growth chambers for the high
growth temperature. In addition to that, some quartz and
carbon parts in the reactor must be frequently replaced due to
the damages caused by the high growth temperature.

If high quality AIN layers can be grown at low temperature,
the above issues will be solved. So far high quality AIN layers
grown at temperatures below 1200 °C have been attempted
with various methods,'*2? such as NH;3 pulsed injection
and/or migration enhanced epitaxy (MEE).?!>% Recently, it
was also reported that a Ga supply during the AIN growth
contributed to smooth surfaces of the AIN layers.”>~2” The Ga
supply during the AIN growth could enhance surface migra-
tion of surface adatoms which leads to the two dimensional
growths. However, only a single sample was investigated
in each case, and so far systematic investigations, such as
growth parameter dependences or mechanism regarding the
effect of Ga in the AIN layer, have not been carried out.

In this study, we systematically investigated growths of
AIN layers under low growth temperature down to 1100 °C
by supplying Ga with various Ga/IIl supply ratios. The
Aly97Gag 3N layers with smooth surfaces were obtained by
growing even at low growth temperature, 1100-1200 °C. A
correlation between the smooth surface of the AlGaN layer
and the GaN mole fraction was clarified. We also evaluated
the material qualities of the Alyg9Gag N layers.

2. Experimental methods

All the samples in this study were grown on c-plane sapphire
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substrates with a nitridation process by MOVPE.?83% The
nitridation process was carried out along the following
procedure. First, NH; was introduced into the MOVPE
reactor when a substrate temperature was room temperature.
Then the substrate temperature was ramping up from room
temperature to 1100 °C for 10 min and was held for 1 min
with the NH; flow. Note that no thermal etching under
hydrogen was done for a sapphire substrate. After the
nitridation, a 50nm AIN buffer layer and an 80nm AIN
intermediate layer were grown at 1100 °C and 1100-1250 °C,
respectively. The intermediate layer was used in order to
obtain better crystal quality of a main AIN layer grown on
the intermediate layer.'” While the growth rate and the V /III
ratio for the buffer layer were 3.0 pm/h and 3.9, those for
the intermediate layer were 0.4 um/h and 62, respectively.
Finally a 1.8um main AIN layer was grown at the same
temperature of the intermediate layer (1100-1250°C) with
and without trimethylgallium (TMGa) supply. The growth
rate of the main AIN layer was 1.8 um/h. The Ga/III supply
ratio was varied from O to 0.3. In addition, in order to
investigate the surface morphology evolution during the main
AIN growth, the samples with various thicknesses of the
main AIN layer (from O to 4.3 um) grown at 1150°C were
also prepared.

Surface morphologies of the samples were observed by
atomic force microscopy (AFM). A Ga depth profile in the
4.3 um Al(Ga)N layer with TMGa supply was measured by
secondary ion mass spectrometry (SIMS). GaN mole frac-
tions and crystal qualities in the samples were estimated by
X-ray diffraction (XRD) patterns. Threading dislocations in
the 4.3 um AIN layer with TMGa supply were observed by
transmission electron microscopy (TEM).

3. Results and discussion

Figure 1(a) shows the 10 X 10 um? AFM images of the main
AIN layers grown under various growth temperatures (1100,
1150, 1200, and 1250 °C) with various Ga/IIl supply ratios
0, 0.1, 0.18, and 0.3). Figure 1(b) also shows the AFM
images of the main AIN layers grown at 1100 °C with small
Ga/III supply ratios (0.01-0.03). It was found in the case
without TMGa supply that the low growth temperatures
(1100 and 1150°C) resulted in rough surfaces with small

© 2017 The Japan Society of Applied Physics
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Fig. 1. (Color online) (a) 10 x 10 um?> AFM images of the main AIN
layers grown under various growth temperatures (1100, 1150, 1250, and
1250 °C) with various Ga/III supply ratios (0, 0.1, 0.18, and 0.3), and

(b) 10 x 10 um? AFM images of the main AIN layers grown at 1100 °C with
small Ga/III supply ratios (0.01-0.03).

columnar crystals with hexagonal (1150°C) or circular
(1100 °C) shapes, and high growth temperatures (1200 and
1250 °C) resulted in step bunching with wide flat terraces.
While no effect of TMGa supply was observed on the
surfaces of the samples grown at 1250°C, very smooth
surfaces were obtained from the samples grown at 1100,
1150, and 1200 °C with different Ga/IIl supply ratios, 0.03,
0.10, and 0.18, respectively. The images showed atomically
flat surfaces with the steps but almost no columnar crystals or
step bunching, which RMS values were less than 0.3 nm.
Interestingly, too large Ga/IIl ratios also caused rough
surfaces.

We then investigated surface morphology evolutions
during the growth of the main AIN layer up to 4.3 um,
respectively. Figures 2(a) and 2(b) show a GaN mole fraction
profile measured by SIMS in the 4.3 um main AIN layer
grown at 1150°C with 0.10 Ga/III supply ratio, and AFM
images of the surfaces of the main AIN layers with different
layer thicknesses from 0O to 4.3 um. Note that the O pm sample
corresponded to the sample showing the AIN intermediate
layer surface [Fig. 2(b)(i)]. The SIMS result reveals that
the GaN mole fraction at the very beginning of the AIN
main layer was high, 2.1%. Then the GaN mole fraction
was decreased down to 1.2% within the first 1.3 um thickness,
resulting in a graded layer. After that, the GaN mole fraction
remained constant, 1.2%. In other words, the two AlGaN
layers, (the graded layer and the constant layer), were
automatically formed even under the same growth condition.
In addition, AFM images indicated that the surfaces became
smooth (RMS values: 8.57 to 0.13 nm) during the first 1.3 um
layer, which was coincident with the thickness of the graded
AlGaN layer. After the first 1.3um layer, the surface
smoothness was kept to be the same up to 4.3 um. These
results suggest that TMGa supply was very useful to form
smooth surface of the main Al(Ga)N layer.
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Fig. 2. (Color online) (a) a GaN mole fraction profile measured by SIMS

in the 4.3 um main AIN layer grown at 1150 °C with 0.10 Ga/III supply ratio,
and (b) 1 x 1 um? AFM images of the surfaces of the main AIN layers with
different layer thicknesses, (i) O um (the intermediate layer), (i) 0.5 um,
(iii) 0.9 um, (iv) 1.2um, (v) 2um, and (vi) 4.3 um.

(@ (b)
AIN template layer

AIN without
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Graded AlGaN with
TMGa supply (1.3pum)

AIN intermidiate laver
AIN buffer layer

RMS : 0.14 [nm]

c-plane sapphire

Fig. 3. (Color online) (a) the sample structure and (b) a 10 x 10 pm2 AFM
image of the sample.

In order to further investigate the effect of Ga atoms for
the growth of the smooth AlGaN layer, another sample con-
sisting of the first 1.3 um main graded AlGaN with TMGa
supply and the second 0.5um main AIN without TMGa
supply was prepared. Figures 3(a) and 3(b) show the sample
structure and the AFM image of the sample. We clearly
observed a very flat surface which was similar to that of the
sample with TMGa supply during all the growth of the main
AIN layer [Fig. 1(a) 1150°C for growth temperature
and 0.10 for Ga/IIl supply ratio], indicating that TMGa
supply plays an important role in the first 1.3 um layer for the
smooth surface.

Next, we estimated the GaN mole fractions in the main
AIN layers grown under various growth temperatures and
various Ga/IIl supply ratios. Figure 4(a) shows (0002) 20/w
XRD patterns of the main Al(Ga)N layers grown at 1150 °C
with various Ga/III supply ratios. While a single main peak

© 2017 The Japan Society of Applied Physics
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Fig. 4. (Color online) (a) (0002) 20/ XRD patterns of the main AIN

layers grown at 1150 °C with various Ga/III supply ratios, and (b) GaN mole
fractions of the very bottom part in the graded AlGaN layer as a function of
Ga/III ration and growth temperatures.

was observed from the AIN layer grown without TMGa
supply, two peaks were observed from the main AIN layers
grown with TMGa supplies. From the SIMS results shown in
Fig. 2(a), the two peaks of XRD patterns should correspond
to the two AlGaN layers, the first 1.3 um graded AlGaN layer
and the second 0.5 um constant AlGaN layer. A peak at a
larger angle (lower GaN mole fraction) should correspond
to the second constant AlGaN layer and a peak at a smaller
angle (higher GaN mole fraction) should correspond to the
part of the highest GaN mole fraction in the first graded
AlGaN layer, that is the very bottom part of the graded
AlGaN layer. Furthermore, with an increase of the Ga/IIl
supply ratios, the two peaks were shifted to a lower angle
side, meaning that larger Ga incorporation was obtained with
an increase of the Ga/IIl supply ratio. We then plotted the
GaN mole fractions of the very bottom part in the graded
AlGaN layer as a function of Ga/Ill ratio and growth
temperatures in Fig. 4(b). Coincidently the three smooth
surfaces observed by AFM were obtained in the case that the
GaN mole fractions were within 2-3% (indicated with solid
circles) regardless of the growth conditions. In other words,
the results implies that not growth conditions but a certain
GaN mole fraction value seems key factor to obtain smooth
surfaces in the case of adding Ga in the AIN layer.

Finally we investigated material qualities of AlGaN main
layers. Figures 5(a) and 5(b) show XRD @ scans of (2024)
and (1015) planes of two different samples, respectively.
Sample A is the sample grown at 1150 °C, consisting of the
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Fig. 5. (Color online) XRD  scans of (a) (2024) and (b) (1015) planes
of two different samples.

first 1.3 um graded AlGaN with TMGa supply and the second
0.5um main AIN without TMGa supply shown in Fig. 3.
Sample B consisted of the 1.8 um main AIN layer grown at
1250 °C without Ga supply shown in Fig. 1(a). Two peaks
were clearly observed in Sample A due to the existence
of the two layers, the 1.3 um graded AlGaN and the 0.5 pm
AIN, and the narrower peak on the right side corresponds to
the 0.5 um AIN. The FWHMs of the peak from the AIN layer
in Sample A are narrower than those of the peaks obtained
from the Sample B. Figure 6 shows a cross-sectional TEM
image of the 4.3 um AIN layer with TMGa supply (the same
as the SIMS sample in Fig. 2), taken with the reflection
of g =[1120]. In the image, pure edge dislocations and
edge/screw-mixed dislocations are observed, and the esti-
mated dislocation density was approximately 5 x 10°cm™2,
which is comparable to that of the AIN layer grown at
1300°C or higher.3) These results clearly suggest that Ga
supply during the AIN layer growth at less than 1200 °C is
very useful to obtain reasonably high quality AIN layer on
sapphire.

4. Conclusions

We investigated an epitaxial growth of AIN layer with Ga
supply on sapphire at relatively low growth temperature.
Smooth surfaces of the AIGaN layers with the small amount
of GaN mole fractions were obtained even with the low
growth temperature, such as 1100-1150°C. Such smooth
surfaces have been formed during the initial growth of the

© 2017 The Japan Society of Applied Physics
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Fig. 6. A cross-sectional TEM image of the 4.3 um AIN layer with TMGa
supply (Ehe same as the SIMS sample), taken with the reflections of 15)
g =[1120].
16)
AIN filmy layer with the TMGa supply. The Ga incorporation "
could contribute to the promotion of lateral growth in the )
initial growth. We also found that the samples with smooth  1g)
surfaces contained 2-3% GaN mole fractions regardless of
the growth conditions. 19)
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We grew GaNSb layers with H, and N, carrier gases by metalorganic vapor phase epitaxy. We estimated the GaSb molar fraction in a GaNSb layer
grown with H, by Rutherford backscattering spectroscopy. A 0.8% GaSb molar fraction was obtained, which was consistent with the value obtained
by secondary ion mass spectroscopy. We correlated the obtained GaSb molar fraction with the c-axis lattice constant of GaSb estimated from an
X-ray diffraction pattern. We investigated GaSb molar fractions in GaNSb grown with H, and N at various growth temperatures. While GaSb molar
fractions in the H, case showed a plateau at 0.8% at less than 800 °C, those in the N, case increased to 1.1% with a decrease in the growth
temperature to 750 °C. Sb incorporation into GaNSb could be further improved by carrying out growth under N, similar to the case of GalnN

growth. © 2016 The Japan Society of Applied Physics

1. Introduction

Group-III nitride materials, such as AIN, GaN, InN, and
related alloys, have been extensively investigated towards
their use in various applications, such as optoelectronics and
power electronics. For instance, light-emitting and light-
detecting devices covering near-infrared, visible, and ultra-
violet regions are expected since the materials have wide
bandgap regions from 0.7 to 6.0eV. Unfortunately, the
material choices for high-quality nitride-based heterostruc-
tures have been limited because of large mismatches in the
growth temperatures and lattice constants. Whereas a temper-
ature of around 1400°C is necessary for AIN growth by
metalorganic vapor phase epitaxy (MOVPE),'™ In-contain-
ing nitride-based materials must be grown at less than 800 °C
to enable reasonable amounts of In to be incorporated.’™®
Such a huge temperature difference results in poor interface
qualities of the heterostructures. Also, lattice mismatches for
AIN/GaN and InN/GaN are 2.4 and 11%, respectively.>!?
These values are too large to fabricate high-quality hetero-
structures without the generation of dislocations.

Under the circumstances, the use of GaNSb alloys could be
considered to solve the above challenging issues. Antimony
(Sb) is known as a surfactant that enhances the migration
of surface species and increases the critical thickness of
heteroepitaxy in several semiconductor materials. For
instance, Galn(N)As multiple quantum wells (MQWs) grown
on GaAs with Sb supply showed larger critical thicknesses
and better optical qualities.'” Furthermore, GaN layers and
GalnN MQWs grown with Sb supply showed an enhance-
ment in the lateral growth and better optical qualities,
respectively.'?!® Thus, supplying Sb could be effective for
growing high-quality nitride-based materials at low growth
temperatures. Also, since AlGalnSb alloys have large lattice
constants, AlGalnNSb alloys could be new candidates for
lattice-matched heterostructures.

At the same time, group-III nitride alloys are generally
formed by replacing the group-III elements, but research on
nitride-based alloys replaced with other group-V elements is
very limited.'*!” Regarding GaSb molar fractions in GaNSb
alloys, a 4% GaSb molar fraction in a GaNSb layer grown by
molecular beam epitaxy was estimated by Rutherford back-
scattering spectrometry (RBS).'® On the other hand, a 0.05%

05FDO01-1

GaSb molar fraction in a MOVPE-grown sample was
estimated by secondary ion mass spectroscopy (SIMS)
calibrated with an Sb-implanted Si standard sample.'” Thus,
a more precise evaluation of MOVPE-grown GaNSb is
necessary.

In this study, we estimated the GaSb molar fraction in a
MOVPE-grown GaNSb layer by Rutherford backscattering
spectroscopy. Then, we correlated the molar fraction with the
c-axis lattice constant of the same sample measured from X-
ray diffraction (XRD) patterns. We systematically inves-
tigated the carrier gas dependence, H, or N», of GaSb molar
fractions in GaNSb layers grown at various temperatures. We
found that the use of N carrier gas led to some improvements
in Sb incorporations into GaNSb layers, similar to the cause
of GalnN. We also found that a Sb supply is effective for
obtaining smooth surfaces even at a low growth temperature
down to 750 °C.

2. Experimental procedure

All the samples in this study were grown on 3um GaN
templates prepared on c-plane sapphire substrates with the
buffer layers deposited at low temperatures by MOVPE.?”
Then, GaNSb layers were grown on the GaN templates by
MOVPE with an Sb source. Trimethylgallium (TMGa), tri-
methylantimony (TMSb), and ammonia (NH3) were used as
Ga, Sb, and N sources, respectively. During all the GaNSb
epitaxial growths, supply rates of TMGa, TMSb, and NH;3
were fixed at 155umol/min, 548 umol/min, and 152
mmol/min, respectively, resulting in a N/Ga ratio of 980
and an Sb/N ratio of 0.0036. In contrast, the carrier gas and
growth temperature for GaNSb growth were changed. H; or
N, carrier gas was used during the GaNSb growth. Also,
the growth temperature was changed from 650 to 950 °C. The
thicknesses of the GaNSb layer were 500 and 200 nm with H,
and N, carrier gases, respectively. This difference was caused
by the growth rate difference between H, and N, carrier gases.

We then measured the number of Sb atoms in the samples
by RBS and SIMS. XRD patterns of the samples were also
measured. Furthermore, images of the sample surfaces were
obtained by atomic force microscopy (AFM).

3. Results and discussion
The composition of the GaNSb/GaN sample was measured

© 2016 The Japan Society of Applied Physics
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Fig. 1. (Color online) Depth profiles of Sb and Ga compositions in
GaNSb/GaN measured by RBS. The GaNSb layer was grown at 800 °C with
Ho.

by RBS. For the measurement, a 500nm GaNSb layer
was grown on the 3um GaN template with H, carrier gas
at 800°C. Figure 1 shows the measured Ga, N, and Sb
compositions in the GaNSb/GaN sample. Note that C and O
compositions were less than the detection limits in both the
GaNSb and GaN layers. The Ga, N, and Sb compositions in
the GaNSb layer were 0.500 + 0.005, 0.496 + 0.025, and
0.004 + 0.001, respectively. In the bottom GaN layer, Ga, N,
and Sb compositions were 0.500 + 0.005, 0.500 + 0.025,
and 0.000 + 0.001, respectively. While the Ga composition
was consistently 0.500 in both the GaN and GaNSb layers,
the N composition was reduced from 0.500 in GaN to 0.496
in GaNSb. At the same time, the Sb composition was
complementarily increased from 0 in GaN to 0.004 in
GaNSb. Therefore, it is most likely that Sb atoms were
replaced with N atoms in GaNSb. On the basis of these
findings, the GaSb molar fraction in GaNSb was estimated to
be 0.008 + 0.002, in other words, 0.8%.

SIMS measurement was also performed on the same
GaNSb layer. The Sb concentration was found to be 3.4 X
10?! atoms/cm?, which corresponds to a 0.9% GaSb molar
fraction. The value was calibrated with an Sb-implanted GaN
standard sample and determined to be consistent with that
obtained by RBS.

We then measured two XRD patterns of the same GaNSb
sample. Figures 2(a) and 2(b) show a (0002) 260/w XRD
pattern and a (2024) reciprocal space mapping for GaNSb,
respectively. A clear additional peak on the left side of the
GaN peak was observed. Since GaSb has a large lattice
constant, GaNSb should have a larger lattice constant than
GaN, leading to a smaller diffraction angle of (0002) than that
of GaN. Thus, this peak is assigned as a GaNSb peak. In
addition, it is also found that the GaNSb layer was coherently
grown on the bottom GaN template and still fully strained,
as shown in Fig. 2(b). Thus, we determined that the c-axis
lattice constant of the fully strained GaNSb with a 0.8% GaSb
molar fraction on GaN was 5.196 A. Also, the c-axis lattice
constant of GaN was 5.189 A. Note that a weak peak was
also found on the right side of the GaN peak in Fig. 2(a). At
the same time, no corresponding peak was found in Fig. 2(b).
At this moment, the origin of the peak is unknown and
further investigations are necessary. Assuming that there is a
linear relationship between the GaSb molar fraction and the
c-axis lattice constant, we derive

L. =5.189 + 0.875x. 1)
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Fig. 2. (Color online) (a) (0002) 20/w XRD pattern and (b) (2024) RSM
of the GaNSb sample grown at 800 °C with H,.

(a)H . carrier gas
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Fig. 3. (Color online) (0002) 20/w XRD patterns of the GaNSb/GaN
samples grown at various temperatures with (a) H, and (b) Ny.

Here, x is the GaSb molar fraction and L. is the c-axis lattice
constant of GaN;_,Sb,. We later use the equation to estimate
GaSb molar fractions of GaNSb samples grown under
various growth conditions.

Figures 3(a) and 3(b) show (0002) 20/@ XRD patterns of
the GaNSb/GaN samples grown at various growth temper-
atures with H, and N, carrier gases, respectively. GaNSb
peaks were clearly observed on the left side of the GaN peaks
in the samples grown with H; carrier gas at 750 °C and higher.

© 2016 The Japan Society of Applied Physics
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Fig. 4. (Color online) GaSb molar fractions estimated from c-axis lattice
constants of GaNSb layers grown with H, and N», as a function of growth
temperature.

Fig. 5.
with (a) H, and (b) N».

(Color online) AFM images of GaNSb surfaces grown at 800 °C

No peak other than the GaN peak was observed in the sample
grown at 650 °C, meaning that the GaNSb quality was very
poor. On the contrary, broad peaks related to GaNSb were
observed in the samples grown under N, carrier gas. Even
considering the difference in the GaNSb thickness between
the cases of H, and N, the quality of GaNSb grown with N,
seemed to be poorer than that of GaNSb grown with H,.
Next, we estimated GaSb molar fractions from the
measured c-axis lattice constants using the above-mentioned
equation and plotted the results in the cases of H, and N as
a function of growth temperature in Fig. 4. The GaSb molar
fraction in the case of 650°C with H, was measured by
SIMS. Basically, the GaSb molar fractions with H, and N,
similarly increased with a decrease in growth temperature
from 950 to 800°C. This was probably due to lower Sb
desorption from the growth surface at such low growth
temperatures. However, the GaSb molar fraction under H,
carrier gas became saturated at about 0.8% as the growth
temperature was further decreased from 800 to 650 °C. On
the contrary, the GaSb molar fraction with N, was monoton-
ically increased to 1.1% at 750 °C. This value is the highest
GaSb molar fraction obtained in this study. The result
indicates that using N, carrier gas in GaNSb growth seems to
be effective for obtaining higher GaSb molar fractions.
Finally, Fig. 5 shows AFM images of GaNSb surfaces
grown at 800°C with (a) H, and (b) N, carrier gases.
Typically, many pits are observed on the GaN surface grown
at 800 °C owing to insufficient migration. Here, significant
differences appeared in the surface morphologies of the
GaNSb layers. No pits but many hexagonal regions with

growth temperature (800 °C), the surfaces were surprisingly
smooth. Also, small grains were found on GaNSb grown with
N, carrier gas. It seems that Sb acts as a surfactant on the
GaN surface. Thus, further optimization of the growth
conditions of nitride-based materials with Sb supply could
lead to the possibility of high-quality nitride-based materials
and heterostructures being grown at low temperatures.

4. Conclusions

We have grown GaNSb layers with H, and N, carrier gases
by MOVPE. A 0.8% GaSb molar fraction in one of the
GaNSb layers was obtained by RBS. We correlated the
obtained GaSb molar fraction with the c-axis lattice constant
of GaNSb estimated from an X-ray diffraction (XRD) pattern.
The maximum GaSb mole fraction in this study was 1.1%
in GaNSb grown with N, carrier gas at 750°C. Also, a
relatively smooth surface of the GaNSb layer grown with
H, was obtained, probably owing to an Sb surfactant effect.
The use of GaNSb could open up the possibility of growing
high-quality nitride-based heterostructures at relatively low
temperatures.
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We propose moth-eye patterned sapphire substrate
(MPSS) as a solution to improve the light extraction effi-
ciency and to reduce the production cost of LEDs. The
MPSS samples’ surfaces consisted of a triangular grid of
about 375 nm high truncated cones with different pitches
of 460 nm, 500 nm, 600 nm, 700 nm and 800 nm. A
commercially available patterned sapphire substrate
(PSS) and a flat sapphire substrate (FSS) was also used in
the experiments for comparison. According to the cath-
ode luminescence observation, the GaN template on
MPSS with a thickness of 3 pm showed a threading dis-
location density (TDD) of around 1.9 x 10% cm™. Trans-
mission electron microscope observation revealed that

1 Introduction

General illuminations accounts for approximately 16%
of all electricity consumption in households. It is expected
that energy saving rates will increase by the replacement of
existing illumination solutions with next-generation illu-
mination, light emitting diodes (LED) and organic electro-
luminescence (OEL) that have high energy efficiency. This
technique is necessary to make sure that the next-
generation illumination solutions obtain about twice the
luminous efficiency of current fluorescent lamps and to get
the price reduction that is expected to be attained through
the general technology development of next-generation il-
lumination.

LED performance depends on internal quantum effi-
ciency (IQE) and light extraction efficiency (LEE). As for
the blue LEDs, a sufficiently high IQE has already been
achieved. On the other hand, LEE is limited by the total in-

Wiley Online Library

many of the dislocations were bent and disappeared as
loops formed in the vicinity of MPSS cones. On the other
hand, PSS required a GaN template thicker than Sum to
achieve a level of TDD equal to MPSS. The LED on
MPSS with a pitch of 600 nm showed the highest light
output power among the evaluated LEDs as it was 1.89
times higher than that on FSS and 1.05 times higher than
that on PSS. The pitch dependence of the light output
improvement agrees with the pitch dependence of the
simulated transmissivity at the GaN/sapphire interface.

As a result of our comparison, we concluded that MPSS
provides the most cost effective solution for high per-
formance LEDs.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ternal reflection, which is caused by the large difference in
the refractive indexes of the group III nitride based epi-
taxial film and the sapphire substrate. Patterned sapphire
substrates (PSS) using micro-scale patterns and thin film
technology are generally being used in order to address this
problem. This technology is however plagued by wafer
bowing problems that limit the possibility to increase sub-
strate size and suffers from high production costs.

We have proposed that a new approach based on a sub-
micron scale patterned sapphire substrate, the so-called
“moth-eye patterned sapphire substrate” (“MPSS”), should
be used instead. It is a very promising solution which im-
proves the LEE of the nitride-based LEDs [1-6].

MPSS, with its sub-micron scale structure, can, in con-
trast to the PSS, be successfully planarized even when one
uses a relatively thin GaN epitaxial layer.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In this paper, we will make a comprehensive comparison
of LED performance and GaN layer quality on MPSS, PSS
and flat sapphire substrate (FSS).

2 Experimental

The MPSS samples were fabricated by using nano-
imprinting lithography and ICP dry etching. The nano-
imprinting lithography can pattern wafers with a diameter
of up to 6 inches in size. The surfaces of the samples used
in our experiment consisted of a triangular grid of ap-
proximately 375 nm-high truncated cones with different
pitches: 460 nm, 500 nm, 600 nm, 700 nm and 800 nm re-
spectively. The top of the truncated cones were rounded by
hot phosphoric acid etching to improve the crystalline
quality of the GaN layers. A bird’s-eye view SEM image
of an MPSS sample with a 460 nm pitch is shown in Fig. 1.
Commercially available PSS samples with a pitch of 3 um
and 1.5 pum high pointed cones as well as FSS were also
used in the experiments for comparison.

Figure 1 Bird’s-view SEM image of a MPSS with a pitch of 460
nm.

Metal orgnic vapor phase epitaxy (MOVPE) was used for
the nitride layer growth and trimethylgallium, trimethylin-
dium, and ammonia were used as source materials. Fur-
thermore, magnesium and tetra methyl silane were used as
p-type and n-type dopant sources respectively. Prior to
growth, all of the MPSS, PSS and FSS samples were ther-
mally cleaned at 1100 °C in hydrogen gas to get rid of sur-
face contamination.

The GaN templates which consisted of a low temperature
GaN buffer layer and high-temperature undoped GaN layer
were grown on MPSS, PSS and FSS so that we could eval-
uate the crystalline quality of the GaN layer on each sub-
strate. The thickness of the GaN template on MPSS and
FSS was 3 um compared to 5 um on the PSS. The LED
structures were also grown on the templates that consisted
of 3 um thick n-type GaN:Si layer, and a 0.15 um thick p-
type GaN layer. The MQW active layer consists of five
pairs of 3 nm thick GalnN wells and 12 nm thick GaN bar-
riers, respectively. Flip-chip type blue LEDs were fabricat-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ed with an area of 600 um x 500 pm. A combination of an
ITO and an Ag-Pd-Cu alloy (APC) was employed as a p-
electrode and an n-electrode in order to obtain both low
contact resistance and high reflectivity [4, 9].

The LED chips were mounted onto the header without
resin encapsulation. The crystalline quality of the GaN
templates was characterized using X-ray diffraction (XRD),
cathode luminescence (CL) and transmission electron mi-
croscopy (TEM). The light output versus current (L-I) and
the angular intensity distribution of the LEDs were evalu-
ated at room temperature (RT). In addition, we simulated
the transmissivity at the GaN/sapphire interface as a func-
tion of the incidence angle using rigorous coupled wave
analysis (RCWA).

3 Results and discussion

The full width at half maximums (FWHMs) of the XRD
for GaN(0002) and GaN(10-12) on each substrate were as
follows: 236 arcsec and 320 arcsec in case of having a
MPSS with a pitch of 460 nm; 192 arcsec and 290 arcsec
in case of having a PSS; 216 arcsec and 314 arcsec in case
of having a FSS. The thickness of the GaN template on the
MPSS (3 pm) was thinner than that on the PSS and equal
in thickness to that on the FSS, yet did not cause any ad-
versary effects on the crystalline quality nor the surface
morphology of the GaN. Having a thinner GaN layer re-
duces wafer bowing, which opens up for the possibility to
enlarge the size of the wafer. Consequently, wafer bowing
decreased by approximately 10% as we reduced the GaN
thickness from 5 pm to 3 um when growing GaN on sap-
phire substrates with a diameter of 4 inches. In addition,
the epi cost can also be reduced by growing thinner GaN
layers. Furthermore, Fig. 2 shows the CL results after GaN
template growth on MPSS with a pitch of 460 nm and on
PSS, respectively.

Figure 2 Plan view CL image of GaN template on MPSS with a
pitch of 460 nm (a) and that on PSS (b).

The threading dislocation density (TDD) in the GaN tem-
plates on MPSS and PSS were 1.9 x 10° cm™ and 1.58 x
10® em™, respectively. In addition, the TDD of the GaN
templates on MPSS with a pitch of 500 nm, 600 nm and
800 nm were 1.9 x 10° em?, 2.0 x 10°cm™and 2.1 x 10°
cm”, respectively. However, if the bottom diameter of the
MPSS cones with a pitch of 460 nm exceeds 360 nm, the
GaN surface was getting roughened due to the difficulty to
grow cores on c-plane areas. The crystalline quality of
GaN templates on PSS was slightly better than that on
MPSS and FSS substrates. However, it was necessary to

WWW.pss-c.com
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grow more than 5 pm thick GaN layers on PSS in order to
planarize the surface and keep a low dislocation density.
Figure 3 shows a cross-sectional bright-field TEM image
of the GaN template on MPSS with a pitch of 460 nm.
Many of the dislocations were bent and disappeared as
loops formed in the vicinity of MPSS cones. These obser-
vations clearly suggest that the MPSS can provide a quality
equivalent to that of GaN templates with a thinner GaN-
layer compared to that on the PSS.

Sapphire

Figure 3 Cross sectional TEM image of the GaN template on
MPSS with a pitch of 460 nm.

MPSS has an optical wavelength order periodic structure
on a sapphire substrate, utilizing the Bragg diffraction ef-
fect to not only suppress the occurrence of total reflection
in the GaN/sapphire interface, but also extract light with an
incident angle larger than the critical angle. Figure 4 shows
the transmissivity at the GaN/sapphire interface as a func-
tion of the incidence angle simulated by using RCWA [1, 7,
8].

For this simulation we assumed that the cone pattern of the
MPSS consisted of a periodic triangular grid consisting of
fixed truncated cones with a height of 375 nm, a bottom-
diameter of 350 nm and a top-diameter of 150 nm. We
used different cone pitch parameters.

Transmissivity
1 -
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0.5
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Incident angle (degree)
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Pitch of 460nm
—Pitch of 600nm
—Pitch of 800nm
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Figure 4 Calculation of the transmissivity dependence on inci-
dent at the GaN/sapphire interface.

WWW.pss-c.com

The distinct total internal reflection of the light entering in-
to the moth-eye plane disappeared when the incident angle
got higher than 46 degrees. The MPSS do however get a
lower transmissivity within the critical angle, compared to
the FSS and PSS since we get a diffractive reflectance at
the GaN/MPSS interface. The transmissivity does, how-
ever, increase due to the diffraction effect we get at angles
above the critical angle.

6 ‘ ds

Figure 5 A schematic hemisphere used to estimate light extrac-
tion efficiency, LEE.

The following Eq. (3) was used to calculate the overall
transmissivity for each angle between the angles 0 degrees
to 89 degrees. Each variables are described in Fig. 5.

ds= A-B=27r" sin-do, (M)
_ 0° 2 . _ 2
S =, 270 sind-d6=27r" )
T=1/22r"  [°T(6)- 227 -sin6-d0
1
= ["1(0)-5in6 -6 3)
1

r is the radius of a sphere, 7 is the transmissivity of the in-
cident angle & calculated by simulation with RCWA.

The integrated transmissivity increased at incident angles
higher than the critical angle due to Bragg’s diffraction ef-
fect in cones with a pitch of up to 600 nm as shown in Fig.
6. On the other hand, the integrated transmissivity starts to
decrease as the pitch reaches above 600 nm. This occurs
due to the increase of internal total reflection intensity as
the flat areas between the cones widen along with the in-
creasing pitch.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 Calculated transmissivity over the entire solid angle at
the GaN/sapphire interface as a function of the pitch of the cones
by RCWA simulation.

Flip-chip type blue LEDs on MPSS, PSS and FSS with an
area of 600 um x 500 pm were prepared in order to com-
pare their light output. The light output improvement ratios
of the blue LED on the FSS at 50 mA are summarized in
Fig. 7. The blue LEDs on MPSS with a pitch of 600 nm
had the highest light output power at 50 mA among the
tested samples.
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Figure 7 Light output improvement ratios of the LEDs on MPSS
and PSS compared to the LED on FSS

Furthermore, the blue LEDs on MPSS with a pitch of 600
nm had a light output power1.89 times higher than that on
the FSS, and a light output power 1.05 times higher than
that on the PSS. However, since the GaN templates on
each of the MPSS, PSS and FSS used in the experiments
had nearly the same TDD, all the LEDs should have nearly
the same IQE. Therefore the improvement of the MPSS
should attribute to the enhancement of LEE by the diffrac-
tion effect.

The results show that the pitch dependence of the light
output improvement is in good agreement with that of the
simulated transmissivity at the GaN/sapphire interface.

On the other hand, the reason why the calculation values
and the experiment results differ is that the RCWA simula-
tion only shows results of a one-way transmissivity of the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

GaN/sapphire interface whereas the experiment results
show the impact on LEE.

4 Conclusions

In this paper, we have presented the advantages of the
MPSS over the existing PSS and FSS technology. The
submicron-scale periodic cones of the MPSS can, accord-
ing to the RCWA simulation, enhance the transmissivity at
the GaN/sapphire interface thanks to the diffraction effect.
TEM and CL observation results clearly show that the
MPSS can provide a thinner GaN template of equal or
higher quality than PSS. A 3 pum-thick high quality GaN
template on the MPSS with a dislocation density of 1.9 x
10° cm™ has been demonstrated And the LEDs on MPSS
with a 600 nm pitch show the highest light output power
among the evaluated LEDs on various types of substrates
as it is 1.89 times higher than that on FSS and 1.05 times
higher than that on PSS. The pitch dependence of the light
output improvement is in excellent agreement with that of
the simulated transmissivity at the GaN/sapphire interface.
As a result of the comparisons made of the GaN templates
and LEDs on MPSS, PSS and FSS, we have come to the
conclusion that the MPSS does provide the most cost ef-
fective solution for high performance LEDs.
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We fabricated and characterized a two-junction GalnN-based solar cell using a tunnel junction fabricated by crystal growth. This solar cell has two
active layers with a differing bandgap energy corresponding to blue or green light. We confirmed that the open-circuit voltage (Voc) in this solar cell
was increased by the series connection using the tunnel junction. The short-circuit current density, Vo, fill factor, and energy conversion efficiency
of this solar cell were 0.28 mA/cm?, 3.0V, 0.5, and 0.41%, respectively, under an air mass filter of 1.5 G at 1-sun irradiation and room temperature.

© 2014 The Japan Society of Applied Physics

roup I nitride semiconductors are widely used in
G light-emitting diodes (LEDs)' ™ and laser diodes.>®)

Since the bandgap of GalnN ternary alloys covers
a broad range of values from 0.65 to 3.43eV,” these alloys
are suitable for solar-cell applications.®'?) In a multijunction
solar cell, materials with a broad range of bandgap values
offer many possibilities. To date, there have been several
reports of nitride-based solar cells'>'? and we have
previously succeeded in fabricating GalnN-based solar
cells.>"!® By improving the crystal quality of GalnN
through the application of GalnN superlattice (SL) struc-
tures,'*!> the conversion efficiency of GalnN-based solar
cells has been increased. Moreover, an energy-conversion
efficiency (1) of up to 4.0% for GalnN-based solar cells
under an air mass filter of 1.5G and 300 suns irradiation
has been achieved at room temperature (RT).'®

In contrast, the realization of multiple junctions in GalnN-
based solar cells remains an important challenge. Tunnel-
junction formation using crystal growth!>?*) and mechanical
stack?") methods has often been used to fabricate multiple
junctions in material systems such as GaAs, Ge, and
AlGalnP. In particular, tunnel-junction fabrication by crystal
growth has achieved a high energy-conversion efficiency in
solar cells. A multijunction GalnN-based solar cell was pre-
viously fabricated by the mechanical stack method.?” On the
other hand, there is no report of a multijunction nitride-based
solar cell using a tunnel junction fabricated by crystal growth.

In this study, we devised a two-junction GalnN-based
solar cell using a tunnel junction fabricated by crystal growth.
We confirm that the open-circuit voltage (Voc) in this solar
cell was increased by the series connection using the tunnel
junction.

All samples were grown by metalorganic vapor-phase
epitaxy (MOVPE). Figure 1 shows a schematic view of
the sample structure. Trimethylindium, trimethylaluminum,
trimethylgallium, triethylgallium, and ammonia were used as
the source gases. We also used ethyl-bis(cyclopentadienyl)-
magnesium (Et-Cp,Mg) and silane (SiH4) as dopant pre-
cursors for p- and n-type layers, respectively. C-plane
sapphire was used as the substrate. The device structure was
designed as a GalnN-based solar cell with two GalnN-based
SL active layers on a sapphire substrate covered with a low-
temperature buffer layer (LT-buffer layer) grown at 550 °C.>>
The device structure consisted of the LT-buffer layer, an
unintentionally doped GaN underlying layer (~3 um), a first
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Fig. 1. Schematic view of the sample structure.

n-type GaN layer (~2pum) grown at 1,050°C, a 5-pair
unintentionally doped Gag g3Ing 17N (3 nm)/GaN (10nm) SL
first active layer grown at 780°C, a p-type Alg158GaggN
cladding layer (20 nm) grown at 780 °C to suppress thermal
damage at a second n-type GaN layer,? a first p-type GaN
layer (100nm) grown at 950 °C, the tunnel junction [p*-
type Gagglng,N (3nm) and n™*-type GaN (30 nm)] grown
at 780°C, a second n-type GaN layer (200 nm) grown at
1,000 °C, a 2-pair unintentionally doped Gag79Ing3oN (2.5
nm)/GaN (12nm) SL second active layer grown at 730 °C,
a second p-type GaN layer (80 nm) grown at 800 °C, and a
pT-type GaN contact layer (5nm) grown at 800 °C. The Si
and Mg concentrations in the n™*-type GaN and p**-type
GagsIng»N layers were set to 4 x 10%° and 1 x 10%°cm™3,
respectively. The properties of the tunnel junction, such as the
doping concentrations, film thickness, and InN molar fraction,
were based on the results of Ref. 25. Further, in order to
obtain a high short-circuit current density (Jsc) in GalnN-
based solar cells, the thickness of the GaInN active layer was

© 2014 The Japan Society of Applied Physics
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required to be greater than 150nm.'® Finally, a wide-gap
material top cell is required to fabricate a high-performance
multijunction solar cell.'”*? However, the growth conditions
to achieve a high crystallinity in a GalnN-based active layer
of such thickness are difficult to determine even in single-
junction solar cells. Because the purpose of this study is the
fabrication of a multijunction GalnN-based solar cell, we
designed a structure with relatively few periods in the GalnN-
based SL active layer. Similarly, we designed the InN molar
fraction in the first SL active layer to be lower than that in the
second SL active layer for ease of fabrication, because low-
temperature growth is required to realize the high InN molar
fraction GaInN in MOVPE. Moreover, the pt-type GaN
contact layer, with a Mg concentration of approximately
1 x 10*cm™, was introduced to reduce the contact resist-
ance between the p-type electrodes.?®

After annealing the samples at 550°C for 10min in
ambient air to activate the p-type layer, we fabricated a face-
up type solar cell. A 100-nm-thick indium tin oxide (ITO)
p-type ohmic transparent electrode and a Ti (20 nm)/Au (150
nm) pad electrode were deposited onto the p*-type GaN
contact layer. After annealing the ITO p-type electrode
at 550°C for 10min in ambient N, to reduce the contact
resistance between the p*-type GaN contact layer and the
ITO p-type electrode, a Ti (30 nm)/Al (100 nm)/Ti (20 nm)/
Au (150 nm) ohmic n-type electrode was deposited onto the
first n-type GaN layer, which was exposed by inductively
coupled plasma etching. Finally, we performed annealing
at 525°C for 10min in ambient N, to reduce the contact
resistance between the first n-type GaN layer and the Ti/Al/
Ti/Au n-type electrode. In this study, the ITO p-type elec-
trode was deposited by sputtering, while the other electrodes
were deposited by electron-beam evaporation; no antire-
flection coating was used for this device. The device and
p-type pad electrode dimensions in this two-junction GalnN-
based solar cell were 350 x 350 and 100 x 100 um?,
respectively.

The current density versus voltage characteristics in solar-
cell mode (J-V curve in solar-cell mode) of this device were
measured using an air mass 1.5 G (AM 1.5 G) solar simulator
(Asahi Spectra HAL-320) with a light intensity of 1 sun at
RT. We also characterized the injection-current density versus
voltage relation in LED mode (J-V curve in LED mode) and
spectra from this device using a semiconductor parameter
analyzer (Agilent Technologies 4156C) and spectrum analy-
zer (Hamamatsu Photonics TM-UV/VIS C100820AH). The
concentrations of Mg and Si in the sample were measured by
secondary-ion mass spectrometry. The thickness and InN
molar fraction of each GalnN/GaN SL active layer were
characterized by X-ray diffraction (XRD; Rigaku SmartLab)
using an XRD simulator (Rigaku GlobalFit). The surface
morphology of this device was characterized by atomic
force microscopy (AFM) and scanning electron microscopy
(SEM). In addition, interfaces at the tunnel junction were
observed by cross-sectional transmission electron microscopy
(TEM).

Figure 2 shows the XRD (0002) 26/w scan spectra
obtained from this device and the simulation results using
design values. This figure displays clear satellite peaks from
the —4th to the 4+-2nd order, indicating that the two SL active
layers are relatively well formed even in the multijunction
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Fig. 2. XRD (0002) 26/w scan spectra obtained by measurement and
simulation using the design values.

Fig. 3. Plan-view (a) AFM and (b) SEM images of the device.

region. Moreover, the consistency between the experimental
XRD spectra and the simulation results confirm that this
device was fabricated as designed. However, there were
problems related to the surface structure. Figure 3 shows the
plan-view AFM and SEM images, where a high density
(1.6 x 10°cm™2) of growth pits of is apparent on the device
surface. Moreover, a root-mean-square (RMS) surface rough-
ness of approximately 2.3nm was measured by AFM.
Considering the RMS surface roughness is usually lower
than 1 nm in a blue LED, the measured RMS value of 2.3 nm
is high. This results from deterioration by the multijunction
formation. From the viewpoint of the surface morphology,
because the largest pit diameter is of the order of several tens
of nanometers, these pits are likely to have originated from
the second p-type GaN layer. Figure 4 shows the cross-
sectional bright-field TEM image of this device, confirming
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Fig. 5. J-V curve for the device in LED mode.

that the thickness of each layer was as designed; we also
confirmed that each SL structure was well formed. In
contrast, many new dislocations were introduced near the
tunnel junction, probably as a result of the high concentration
of impurities in the tunnel junction. Further, growth pits were
formed in the second p-type GaN layer, as observed in the
TEM image (Fig. 4) as well as in the results of plan-view
SEM and AFM (Fig. 3). Therefore, the optimization of the
growth conditions is essential.

Figures 5 and 6 show, respectively, the J/~F curve in LED
mode and the emission spectrum with an emission micro-
scopic image from this device for an injection current of
20mA (injection current density of ~1.8 x 10*mA/cm?) at
RT. Two emission peaks at 436 and 516 nm, corresponding
to the blue and green wavelengths, respectively, are clearly
apparent in Fig. 6. These emissions presumably correspond
to the first and second GalnN SL active layers, respectively.
Moreover, the emission wavelengths closely match the
wavelengths expected from each GalnN SL active layer.
Therefore, we confirm that the carriers are injected, as
expected, by the tunnel junction. In contrast, the reverse
leakage-current density was lower than 107> mA /cm? when a
voltage of —8 V was applied (see Fig. 5). The value of this
reverse leakage current is normally very low in GalnN-based
solar cells'” and growth pits generally act as leakage-current
sources. However, we believe that the growth pits in this
sample did not act as leakage-current sources, given that
these were generated in the second p-type GaN layer and did
not penetrate the second GalnN SL active layer. In addition,
the forward operated voltage for an injection current density
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Fig. 6. Emission spectrum and emission microscopic image (inset) of the
device for an injection current of 20 mA.

of 0.3mA/cm?, a value that almost equals the Jsc of this
device operated in solar-cell mode with an irradiation of
1 sun, was approximately 3.8 V. Since the turn-on voltage of
typical green and blue LEDs is approximately 2V, the turn-
on voltage of this device connected in series is slightly lower
than the theoretical expected value. This decrease in the turn-
on voltage is correlated to many defects generated by the
fabrication of the tunnel junction. Also, the differential
resistance for an injection current density of 0.3 mA/cm? in
LED mode was approximately 1.0kS2-cm?. Since the device
resistance for that injection current in blue and green LEDs
is as low as several tens of ohms centimeters squared, the
differential resistance of this device is extremely high.
Therefore, it is likely that the device resistance was increased
by the high resistance of the tunnel junction. Further, we
confirmed the presence of non-uniform emission-light-dots
from Fig. 6. This effect is particularly significant in the
blue region. We previously reported that hydrogen in p-type
GaN diffuses laterally through the exposed portions of the
p-type GaN and not vertically through the n-type GaN layer
above it.>”) Therefore, it is suggested that this is caused by
insufficient activation of the p-type Aly;3Gagg,N cladding
layer, the first p-type GaN layer, and the p*"Gag glng,N layer
in the tunnel junction. Further, the device resistance was
increased as a result of insufficient activation. In addition,
since the growth pits and defects are present on the surface
of this sample, it is considered that a non-uniform activation
of the p-type AlGaN cladding layer, the first p-type GaN
layer, and the p*TGag glng N layer is a consequence of these
defects. For these reasons, the reduction of the resistance
in the tunnel junction optimized by growth conditions and
processing methods is essential.

Figure 7 shows the J—V curves in solar-cell mode for this
two-junction GalnN-based solar cell produced by the solar
simulator (AM 1.5 G, 1 sun) at RT. Judging from this figure,
the solar cell exhibited good characteristics. The n, Voc, fill
factor, Jsc, shunt resistance (Rsy), and series resistance (Rs)
of this solar cell were 0.41%, 3.0V, 0.5, 0.28 mA/cm?,
2.8kQ-cm?, and 0.830kQ-cm? at 1-sun irradiation, respec-
tively. From these results, the Jgc is lower than that of a
common GalnN-based solar cell owing to a thin-film active
layer in this solar cell. According to a simple calculation, the
theoretical Jgc for a 1-sun irradiation of the active layer with
an absorption edge of 516 or 436 nm is approximately 9.2 or
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Fig. 7. J-V curves in solar-cell mode of the two-junction GalnN-based
solar cell, produced by the solar simulator (AM 1.5G, 1 sun) at RT.

4.1 mA /cm?, respectively. However, the active layer of this
device is not thick enough to absorb light. Because the
thicknesses of the GalnN layers are 5 and 15nm, respec-
tively, the absorbance of each GalnN layer was only 5 and
15%, respectively, assuming the absorption coefficient of
GaInN to be 10°cm™'. Therefore, the theoretical Jgc for
each GalnN active layer under a 1-sun irradiation was 0.45
and 0.61 mA /cm?, respectively. Thus, when considering the
reflection of the semiconductor surface, it is reasonable that
the resulting Jgc is close to the theoretical values. In addition,
a relatively high Rgy is obtained because the leakage-current
density in this device is small. However, because this value
is insufficient, the reduction of pit and defect densities is
required for the improvement of GalnN solar cells. In
contrast, Rg is approximately one order of magnitude higher
than that in the other GalnN-based solar cells. In addition,
this Rg was almost identical to the value of the differential
resistance evaluated in LED mode. Therefore, we concluded
that Rg had increased as a result of the high tunnel-junction
resistance and insufficient activation in the p-type layer.
Moreover, we confirmed the presence of two inflection points
in the J-V curve. We think that these inflection points are due
to the inactivation of carriers that produces a high resistance
in the tunnel junction. Further, because Rg is high, the fill
factor of the device is low and optimization of the process
and crystal growth conditions to reduce Rg is required. The
Voc of GalnN-based single-junction solar cells is approx-
imately 2 V. Therefore, the Vo for the two-junction solar cell
was increased by a factor of approximately 1.5 through the
series connection using the tunnel junction. We previously
reported a strong correlation between the pit density and
Voc.!? We also reported that a pit density below 107 cm™ is
required to obtain a high Voc.!”) Therefore, the reduction of
the pit density is essential for further increases in Voc.

In conclusion, we designed and characterized a two-junc-
tion GalnN-based solar cell using a tunnel junction fabricated
by crystal growth. We confirmed that the V¢ in this solar cell
was increased by the series connection using the tunnel
junction. Although a high resistance in the tunnel junction
remains a problem, we demonstrated that multijunction
GalnN-based solar cells are possible by tunnel-junction
fabrication.
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We demonstrated lateral Mg activation along p-GaN layers underneath n-GaN surface layers in nitride-based light emitting diodes (LEDs) with
GalnN tunnel junctions. A high temperature thermal annealing was effective for the lateral Mg activation when the p-GaN layers were partly
exposed to an oxygen ambient as etched sidewalls. The activated regions gradually extended from the etched sidewalls to the centers with an
increase of annealing time, observed as emission regions with current injection. These results suggest that hydrogen diffuses not vertically
thorough the above n-GaN but laterally through the exposed portions of the p-GaN. The lowest voltage drop at the GalnN tunnel junction was
estimated to be 0.9V at 50 mA with the optimized annealing condition. © 2013 The Japan Society of Applied Physics

1. Introduction

Nitride semiconductor materials are most promising materi-
als for blue light-emitting diodes (LEDs), ultraviolet laser
diodes, and high power electronic devices.!” It had been
very difficult to obtain p-type GaN until Amano et al.
achieved p-type conduction in Mg-doped GaN treated with
low-energy electron beam irradiation (LEEBI).>"> Since
then, thermal annealing without hydrogen or ammonia
ambient was also proposed to obtain p-type conduction in
the Mg-doped GaN.*® Several groups have reported that
Mg acceptors are passivated with hydrogen atoms, resulting
in Mg—H bond formation.”'* During LEEBI and thermal
annealing, the Mg—H bonds are broken and the Mg acceptors
are electrically activated.

Through the above studies, it have been also revealed
that hydrogen atoms exist in Mg-doped GaN, but not in
undoped or Si-doped GaN even after thermal annealing
with hydrogen ambient.'® This phenomena has been also
observed in other semiconductor materials, such as Si and
InP. Furthermore,'>!® it has been suggested that hydrogen
atoms can migrate only in p-type materials, but not in n-type
materials.

Meanwhile, a novel current injection in GalnN-based
LEDs using tunnel junctions was proposed in order to
avoid the poor conductivity of the p-type GaN.!"!8) After
a growth of a conventional GalnN-based LED, a p*™-
Ga(In)N/n*"-GaN tunnel junction and an n-GaN were
successively grown on the LED structure. This structure is
useful for higher light extraction in LEDs and current
confinement in vertical cavity surface emitting lasers due
to excellent current spreading in the top n-GaN layers.
Interestingly, in this structure, p-type layers are fully
covered with n-type layers, and hydrogen atoms in the
p-type layers may not pass through the n-type layers from
the p-type layers.

In this paper, we optimize thermal annealing conditions
for Mg activation in such a LED structure with the tunnel
junction and the n-GaN surface layer. We then demonstrate
lateral Mg activation from etched sidewalls in the LED
structure, indicating that hydrogen atom can only diffuse
laterally in the p-GaN layers due to the n-GaN surface
layers.
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Fig. 1. (Color online) Schematics of (a) the wafer structure containing
the tunnel junction and the LED structure and (b) the same wafer structure
but after the etching. The arrows indicate potential hydrogen diffusion paths
during the Mg activation.

2. Experiments

We prepared the wafer containing a tunnel junction structure
and a LED structure in series as shown in Fig. 1(a). After
deposited a 25-nm-thick GaN layer at low temperature on
a sapphire substrate, a 3.0-um-thick undoped GaN, a 2.4-
um-thick Si-doped GaN bottom contact layer, a multiple-
quantum well active layer consisting of five periods of
3nm GalnN/12nm GaN (emission wavelength: 450 nm),
a 25-nm-thick Mg-doped AlGaN, and a 100-nm-thick Mg-
doped GaN were grown by metalorganic vapor phase
epitaxy. Up to the Mg-doped GaN layer, the structure is
the same as a conventional LED structure. Additionally, a
tunnel junction, a 500-nm-thick Si-doped GaN for lateral
current spreading, and a 10-nm-thick highly Si-doped GaN

© 2013 The Japan Society of Applied Physics
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Fig. 2. (Color online) Mg, Si, and In depth profiles at the tunnel junctions
measured by SIMS.

top contact layer were successively grown on the structure.
The tunnel junction consists of a 5-nm-thick heavily Mg-
doped Gag gIng N layer and a 30-nm-thick heavily Si-doped
GaN layer. Triethylgallium (TEG), ammonia (NH3), ethyl-
bis(cyclopentadienyl)magnesium (Et-Cp,Mg), and silane
(SiH4) were used as Ga, N, Mg, and Si sources, respectively.
Figure 2 shows depth profiles of Mg, Si, and In atoms in
the wafer by Secondary Ion-microprobe Mass Spectrometry.
1 x 102cm™ Mg and 3 x 10*°cm™3 Si were observed at
the tunnel junction. A band diagram of structure of Fig. 1(a)
shown in Fig. 1(c).

Then LEDs with tunnel junctions were fabricated from the
wafer mentioned above by a newly modified process based
on our standard LED process. In the modified process, two
different parts exist comparing with the standard LED
process. First, the thermal annealing was carried out after
etching to expose the Si-doped GaN bottom layer surface
for the bottom n-contact. Typically we perform the thermal
annealing before the etching in a standard LED process. The
reason for changing the order of these process steps is to
expose a portion of the p-layers as an etched sidewall and
form a potential hydrogen diffusion path during the Mg
activation as shown in Fig. 1(b) by arrows. For the thermal
annealing conditions, several annealing temperatures (525,
625, 725 °C) and holding times (4, 15, 30 min) were selected.
Our typical annealing conditions in the standard process are
525°C and 4 min. Oxygen gas was used as an ambient gas.
Second, a single patterning process for forming metal
electrodes was carried out since both the electrodes were
n-contacts in the LEDs with tunnel junctions. Furthermore,
no transparent electrode is required since the Si-doped GaN
top layer act as current spreading layer, like a semi-
transparent electrode. A size of the LED was 300 x 300 um?.
A standard LED (without tunnel junction) with a semi-
transparent Ni/Au electrode was also fabricated for compar-
ison. Emission regions and current—voltage characteristics of
the LEDs were measured under direct current conditions at
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Fig. 3. (Color online) Emission regions of the LEDs with the tunnel
junctions activated under the various thermal annealing conditions. The case
of a standard LED without the tunnel junction but with a semi-transparent
Ni/Au electrode annealed under the standard condition is also shown.

room temperature. Voltage drops at the tunnel junction
regions were estimated by subtracting voltage drops of the
standard LED from those of the LEDs with tunnel junctions.

3. Results and Discussion

Figure 3 shows the emission regions of LEDs with the
tunnel junctions activated under the various thermal
annealing conditions. While a uniform emission region
was obtained from the LED with the tunnel junction
annealed at 725 °C for 30 min, the emission regions of the
other LEDs with the tunnel junctions were restricted near
the etched sidewall of the LEDs. More precisely narrower
emission regions just adjacent to the etched sidewall of
the LEDs were obtained in the cases of lower annealing
temperature and shorter annealing time. Then with increases
of annealing temperature and annealing time, the emission
regions progressively extended to the center of the LEDs.
We confirmed that the standard LED with a semi-transparent
Ni/Au electrode showed uniform emission regions, so the
active regions in all the LEDs should be uniform. Thus, the
nonuniform emission should be caused by nonuniformity of
current injections at the tunnel junctions. We then suppose
that Mg acceptors are activated first at the etched sidewalls
of the LEDs where Mg-doped layers are directly exposed to
the oxygen ambient, and then Mg activation regions extend
from the edge to the center.

To discuss the above point further, Mg activation length
was plotted as a function of the square root of annealing
time as shown in Fig. 4. Here Mg activation length is
defined as shown in Fig. 4(a), corresponding to the length of
the emission region. As shown in Fig. 4(a), we measured
total six points which were away from the corners and the
top n-electrode in order to minimize influences of the
corners and the electrode. In the Fig. 4(b), the dots indicate
the average values of the six points and the error bars
indicate the range of the values. As shown in Fig. 4(b), the
Mg activation length is proportional to the square root of
annealing time. Therefore, the Mg activation length should
be governed by some sort of diffusion process. The diffusion
coefficient D was estimated to be 9.6 x 1072 cm?/s from

© 2013 The Japan Society of Applied Physics
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Fig. 4. (Color online) (a) Mg activation length defined as shown with
arrows. (b) Mg activation length as a function of square root of annealing
time at 725°C.
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Fig. 5. (Color online) Current—voltage characteristics of the LEDs with
the tunnel junction annealed under (a) various annealing times at 725 °C and
(b) various annealing temperatures for 30 min. The case of a standard LED
with a semi-transparent Ni/Au electrode is also plotted.

Fig. 4(b). At this moment we conclude that hydrogen atoms
diffused only toward lateral direction through the etched
sidewalls, but not vertically to the surface since the n-GaN
surface layers blocked the hydrogen diffusion. The phenom-
ena that n-layers block the hydrogen diffusion is already
reported in the other semiconductor materials.”™'"

Figure 5 shows current—voltage characteristics of the
LEDs with the tunnel junction under various thermal
annealing conditions. Figure 5(a) shows an annealing time
dependence under 725 °C and Fig. 5(b) shows an annealing
temperature dependence for 30min. The result of the
standard LED with a semi-transparent Ni/Au electrode is
also plotted for comparison. The voltage difference between
the standard LED and the LED with tunnel junction
corresponds to the voltage drop at the tunnel junction.
When the annealing temperature was increased from 525 to

08JK12-3

725 °C, the voltage drops at the tunnel junctions was clearly
decreased. At the same time, no annealing time dependence
of the voltage drop was observed within the range of the
experiments. The lowest voltage drop at the GalnN tunnel
junction is 0.9V at 50 mA in the experiments.

4. Conclusions

In summary, we have optimized thermal annealing condi-
tions for the Mg activation in the LED structure with the
tunnel junction and the n-GaN surface layer. We found that
the p-GaN layers underneath the n-GaN surface layers were
activated when the p-GaN layers were exposed to an oxygen
ambient as etched sidewalls. Higher temperature and longer
time for the thermal annealing resulted in an extension of
Mg activated regions from the etched sidewall to the center.
This result suggest that hydrogen diffused not through the
above n-GaN layers but along p-GaN layers toward the
etched sidewalls. We also found the annealing temperature
affects a degree of the Mg activation and the annealing time
affects a length of the Mg activation from the exposed
portion. The lowest voltage drop at the GalnN tunnel
junction was estimated to be 0.9V at 50mA with the
optimized annealing condition.
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We investigated dislocation density dependence on stim-
ulated emission characteristics of AlIGaN/AIN multiquan-
tum wells (MQWSs: emission wavelength of approxi-
mately 285 nm) on AIN templates with various disloca-
tion densities. We found that the stimulated emission

1 Introduction AlGaN ternary nitride semiconduc-
tors have much potential for optoelectronic applications,
particularly in the deep UV/UV region. Recently numerous
reports on the deep UV/UV light emitting diodes have
been published [1-5]. Especially the UV lasers are impor-
tant in terms of many applications in the medical, chemical,
and engineering fields. However, developments of the UV
laser diodes [6-13] are hampered by poor material quality
of AlGaN-based heterostructures and difficulty of current
injection, especially with high AIN molar fraction. Optical
pumping is a flexible and convenient excitation technique
for investigation of stimulated emission characteristics
compared to electrical injection. Most studies on the stimu-
lated emission characteristics in AlGaN by optical pump-
ing have been focused on the optimization of growth con-
ditions and structure designs [14, 15], whereas the stimu-
lated emission characteristics of the AlGaN-based active
layer in conjunction with dislocation density have not been
investigated in detail.

In this study, we investigated the dislocation density
dependence on the stimulated emission characteristics
of AlGaN/AIN multiquantum wells (MQWSs) on a thick
AIN templates with various dislocation densities by excita-

Wiley Online Library

characteristics of the deep UV MQWs were strongly de-
pendent on the dislocation densities. A reduction of the
dislocation densities is very important in order to realize
good stimulated emission characteristics of deep UV
MQWs.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tion density dependent photoluminescence (PL) measure-
ment.

2 Experiments and results

2.1 MQWs on AIN All samples were grown by high-
temperature metalorganic vapor phase epitaxy [16] on a c-
plane sapphire substrate. The epitaxial wafers were then
polished and cleaved in the direction of the a-axis for AIN
with a 500 um cavity length. Figure 1 shows a schematic
view of the sample structure. We prepared the samples
with an emission wavelength of approximately 280 nm.
The quantum well structures are 10-pairs of Alj,5Gag7sN
(4 nm)/AIN (8 nm) MQWs. The sapphire was polished to
less than 100 pum in thickness, and then cleavages were
made using a diamond scriber. The samples have cleaved
mirror facets without coating.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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We determined the layer thickness and the AIN molar
fraction of each AlGaN MQWs from the satellite peaks of
the 20/w scan X-ray diffraction profiles. The threading dis-
location densities of AIN underlying layers were controlled
from 3x10° to 1x10'® em™ by changing the growth condi-
tion. The value of the dislocation density of each sample
was estimated from the values of full width half maximum
(FWHMs) of the X-ray rocking curve (XRC) o-scan
(0002) and (10-12) diffractions with the following formula
[17]:

2
-, 1)

4.35b|
where N is the threading dislocation density, b is the mag-
nitude of Burgers vector, and £ is the half width by meas-
uring the omega magnitude of XRC. Table 1 shows the
dislocation density of each AIN template. We derived the
density values of edge dislocations and mixed dislocations,
which should act as non-radiative recombination centers
[18]. Therefore, we here used the sum of both as disloca-

| S00pm |

c-plane
Sapphire

Table 1 Dislocation density of AIN templates

Sample A Sample B Sample C
Edge disloca-
tion density 2.95x10° 5.51x10° 1.00x10"°
[em?]
Mixed disloca-
tion density 7.85x10" 2.31x108 5.29x10’
[em?]

tion density values correlated with optical properties. Note
that a cross-check was conducted using plan-view trans-
mission electron microscopy and cathodoluminescence re-
garding the dislocation density.

2.2 Measurement We characterized the stimulated
emission of the MQWSs by excitation density dependent
photoluminescence measurement at room temperature
(RT). The samples were excited by the 4th harmonic (266
nm) of the Q-switched YAG:Nd laser radiation. The pulse
width was 5 ns and the frequency was 10 Hz. A neutral
density filter was used to control the excitation density.
The stimulated emission measurements were performed in
edge-detection mode. The light beam from the YAG laser
was refracted by a prism and irradiated on the samples.
The photoluminescence light emitting from the sample
edge was passing through a receiving lens, and detected in
the spectrometer (SPEC Miniature Fiber Optic Spectrome-
ter). We focused the YAG laser on the sample surface. The
irradiation area on the surface was about 0.015 cmz, and
the shape was circle. Note that in these samples only the
well layers were selectively excited.
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Figure 2 PL spectra under different excitation power densities. (a) Dislocation density of 3x10° cm™. (b) Dislocation density of

5x10° cm™. (c) Dislocation density of 1x10'° cm™.
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Figure 3 FWHM of the PL emission intensity as a function of
the excitation power density.

Figures 2(a)-(c) show the measured emission spectra
under different excitation power densities, varying from 49
kW/cm? to about 3.0 MW/cm? at RT for each MQW. In the
case of sample A, the FWHM was approximately 1.5 nm at
pumping power of 2.7 MW/cm®. This FWHM value is lim-
ited by a resolution in our experiment equipment. Thus, we
considered that the stimulated emission was observed from
sample A even though the FWHM was not very narrow.

Figure 3 summarizes the FWHMs of the emission
spectra as a function of the excitation power density. The
FWHM of sample A reduced largely when excitation pow-
er density exceeded the threshold power density. From
this figure, the FWHMs of sample B and C are similarly
decreased to the FWHM of sample A. Thus, we concluded
that these samples have reached the stimulated emission.

Figure 4 summarizes the PL emission peak intensity as
a function of the excitation power density. For all samples,
new narrow peaks appear in the spectra as the excitation
power densities are increased above certain values. With
the further increase in the excitation intensity, the intensity
of the new peak increases superlinearly. We observed that
the stimulated emission characteristics of the deep UV
MQWs were strongly dependent on the dislocation densi-
ties. As the dislocation density decreased in AIN template,
the threshold power density also decreased. The threshold
power density of the stimulated emission from each Al-
GaN MQW changes from approximately 500 kW/cm? to 5
MW/cm?® when the dislocation density changes from 3x10°
to 1x10' cm™. Thus, a reduction of the dislocation densi-
ties is very important in order to realize superior stimulated
emission characteristics of the deep UV MQWs.

3 Summary We analysed the stimulated emission
characteristics of the AIGaN/AIN MQWs on the AIN un-
derlying layer with the various dislocation densities by ex-
citation density dependent PL measurement. The threshold
power density of each AlGaN MQW changed when the
dislocation density changed. Thus, it was found that, in or-

WWW.pss-c.com

Excitation power density [MW/cm~]

Figure 4 PL emission peak intensity as a function of the excita-
tion power density.

der to realize a low-threshold laser diode, a base layer with
low dislocation density is required.
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We achieved simultaneous two emissions from a single light emitting diode containing violet and blue GalnN/GaN quantum well active regions
separated with an intermediate layer. By adjusting a thickness of a Mg-doped region in the intermediate layer, an intensity ratio between violet and
blue emissions was changed, caused by different carrier distributions in the two active regions. The intensity ratio from two active regions was also
changed by changing an amount of current injection. An unintentional Mg incorporation into the active region above the Mg-doped intermediate
layer was observed, which is due to Mg memory effect. © 2013 The Japan Society of Applied Physics

1. Introduction

Optoelectronic devices handling with broad spectra, like
solar light, have been demanded, such as solid state lighting
and solar cells. GaN-based material system is most promis-
ing to cover the solar spectrum by using a mixed crystal of
AIN, GaN, and InN." However semiconductor optoelec-
tronic devices, such as light emitting diodes (LEDs), laser
diodes, and photodiodes fundamentally deal with just narrow
spectra corresponding to bandgaps at active regions. Thus a
practical white LED has been fabricated by a combination of
a blue LED and a yellow phosphor material.”’

Recently multi-color LEDs with multiple peak wave-
lengths have been demonstrated on target to a monolithic
white LED. Various approaches and structures for the
multiple peak emissions have been proposed, such as a
tandem structure with a tunnel junction,>® an active region
consisting of various quantum wells (QWs),” " and a QW
on various micro facets.'>!¥ In any case, these devices have
a single active region in a single pn junction in principle, like
a conventional LED.

Here we are interested in multiple active regions in a
single pn junction. The multiple active regions consist of two
or more active regions separated with intermediate layers
which thickness is comparable to that of the active region.
This structure is useful not only for multi-color LEDs but
also other light emitting devices. For instance, the structure
has been used as a periodic gain structure (PGS) in a vertical
cavity surface emitting laser (VCSEL) to increase an optical
confinement factor.'? Also, the structure should be useful to
suppress the efficiency droop issue typically observed in
GaN-based LEDs by diluting carrier concentrations with the
thick active regions.” Note that in the above examples the
active regions have the same peak wavelength. So far the
structure has been applied to GaAs-based and InP-based
device structures mostly as the PGSs in the VCSELs.'Y
There are almost no attempts to investigate the two active
region structures with GaN-based materials. This seems
reasonable in a way since holes in GaN-based materials have
very heavy mass and short diffusion length which lead to
poor carrier injection into the thick active region.

In this paper, we demonstrate simultaneous two emissions
by current injection from two GalnN QW active regions
separated with a Mg-doped intermediate layer. We found
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Fig. 1. (Color online) Schematic view of the two wavelength violet/blue
LED, containing the two active regions separated with the intermediate
layer.

that the Mg doping level in the intermediate layer is a key to
obtain the simultaneous emissions. Furthermore current
injection dependences on emission intensities and spectrum
patterns are discussed.

2. Experiments

All the samples used in this study are LED structures grown
on c-plane sapphire substrates by metalorganic vapor phase
epitaxy. The sample structure is shown in Fig. 1. Before
the LED structure growth, a 25-nm-thick low-temperature-
deposited buffer layer and a 3-um-thick undoped GaN
template were grown first. Following the growth of the
GaN template, a 2.5-um-thick n-GaN layer, a three-period
of undoped Gaggglng 1,N/GaN QWs as an “n-side” violet
active region, a 45-nm-thick GaN/p-GaN/GaN intermediate
layer, a three-period of undoped Gag glng,N/GaN QWs as a
“p-side” blue active region, a 20-nm-thick p-type AlGaN
electron blocking layer, a 80-nm-thick p-GaN layer, and a
10-nm p*™-GaN contact layer were grown. Each GaInN/GaN
3QW active region is composed by 2.5-nm-thick GalnN
wells and 13-nm-thick GaN barriers. Regarding the GaN/
p-GaN/GaN intermediate layer, an intentionally Mg-doped
region is located at the center of the intermediate layer. In
this study, the thickness of the Mg-doped region in the
intermediate layer was changed while supplying the same

© 2013 The Japan Society of Applied Physics
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Fig. 2.

Mg-doped layer.

amount of bis(ethylcyclopentadienyl) magnesium (Et-
Cp,Mg) flow in order to change a total amount of Mg in
the intermediate layer. Five different samples were prepared
in which the Mg-doped layer thickness was changed, 14, 4,
1.6, 0.8, and O (corresponding to undoped) nm. At the same
time, the total thickness of the intermediate layers was kept
as 45nm. After the epitaxial growth, all the samples were
fabricated by our standard LED process. A size of LEDs was
300 x 300 um?. A semi-transparent p-electrode at the top of
the device was formed by Ni/Au, while Ti/Al/Ti/Au was
used as an n-electrode.

Mg and In atom depth profiles of the samples were
measured by secondary ion mass spectrometry (SIMS).
Room temperature photoluminescence (PL) spectra from the
LED structures were measured to confirm emission wave-
lengths and intensities of the active regions, which were
independent on a carrier distribution imbalance caused by a
current injection. Then emission spectra with several current
injection levels were measured from the same LED
structures at room temperature. In addition current-light
output power (I-L) characteristics were measured under
direct current condition at room temperature.

3. Results and Discussion

Mg and In atom depth profiles of the samples with the 14
and 1.6 nm Mg-doped layers were shown in Figs. 2(a) and
2(b), respectively. Even though the Et-Cp,Mg flows were
fixed among the two samples, the Mg concentrations at
the intermediate layers were different in the two samples,
1 x 10" cm™2 in the sample with the 14 nm Mg-doped layer
and 5 x 10'8 cm™ in the sample with the 1.6 nm Mg-doped
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(Color online) Mg and In depth profiles measured by SIMS for the samples (a) with the 14 nm Mg-doped layer and (b) with the 1.6 nm

layer. This could be attributed to Mg turn-on delay due to
the Mg memory effect. In addition, a considerable amount
of Mg atoms in the range of more than 1 x 10" cm™ were
incorporated into the p-side active regions. This Mg turn-off
delay also came from the Mg memory effect. Note that Mg
incorporation in the GalnN well looks higher than that of
GaN barrier, but this behavior may be caused by a sensitivity
difference of Mg atoms in GaN and GalnN. At this moment
it is hard to estimate the difference in the Mg incorporation
between GalnN and GaN.

Room temperature PL spectra of all the samples
consisting of the LED structures are shown in Fig. 3. An
excitation source was a 325nm He—Cd laser. As shown in
Fig. 3, all the samples basically showed similar spectrum
patterns with intensities in the twofold range. Weak peaks
indicated by solid arrows around 400 to 430 nm from the
n-side active regions and strong peaks indicated by dashed
arrows around 450 to 470 nm from the p-side active regions
were consistently observed. Note that the sample-to-sample
variations of the PL peak wavelength correspond to run-to-
run variations of growth temperatures at the active regions.
Since the similar PL intensities were obtained from all the
samples, the optical qualities of the active regions among all
the samples could be similar. The reason for much weaker
PL intensity from the n-side violet active region compared to
that from the p-side blue active region is a lower excitation
intensity due to a deeper position of the n-side violet active
region from the surface.

Next, room temperature emission spectra by a current
injection of 20 mA were plotted in Fig. 4. Interestingly, the
spectra are very different among the samples, and also

© 2013 The Japan Society of Applied Physics
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Fig. 3. (Color online) Room temperature PL spectra of all the samples
with the LED structures. PL peak positions from the n- and p-side active
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Fig. 4. (Color online) Room temperature emission spectra of all the
samples at a current injection of 20mA. For comparison, the PL peak
positions from n-side active regions and p-side active regions are indicated
by the solid and dashed arrows, respectively.

different from the PL spectra. For comparison between the
emission peak positions by current injections and the PL
peak positions shown in Fig. 3, the PL peak positions are
also indicated in Fig. 4 by the solid (for n-side active) and
the dashed (for p-side active) arrows. The sample with the
0nm Mg-doped layer showed only a blue emission from the
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(Color online) Room temperature /-L characteristics for all the

p-side active region. This seems reasonable because holes
are only injected into the p-side active region due to much
heavier mass and shorter diffusion length of the holes. Then
the samples with the 0.8 and 1.6 nm Mg-doped layers clearly
showed a violet and a blue emissions simultaneously from
the n- and p-side active regions. On the contrary, the samples
with the 4 and 14 nm Mg-doped layers showed only a violet
emission from the n-side active regions. These results
suggest that appropriate Mg doping at the intermediate layer,
corresponding to the cases of the 0.8 and 1.6 nm Mg-doped
layers, should supply enough holes even into the n-side
violet active region. In other words, distributions of holes
and electrons are well-balanced in both the n- and p-side
active regions, so that two reasonable peak intensities were
obtained. On the other hands, more Mg doping, such as 4
and 14 nm Mg-doped layer cases, should not only enhance a
hole injection into the n-side violet active region but also
suppress an electron injection into the p-side blue active
region, resulting in a single violet emission. These results
indicate that the balance of the emission intensities between
the two active regions can be designed by the Mg doping
level at the intermediate layer.

Figure 5 shows I-L characteristics of all the samples.
We found that the light output intensities of the samples
with the 0.8, 1.6, and 4 nm Mg-doped layers were less than
half of those of the samples with O and 14 nm Mg-doped
layers. This result most likely came from an influence of the
unintentional Mg incorporation into the p-side active regions
shown in Fig. 2. Since Mg acts as a nonradiative center, then
the radiative efficiency of the p-side active region should be
decreased. At this moment our explanation for the above
result is as follows. Obviously the sample with Onm
Mg-doped layer was not influenced by the unintentional
Mg incorporation, resulting in the strong emission from the
p-side active region. In the case of the 14nm Mg-doped
layer, not only the intermediate layer but also the p-side
active region are probably p-type due to the unintentional
Mg incorporation, so most electrons and holes are efficiently
injected into the n-side active region. On the contrary, the
samples with 0.8, 1.6, and 4nm Mg-doped layers could
contain moderate Mg concentrations in the intermediate
layer, so electrons and holes are injected to both the p- and
n-side active regions. Then some carriers in the p-side active
regions recombine through the Mg-related nonradiative

© 2013 The Japan Society of Applied Physics
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samples and a conventional LED.

centers, leading to the poor intensities. Actually it seems that
all the injected carriers in the p-type active region recombine
as nonradiative in the case of the 4 nm. Based on the above
consideration, it seems very important to suppress the Mg
incorporation into the p-side active regions for further
improvements.

Figure 6 shows current injection dependence of emission
spectra of the sample with the 1.6 nm Mg-doped layer. An
intensity ratio of the p-side blue active region to the n-side
violet active region was increased with an increase of a
current injection up to 100mA. Two possibilities are
considered. One is that holes are built up at the p-side
active region with the increase of the current injection due to
heavy mass and short diffusion length. The other is that the
nonradiative recombinations in the p-type active are satu-
rated with the increase of the current injection.

Figure 7 shows -V characteristics of all the samples. For
comparison, the case of our conventional GalnN/Si-doped
GaN 5QW blue LED are also plotted. The forward voltages
were about 4.07-4.17 at 20mA for all the samples contain-

08JG02-4

ing two active regions with the intermediate layer, while that
of our conventional LED were 3.33 V. The high forward
voltages for the samples with the two active regions are
presumably due to the thicker total thicknesses (135nm
instead of 75nm in the conventional LED) of the active
regions and also undoped barriers of the MQWs.

4. Summary

We have grown the two different active regions separated
with the Mg-doped intermediate layer placed in the single
pn-junction. Room temperature PL spectra of all the samples
basically showed similar spectrum patterns, meaning that the
active region qualities were similar. At the same time, very
different emission spectra by current injection of 20 mA
were observed among the samples. The samples with the
0.8 and 1.6nm Mg-doped layers in the intermediate layers
clearly showed the two different emissions simultaneously
from the n- and p-side active regions. At the same time, the
samples showing two emissions resulted in lower light
output intensities by current injection, possibly caused by the
unintentional Mg incorporation in one of the active regions.
The intensity ratio between the two emissions was changed
by changing the current injection.
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We investigated the concentration properties of GalnN-based solar cells using different window electrodes. A significant difference was observed
between the concentrating properties of the window electrode structures. It was clearly found that indium tin oxide (ITO) is suitable as an
electrode. The short-circuit current density, open-circuit voltage, fill factor, and energy conversion efficiency of nitride-based solar cells fabricated
using an ITO electrode were 7.1 x 102mA/cm?, 2.2V, 79%, and 4.0%, respectively, under an air mass filter of 1.5G at 300 suns and at room

temperature. © 2013 The Japan Society of Applied Physics

1. Introduction

Nitride material systems including AIN, GaN, InN, and their
alloys are widely used as light-emitting diodes and laser
diodes.'™ Since the band gap of GaInN ternary alloys
covers a broad range from 0.65 to 3.43 eV, these alloys are
suitable for solar cell applications.>® Up to now, a few
studies on ITI-nitride solar cells have been reported.”'" We
have previously reported the fabrication of GalnN-based
solar cells.'”'® By improving the crystal quality of GaInN
with a low InN molar fraction by applying GalnN
superlattice (SL) structures,'? the conversion efficiency of
nitride-based solar cells has been improved. We also
reported that it is essential to realize a low pit density,
which should be lower than 107 cm™2, to realize high-
performance GalnN-based solar cells with a high open-
circuit voltage (Vpoc) and fill factor (FF) at 1 sun.'¥
However, when GalnN-based solar cells with a high InN
molar fraction were fabricated, favorable performance was
not observed because of the increase in the leakage current.
Furthermore, there are several disadvantages of nitride-
based solar cells. One of the disadvantages of compound
semiconductor solar cells is their high cost compared with
Si and organic solar cells. This problem can be solved by
using a solar concentrator. Furthermore, a condenser can be
designed to lower the production cost. The performances of
the solar cells using other material systems such as AlGalnP
and GalnAs have been improved by the concentration of
sunlight.'”? Although we have reported the properties of
nitride-based solar cells under a concentrated light illumina-
tion,'® they have not been analyzed in detail. In particular,
the window electrode pattern under concentration light has
not been discussed in detail. In nitride semiconductor solar
cells, the resistivity of p-GaN is high, making it difficult to
form a satisfactory ohmic contact with the material. In
addition, there are few metals with a high work function
comparable to the work function of p-GaN that can also
form a low-resistance interface with GaN. The structure
of most nitride-based solar cells reported so far has been
p-side-up, because it is difficult to realize a p-type ohmic
contact when p-GaN is etched by dry etching. In general, the
resistivity of p-GaN is two orders of magnitude higher than
that of n-GaN. Therefore, the p-electrode of nitride-based
solar cells may be an essential feature of the high current
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Fig. 1. (Color online) Schematic view of device structure.

spreading. Generally, a grid electrode is used in solar cells
based on other material systems. Probably, there is a suitable
electrode structure for each material. It is important to
investigate the electrode structure to improve the conversion
efficiency of nitride-based solar cells.

In this study, we optimized the window electrode pattern
for GalnN-based solar cells. We also investigated the
concentrating properties of such nitride-based solar cells at
light intensities of up to 300 suns.

2. Experimental Methods

Figure 1 shows a schematic view of the device structure.
The device structure is a GalnN-based solar cell with a
GalnN/GalnN superlattice active layer on a sapphire
substrate covered with a low-temperature buffer layer."
We grew 50 pairs of unintentionally doped GaggsIng 7N
(3nm)/Gag93Ing 7N (0.6 nm) superlattice layers as active
layers on freestanding GaN substrates. Another 10 pairs
of Si-doped Gaggolng ;0N (3nm)/GaN (3nm) superlattice
layers were inserted beneath the active layers. The Si
concentration in the 10 pairs of superlattice layers was
3 x 10" cm™3. The role of the additional Si-doped super-
lattice layers was to suppress the generation and growth of
V-shaped pits.?” The density of V-shaped pits in this sample
is lower than 1 x 107 cm~2, which is sufficient to achieve

© 2013 The Japan Society of Applied Physics
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high-performance nitride-based solar cells with high Vpc
and FF at 1 sun.

Figures 2(a)-2(c) show microscopy images observed
from the top of each device. Figure 2(d) also shows the
dimensions of the Ni/Au grid electrode in detail. Three
samples with different p-electrodes were investigated. In
the type I sample [Fig. 2(a)], Ni/Au whole-area electrodes
(5nm/5nm) were deposited on a p-GaN layer by electron
beam evaporation, and rapid thermal annealing was
performed at 525°C in oxygen for 5Smin. This electrode
structure is often used in typical nitride-based LEDs. In the
type Il sample [Figs. 2(b) and 2(d)], Ni/Au (5nm/5nm)
grid electrodes were deposited on p-GaN layers by electron
beam evaporation. This structure is often used in solar cells
based on other material systems. Details of the electrode
structure such as the sizes of finger and bus-bar electrodes
are shown in Fig. 2(d). In the type III sample [Fig. 2(c)],
indium tin oxide (ITO) whole-area electrodes (100 nm) were
deposited on p-GaN layers by sputtering, and rapid thermal
annealing was performed at 550 °C in nitrogen for 10 min.
An ITO electrode has commonly been used in recent blue
LEDs. Ti/Al/Ti/Au (30nm/100nm/20nm/150 nm) elec-
trodes were deposited by electron beam evaporation as
ohmic contacts to the n-GaN layers.

Figure 3 shows the transmittances of the Ni/Au and ITO
electrodes. Table I also summarizes the transmittances of
these electrodes and the specific contact resistance between
p-GaN and these electrodes.”® Although the transmittance of
the ITO electrode in the visible region is higher than that of
the Ni/Au electrode, the contact resistance and specific
contact resistance between p-GaN are higher than those for
the Ni/Au electrode. In addition, the transmittance of the
ITO electrode in the UV region (300nm or less) is lower
than that of the Ni/Au electrode. In this study, the structure
of the Ni/Au grid electrode and the thickness of the ITO
electrode were optimized at 1 sun.

The conversion efficiencies of these devices were
measured using an air mass 1.5 G (AM 1.5G) solar simulator
(Asahi Spectra HAL-320). Both the irradiation area and the
light intensity were varied to concentrate the light. The
current density versus voltage characteristics of each device
were measured at light intensities from 1 to 300 suns at room

08JHO02-2

p-GaN
p-grid :

10/um

660 pm

(Color online) (a)—(c) Schematic views of electrode structure: (a) Ni/Au, (b) Ni/Au grid, and (c) ITO. (Orange line is auxiliary line of contact
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Fig. 3. (Color online) Transmittances of ITO and Ni/Au electrodes.
Table I. Characteristics of Ni/Au and ITO electrodes.
. Thickness Sheet resistance Spemﬁc contact Transmittance
Material (nm) @/0) resistance (400 nm)
(Q-cm?) (%)
Ni/Au 4
(5 nm/5 nm) 10 14 53 x 10 58
ITO > 2 -3
(100 nm) 1.0 x 10 2.9 x 10 2.6 x 10 92

temperature (RT). We investigated the concentrating proper-
ties of such nitride-based solar cells at light intensities of up
to 300 suns.

3. Results and Discussion

Figure 4 shows the current density versus voltage character-
istics of the nitride-based solar cells under the solar
simulator (AM 1.5G, 1 to 300 suns) at RT. The solar cells
exhibited good characteristics from 1 to 300 suns. We found
that Jsc and Voc for the nitride-based solar cells increased
with increasing concentration ratio.

The short-circuit current density (Jsc), Voc, series
resistance (Rs), shunt resistance (Rsy), FF, and energy
conversion efficiency () at 1 and 300 suns for each sample

© 2013 The Japan Society of Applied Physics
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Fig. 4. (Color online) I-V curves of solar cells using each electrode

under solar simulator (AM 1.5G, 1 to 300 suns) at RT.

Table Il. Device performance characteristics under solar simulator (AM
1.5G, 1 sun) at RT.

Voc FF Jsc n Rs Rsu
pelectiode vy (q)  mAjem?) (%) (@emd)  (Qemd)
Ni/Au 1.8 82 1.0 1.5 1.7x10* 3.4x10*
Ni/Au grid 20 82 1.2 1.9 49x10® 3.9x10*
ITO 1.8 82 1.5 22 2.1x10® 3.4 x10*

Table lll. Device performance characteristics under solar simulator (AM
1.5G, 300 suns) at RT.

Voc FF Jsc n Rs Rsu
pelectiode vy (g (mAfemd) (%) (@em?)  (Rem?)
Ni/Au 2.1 81 4.5 x 107 2.5 1.0 34
Ni/Au grid 22 64 37x10> 18 32 85
ITO 2279 T1x102 40 0.8 50

using different electrodes are summarized in Tables II and
III, respectively.

Figure 5 shows Jsc and Vpc as a function of the
concentration ratio. We compared these results with the
solar cell characteristics of other material systems. In theory,
Jsc for solar cells should increase linearly with increasing
concentration ratio. From Fig. 5, Jsc for all samples
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Fig. 5. (Color online) Jsc and Voc as a function of concentration ratio.

increased linearly with increasing concentration ratio.
Among the three types of electrode structure, Jsc is highest
for the ITO electrodes. This is because the transmittance of
ITO electrodes is higher than that of Ni/Au electrodes.
Next, we consider Vg, where Ve for a condenser can be

defined as follows:?¥

kT (]
Voc = "—1n<ﬁ + 1).
q Jo

ey

Here, Jy, n, k, T, and g are the reverse saturation current,
nonideality factor, Boltzmann constant, temperature, and
elementary charge, respectively. According to Eq. (1), Voc
should increase logarithmically with the increased conden-
sations of light. The results for all samples almost match the
theory from 1 to 300 suns. Moreover, among the three types
of electrode structure, Vo for the solar cell using a Ni/Au
grid electrode was slightly higher. This slight difference is
caused by the small coverage of pits by the Ni/Au grid
electrode, because the contact area of the Ni/Au grid
electrode is narrower than that of the other electrodes.

Figure 6 shows FF and 5 as a function of the concentra-
tion ratio. Although FF for the solar cells using ITO and Ni/
Au whole-area electrodes remained constant upon changing
the concentration ratio, that of the solar cell using a Ni/Au
grid electrode was greatly reduced with increasing concen-
tration ratio. As a result, n for the solar cell using the Ni/Au
grid electrode showed almost no increase with increasing
concentration ratio. We next discuss the cause of the
difference in the concentrating characteristics of FF in each
solar cell.

Figure 7 shows Rs and Rgsy for each solar cell as a
function of the concentration ratio. Although Rg and Rgy for
all samples decrease with increasing concentration ratio, the
rate of decrease of Rg in the solar cells using a Ni/Au grid

© 2013 The Japan Society of Applied Physics
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electrode is lower than that of other samples. The high
resistance of p-GaN may affect the solar cell using the
Ni/Au grid electrode. From the equivalent circuit of the
solar cell shown in Fig. 8,2 the energy loss (Pjoss) due to the
series resistance of the solar cell can be represented as
follows:

Iph Rload

Fig. 8. Equivalent circuit of solar cell. I, and Ryq are photocurrent and
external resistance, respectively.

where I¢ is the circuit current flowing to Rjo,q. Therefore,
the extraction of energy from the solar cell using the Ni/Au
grid electrode is decreased with increasing circuit current
owing to the high concentration ratio. Since the resistivity of
the p-type nitride semiconductor layer is higher than that of
other material systems, we concluded that the grid electrode
is not suitable for GalnN-based solar cells with the p-side-up
structure. Therefore, we concluded that the ITO whole-area
electrode is suitable as an electrode for GalnN-based solar
cells with the p-side-up structure, although there is an issue
regarding the cost due to the scarcity of indium.’® We also
believe that in the future there will be a need to consider
GalnN-based solar cells with the n-side-up structure?’-*®
fabricated using the laser liftoff method®*?” and other
methods. To realize high-performance GalnN-based solar
cells, it necessary to achieve good current spreading of the
p-electrode. Voc, Jsc, FF, and 5 for the solar cell with the
ITO whole-area contacts were 2.2V, 7.1 x 10> mA/cm?,
79%, and 4.0% at 300 suns, respectively.

4. Conclusions

We investigated the correlation between the device perfor-
mance and the window electrode pattern for GalnN-based
solar cells. To realize high-performance GalnN-based solar
cells with a high Voc and FF, it is essential to realize a low
Rs and high Rgsy. Voc and n for the cells were found to
increase with increasing light intensity. The conversion
efficiency of the solar cell using an ITO p-electrode was the
highest at light intensities from 1 to 300 suns because of its
good performance in increasing the concentration of incident
light and its low Rg. As a result, we obtained 7 of up to 4.0%
by irradiating concentrated sunlight with a light intensity of
up to 300 suns.
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We investigated a V-based electrode for the realization of low ohmic-contact resistivity in n-type AlGaN with a high AIN molar fraction characterized
by the circular transmission line model. The contact resistivity of n-type Alyg2GagssN prepared using the V/AI/Ni/Au electrode reached
1.13 x 10~8Q cm?. Using this electrode, we also demonstrated the fabrication of UV light-emitting diodes (LEDs) with an emission wavelength of
approximately 300 nm. An operating voltage of LED prepared using a V/Al/Ni/Au electrode was 1.6V lower at 100 mA current injection than that
prepared using a Ti/Al/Ti/Au electrode, with a specific contact resistance of approximately 2.36 x 10~*Q cm? for n-type Algg,Gag.ssN.

© 2016 The Japan Society of Applied Physics

1. Introduction

Ultraviolet (UV) light has been used in various fields, such
as medicine, chemical treatment, light sensing, and semi-
conductor manufacturing processes. AlGaN-based deep-UV
light-emitting diodes (UV LEDs) are expected to be used
as the next-generation UV-light emitters that will replace
conventional UV lights such as mercury lamps. UV LEDs
have many advantages over mercury lamps, such as their
small size, long lifetime, and high efficiency. Currently, high
external quantum efficiencies of UV LEDs ranging be-
tween UV-B (emission wavelength 280-315nm) and UV-C
(emission wavelength: lower than 280 nm) have already been
reached.' From a practical viewpoint, improvement of wall
plug efficiency (WPE) of these LEDs is essential. A decrease
in device resistance, including the sheet and specific contact
resistances (p.) of n- and p-type layers, is important for
WPE improvement. In particular, the p. of the n-type AlGaN
layer with a high AIN molar fraction accounts for a large
component of device resistance in these LEDs. Thus, a
reduction in p. in the n-type AlGaN layer with a high AIN
molar fraction is important.

Many groups have reported the fabrication of an electrode
for n-type GaN with good ohmic contact using Ti-, Mo-,
and Cr-based four-metal-layer structures.'®'? The first-layer
metal in this electrode is Ti, Mo, or Cr. The metal reacts with
GaN to form a nitride metal and generates N vacancies in
GaN as donors, thereby increasing the doping level at the
metal-semiconductor interface. The second layer is almost
always Al, which ensures that the aforementioned doping-
level increase does not occur by impeding the out-diffusion
of Ga.'>! The third layer is a barrier layer that stabilizes the
electrode and prevents second-layer oxidation and melting.
The fourth layer is a cap layer that prevents the oxidation of
the underlying layers.

Ti-based electrodes can form good ohmic contact with
n-type AlGaN with an AIN molar fraction of up to 0.5.15°19
However, Ti-based electrodes increase specific contact
resistance, thereby increasing the AIN molar fraction. Ti-
based electrodes have high specific contact resistance to
n-type AlGaN with AIN molar fractions above 0.6.2"

05FL03-1

n-Aly ,Gag 33N (2.0um)
AN (2.5um)

Sapphire substrate

Fig. 1. Schematic structure of n-AlyGag3gN.

Recently, France et al. reported a low specific contact
resistance of n-type AlGaN using a V/Al/V/Au electrode
with an AIN molar fraction of 0.6.2" However, we have
found no report on the application of this electrode for UV
LEDs, because this electrode has low repeatability. The
V/Al bilayers are unreliable after high-temperature annealing
because of the propensity for V/Al oxidation to occur and the
tendency of Al to melt and ball up. Thus, the barrier layer is
important for improving the thermal stability of contacts.

In this study, we investigated the barrier layer of a V-based
electrode to improve its stabilization against high-tem-
perature annealing. We evaluated the contact characteristics
of each barrier layer under various annealing conditions.
Moreover, we demonstrated the fabrication of UV LEDs with
300 nm emission wavelengths using this electrode.

2. Experimental procedure

Figure 1 shows a schematic view of the sample structure. The
samples were epitaxially grown on a c-plane sapphire
substrate by metal-organic vapor phase epitaxy. An uninten-
tionally doped, 2.5-um-thick AIN layer was grown at
1,180°C and a 2.0-um-thick Si-doped Alj¢,Gag3sN layer
was sequentially grown. The free-electron concentration in
Si-doped Alj6:Gag3sN was determined to be approximately
1.9 x 10'cm™ at room temperature (RT) by Hall-effect
measurements using the van der Pauw method. Moreover,
the resistivity and mobility of this Alye,GagsgN were 6.9 X
1072Qcm and 49 cm? V~!'s™!, respectively.

After cleaning with an organic solvent, aqua regia, and
hydrogen fluoride, the V (20nm)/Al (80 nm)/barrier layer
(40nm)/Au (100 nm) electrodes were deposited on this n-
type Aly:GagsgN. Thus far, a Ti-based electrode has been

© 2016 The Japan Society of Applied Physics
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Fig. 2.
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Fig. 3. (Color online) (a) Structure of UV LEDs with an emitting peak
wavelength of 300 nm and (b) Plane view of the electrode pattern.

reported to be introduced into the barrier layer (Ni, Ti, and
Mo) between the Ti/Al and Au layers. Therefore, we
investigated the dependence of barrier layers on V, Mo,
Ti, and Ni. After electrode deposition, the samples were
annealed for various times from 1 to 7 min under ambient N,
at 900 °C. We also prepared a sample using a Ti/Al/Ti/Au
electrode as a reference.

Contact characteristics were measured using the circular
transmission line model (CTLM) at RT.?? Figure 2 shows
the CTLM patterns obtained in this study. The electrode
intervals were 5, 10, 15, 20, 25, and 30 um. The propagation
length (L) and sheet resistance (Rsy) were calculated from
this measurement. Therefore, p. was derived from

Pe =RSH'L,2- (1)

The structure of UV LEDs with an emitting peak
wavelength of 300 nm is shown in Figs. 3(a) and 3(b). UV
LEDs were composed of a 2.5-um-thick AIN template, a

2.0-um-thick n-type AlysGag4N cladding layer, three pairs
of unintentionally doped Aly45GagssN/AlyssGag4sN multi-

05FL03-2

(Color online) Microscopy image of the electrode patterns for measurements.
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Fig. 4. (Color online) /-V characteristics of each electrode at an electrode
interval of 20 pm.

quantum wells (3QW), a 150-nm-thick p-type Aly¢Gag4N
cladding layer, and a 100-nm-thick p-type GaN contact layer.
These samples were annealed at 800 °C for 5 min in ambient
N, for p-type activation. These samples were etched up to
n-type AlGaN by inductively coupled plasma reactive-ion
etching. Then, the n-type electrodes were deposited on the
n-type AlGaN layer by electron-beam evaporation. The
size of the n-type electrode was 500 X 245um?. After the
deposition of these electrodes, they were annealed at 900 °C
for 5 min in ambient N, to induce ohmic contact to the n-type
AlGaN layer. Ni/Au (10/40 nm) was deposited on the p-type
GaN layer and annealed at 550 °C for 3 min in ambient O, to
induce ohmic contact to the p-type GaN layer. The size of
the p-type electrode was 500 X 140 um?. In addition, Ti/Au
(10/200nm) pad electrodes were formed on all electrodes
for implementation. Injection voltage—current (V-I) charac-
teristics were measured using a semiconductor parameter
analyzer (Agilent 4156C) at RT and DC.

3. Results and discussion

Figure 4 shows the current—voltage (/-V) characteristics at
20 um intervals between the Ti/Al/Ti/Au electrodes and
V-based electrodes with different barrier layers. For this
figure, we describe only the result of optimizing the
annealing conditions for each electrode. The optimized
annealing times of V/Al/Ti/Au, V/Al/V/Au, V/Al/Ni/
Au, and V/Al/Mo/Au electrodes were 3, 4, 5, and 5 min,
respectively.

As shown in the figure, the V/Al/V/Au and V/Al/Mo/Au
electrodes exhibited nonlinear /-V characteristics. Introducing
V or Mo as a barrier layer formed a Schottky contact. In
contrast, the V/Al/Ni/Au and V/Al/Ti/Au electrodes were
shown to have good ohmic-contact characteristics. Moreover,
the slopes of the /-V characteristics of the V/Al/Ni/Au and
V/Al/Ti/Au electrodes were larger than that of the Ti/Al/Ti/
Au electrode. Introducing Ni or Ti as a barrier layer formed

© 2016 The Japan Society of Applied Physics
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Fig. 6. (Color online) p. of each barrier layer depending on the annealing
conditions.

better ohmic contact to the V/Al/Ni/Au and V/Al/Ti/Au
electrodes than to the Ti/Al/Ti/Au electrode.

For calculating p., resistances between electrodes were
measured at each electrode interval. Figures 5(a)-5(e) show
the resistance plots at the electrode interval from 5 to 30 um.
Since the resistance plots almost agree with the fitting line,
the specific contact resistances obtained are considered
reliable in this investigation.

Figure 6 shows the annealing-time dependence of p. at
each electrode at 900 °C in ambient N,. The p. values of the
V/Al/V/Au and V/Al/Mo/Au electrodes were higher than
2.84 x 1072 and 2.73 x 1072Qcm?, respectively, even when
the annealing time was changed from 1 to 7 min. This is due
to the Schottky contact. In contrast to each electrode, the p,

05FL03-3
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© @

Fig. 7. Differential interference microscopy images of (a) V/Al/Ni/Au,
(b) V/Al/Ti/Au, (c) V/Al/Mo/Au, and (d) V/Al/V/Au after annealing.

values of V/Al/Ti/Au and V/Al/Ni/Au electrodes were
as low as 2.90 x 107% and 1.13 x 1076 Qcm?, respectively.
We found that these two electrodes exhibit low contact
resistances for deep UV LEDs, because the p. value of the
Ti/Al/Ti/Au electrode was 2.36 X 10~*Q cm? for an anneal-
ing time of 5min. Therefore, we found that Ni and Ti are
promising barrier metals for V-based electrodes.

Next, we investigated the mechanism under lying the effect
of each barrier metal by the differential interference mi-
croscopy method and Auger electron spectroscopy (AES).
Figures 7(a)-7(d) show the differential interference micros-
copy images of each electrode after annealing. We found

© 2016 The Japan Society of Applied Physics
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(a) V/AL/V/Au and (b) V/Al/Mo/Au.

a significant difference in surface morphology of each
electrode. The surface roughness of the electrode fabricated
using V and Mo barrier metals was much larger than that
fabricated using Ni and Ti barrier metals. In particular, we
found protruding portions on the surfaces of both samples,
which were confirmed by the laser microscopy method. We
also measured the atomic concentration by AES of two
samples fabricated using Ni and V barrier metals. These two
samples show significant differences in surface roughness
and contact resistance. Figures 8(a) and 8(b) show the depth
profiles of the V/AI/Ni/Au and V/Al/V/Au electrodes.
From these figures, although the outermost surface was Au
before thermal annealing, the V/AI/Ni/Au electrode until
a depth of 50nm from the surface was composed almost
entirely of Al and O, i.e., the V/AI/Ni/Au electrode was
formed with an AlO, oxide layer as a result of thermal
annealing. The Ni—Al alloy formed by thermal annealing
confined the stable oxide film and the control of oxidation to
the underlying metals.?® Thus, the oxygen concentration at
the contact interface was 8.14%. We initially thought that
this result reflected incipient layer composition. However, the
V/Al/V/Au electrode is composed almost entirely of Al and
O, with only small amounts of Au and Ga at the surface.
Thus, the AlO, oxide layer is degraded by high-temperature
annealing. Also, the VO, oxide layer is formed by the
reaction between V and O at the barrier layer. VO, induces
the high-temperature corrosion phenomeon.’¥ Thus, the
metal composition exhibits notable interdiffusion because
of it, the underlying layers of the electrode were rapidly
oxidized. The oxygen concentration of the electrode was
17.0% at the contact interface. For high-temperature anneal-
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Fig. 9. (Color online) V-I characteristics of UV LEDs emitting at 300 nm
prepared using Ti/Al/Ti/Au and V/Al/Ni/Au n-type contacts.

ing, the barrier layer in the V-based electrode is important
for meeting the requirement for the control of the degree of
oxidation.

We also fabricated UV LEDs with an emission wavelength
of 300nm with V/Al/Ni/Au as the n-type electrode, which
exhibited a p, value of approximately 1.13 x 10~°Qcm? for
the n-type Alye,Gag3gN. We prepared the same LEDs using
a Ti/Al/Ti/Au electrode, which exhibited a p. value of
approximately 2.36 X 107*Qcm? for the n-type Algg-
Gag3gN. Figure 9 shows the V-I curves of each LED. In
this figure, we inserted the typical spectrum of this UV LED.
According to this figure, the operating voltage of the LED
prepared using a V/Al/Ni/Au electrode was reduced by
1.6V at 100mA current injection, compared with that
prepared using a Ti/Al/Ti/Au electrode.

4. Conclusions

In this study, we investigated the V-based electrode for low
pe in n-Alj 6,Gag33N. We found it advantageous to fabricate
the V-based electrode with low p. using Ni or Ti as a barrier
metal. The minimum p. value of n-type AlyeGagssN
prepared using the V/Al/Ni/Au electrode reached 1.13 X
107°Qcm?. We also demonstrated the fabrication of a UV
LED with an emission wavelength of approximately 300 nm
using this electrode.
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We investigated the effect of carrier gas on the growth mode of Mg-doped GaN on AIN layers. The growth mode of Mg-doped GaN strongly
depends on the type of carrier gas used. In H, carrier gas, Mg-doped GaN on AIN layers is grown in the shape of an island. In contrast, in N, carrier
gas, Mg-doped GaN on AIN layers shows a two-dimensional growth different from the initial growth mode. We observed that the type of carrier gas
used has a significant impact on the electrical conductivity of Mg-doped GaN owing to the difference in surface flatness.

© 2014 The Japan Society of Applied Physics

1GaN ternary nitride semiconductors show great
A potential for optoelectronic applications, particu-

larly in deep UV (DUV)/UV light-emitting diodes
(LEDs). These devices have many applications such as in air/
water sterilization and can be used as a substitute of mercury
lamps from the viewpoint of environmental burden. How-
ever, the external quantum efficiency (EQE) of DUV/UV
LEDs is much lower than that of blue LEDs."?) There are
many studies on the increase in internal quantum efficiency
(IQE) by reducing the dislocation density’™ such as that
using free standing AIN substrates, an epitaxial lateral
overgrowth method, and so on.®® Because the relatively
high IQE of the AlGaN active layer in DUV/UV LEDs
has already been realized by these studies, light extraction
efficiency (LEE) is one of the most important factors for the
improvement of EQE in DUV /UV LEDs.

The LEE of flip-chip visible LEDs can be improved
by using high-reflectivity electrodes based on Ag” or Rh'?
on the back surface of the LEDs. Furthermore, the sapphire
substrate is removed by laser lift-off (LLO)'" and flip-chip
visible LEDs are sealed with resin or silicone.!? By com-
bining these methods, the LEE of visible LEDs reached
~80%.!'3) Thus far, we have reported highly reflective p-type
electrodes formed by combining indium ITO and Al'¥
which are highly reflective in the UV region. We have also
reported the application of LLO to UV LEDs.'> However,
the most significant issue is the absorption of light by a
p-type GaN layer for the improvement of LEE in DUV/
UV-LEDs. To decrease the absorption of light by a Mg-doped
p-type GaN layer, the thickness of the p-type GaN layer must
be reduced or the layer must be replaced with a high-AIN-
molar-fraction p-type AlGaN layer. However, this method is
very difficult. The resistivity of the p-type AlGaN layer
increases with AIN molar fraction, because the activation
energy of the acceptor increases with the AIN molar frac-
tion.'® In addition, the contact resistivity between the p-type
AlGaN layer and the electrode also increases markedly.!”
Thus, such a method is not practical because the operating
voltage of DUV /UV LEDs increases significantly. Therefore,
Mg-doped p-type GaN is used as a p-type layer for almost
all DUV/UV LEDs.'®? In contrast, the decrease in the
thickness of the p-type GaN layer is also difficult because
GaN grown on an AIN layer shows three-dimensional
growth.?? Thus, in most DUV /UV LEDs, p-type GaN layers
with a thickness of more than 100nm have been used,
resulting in the absorption of most light by Mg-doped p-type
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Mg+*-doped GaN layer (20nm)
Al R Mg-doped GaN layer (200nm)
AIN layer (2um)

’: Sapphire substrate ‘:

Fig. 1.

Schematic view of the sample structure.

GaN layers. To decrease the absorption of light by a Mg-
doped GaN layer, it is very important for GaN on AIN layers
to be grown in two-dimensional modes and to decrease the
thickness of the Mg-doped GaN layer.

In this study, we investigated the growth mode of Mg-
doped GaN on an AIN layer. As a result, we found that there
is a significant difference in initial growth mode caused
by the difference in the type of carrier gas used. Moreover,
such a difference had a significant impact on the electrical
conductivity of p-GaN.

The AIN layers were grown on (0001) c-plane sapphire
substrates. After the growth of 2-um-thick AIN layers at
1,250 °C, Mg-doped GaN layers were grown by a metal-
organic vapor phase epitaxial (MOVPE) reactor. Trimethyl-
aluminum (TMAI), trimethylgallium (TMGa), bis(ethylcy-
clopentadienyl)magnesium (Et-Cp,Mg), and ammonia (NHj3)
were used as the sources of Al, Ga, Mg, and N, respectively.
The growth temperature was controlled by direct measure-
ments of the substrate surface using a pyrometer. Figure 1
shows a schematic view of the sample structure. The sapphire
substrates were thermally cleaned in H, ambient at approxi-
mately 1,250°C. Subsequently, AIN layers with a thick-
ness of approximately 2 um were grown at a temperature
of 1,250°C and a pressure of 30 Torr using hydrogen (H,)
carrier gas. Then, the substrate temperature was decreased
to approximately 1,030°C and the MOVPE reactor pres-
sure was increased to 200 Torr. Moreover, p-type Mg-doped
GaN layers with a thickness of approximately 200 nm and a
higher-Mg-concentration-doped (Mg"-) GaN contact layer
with a thickness of approximately 20 nm were grown with
H; or Ny. The V/III ratio was 1,000, which is a typical value
of the p-type Mg-doped GaN grown by MOVPE. The Mg
concentrations in Mg- and Mg*-doped GaN layers had set
the growth conditions to be 3 x 10! and 2 x 10*°cm~3,
respectively.

© 2014 The Japan Society of Applied Physics
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Fig. 2. In situ reflectance measurement results of Mg- and Mg*-doped

GaN layers grown on AIN layers in H, and N, carrier gases.

To characterize the growth mode and thickness of
Mg-doped GaN layers, we used a real-time in situ optical
reflectometer. This reflectometer consisted of a semiconduc-
tor laser (1 = 650nm) as the light source. The reflected light
was detected via the same probe, a semitransparent mirror,
and a photodiode. We also observed the surface morphology
by Nomarski interference and cross-sectional scanning
electron microscopies. Moreover, we characterized the
crystallinity and strain in Mg-doped GaN layers by a typical
X-ray diffraction (XRD) measurement. We measured the
Van der Pauw Hall effect with a magnetic field of 1,000 G
to determine the hole concentration, mobility, and resistivity
of each sample at room temperature (RT). A Ni/Au ohmic
electrode was deposited by electron beam evaporation on a
Mg*-GaN layer for Van der Pauw Hall effect measurement.
Note that the resistivity of the Mg™—GaN layer was ignored
because this layer was very thin and showed high resistivity.

Figure 2 shows in situ reflectance measurement results of
Mg-doped GaN layers grown with H, and N, carrier gases.
From this figure, we confirmed the significant difference
in reflectance between the samples. In H, carrier gas, the
reflectance from the Mg-doped GaN layer monotonically
decreased. In addition, we could not confirm the interference
from this figure. Therefore, it is suggested that the Mg-doped
GaN layer in H, carrier gas shows a three-dimensional
growth mode rather than a two-dimensional growth mode. In
contrast, we confirmed the interference from the reflection of
the Mg-doped GaN layer from the initial growth stage in N,
carrier gas. Therefore, it is suggested that the Mg-doped GaN
layer in N, carrier gas shows a two-dimensional growth mode
different from the initial growth mode, and that the growth
mode of the p-type Mg- and Mg*-doped GaN layers on AIN
layers strongly depends on the type of carrier gas used.

For further analysis, we obtained Nomarski interference
microscopic and cross-sectional SEM images of Mg-doped
GaN layers in H, and N, carrier gases as shown in Figs. 3
and 4, respectively. These figures revealed a significant dif-
ference in surface structure depending on the type of carrier
gas used. In H, carrier gas, Mg-doped GaN layers were
grown in the shape of islands. The height of each island was
approximately 500 nm, which is approximately two times
larger than the designed value. In addition, there were no
GaN layer growth areas. On the other hand, although the
surface morphology was slightly worse, no island growth
and two-dimensional growth were observed in N, carrier gas.

030305-2

Fig. 3. (Color online) Nomarski interference microscopic images of Mg-
and Mg"-doped GaN layers on AIN layers in (a) H, and (b) N, carrier gases.

(b)

Fig. 4. Nomarski surface and cross-sectional SEM images of Mg- and
Mg*-doped GaN layers on AIN layers in (a) H, and (b) N, carrier gases.
The photograph was slightly tilted in order to clarify the structure in (b).

The thickness of Mg- and Mg"-doped GaN layers was
approximately 180nm, which is almost the same as the
designed value. From these results, the Mg-doped GaN layer
was grown in the three-dimensional mode in H, carrier gas
and in the two-dimensional mode in N, carrier gas. A
different growth mode was assumed during the initial growth.
The equation for the decomposition of NHj is

3
NH; @N*+§H2. (1)

From Eq. (1), the reaction of equilibrium moves to the left-
hand side easily in H, carrier gas; thus, it is difficult to
decompose NHj. In contrast, there is no difficulty in the
decomposition of NHj3 in N, carrier gas. This means that
the number of N atoms contributing to the growth of the Mg-
doped GaN layer at the surface varies even if the same
quantity of NHj; as the gas phase is supplied.

Hypothetical models for different growth modes are shown
in Fig. 5. In H; carrier gas, the number of N atoms at the AIN
surface is low and the migration of Ga atoms is sufficient.
Therefore, the Mg-doped GaN layer was grown in the three-
dimensional mode after nucleation, as shown in Fig. 5(a).
To suppress the three-dimensional growth, the Mg-doped
GaN layer was grown at a lower growth temperature and a
higher V/III ratio; however, no two-dimensional growth was
observed. On the other hand, in N, carrier gas, the number of
N atoms at the AIN surface is sufficient, there are many
opportunities for Ga atoms to interact with N atoms, and the
migration of Ga atoms is suppressed. Thus, many small
crystal nuclei were generated and the initial growth of the
Mg-doped GaN layer was in the two-dimensional mode as
observed by in situ monitoring, as shown in Fig. 5(b).

For further analysis, the XRD reciprocal space mapping
image around the (2024) diffraction was obtained and is

© 2014 The Japan Society of Applied Physics
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Fig. 6. (Color online) XRD reciprocal space mapping around (2024): (a) Mg- and Mg*-doped GaN layers in H, carrier gas, and (b) Mg- and Mg*-doped

GaN layers in N, carrier gas.

shown in Fig. 6. As shown in Fig. 6(a), the Mg-doped GaN
layer in H, carrier gas was almost 100% relaxed in contrast
to that in N, carrier gas, which was approximately 75%
relaxed as shown in Fig. 6(b). This is because Ga atoms
migrated easily in H, carrier gas and the Mg-doped GaN
layer exhibited the lattice constant of GaN through lattice
relaxation.

Finally, we examined the electrical properties of the Mg-
doped GaN layers grown in H, and N carrier gases by using
the Van der Pauw Hall effect measurement method. For the
Mg-doped GaN layer grown in H, carrier gas, no current
flow was observed, even when the voltage was increased up
to 5V because of island growth. In contrast, the Mg-doped
GaN layer grown in N, carrier gas showed good electrical
properties. From the Hall measurements, the hole concen-
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tration, mobility, and resistivity at RT were determined to be
approximately 5 x 10'7cm™3, 6ecm?V~'s~!, and 1.3 Qcm,
respectively, as shown in Table I. Moreover, the Mg con-
centration in this Mg-doped GaN layer characterized by
secondary ion mass spectrometry was 3 x 10'° cm~3, and the
activation rate was approximately 1.7%, which is almost
the same as the typical value because the activation ratio
of the p-type impurity (Mg) in GaN at RT is generally about
2 to 5%.%Y

From the surface morphology and electrical properties,
Mg-doped GaN growth in N, carrier gas was considered to be
very useful for forming DUV /UV-LEDs on AIN layers and
the obtained results encourage the use of thinner p-type Mg-
doped GaN layers and promise an increase in the efficiency
of DUV/UV LEDs.

© 2014 The Japan Society of Applied Physics
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Table I. Hall effect measurement results of Mg-doped GaN in N, carrier
gas. 4)
Mobility Resistivity Hole concentration 5)
(em?V~'s™h (S2cm) (em™)
6 22 5x 107 6)
7)
In conclusion, we investigated the effect of carrier gas
on the growth of GaN layers on AIN underlying layers. The 8)
growth mode of Mg-doped GaN strongly depends on the
type of carrier gas used. In H, carrier gas, Mg-doped GaN 9)
on AIN layers is grown in the shape of an island. In contrast,  10)
in N, carrier gas, Mg-doped GaN on AIN layers shows a )
two-dimensional growth mode. In addition, Mg-doped GaN
grown in N, carrier gas shows good electrical characteristics.  12)
Therefore, the growth of Mg-doped GaN in N, carrier gas is ~ 13)
very useful for forming DUV/UV LEDs on AIN from the 14)
viewpoint of both two-dimensional growth and electrical
properties compared with the growth of Mg-doped GaN in
H, carrier gas. These results promise an increase in the 15
efficiency of DUV/UV LEDs through a decrease in the
absorption of Mg-doped GaN. 16)
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We found out the reduction of contact resistance in V-based
electrode for high AIN molar fraction n-type AlGaN by using
thin SiN, intermediate layer. The contact resistivity for n-type
Alyg70Gag 30N with the V/AI/Ni/Au electrode using SiN,
intermediated layer reached 1.13 x 10°°Qcm?. Moreover,
contact resistivity using SiN, intermediated layer had been
reduced more than one order of magnitude in all AIN molar

1 Introduction AlGaN-based UV light-emitting
diodes (UV LEDs) have many advantages, such as
compactness, high efficiency, and wavelength selectivity,
these devices are expected to replace conventional UV-light
sources based on glass lamps. So far, a high external
quantum efficiency of deep UV LEDs ranging between
UV-B (emission wavelength 280-315nm) and UV-C
(emission wavelength: lower than 280nm) has already
been reached [1-9]. However, there are several issues in UV
LEDs. Especially, an improvement in wall plug efficiency
(WPE) in these LEDs is one of the most important issues in
AlGaN-based UV LEDs. For increase of WPE, reduction of
operating voltage in deep UV LED is essential. The contact
resistance of n-AlGaN accounts for large component of the
device resistance in LEDs, because low ohmic contact
resistivity electrode for n-AlGaN is difficult with increase of
AIN molar fraction. Therefore, a reduction of contact
resistance in the n-type AlGaN layer with a high AIN molar
fraction is important.

Wiley Online Library

fractions from 0.62 to 0.87. Using this electrode, we also
demonstrated UV light-emitting diodes (LEDs) on n-type
Alp70Gag 30N underlying layer with an emission wavelength of
approximately 283 nm. An operating LED voltage using a
V/Al/Ni/Au electrode with SiN, intermediated layer was 3.3V
lower at 100mA current injection than that without SiN,
intermediated layer.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Many other groups have reported the fabrication of an
electrode for n-type GaN with good Ohmic contact using Ti-
based, Mo-based, Cr-based, V-based four-metal-layer
structures [10—15]. The Ti-based electrodes can form good
low Ohmic contact (~10~® Qem?) with n-type AlGaN with
an AIN molar fraction of up to 0.4. However, Ti-based
electrodes increase specific contact resistance (p.), thereby
increasing the AIN molar fraction. In addition, Ti-based
electrodes have high p. to n-type AlGaN with AIN molar
fractions above 0.6 [16]. We reported that V/Al/Ni/Au
electrode realized low contact resistivity (~107° Qcm?)
with n-type AlGaN with AIN molar fraction of 0.62 [17].
However, we confirmed contact resistivity for AlGaN with
AIN molar fraction of 0.7 rapidly increased to 10> Qcm?
order. Therefore, it is essential for realization of low ohmic
contact electrode with AIN molar fraction of more than 0.7.
So far, it has achieved the reduction of p. by insertion of thin
SiN, intermediate layer in AlGaN/GaN heterostructure
field-effect-transistors [18]. However, there are no reports of

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reduction of p. in high AIN molar fraction AlGaN single
layer by using SiN, intermediate layer.

In this study, we found out the reduction of p. in
V-based electrode for high AIN molar fraction n-type
AlGaN by using thin SiN, intermediate layer. We evaluated
the contact characteristics of using thin SiN, layer depend-
ing on the thickness. Moreover, we demonstrated UV LEDs
with 283-nm emission wavelengths using this electrode.

2 Experimental The samples were epitaxially grown
on a c-plane sapphire substrate by metal-organic vapor
phase epitaxy. Figure 1 is a schematic view of the sample
structure. After baking the sapphire substrate at 1180 °C, an
unintentionally doped 2.5-um-thick AIN layer was grown at
1180 °C and a 2.0-pm-thick Si-doped Al,Ga,_,N layer was
sequentially grown. The free-electron concentrations in Si-
doped Al,Ga;_,N were measured to be approximately
2.0x 10" cm™ at room temperature (RT) by Hall-effect
measurements using the van der Pauw method. We prepared
the Al,Ga;_,N samples with different AIN molar fraction x
from 0.62 to 0.87.

After cleaning with an organic solvent, aqua regia, and
hydrogen fluoride, SiN, thin layer on this n-type
Alg70Gag 30N were deposited by electron beam evaporation
method, and the V (20nm)/Al (80nm)/Ni(40 nm)/Au
(100nm) electrodes were deposited by electron beam
evaporation method. We also investigated the dependence
of thickness of SiN, intermediated layers. The thickness of
the SiN, intermediated layer was adjusted by the both of
deposition time and the deposition rate. In this experiment,
the deposition rate using the deposition conditions of
0.5As™". In addition, we did not flow any other gases for
suppression of decompose the SiN, intermediated layer.

After electrode deposition, the samples were annealed
for 5 min under ambient N, at 900 °C. We also prepared the
sample using a Ti/Al/Ti/Au electrode as a reference.

The contact characteristics were measured using the
circular transmission line model (CTLM) at RT [19].
Figure 2 shows the CTLM patterns in this study. The
electrode intervals were 5, 10, 15, 20, 25, and 30 wm. The
propagation length (L,) and sheet resistance (Rsy) were
computed from this measurement. Therefore, p. was
derived from

n-electrode

Figure 2 Schematic views of the electrode patterns for
measurements.

p. = Ry - L. (1)

The structure of UV LEDs with an emitting peak
wavelength of 283 nm is shown in Fig. 3. UV LEDs were
composed of a 2.5-um-thick AIN template, a 2.0-pm-thick
n-type Alp-,GagpsN cladding layer, three pairs of uninten-
tionally doped Aly4GageN/GaN multi-quantum  wells
(BQW), a 150-nm-thick p-type Aly;Gag4N cladding layer,
and a 100-nm-thick p-type GaN contact layer. These
samples were annealed at 800 °C for 5 min in ambient N, for
p-type activation. These samples were etched up to n-type
AlGaN by inductively coupled plasma reactive ion etching.
Then, the V (20nm)/Al (80 nm)/Ni(40 nm)/Au (100 nm)
n-type electrodes with and without SiN, intermediated layer
were deposited on the n-type AlGaN layer by electron-beam
evaporation for current injection. The size of the n-type
electrode was 500 x 245 wm?. After the deposition of these
electrodes, annealing was performed at 900 °C for 5 min
under ambient N, for inducing Ohmic contact to the n-type
AlGaN layer. Ni/Au (10/40 nm) was deposited on the p-type
GaN layer and annealed at 550 °C for 3 min under ambient
O, for inducing Ohmic contact to the p-type GaN layer. The
size of the p-type electrode was 500 x 140 wm?. In addition,
Ti/Au (10/200nm) pad electrodes were formed on all
electrodes for implementation. Injection voltage—current

Ni/Au p-electrode

V/AIl/Ni/Au

k SiN/V/Al/Ni/Au
p-GaN(100nm)

p-Aly,Gag sN(150nm)

n-electrode

n-Al, ,Ga, ;N(2.0pum)

AIN(2.5um)

c-plane sapphire substrate

Figure 1 Schematic structure of n-Al,Ga;_N.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Al ,Gag N/GaN 3QWs |1

n-Alg ;Gag sN(2.0pum)

AIN(2.5um)

c-plane sapphire substrate

Figure 3 Structure of UV LEDs with an emitting peak
wavelength of 283 nm.

WWW.pss-c.com



Phys. Status Solidi C (2017)

Contributed
Article

(3 of 4) 1600243

1.0
. 0.5 .
<
g —
e 0.0 ]
@
: //
=
© o5 ]

SiNx/V/Al/Ni/Au
-1.0 T . T
-1.0 -0.5 0.0 0.5 1.0

Voltage [V]

Figure 4 [-V characteristics with different thickness of SiN,
intermediated layer at an electrode interval of 20 pm.

(V=I) characteristics were measured using a semiconductor
parameter analyzer (Agilent 4156C) at RT and direct
current (DC).

3 Results and discussion Figure 4 shows the
current—voltage (/-V) characteristics at 20-wm intervals
between the V (20 nm)/Al (80 nm)/Ni (40 nm)/Au (100 nm)
electrodes on n-type Aly;GagsN inserted with different
thickness of SiN, intermediated layer. As shown in the
figure, all samples were shown to have good Ohmic-contact
characteristics. However, the slopes of the /-V character-
istics in V/AI/Ni/Au electrode inserted with 3-nm-thick
SiN, intermediated layer were larger than that in the
0-nm-thick SiN, (no insertion SiN, layer). In contrast, the
slope of I-V characteristics rapidly decreased, when
the SiN, thickness was increased to 5 nm. Therefore, it is
confirmed that the improvement of /-V characteristics when
SiN, intermediated layers were the thin films. Although the
optimum conditions of SiN, thickness is limited, the effect
of the insertion 3-nm-thick SiN, was high reproducible
result. Therefore, we evaluated the detailed contact
characteristics in SiN, thickness of O (no insertion sample)
and 3 nm.

For calculating the p., resistances between each
electrode were measured at each electrode interval. Figure 5
(a) and (b) shows the resistance plots of the electrode
interval from 5 to 30 wm. Since the resistance plots almost

-
&
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-
7
S

»
J - n
Ci |} c
<100 =100 )
g ) g —
] = 5 "
2 L 2
g s Inserted SiN g s No inserted
] nserted SINx
. (Onm)
(3nm)
0 0
0 10 20 30 0 10 20 30
Electrod interval[ 4 m] Electrod interval[ 4 m]
(a) (b)

Figure 5 Resistance at each electrode interval: (a) SiN,/V/Al/Ni/
Au, (b) V/AI/Ni/Au.
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Figure 6 The p. of each AIN molar fraction AlGaN determined
by the TLM method.

agree with the fitting line, the p. obtained are considered
reliable in this investigation. The p, values for the V/AI/Ni/
Au electrodes with and without SiN, intermediated
layer were 1.76 x 10~®and 6.75 x 10~ Qcm?, respectively.
Therefore, we succeeded the p. was reduced approximately
three order magnitudes by the insertion of the SiN,
intermediated layer between n-type Aly;GaysN and
V/Al/Ni/Au electrode. We also investigated the AIN molar
fraction dependence of the p.. Figure 6 shows the p. of each
AIN molar fraction AlGaN determined by the TLM method.
The p. had been reduced more than one order of magnitude
by insertion of SiN, intermediated layer in all AIN molar
fractions.

Next, we investigated the mechanism of the p. reduction
by insertion of SiN, intermediated layer. Figure 7(a) and (b)
shows the cross-sectional transmission electron microscopic
image and Si concentration mapping image characterized by
energy dispersive X-ray spectrometry (EDX) of vicinity of
the electrode. In order from the bottom, Al 7oGag 30N and
the electrode can be confirmed. However, the layer of SiN,
was not confirmed. Although clear diffusion into the
Aly70Gag 30N layer was unable to verify, diffusion of Si to
the electrode was able to confirm. Therefore, it will be
considered that Si concentration of the electrode interface is

electrode
n-AAlor 7G3073N

electrode

n-Aly ;Gag sN

50 nm 50 nm

(2) (b)

Figure 7 Reaction of electrode n-Aly70Gag3oN interface of
vicinity of the electrode. (a) The cross-sectional transmission
electron microscopic image, (b) Si concentration mapping image
characterized by energy dispersive X-ray spectrometry (EDX).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8 V-/ characteristics of UV LEDs emitting at 283 nm.

increasing. So, it is estimated that the contact resistance is
reduced by increasing the Si concentration in the vicinity of
the electrode.

We also fabricated UV LEDs with emission wavelength
of 283 nm with V/Al/Ni/Au with and without 3-nm-thick
SiN, intermediated layer, respectively, as the n-type
electrode. Figure 8 shows the V-I curves of each LED.
In this figure, we inserted the typical spectra of this UV
LED. According to this figure, the operating voltage of the
LED using a V/AI/Ni/Au electrode with insertion of
3-nm-thick SiN, intermediated layer was reduced by
3.3V at 100 mA current injection compared to that without
SiN, intermediated layer.

4 Conclusions We present novel method for realiza-
tion of low ohmic contact electrode by using thin SiN,
intermediate layer. As a result, contact resistivity are
reduced from 6.75 x 1072 to 1.76 x 107° Qcm? by using
V-based electrode with SiN, intermediated layer for n-type
Aly70Gag 3oN layer. We also confirmed that reduction of
the operating voltage in 283-nm-emisssion deep UV-LED
at 100mA was 3.3V by insertion of SiN, intermediate
layer.
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We have investigated novel reflective electrodes by combining an indium-tin oxide (ITO) layer and a SiO,/AIN dielectric multilayer (DM) for UV-
light-emitting diodes (LEDs). The reflectance of 10 pairs of SiO,/AIN DM reached 98.5% at 350nm. As a result, the ITO/DM electrodes
simultaneously satisfied the requirements of high reflectivity in the UV region, good contact characteristics, and current spreading. The light output
power of the UV LED with an ITO/DM electrode is 1.2 and 1.6 times higher than those of LEDs with ITO/Al and Ni/Au electrodes, respectively.

© 2013 The Japan Society of Applied Physics

1. Introduction

UV-light sources have been used in various fields, such as
medicine, biochemistry and photolithography, in semicon-
ductor device fabrication process."” Since AlGaN-based UV-
light-emitting diodes (UV LEDs) have many advantages,
such as compactness, high efficiency, and wavelength
selectivity, these devices are expected to replace conven-
tional UV-light sources based on glass lamps. Thus far, there
have been many reports on the improvement in the device
performance of UV LEDs.>'” However, the external
quantum efficiency (EQE) of UV LEDs is still lower than
those of visible LEDs.

To improve the EQE of UV LEDs, light extraction
efficiency (LEE) is one of the most important factors when
the internal quantum efficiency (IQE) of the active layer in
the UV LED is high.!'" In general, the LEE of flip-chip
visible LEDs can be improved using high-reflectivity
electrodes based on Ag or Rh on the back surface of the
LEDs.'>'» However, the reflectivities of Ag and Rh in the
UV region are very low."> Recently, we have reported
highly reflective electrodes that are combinations of indium—
tin oxide (ITO) and Al.'> Although Al is highly reflective in
the UV region, it is difficult to form an ohmic contact with
p-GaN. Therefore, we proposed a high-reflectance ohmic
electrode of ITO, to form good ohmic contact with p-GaN
with high transmittance, combined with highly reflective Al.
By using this bilayer electrode, the light output of UV-LEDs
was improved 1.2 times compared with that when using the
conventional Ni/Au electrode. Because the reflectivity of Al
in the UV region is about 90%, further improvements in
device performance can be expected if an electrode with a
much higher reflectance is realized.

In this study, we propose a novel highly reflective
p-electrode of a SiO,/AIN dielectric multilayer (DM)
combined with ITO for UV LEDs. We fabricated and
characterized 350 nm UV LEDs with this proposed electrode.

2. Experiments

The structure of UV LEDs with an emission peak
wavelength of 350 nm is shown in Fig. 1. The samples were
epitaxially grown on sapphire substrates by metalorganic

08JG07-1

| p-electrode |
p-GaN(50nm)
P-Aly2Gag goN(50nm)
P-Aly 49Gag oN(20nm)
Last barrier : u-Al, ;(Gag goN(4nm)
Si=Aly10Gag e N@Enm)/GaN(G3nm):3QW

n-Al,0Gag goN(800nm)

Aly,5Gag7sN

Sapphire

Fig. 1. (Color online) Schematic diagram of the UV-LED.

vapor phase epitaxy. The UV LED structure was fabricated
on low-dislocation-density Alp0Gag7sN grown on a
grooved Aly,5Gag7sN/AIN template.!® The UV LED
structure was composed of a 3.5-um-thick n-Aly,GaggN
cladding layer, three pairs of unintentionally doped GaN
(3nm)/Si-doped Aly;GagyoN (8nm) multi-quantum wells
(MQWs) with a 4-nm-thick unintentionally doped Aly -
GaggN last barrier, a 20-nm-thick p-Aly4Gage¢N electron-
blocking layer, a 50-nm-thick p-Aly,GagsN cladding layer,
and a 50-nm-thick p-GaN contact layer. The samples were
annealed at 800°C for S5min in N, ambient for p-type
activation. A Ti/Al/Ti/Au ohmic contact with the n-AlGaN
layer exposed by reactive ion etching was deposited by
electron beam evaporation. After the evaporation, annealing
was performed at 850 °C for 30s in N, ambient.

Then, three samples with different p-electrodes were
prepared. In type I [Fig. 2(a)], Ni (10nm)/Au (40nm)
whole-area electrodes were deposited on the p-GaN layer
by electron beam evaporation. This electrode structure was
used as the control sample. In type II [Fig. 2(b)], ITO
(10nm)/Al (150 nm) whole-area electrodes were deposited
on p-GaN by sputtering. Details of the fabrication conditions

© 2013 The Japan Society of Applied Physics
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Fig. 2. (Color online) Top views and cross sectional views of each

electrode structure: (a) Ni/Au, (b) ITO/Al, (c) ITO/DM (1 hole), (d) ITO/
DM (5 holes), and (e) ITO/DM (18 holes). Ti/Au pad electrodes were
formed on all electrodes. Black lines are auxiliary conductors.

of Ni/Au and ITO/AIl electrode have been reported in
Ref. 15. In type III [Figs. 2(c)-2(e)], a combination of ITO
(100nm) and 10 pairs of SiO, (60nm)/AIN (41 nm) DM
with many holes, which were formed by a lift-off method,
as shown in Figs. 2(c)-2(e), was deposited on p-GaN by
sputtering. By forming holes and filling them with metal,
current injection can be achieved. In this study, we used a
100-nm-thick ITO film, because the transmittance of this
layer is higher than 90% at 350 nm and its sheet resistance is
as low as 300 €2/0J. In order to increase the reflectance of the
hole portions, a 200-nm-thick Al metal layer was deposited
in the hole. Then, a Ti (10nm)/Au (240 nm) bilayer was
deposited by electron beam evaporation for current injection.
The size of the p-electrode was 500 x 140 um?. The number
of holes in SiO,/AIN DM was varied at 1, 5, and 18, and the
size was the fixed at 10 x 10 um?. Ratios of the area occupied
by the holes in the p-electrode are approximately 0.02, 0.08,
and 2.5%. In addition, Ti (10nm)/Au (240nm) pad elec-
trodes were formed on all electrodes for implementation.

The voltage—injection current (V-I) and light output
power—injection current (L—I) characteristics of the UV
LEDs were measured using a semiconductor parameter
analyzer (Agilent 4156C). The light output powers and
EQEs of each device were measured by the power meter and
integrating sphere. Moreover, IQEs, which include current
injection efficiency in the active layer and LEEs of each
sample were determined by the Shockley Read Hall model
method.!72")

3. Results and Discussion

Figure 3 shows the reflectance spectrum of the SiO,/AIN
DM film. In this figure, we have also included the simulation
results. From this figure, the reflectance of the SiO,/AIN
DM film at 350 nm was found to be approximately 98.5%.
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Fig. 3. (Color online) Wavelength dispersion of the reflectance of the
SiO,/AIN DM film. In this figure, we have also included the simulation
results calculated by the matrix method.
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Fig. 4. (Color online) V-I characteristic of UV-LEDs with ITO/DM
p-electrodes with three different numbers of holes.

Although there is a slight deviation between the simulation
and experimental results, the reflectance of the SiO,/AIN
DM film is found to be higher than that of Al

Figure 4 shows the V-I characteristics of UV LEDs
with ITO/DM p-electrodes with three different numbers of
holes. With 18 holes, satisfactory current injection can be
confirmed. Therefore, we have compared the UV LEDs with
Ni/Au, ITO/Al, and ITO/DM 18-hole electrodes in this
study.

A simple calculation based on the reflectivity results
indicates that the light output powers for the ITO/DM
electrodes are approximately 1.1 and 1.5 times higher than
those for the ITO/Al and Ni/Au electrode assuming no
absorption, respectively. Figure 5 shows the V-1 and L-I
characteristics of the 350-nm-emission UV LEDs nm with
the three different p-electrodes. Table I also was summariz-
ed the light output powers and operating voltages of each
samples at operation currents of 40 and 80mA. The light
output power of the UV LED with the ITO/DM p-electrode
was 14mW at 100mA. The L—I characteristic shows that
the light output power of UV LEDs with the ITO/DM
electrode was 1.17 and 1.6 times higher than those of UV
LEDs with ITO/Al and Ni/Au electrodes, respectively.
These improvements are caused by the increase in the
amount of reflected light at the p-electrode. However, the
operating voltage at 100 mA of the UV LED with the SiO,/

© 2013 The Japan Society of Applied Physics
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Fig. 5. (Color online) V-I and L—I characteristics of UV LED with ITO/
DM, ITO/ALl, and Ni/Au p-electrodes.

Table I. Characteristics of the UV-LEDs with three different p-electrodes.

Operating current = 40mA  Operating current = 80 mA

p-electrode  Voltage Light output Voltage Light output
V) (mW) V) (mW)
Ni/Au 3.8 2.8 4.2 6.7
ITO/Al 4.1 3.8 4.5 9.2
ITO/DM 4.5 5.0 5.1 11.1

Table Il. EQEs, IQEs including IE, and LEEs of the UV-LEDs with three
different p-electrodes.

EQE IQEY LEE WPE
p-electrode (%) (Q% ) (%) %)
Ni/Au 2.3 28 8 1.9
ITO/Al 2.9 29 10 2.7
ITO/DM 34 29 11 2.6

a) including IE.

AIN dielectric multilayer p-electrode was 1.1V higher
than that of the UV LED with the Ni/Au p-electrode. The
increase in the operating voltage can be reduced by
optimizing the number and size of holes in SiO,/AIN DM.
Table II shows the EQE, IQE including injection efficiency
(IE), LEE, and wall plug efficiency (WPE) of each LED. The
EQE of LED with the ITO/DM p-electrode was 3.4%. This
value was the highest among the three LEDs. Since the IQEs
of the three LEDs are almost the same, we concluded that
the EQE of the UV LED with the ITO/DM p-electrode is
improved by increasing LEE.

4. Summary

We have investigated a novel ITO/DM reflective p-
electrode for UV LEDs. The ITO/DM electrode with holes

08JG07-3

filled with metal, exhibited high reflectivity in the UV
region, good contact characteristics, and current spread,
simultaneously. The light output power of the UV LED with
the ITO/DM electrode is 1.2 and 1.6 times higher than those
of the ITO/Al and Ni/Au electrodes, respectively.
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In this study, we have aimed to improve the light extrac-
tion efficiency by using p- and n- high-reflectivity in-
dium tin oxide (ITO)/Al electrodes with a reflectivity of
~77% at 350 nm, laser lift-off (LLO) method, and sili-
cone sealing. By a combination of these three methods,

1 Introduction UV light is widely used in the fields
of medicine, biochemistry, and photolithography and in
semiconductor device fabrication [1]. In particular, Al-
GaN-based UV-light-emitting diodes (UV LEDs) afford
many advantages such as compactness, high efficiency,
and wavelength selectivity, and therefore, these devices are
expected to replace conventional UV-light sources based
on glass lamps. Recently, many studies have reported new
techniques to achieve higher-performance AlGaN-based
UV LEDs [2-10]. However, the external quantum effi-
ciency (EQE) of UV LEDs remains lower than those of
visible LEDs.

Light extraction efficiency (LEE) is one of the most
important factors for the improvement of EQE in UV
LEDs, because the internal quantum efficiency (IQE) of
the active layer in UV LEDs has already been improved as
much as is possible [11]. The LEE of flip-chip visible
LEDs can be improved by using high-reflectivity elec-
trodes based on Ag [12] or Rh [13] on the back surface of
the LEDs. The LEE can also be improved by the laser lift-
off (LLO) method [14] and by sealing using resin or sili-
cone [15]. By a combination of these methods, the LEE of
visible LEDs was improved to ~80% [16]. However, these
approaches cannot be applied to UV LEDs.

Wiley Online Library

the light output power and operating voltage of UV LEDs
were improved to 23.8 mW and 6.6 V at 100 mA. Fur-
thermore, the external quantum efficiency and light ex-
traction efficiency were improved to 6.6 and 25.3% at
100 mA.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Thus far, we have reported p- high-reflectivity elec-
trodes made of indium tin oxide (ITO) and Al, which is
highly reflective in the UV region [17]. We have also re-
ported the application of LLO to UV LEDs [18]. However,
no study has reported on the combination of these methods
to improve the device performance of UV LEDs. In addi-
tion, UV LEDs sealed by resin or silicone have not yet
been reported.

In this study, we propose the application of a combina-
tion of p- and n-type ITO/Al reflective electrodes, LLO,
and silicone sealing for improving the device performance
of UV LEDs. Toward this end, we fabricated and charac-
terized 350-nm UV LEDs.

2 Experiments

UV LEDs with an emission peak wavelength of 350
nm were epitaxially grown on sapphire substrates by meta-
lorganic vapor phase epitaxy. The samples of low-
dislocation-density = Aly,sGag7sN  grown on grooved
AlysGaysN/AIN/sapphire comprised a 2.8-pum-thick n-
Aly,GapgN cladding layer, three pairs of unintentionally
doped GaN (3 nm), Si-doped Aly;GagoN (8 nm) multiple
quantum wells (MQWs) with a 4-nm-thick unintentionally
doped Al GagoN last barrier, a 20-nm-thick p-Aly,GaggN

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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electron blocking layer, a 50-nm-thick p-Aly,GaggN clad-
ding layer, and a 50-nm-thick p-GaN contact layer. The
samples were annealed at 800 °C for 5 min in N, ambient
for p-type activation. A contact with the n-AlGaN layer
exposed by reactive ion etching was deposited by electron
beam evaporation.

We fabricated and characterized five types of flip-chip
LEDs with different device structures. Samples A—C were
fabricated to understand the usefulness of a high-
reflectivity electrode. Samples D and E were fabricated to
investigate the usefulness of LLO and resin sealing. The
details of the structure of each sample are as follows:

1. Sample A:

This UV LED has a conventional Ni (10 nm)/Au (40 nm)
p-electrode that was annealed at 550 °C for 3 min in O,
ambient and a Ti (30 nm)/Al (100 nm)/Ti/Au n-electrode
that was annealed at 850 °C for 30 s in N, ambient.

2. Sample B:

This UV LED has a high-reflectivity ITO (10 nm)/Al (150
nm) p-electrode of which only ITO was annealed at 600 °C
for 5 min in N, ambient and a Ti (30 nm)/Al (100 nm) n-
electrode that was annealed at 850 °C for 30 s in N, ambi-
ent.

3. Sample C:

This UV LED has both high-reflectivity ITO (10
nm)/Al (150 nm) p- and n-electrodes that were annealed at
600 °C for 5 min in N, ambient.

Samples E and D were used to examine the effect of
LLO and silicone sealing. We processed sample C for use

Sample A Sample B Sample C
Ni/Au ITO/Al | ITO/Al |
p-GaN p-GaN p-GaN
n-AlGa p-AlGa p-AlGaN
MOW MOW MOW
[mom
n-AlGaN n-AlGaN n-AlGaN
sapphire sapphire sapphire
UV light UV light UV light
Sample D Sample E
I ITO/Al I 5
p-GaN lig
p-AlGaN
MQW
ITO/Al
n-AlGaN
UV light

Figure 1 Five types of flip-chip LEDs.
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in these investigations. Sample D was subjected to LLO by
irradiating a 193-nm ArF laser (pulse width: 1.5 ns, en-
ergy: 1.5 J/cm?) one time. Next, KOH wet etching was per-
formed at 100 °C for 1 min. Figure 2 shows the scanning
electron microscopy (SEM) image of the N-face of GaN
after LLO and KOH wet etching. It is observed that the
KOH-etched N-face GaN surfaces show hexagonal cone-
like features with a size and height of 100-1,000 nm and
500-1,000 nm, respectively. In addition, sample E was
subjected to silicone sealing at the sample D. The silicone
sealing was of the chip-on-board type. The silicone sealing
was processed into a semi-spherical form with a diameter
of 1 mm. It involved heat treatment at 150 °C for 30 min.

The voltage-injection current (V-I) and light output
power-injection current (L-I) characteristics of the LEDs
were measured using a semiconductor parameter analyzer
(Agilent 4156C). The light output powers and wall plug ef-
ficiencies (WPEs) of each device were respectively meas-
ured using a power meter and an integrating sphere. Then,
the IQEs, including current injection efficiency (IE) in the
active layer, and the LEEs of each sample were determined
by the Shockley—Read—Hall model method [18-21].

Figure 2 Scanning electron microscopy image of AIN
after KOH wet etching.

3 Results and discussion Figure 3 shows the V-I
and L-I characteristics of samples A—C. Table 1 summa-
rizes the light output powers and operating voltages of
each sample at operation currents of 50 and 100 mA. From
the L-I characteristic, the light output power of sample C
was 1.2 and 1.3 times higher than that of samples A and B,
respectively. This improvement is caused by the increase
in the amount of reflected light at the p-type electrode.

Because GaN has a large absorption coefficient of ~1
x 10° cm™ at 350 nm, approximately 60% of the reflected
light is absorbed in the p-GaN layer. Nevertheless, we con-
firmed that the high reflectivity electrode is effective
enough to increase the LEE. Figure 4 shows the reflec-
tance of each electrode. Considering this absorption and
these electrode reflectances, the calculated results for sam-
ples B and C were approximately 1.3 and 1.4 times higher
than that for sample A. These calculations are in good
agreement with the experimental result. However, the op-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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erating voltage of the UV LED with a high-reflectivity n-
electrode at 100 mA was 1.6 V higher than that of the UV
LED with the Ti/Al n-electrode. This is because the ITO
and n-AlGaN formed a Schottky contact. Although the op-
timization of the high-reflectivity n-electrode is essential,
we found that a highly reflective n-type electrode is also
useful for improving the light output power.

Figure 5 shows the V-I and L-I characteristics of sam-
ples C—E. Because the V-I curves of each LED are almost
the same, it is suggested that there is no damage on each
LED by LLO and silicone sealing. In contrast, the light
output power of samples D and E was 1.5 and 2.0 times
higher than that of sample C, respectively. These results
suggest that LLO and silicone sealing effectively improve
the LEE in the 350-nm wavelength region. LLO increased
the light output power by more than 2.0 times in visible
LEDs [14]. However, in this experiment, the increase was
by 1.5 times, because the absorption of p-GaN occurs by
multiple reflection. We thought that this decrease in the
rate of increase of the light output power was affected by
the decrease in the multiple reflection effect owing to the
absorption in p-type GaN. Therefore, further improvement
of the LEE can be expected if the p-type GaN layer is re-
moved. Table 2 summarizes the EQE, IQE including IE,
LEE, and WPE of each device. The EQE and LEE of the
UV LED of sample E was 6.6 and 25.3% at 100 mA.
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Figure 3 V-I and L-I characteristics of flip-chip UV LEDs of
samples A, B, and C.

4 Summary In this study, we demonstrated the use of
a reflective electrode, LLO, and silicone sealing to im-
prove the LEE of UV LEDs. The EQE and LEE of a 350-
nm-emission UV LED were improved to 6.6 and 25.3% by
a combination of both p- and n- high-reflectivity electrodes,
LLO, and silicone sealing.
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Figure 5 V-I and L-I characteristics of flip-chip UV LEDs of
samples C, D, and E.

Table 1 Characteristics of flip-chip UV LEDs.

Operating Current = 50mA  Operating Current = 100mA

Voltage  Light output Voltage  Light output

[V] [mW] [V] [mW]
Sample A 44 4.2 4.9 8.7
Sample B 4.7 4.8 5.1 10.3
Sample C 6.1 5.5 6.6 11.4
Sample D 6.1 8.6 6.6 17.6
Sample E 6.1 11.5 6.6 23.8

Table 2 EQEs, IQEs including IE, and LEEs of flip-chip UV

LEDs.

EQE IQE® LEE WPE

[%] [%] [%] [%0]
Sample A 1.9 26 7.6 1.7
Sample B 2.6 26 10.0 2.1
Sample C 3.1 26 11.9 1.7
Sample D 49 26 18.8 2.7
Sample E 6.6 26 25.3 3.6
a) Including IE
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We investigated the critical thickness dependence on the GaN barrier layer thickness in a GalnN/GaN superlattice (SL). The characterization was
done by combining an in situ X-ray diffraction (XRD) system attached to a metalorganic vapor phase epitaxy rector and ex situ analyses such as
scanning electron microscopy and transmission electron microscopy. The critical thickness required for the introduction of a + c-type misfit
dislocations (MDs) in the GalnN/GaN SL was determined by analyzing the full width at half maximum of the in situ XRD spectrum from a GalnN/
GaN SL as a function of SL periods, and we successfully found the critical thicknesses of specific different SLs.

© 2016 The Japan Society of Applied Physics

1. Introduction

GalnN ternary alloys have bandgaps ranging from 0.65 to
3.43eV, and are therefore used as active layers in violet,
blue, and green light-emitting diodes (LEDs).!~® In addition,
these materials can theoretically be used in the design of
a multijunction solar cell that covers the infrared to the
ultraviolet regions of the solar spectrum.*'?) In general, most
GalnN-based solar cells are fabricated on a GaN template
or a freestanding GaN substrate because the growth of a
thick GalnN layer is quite difficult. Many previous studies
have revealed the mechanism by which defects form via
strain relaxation in GaInN/GaN heterostructures''™'> in
order to minimize defect formation and improve device
performance. We have previously reported that the super-
lattice (SL) is useful for improving the crystallinity of the
GaInN/GaN SL active layer.”!%16-19 The increases in the SL
periods and InN molar fraction in the GaInN/GaN SL active
layer are required for realizing high-conversion-efficiency
GalnN-based solar cells. However, the crystallinity of the
GaInN/GaN SL deteriorates rapidly upon the introduction
of misfit dislocations (MDs) and growth pits if the layer
thickness exceeds the critical thickness.*!>!3 Thus, the
determination of the structure and growth conditions that
suppress the generated MDs in a GalnN/GaN SL is
important. Therefore, several experiments are needed to
explore the optimal structures unless in situ observations are
employed.

In situ monitoring in metal-organic vapor phase epitaxy
(MOVPE) is the key process in device manufacturing. In
fact, the information given by this monitoring can be fed back
into the growth condition setup, and therefore, helps us to
understand the growth mechanism. We have already reported
on the novel X-ray in situ measurements in Refs. 20 and 21.
In situ monitoring using X-rays yields a measure of the
lattice constant, the nanostructure of the thin film, and the
crystalline quality, for example. So far, we have reported that
the use of this in situ X-ray diffraction (XRD). It makes
possible to accurately follow the relaxation process that
occurs in a GalnN/GaN heterostructure by analyzing the full
width at half maximum (FWHM) of the spectrum of the
GalnN layers. Moreover, we have reported the determination
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of a reliable critical thickness in GalnN/GaN heterostructures
to obtain MD-free growth.??

In the present study, we analyzed a GalnN/GaN SL using
an in situ XRD system attached to the MOVPE reactor, and
then, compared the results with those of ex situ character-
ization techniques such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Thus,
we investigated the critical thickness of MDs introduced in to
the GalnN/GaN SL on GaN systems as a function of GaN
barrier layer thickness. The results indicate that the critical
thickness required for the introduction of MDs in the GalnN/
GaN SL depends on the GaN barrier layer for the GalnN/
GaN SL on GaN.

2. Experimental methods

All samples were grown on c-plane sapphire and freestanding
GaN substrates using MOVPE with a horizontal face-down
2-in. X 3-wafer reactor system (Taiyo Nippon Sanso EMC
GRC-230X). Trimethylgallium (TMGa), triethylgallium
(TEGa), trimethylindium (TMIn), and ammonia (NH3) were
used as Ga, In, and N source materials for the growth of GaN
and GalnN, respectively. Hydrogen (H,) and nitrogen (N»)
were used as the carrier gases. The rotational speed of the
substrate was 5rpm. For the sapphire substrate (~430um),
the GalnN/GaN SL samples were fabricated on an ~3-um-
thick GaN template grown using a low-temperature buffer
layer.”® For the GaN substrate (~330um), the GaInN/GaN
SL samples were fabricated after the growth of an ~I1-um-
thick homoepitaxial GaN layer. The threading dislocation
(TD) densities of the GaN template and freestanding GaN
substrate were ~3 X 103cm™2 and less than 3 x 10°cm~2,
respectively. After the growth of the homoepitaxial GaN
layer at 1,050 °C on the GaN template or substrate using H,
as the carrier gas at 933 hPa, each sample was cooled to
720-750°C and the carrier gas was changed to N,. Then,
a Ga;_,In,N (2nm)/GaN (ynm) SL was grown on the GaN
template and GaN substrate. The InN mole fraction in the
GalnN layer was varied from 0.20 to 0.25 by adjusting the
growth temperature, and the GalN barrier thickness in the
GaN layer was varied from 3 to 11 nm by adjusting the
growth time. The thickness of the GalnN well layer was set to
2nm for all samples. We observed the GaInN/GaN SL with

© 2016 The Japan Society of Applied Physics
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symmetric (0002) Bragg diffraction using the in situ XRD
system attached to the MOVPE. The MOVPE apparatus was
equipped with two beryllium (Be) windows, which served
as viewports for the passage of X-rays focused on the sample
surface using a Johansson curved crystal mirror. By using
this method, the incidence angle of the X-rays can be
changed independently from the X-ray source. The X-rays
diffracted on the sample surface were detected by a one-
dimensional charge-coupled device (1D CCD) without
moving the substrate or the detector. This system executed
the equivalent of a (0002) 26/w scan in one second during
the sample rotation without requiring the use of an analyzer
crystal. Furthermore, the 26 value was calibrated using on
the GaN peak. Although the resolution slightly decreased
compared with that of a conventional XRD system, the
equivalent of a (0002) 26/w scan at a resolution of 1 arcsec
was possible. Therefore, in this system, both the tilt com-
ponent and distribution of the lattice constant ¢ can be
characterized from the FWHM. Furthermore, FWHMs of the
in situ XRD spectrum were analyzed by a Gaussian fitting
method. We observed the GalnN surface structure and
defects by SEM and TEM, respectively.

3. Results and discussion

The in situ XRD spectra of Gag golng 0N (2nm)/GaN (3 nm)
SL are shown in Fig. 1(a). The FWHM obtained from the
in situ XRD signal for the Gag golng 0N (2nm)/GaN (3 nm)
SL on a GaN template in the zero-order satellite peak region
is shown in Fig. 1(b). The FWHM was determined by fitting
the pseudo-Voigt function for the in situ XRD spectrum.
The FWHMs for the Gaggolng0N (2nm)/GaN (3nm) SL
decreased with increasing number of periods of SL up to 25
periods. The decrease in the FWHM is attributed to the
increase in the intensity of the satellite peak with an
increasing diffraction surface for the X-rays through the
periods of the GalnN/GaN SL. Hereafter, the minimum
value of FWHM was observed and the FWHM increased
after this minimum value. However, it is observed that after
the minimum point, crystal defects appeared in the GalnN/
GaN SL. To investigate this phenomenon, Gaggolng,0N
(2nm)/GaN (3nm) SL samples on GaN templates with
different periods were investigated by ex situ characterization
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Fig. 1. (Color online) (a) In situ XRD spectra of Gaygolng,oN (2nm)/
GaN (3nm) SL. (b) Typical FWHMs from the Gag golng0N/GaN SL on the
GaN template as a function of number of SL periods.

techniques. Plan-view SEM and TEM images for the
Gay golng 0N (2nm)/GaN (3nm) SL samples on GaN tem-
plates are shown in Fig. 2. The number of periods ranges
from 10 to 40. The plan-view SEM images show significant
differences in the size of v-pits with increasing GalnN/GaN
SL periods. The v-pit increases in size for additional periods,
as shown in Figs. 2(a)-2(c), and is homogenous for each
sample. However, the v-pits are no longer homogenous and
their size increases with higher number of periods, as shown
in Figs. 2(d) and 2(e). Note that those smaller than 200 nm

On GaN
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Plan-view
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images

4.2 %10% em2 3.9% 108 cm™?
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Fig. 2.
v-pit density is shown below the SEM images.
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(Color online) Plan-view SEM images and plan-view TEM images for Gay goIng0N/GaN SL samples of different periods on GaN templates. The

© 2016 The Japan Society of Applied Physics
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Fig. 3. (Color online) GaN barrier layer thickness as a function of the
number of periods required for the generation of a + c-type MDs for different
InN molar fractions.

appear as v-pits after the minimum point. It is reported
elsewhere that the v-pits are created by the TDs originating
from the underlying GaN template.!? The pit density of
each sample is almost comparable to the TD density.
However, after 30 periods, as shown in Figs. 2(d) and 2(e),
pits with different diameters and trenches are observed. It is
suggested that the larger pits originate in deeper interfaces.
The a + c-type MDs were observed after 25 periods, as
shown in Fig. 2(g), in contrast to the cases with fewer than
25 periods. Therefore, in situ XRD measures the critical
thickness for the introduction of a + c-type MDs in the
GaInN/GaN SL on the GaN system through only one-time
crystal growth.

The number of periods required for the generation of
a + c-type MDs with different InN molar fractions in GalnN
layers as a function of thickness in the GaN barrier layer are
shown in Fig. 3. For the InN molar fraction of 0.25, the
number of periods required for the generation of a + c-type
MDs increases from 12 to 15 on changing from the 3- to
the 7-nm-thick GaN barrier layer. Also, for the InN molar
fraction of 0.20, the number of periods required for the
generation of a + c-type MDs increases from 25 to 29 on
changing from the 3- to the 11-nm-thick GaN barrier layer. In
contrast, it did not change in the case of 3- and 7-nm-thick
GaN barrier layers. In general, the critical thickness in the SL
increases with increasing barrier layer thickness because of
the reduction of compression stress in the GalnN well layer
upon increasing the GalN barrier layer thickness. Bykhovski
et al. reported the calculation of stress in the SL structure. In
this report, the ratio of barrier to well layer thickness is
largely dependent on the critical thickness.?” Therefore, it is
considered to be intended to suggest these results. Also, in
the case of an InN molar fraction of 0.20 with 3 and 7nm
thicknesses of the GaN barrier layer, since the strain in
Gay golng N is less than that in Gag gsIng osN, it is considered
that the effect of the GaN barrier layer is weak on a thin film.
Moreover, on the basis of the in situ XRD results, a reliable
critical thickness for obtaining a + c-type MD-free growth
was determined.

Because we compared with a GalnN single layer on GaN,
the critical thickness of the sum of GalnN and GaN as a
function of average InN molar fraction of GalnN/GaN SL is
shown in Fig. 4. We also plot the data of the critical thickness

05FD11-3

A GalnN Single (on Sapphire sub.)[20]
@ GalnN Single (on GaN sub.)[20]

B GalnN/GaN SL (on Sapphire sub.)
@ GalnN/GaN SL (on GaN sub.)

== Calculation (Ref. 25)

m (alculation (Ref. 26)

w== Calculation (Ref. 27)

wees Calculation (Ref. 28)

E. 10° 4
A ; b i
2 . ]
x

i) -\‘-—-_‘__-‘
5

] 10' E = 1
. E \ 1

1 00 i LN SRR TR A
00 0.1 0.2 03
InN molar fraction
Fig. 4. (Color online) Critical thickness of the sum of GalnN and GaN as

a function of average InN molar fraction of GaInN/GaN SL. The data for the
GalnN single layer on GaN template and GaN substrate of critical thickness
are taken from Ref. 20. The results of theoretical calculations performed
using data in Refs. 25-28 are also shown.

of the GalnN single layer on the GaN template and GaN
substrate from Ref. 20. The critical thickness required for the
introduction of a + c-type MDs in the GalnN single layer
depended strongly on the TD density of the underlying GaN
layer. In contrast, for the GalnN/GaN SL on the GaN
template and GaN substrate with the same InN molar
fraction, there is no dependence of the critical thickness on
the TD density of the underlying GaN layer. We compared
our results with theoretical calculations for GalnN/GaN
heterostructures and the critical thickness required for the
introduction of a + c-type MDs in the GaInN/GaN SL on the
GaN template and GaN substrate. These theoretical calcu-
lations, as obtained from the data in Refs. 25-28, are also
included in Fig. 4. The critical thickness of the SL behaves
in accordance with the theoretical formula in Ref. 28. The
theory presented in this reference considers the interaction
between dislocations, in contrast to other theories. In the case
of the underlying GaN layer with a high TD density, it is
believed that the critical thickness increases with the bending
of the TD. Therefore, it is considered that the critical
thickness is affected by the difference in the TD density of the
underlying GaN layer. In contrast to the GaInN/GaN SL on
GaN, the critical thickness of a + c-type MDs did not change
with the TD density in the underlying GaN layer. It is thought
that because of the greater stress reduction effect of the
barrier layer than the stress relaxation due to the bending of
the TD.

4. Conclusions

We investigated GalnN/GaN SLs with different GaN barrier
layer thicknesses by both in situ XRD and ex situ character-
ization techniques. It was demonstrated that the critical
thickness required for the introduction of a + c-type MDs can
be obtained via in situ XRD analysis. In addition, the critical
thickness required for the introduction of a + c-type MDs
in the GalnN/GaN SL was found to depend strongly on the

© 2016 The Japan Society of Applied Physics
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GaN barrier layer thickness. For the GaInN/GaN SL on the
GaN template and GaN substrate with the same InN molar
fraction, there is no dependence of the critical thickness on
the TD density of the underlying GaN layer.
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We discovered that Si-doped Al osGag.osN can be used to realize an extremely low-resistivity n-type layer at room temperature. In Si-doped GaN,
a resistivity of 2.7 x 1073 Q cm with a carrier concentration of 4.0 x 10'® cm~2 was almost saturated. In contrast, Si-doped Aly05GagesN with a
minimum resistivity of 5.9 x 10~* Q cm was produced with an electron concentration and electron mobility of 1.4 x 102°cm=2 and 70cm?/Vs,
respectively. We confirmed a reduction in the differential resistance of a violet light-emitting diode with a high external quantum efficiency by using
this Si-doped Al 05GaggsN. © 2013 The Japan Society of Applied Physics

roup-III nitride semiconductors are used as light-

emitting diodes (LEDs)'* and laser diodes™® (LDs)

having a wide wavelength range. High-brightness
GalnN-based visible LEDs are presently commercialized
worldwide,”™ but from a practical viewpoint, the wall plug
efficiency (WPE) of such devices needs improvement. The
external quantum efficiency (EQE) of these devices is already
sufficiently high;'%!" therefore, the device resistance, which
includes the sheet, bulk, and contact resistances of n- and p-
type layers, needs to be reduced to improve the WPE. In
particular, the low-resistivity (low-p) n-type layer is im-
portant because commonly used nitride-based LEDs require
for current spreading layers and for simple contacting. A
number of studies have reported on the reduction of p in n-
type GaN.'>"'% Fritze et al.'® managed to reduce p for the Si
doping of GaN to ~2.5 x 107> Qcm at room temperature
(RT). They stated that a p and free electron concentration (7.)
of less than ~2.5 x 1073 Q cm and higher than ~1.9 x 10"
cm™3, respectively, could not be achieved because 3D growth
occurs by excess Si-doping. In contrast to Si-doping, a high-
e (~2.9 x 10* cm™3) and low-p (~6.3 x 107* Q cm) GaN
layer could be realized by Ge doping.'®

In this study, we demonstrated n-type cladding layer of
Si-doped Al 05Gag.osN with low-p and high-n. with smooth
surface. We improved the WPE of a violet LED by using
this Si-doped Al o0sGag.gsN.

All samples were grown by metal organic vapor-phase
epitaxy. Figure 1 shows a schematic view of the sample
structure. Trimethylindium, trimethylaluminum, trimethyl-
gallium, triethylgallium, and ammonia were used as the
source gases. C-plane sapphire was used as a substrate;
it was covered with a low-temperature-deposited buffer
layer.!” An unintentionally doped ~3-um-thick GaN layer
and a 1.5-um-thick Si-doped AlyosGagosN layer or GaN
layer were then sequentially grown. Silane (SiH4, 50 ppm
diluted by H,) was used as a dopant source.'® The carrier
concentration of the Si-doped AljysGaposN and GaN was
adjusted from 8.0 x 10'8 to 1.5 x 10?° cm~3. We measured
the van der Pauw Hall effect to determine n., mobility (u.),
and p of each sample at RT. The two-dimensional electron
gas at the heterointerface between AljgsGagosN and GaN
was ignored because the sheet resistance of each sample was
very low. We also characterized the surface morphology by
scanning electron microscopy (SEM).

We fabricated a violet LED with a 390-nm-emission
GalnN multiple quantum well (MQW) active layer on the
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Si-doped GaN or
AlgpsGagosN (1.5 um)

unintentionally doped GaN
(~3 um)
LT-buffer layer

Sapphire substrate

Fig. 1. Schematic view of the sample structure.

Cr/Ni/Au

Ni/Au
p-GaN
P-AlyosGaggsN
p-Aly;Gay,N
Gay Iy osN/Aly 9sGag 9sN
MOW

Cr/Ni/Au

Si doped Al sGay osN

Unintentionally doped GaN
LT-buffer layer

Sapphire substrate

Fig. 2. Schematic structure and top view of the violet LED.

Si-doped AlgosGagosN layer. This LED structure was
composed of a 2.0-um-thick Si-doped n-Aly 9sGag osN layer,
three pairs of unintentionally doped Gag g,Ing osN (2.7 nm)/
AlgosGagosN (12nm) MQWSs, a 20-nm-thick Mg-doped
p-Alp3GagsN electron-blocking layer, a 100-nm-thick
p-AloosGagosN cladding layer, and a 10-nm-thick p-GaN
contact layer. Figure 2 shows the schematic device structure
and top view of this LED. After the samples were annealed
at 800 °C for 10 min in ambient air for p-type activation, we
fabricated a face-up LED. A Cr/Ni/Au ohmic electrode was
deposited by electron beam evaporation on the n-Alggs-
GaygsN layer, which was exposed by inductively coupled
plasma etching. A Ni/Au ohmic semitransparent electrode
and Cr/Ni/Au pad electrode were deposited on the p-GaN
layer. We prepared two samples with different Si-doped
AlpgsGagosN (1. = 1.0 x 10! and 1.6 x 10 cm™3). The

© 2013 The Japan Society of Applied Physics
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“mj AL

5um

Fig. 3. Plan-view SEM image of (a) Si-doped GaN
(ne = 3.0 x 10" cm~3) and (b) Si-doped AlGaN (n, = 1.4 x 10?0 cm™3).

device size of each LED was 350 x 350 um?. The voltage—
injection current (V-I) and light output power—injection
current (L-1I) characteristics of the LEDs were measured
using a semiconductor parameter analyzer (Agilent 4156C).
Each LED was characterized with a bare chip. The light
output powers and WPEs of each device were measured
using the photodiode.

Figure 3 shows the plan-view SEM image of the Si-doped
(a) GaN (n, = 3.0 x 10'° cm™3) and (b) Alg¢5GagosN (11,
4.0 x 10°°cm™3). Significant differences in surface mor-
phology were identified through these figures. In Fig. 3(a),
the Si-doped GaN showed island growth (size, 1.5um to
several tens of micrometers). Because n. of Si-doped GaN
up to 1.0 x 10" cm—3 can be obtained on a smooth surface,
we concluded that the surface of this sample was rough
because of excess Si. This result is almost in agreement with
that reported in Ref. 16. In contrast, a smooth surface was
obtained in Aly0sGaggsN despite the Si concentration being
too high; we were unable to confirm the existence of cracks
in all AlpsGagposN samples. We concluded that a smooth
surface can be obtained by the addition of AIN even though
for a high Si concentration.

Figures 4 and 5 show p as a function of n. and p, as a
function of ne, respectively, in Si-doped AlpgsGagosN and
GaN. n. of the Si-doped GaN was unambiguously increased
up to 4.0 x 10'° cm—3. However, pof 2.7 x 1073 Q cm with
ne of 4.0 x 10" cm=3 was close to saturation because /i,
rapidly decreased with deteriorating surface roughness.
These results are similar to those reported in Ref. 16. In con-
trast, In contrast, n. of AlgosGagosN continued to increase to
10" cm~3 and further to 1.4 x 10* cm™>. The minimum p
in Si-doped AlgsGagosN was 5.9 x 107* Qcm. This p is
lower than that of GaN with Ge doping.'® n. and u, of
n-Alg gsGagosN in the minimum-p sample were 1.4 x 10%°
cm™ and 70cm?/Vs, respectively. Because 3D growth is
suppressed using Alp 9sGagosN even under high Si concen-
tration, . of this n-AlysGagosN did not decrease signi-
ficantly. This result shows the potential of realizing a low-p
n-type layer by using AlyosGaggsN.

Figure 6 shows the measurement results of /-L and -V
of the violet LED on different Si-doped Al 05GagosN (7e:
1.0 x 10" and 1.6 x 10*° cm~3). We confirmed a significant
difference in the /-V curve of each LED. By increasing the
Si concentration (ne in n-AlggsGagosN was changed from
1.0 x 10" and 1.6 x 10%° cm™3), we found that the operat-
ing voltage was reduced by ~1V at 100mA current injec-
tion. Moreover, the differential resistance at 100 mA current
injection (series resistance) of each LED was reduced from
14 to 7.2. According to a simple calculation, approxi-

Fig. 4.

Fig. 5.

0

RT
. <
A
107+ ,
[
hd rough
'g‘ ° surface
(&]
S,
< A
10°F A
® GaN A
A Al().()SGal).’JSN A
1 (I)I 8 1 (I)l 9 1 Olzo
n [cm'3]

n. dependence of p in Si-doped GaN and Aly 9sGaggsN.

—

el

e}
T

€

u [cmz/Vs]

RT

> e

GaN
Al Ga N

0.05 0.95

10 :

1018

1019 1020

n, [cm‘s]

ne dependence of . in Si-doped GaN and AlpsGagosN.

Current density [A/cmz]

27

54

81 108

Voltage [V]

RT, DC

--y .

-~

- - -
\

[3S
(=)

Output power [mW]

)

- = 1.0x10" [em™]| 4
—1.6x 10" [cm”]

w

Fig. 6.
Alp.0sGagosN.

121002-2

20

40

60 80

Current [mA]

I-V and I-L measurements of the LED on Si-doped

© 2013 The Japan Society of Applied Physics



Appl. Phys. Express 6 (2013) 121002

T. Sugiyama et al.

Current density [A/cmz]
0 27 54 81 108 135

RT, DC

S

>

Q

=}

(5}

3 4

E

(5]

o0

= 2 1
& - - 1.0x10"[em’]
= — 1.6x10” [em™]

Z of 1

0 20 40 60 80 100
Current [mA]

Fig. 7. WPEs for injection current.

mately 4 Q2 is caused by the p-type layer (contact and bulk
resistance) among the series resistance. Because p was
reduced to approximately 1/5 times by n. increases from
1.0 x 10'° and 1.6 x 10%° cm—3, this reduction in differential
resistance can be partially explained by the decrease in the
sheet resistance of the n-AlggsGagosN layer. Because the
light output power of each LED for the low-current injection
was almost the same, as indicated by the /-L curves, the
quality of the active layer is sufficiently high even when
using an underlying layer with a high Si concentration. In
contrast, the light output power in violet LEDs when using
an underlying layer with a high Si concentration at a high-
current injection was high approximately 5%. Cause of this
difference can be considered heat generation,>" decrease
of the current injection efficiency by current over flow,??
and droop.”” Among these, we considered the decrease
of injection efficiency and droop are irrelevant, because
structure of the p-type layer and the GalnN based active
layer in both devices is the same. Also, since we have not
seen a noticeable difference in the light emission pattern of
each LEDs, we attributed this to the fact that heat genera-
tion is reduced by reductions in differential resistance.
Therefore, this n-AlyosGagosN underlying layer with a
high Si concentration is useful for a high-current-operation
LED. Figure 7 shows the WPE as a function of the injec-
tion current. The WPE of the violet LED when using an
underlying layer with a high carrier concentration was
around 1.15 times as high as that when using an underlying
layer with a low carrier concentration. Therefore, this Si-
doped n-Alp 05GagosN underlying layer is extremely useful
for realizing high-performance GalnN-based LEDs. In addi-
tion, because AlGaN is also useful as a UV light-emitting
device material,'”?” we expect that our results can be
applied to UV and deep-UV LEDs and laser diodes.

In conclusion, we discovered that Si-doped n-type Al os-
GagosN with extremely low resistivity (5.9 x 107* Q cm)

121002-3

can be realized at RT. In contrast, p and n. in Si-doped
n-type GaN of less than ~2.5 x 1073 Qcm and higher
than ~1.9 x 10" cm™3, respectively, could not be achieved
because 3D growth occurs by excess Si-doping. Further-
more, the reduction of the series resistance of the LED with
a high internal quantum efficiency was possible by using this
underlying layer. Therefore, this Si-doped n-AlgosGaggsN
underlying layer is extremely useful for the realization of
high-performance GalnN-based LEDs.
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We measured drain bias stress effects and current col-
lapse in AlIGaN/ GaN heterostructure field-effect transis-
tors (HFETSs) on a-plane and c-plane GaN substrates. An
a-plane AlGaN/GaN HFET (a-HFET) shows small cur-
rent collapse with a threshold voltage (V,= -1.8 V).
On the other hand, a c-plane HFET (c-HFET) with the
same barrier thickness (20 nm) shows a small current col-
lapse, although Vy, was negatively large (V= -4 V).

1 Introduction AlGaN/GaN HFETs are expected for
high-efficiency and high-power switching devices in pow-
er inverter circuits. Normally off mode operation is neces-
sary to realize a fail-safe operation in power switching ap-
plications. Studies on normally off operation have been re-
ported by many groups [1-5]. Nonpolar AlGaN/GaN
HFETs are also expected as a structure to realize normally
off operation. The heterojunction on a nonpolar plane
(a-plane and m-plane) is not affected by piezoelectric and
spontaneous polarizations. Therefore, two dimensional
electron gases (2DEGs) channel at the hetero-interface can
be controlled merely by Si doping. However, dislocation
and stacking fault density in nonpolar GaN on a highly
mismatched substrate are huge, which results in very low
mobility. Recently, HFETs on m-plane and a-plane GaN
substrates have been reported [5-7]. High drain current and
small threshold voltage (V) were realized using a nonpo-
lar HFET on GaN substrates.

The current collapse in HFETs caused by electron traps
has been reported [8, 9]. The surface states and carrier
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Current collapse in a-HFET was not large compared with
that in conventional c-HFET on GaN. A ¢-HFET on sap-
phire was also measured. The current collapses in HFETs
on sapphire were larger than that in HFETs on a GaN
substrate. The current collapses in the thin-barrier c-
HFET (¥, = -1.8 V) were particularly large. Therefore,
an a-plane device is promising for a small or positive V,
with small current collapse.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

generation mechanisms of c-plane and a-plane HFETSs are
different. Therefore, it is meaningful to characterize the
current collapse property in a-plane HFETs (a-HFETs). In
this study, we measured drain bias stress effects and cur-
rent collapse in HFETs on a-plane and c-plane GaN sub-
strates and conventional HFETs on sapphire. The relation-
ships the FET characteristics, the substrate and device
structure were measured.

2 Experiments

2.1 Device structure Figure 1 shows the device
structures. We fabricated 4 samples. All the HFETs were
grown by MOVPE. The a-HFET was grown on an a-plane
GaN liquid phase epitaxial (LPE) substrate. An uninten-
tionally doped thick GaN layer and an Aly3Gay;N barrier
of 21 nm thickness were grown. The AlGaN barrier con-
tained a Si-doped layer. As references, an Aly3Gay;N
(22 nm)/GaN HFET on a free-standing c-GaN substrate
and conventional Aly;GagsN (10 and 23 nm)/GaN HFETs
on c-sapphire were also grown. After the growth, the sam-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ple was etched for mesa isolation by Cl,-based reactive ion
etching (RIE). Ti/Al/Ti/Au was used as the source-drain
electrode, while Ni/Au was used as the schottky gate metal
for the metal-semiconductor (MES) structure. The gate
length (Lg) and the distance between the source and drain
(Lop) of all the devices were 2 and 8 pum, respectively. The
current collapse in all the devices was measured without

passivation.
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Figure 1 Schematic view of HFETSs.
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2.2 Current collapse measurements The drain
stress effects and current collapse of HFETs were meas-
ured in a dark room. The current collapse measurements
were done by placing the substrate on a quartz plate. A pa-
rameter analyzer 4155C (Agilent) was used for all the
measurements.

Figure 2 shows the transfer characteristics (Vgs-Ips) of
4 samples with Vpg=5 V. Vy, and Ipg of the a-HFET and
c-HFET (Alg3GagsN: 10 nm) were almost the same
(Vy=-1.8 V). On the other hand, the c-HFETs with a thick
AlGaN barrier (Aly3Gag;N: 22 and 23 nm) showed high
Ips but the Vy, values were negatively large.

e a-HFET c-HFET on GaN(AlGaN:22 nm)
e c-HFET on Sapp(AlGaN:10 nm)
c-HFET on Sapp(AlGaN:23 nm)

0.20 e
0.15 =
)
£ 0.10 -
<
g
~
0.05 /
0.00 4=y v
-6 -4 2 0 2
Vs (V)

Figure 2 Transfer characteristics (Vgs-Ips) with Vp=5 V.

3 Results The drain stress bias was maintained for
30 s with Vgg= -8 V. The time shift of the drain current
was measured when the gate and drain were turned on
(Vgs=0V, Vps=5 V). Figure 3 shows the time shift of the
drain current with stress bias in a-HFETSs. Ipg decreased
with increasing stress bias. The Ipg was not quickly recov-
ered with a very long time constant. However, the /s was
recovered by exposure to room light. Therefore, the origin
of the current collapse is not device damage but the elec-
tron traps. This current collapse is considered to originate
from deep traps as indicated by the long time constant [10].
Figure 4 shows the stress bias and stress time dependence
of the normalized Ipg at 10 s after the stress bias. The Ipg
and current collapses depend not on the stress time but on
the stress voltage. This trend is the same in all HFETSs.
Thus, the following current collapse measurements were
carried out with the stress time of 30 s.
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Figure 4 Normalized Ipg at 10 s after the stress bias and stress
time.

Figures 5 and 6 show the decrease in drain current in
each HFET with stress bias. Figure 5 shows the normalized
Ipg at 10 s after stress off and FET turn on. The decrease in
Ips in the a-HFET is small next to that in the c-HFET on
GaN (AlGaN: 22 nm), and the same as that in the c-HFET
on sapphire (AlGaN: 23 nm). In contrast, decrease in Ipg in
the c-HFET on sapphire (AlGaN: 10 nm) is very large.
Figure 6 shows the normalized Ipg at 0.1 s. The difference
of the normalized Ips was large immediately after the

WWW.pss-c.com

switching, by GaN substrates and a thick AlGaN barrier. A
small current collapse is very important in a high-speed
switching device. The electric field was decreased by con-
ductive GaN substrates, and the trapped electrons were
also decreased [11]. A virtual gate is generated by the cou-
lomb force of the trapped electrons. Therefore, the effects
of current collapse in the HFET with a thin barrier layer
are large.
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Figure 5 Normalized /pg at 10 s for each HFET.
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Figure 6 Normalized /pg at 0.1 s for each HFET.
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The a-HFET with a conventional structure and without
passivation showed a small 7, and a small current collapse
compared with c-HFETs. Thus, improvements of the per-
formance of the a-HFET are expected by passivation and
with the reform of the device structure design [12, 13].

4 Summary The drain bias stress effects and current
collapse in a-plane and c-plane HFETs were measured.
The ¢-HFET with thick barrier thickness (22 nm) on GaN
shows small current collapse; however, ¥, was negatively
large. On the other hand, a c-HFET with a thin AlGaN bar-
rier (10 nm) on sapphire shows a small V;, because the
2DEG sheet carrier density is small. However, in contrast,
the current collapse in the thin-barrier c-HFET was large.
Because the surface was very close to the 2DEG channel,
maximum electric field concentration is high and the
2DEG sheet carrier density is low. Therefore, the effect of
trapped electrons was large.

In contrast, V,, of a-HFETs were small, because career
concentration in a-HFET structure was low, however the
effects of current collapse were small. These characteris-
tics in a-HFET are contrast with that in c-HFET. Moreover,
there are differences in device structures, conductive sub-
strates and Si delta-doped AlGaN barrier layer. These dif-
ferences also effected the current collapse [14].

The a-plane AlGaN/GaN HFET on GaN substrates
shows a small current collapse and V. Current collapse in
a-HFET was not bad compared with that in the conven-
tional c-HFET, in spite of a-HFETs were nonpolar plane
growth which have a mixture surface of Ga and N. Thus,
the a-plane device is promising for the realization of a
small or positive V', and small current collapse.
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We obtained high-quality AIGalnN/GaN quantum wells (QWSs) with a 385 nm emission by adding Al sources to GalnN QWs grown at a low growth
pressure of 150 mbar. When AlGalnN QWs were grown at a relatively high growth pressure of 400 mbar, a considerable amount of peculiar
trench-shaped defects were observed on the surface of the AlGalnN QWs. We found that the trench defects acted as nonradiative centers,
leading to low photoluminescence (PL) intensities. Our experiments reveal that a low growth pressure is effective in suppressing the trench defect
formation, resulting in high-quality AlGalnN QWs. © 2013 The Japan Society of Applied Physics

1. Introduction

AlGalnN quarternary alloy has an important flexibility in
that the band-gap energy can be designed while the lattice
matching condition is satisfied. This flexibility is very
useful for obtaining high-quality heterointerfaces, which are
commonly required in various semiconductor devices.'™
However, it is difficult to grow the AlGalnN alloy since the
typical growth conditions of AIN and InN are very different,
such as growth temperature and pressure. A high growth
temperature and a low growth pressure are necessary for the
AIN growth to reduce parasitic reactions between Al sources
and N sources and enhance Al adatom migrations on the
surfaces.*” In contrast, a low growth temperature and a
high growth pressure are required for the InN growth to
incorporate In atoms into epitaxial layers.>!" The two
growth parameters are completely opposite.

Recently, a novel monolithic white LED fabricated using
a combination of a fluorescent SiC substrate and a nitride
semiconductor near UV-LED structure was proposed.!'?!>
The UV-LED should have a peak wavelength of 385 nm to
excite carriers in the fluorescent SiC substrate. To obtain
385nm emission, GaggslngosN quantum wells (QWs) are
typically used.'® Unfortunately, the 0.05 InN mole fraction
is too small to make the most of the In inhomogeneity for a
higher radiative efficiency. The effect of In inhomogeneity
has been observed in purple to blue GalnN-based LEDs in
which the GalnN QWs contain more than 0.1 InN mole
fractions. We then proposed to use AlGalnN QWs for
385nm emission. AlGalnN with 385nm emission should
have relatively large (~0.1) InN and AIN mole fractions
simultaneously. The concept is to obtain not only sufficient
In inhomogeneity with about 0.1 InN mole fraction but
also a large band-gap corresponding to 385nm emission
with about 0.1 AIN mole fraction. So far, the AlGalnN
alloys with a few percent InN mole fractions have been
investigated as active regions for the emission of less than
365nm.'7?

In this study, AlGalnN QWs targeting high-efficiency
385nm emission are fabricated and characterized. Our
approach to obtaining the AlGalnN QWs is to supply
additional Al sources to our typical GaInN QW growth
conditions. We found that peculiar trench-shaped defects

08JB27-1

Table I. Materials of well/barrier and growth conditions at well layers.
Sample 1\\V/[(:ltle/rll)zlrsrl;)1f“ Pressure  TMIn  TEGa  TMAI
layers (mbar) (umol/min) (umol/min) (umol/min)
Al GagglngN/GaN 400 32 37 0
A2 AlGalnN/AlGaN 400 32 37 9
B1 AlGalnN/GaN 400 4 37 9
B2 AlGalnN/GaN 400 1 37 9
B3  Alyp;GaggsN/GaN 400 0 37 9
Cl  Gaggrlng;3N/GaN 150 38 46 0
C2  AlGalnN/GaN 150 38 46 9
C3  Alpgelng4N/GaN 150 38 0 9

showing a strong correlation with nonradiative recombina-
tions were observed on the surfaces of the AlGalnN QWS.B)
A key growth parameter is discussed to suppress the
formation of the trench-shaped defects.

2. Experimental Methods

A sample structure in the experiments is five QWs grown
on a Si-doped GaN/undoped GaN/sapphire template by
metalorganic vapor phase epitaxy (MOVPE). The well and
barrier thicknesses were estimated to be about 3 and 12 nm,
respectively, from X-ray diffraction patterns and growth
time. For the five QW structures, trimethylaluminum
(TMAL), triethylgallium (TEGa), trimethylindium (TMlIn),
ammonia (NH3), and nitrogen were used as Al, Ga, In, and
N sources and a carrier gas, respectively. The growth
temperature was 780°C to obtain reasonably high In
incorporation. A total of eight samples in three sets were
prepared, as listed in Table I. The first set of two samples
(A1l and A2) is for growing AlGalnN QWs on the basis of a
standard GalInN QW. Sample Al was our standard GalnN/
GaN QWs grown at 400 mbar. Then, Sample A2 was grown
under the same growth condition as Sample Al but with an
additional TMALI flow at the wells and barriers, resulting in
AlGaInN/AlGaN QWs. The second set of three samples (B1
to B3) is for growing AlGalnN/GaN QWs with smaller
TMIn flows to observe the TMIn flow dependence of surface
morphologies. Samples Bl to B3 were grown under the

© 2013 The Japan Society of Applied Physics
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same growth conditions as Sample A2 but with smaller
TMIn flows. Actually, no TMIn flow was used for
Sample B3, meaning that the nominal well material was
AlGaN. The third set of three samples (C1 to C3) is for
growing AlGalnN QWs on the basis of another standard
growth condition of GalInN QWs. Sample C1 was GalnN/
GaN QWs grown under a lower growth pressure of
150 mbar. Samples C2 (AlGaInN/GaN) and C3 (AlInN/
GaN) were grown under the same low growth pressure but
with TMALI flows. In Sample C3, only TMIn and TMALI
flows were supplied to the wells.

For the ternary alloys, such as Samples Al, B3, C1, and
C3, the mole fractions were determined from X-ray
diffraction patterns as listed in Table I. Even though the
growth temperature and In/(Ga + In) supply ratio were the
same between Al and Cl1, the InN mole fractions were
slightly different. This could be due to differences in the
total flow rate as well as growth pressure.

For the quarternary alloys, such as A2, B1, B2, and C2,
the mole fractions are unknown owing to insufficient
information. However, note that the InN mole fractions of
Cl (GalnN) and C3 (AlInN) are almost the same. The
growth conditions of both the samples are the same in terms
of growth temperature, growth pressure, and the amount of
TMIn supply but differ in the amount of other group-III (Ga
or Al) source supplies. Thus, in this experiment, the InN
mole fractions of A2 and C2 (AlGalnN) may be similar to
those of Al and C1 (GalnN), respectively.

The surface morphologies of all the samples were
characterized by atomic force microscopy (AFM). In
addition, surface images were obtained by scanning electron
microscopy (SEM) and room-temperature panchromatic
(160-930nm) cathodoluminescence (CL) analysis in the
same areas to correlate the surface morphologies with
luminescence intensities. Also, room temperature photo-
luminescence (PL) spectra were measured to evaluate the
optical qualities of the QW samples.

3. Results and Discussion

Room temperature PL revealed that the AlGalInN QW
Sample A2 showed a 385 nm peak wavelength as designed
but also a much lower PL intensity than the standard GalnN
QW Sample Al. Note that AlGaInN QW Sample A2
contains AlGaN barrier layers, as listed in Table I, for
an equivalent carrier confinement to that of GalnN QW
Sample Al. Thus, the lower PL intensity of Sample A2
could suggest a poor quality of the AIGalnN QW material.

To investigate this further, surface morphology images
obtained by AFM and SEM, and CL images were observed,
as shown in Fig. 1(a) for the GalnN Sample Al and
Fig. 1(b) for AlGaInN Sample A2. The SEM and CL images
were taken in the same regions. Some pits were found in
GaInN QW Sample Al, which are typically observed in
GalnN QWs. Also, even though some undulation in the CL
image of GalnN QW Sample Al was observed due to the
In inhomogeneity, the CL image showed reasonably high
intensity. In contrast, AlGalInN QW Sample A2 showed
many defects on the surface. The inset of the AFM image in
Fig. 1(b) revealed that each defect was surrounded with a
trench, and the surrounded region was slightly higher than
the other flat regions. The height and width of the region
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Fig. 1. (Color online) AFM, SEM, and CL images of (a) GaggoIng joN
QWs (Sample Al) and (b) AlGaInN QWs (Sample A2).

surrounded by the trench are about 4-13 and 60-200 nm,
respectively. In addition, the CL image revealed that the
areas of the trench defects were very dark, meaning that the
trench defects should act as nonradiative centers. The trench
defects are not typically observed in GalnN QWs, so the
defects should result from the additional TMAI flow.

Next, to understand the origin of the trench defects,
additional AlGalnN QW samples (Bl to B3) were grown
and characterized. In the AlGaInN samples, various TMIn
flows including zero flow were selected during the AlGalnN
QW growths. Figures 2(a)-2(c) show the surface morphol-
ogies of AlIGaInN QW Samples B1, B2, and B3 measured by
AFM. As the TMIn flow was reduced, the trench defects
were clearly reduced. Actually, no trench defects were
observed in AlGaN QW Sample B3, which was grown
without TMIn flow. Therefore, the origin of the trench
defects in this case should be related to the coexistence of Al
and In at least.

We then grew QW samples at a lower growth pressure
of 150 mbar. The purpose of using a lower growth pressure
is to minimize potential parasitic reactions between TMAI,
TMlIn, and possibly NH3 by increasing the flow velocity in
the MOVPE reactor flow channel. Figures 3(a) and 3(b)
show AFM, SEM, and CL images of GaInN QW Sample C1
and AlGalnN QW Sample C2 grown at 150 mbar, respec-
tively. Clearly, AlGalInN QW Sample C2 shows almost no
trench defects on the surface. Furthermore, a bright CL
image was also obtained from AlGalnN QW Sample C2.
This is attributed to the elimination of the trench defects on
the surface. Another finding is that the size of the bright
regions in the CL image of AlGalnN QW Sample C2
[Fig. 3(b)] was smaller than that of those in GaInN QW

© 2013 The Japan Society of Applied Physics
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Fig. 2.

(a) (b)

Fig. 3. (Color online) AFM, SEM, and CL images of (a) Gagg7Ing 3N
QWs (Sample C1) and (b) AlGaInN QWs (Sample C2).

Sample C1 [Fig. 3(a)]. This should be one of the influences
of adding Al atoms in the well layers, but the details are
unknown at this moment.

PL spectra of AlGaInN QW Samples A2 and C2, and
reference GalnN QW Samples Al and C1 are plotted in
Fig. 4. AlGaInN QW Sample C2 grown at 150 mbar clearly
showed a drastic improvement of PL intensity compared
with AlGalnN QW Sample A2, and almost comparable PL
intensities to those of GalnN QW Samples A1l and C1. Also,
the emission peak wavelength of AlGalnN QW Sample C2
showed a blue-shift from that of GaInN QW Sample Cl,
resulting in 385 nm emission. This result implies that some
Al atoms incorporated in the well layer contributed to the
blue-shift.

Additionally, for an extreme case with the coexistence of
Al and In, AlInN QW Sample C3 was grown at 150 mbar.
As shown in Fig. 5, no trench defects on the surface were

08JB27-3

(Color online) AFM images of (a) AlGaInN QWs (Sample B1), (b) AlGaInN QWs (Sample B2), and (c) Alpy7GagosN QWs (Sample B3).
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Fig. 4. (Color online) PL spectra of AlGaInN QWs (Samples A2 and C2)

and reference GaInN QWs (Samples Al and C1).

Fig. 5. (Color online) AFM image of AlygsIng 14N QWs (Sample C3).

observed, so the low-pressure growth is confirmed to be a
key technique for obtaining high-quality AlGalnN layers by
suppressing the formation of trench defects. At this moment,
we do not have direct evidence explaining why the low-
pressure growth is effective for suppressing the trench defect
formation. Further investigations will be necessary.

4. Summary

We have grown AlGalInN QWs based on the growth
conditions of GaInN QWs under different growth pressures,
400 and 150 mbar. When the AlGalnN QWs were grown
at 400 mbar, a considerable amount of trench defects were

© 2013 The Japan Society of Applied Physics
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observed on the surface, which acted as nonradiative centers.

. . 9
The number of trench defects decreased with the decreasing )
amount of TMIn flow. When the AlGaInN QWs were grown 1
at 150 mbar, AlGalnN QWs without trench defects were
obtained, resulting in a high PL intensity with a 385 nm peak ")
wavelength. We found that the low-pressure growth is a 12)
key technique for obtaining high-quality AlGalnN QWs by
suppressing the trench defect formation.
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We demonstrated low-resistivity GalnN-based tunnel junctions using graded GalnN layers. A systematic investigation of the samples grown by
metalorganic vapor phase epitaxy revealed that a tunnel junction consisting of a 4 nm both-sides graded GalnN layer (Mg: 1 x 102°cm=2) and a
2nm GaN layer (Si: 7 x 10%° cm~2%) showed the lowest specific series resistance of 2.3 x 10~*Qcm? at 3kA/cm? in our experiment. The InN mole
fraction in the 4 nm both-sides graded GalnN layer was changed from O through 0.4 to 0. The obtained resistance is comparable to those of
standard p-contacts with Ni/Au and MBE-grown tunnel junctions. © 2016 The Japan Society of Applied Physics

injection from n-layers to p-layers was demonstrated

in 2001.” Because the tunnel junctions made of
other III-V semiconductors have been adopted in various
devices,”™ such a GalnN-based tunnel junction is also
expected to be utilized to improve device performance in not
just tandem solar cells” and cascaded LEDs,%'? but also
in micro-LEDs,'*!¥ their arrays,'> lasers,'®!? and vertical
cavity surface emitting lasers (VCSELs).%'® At that time,
however, the voltage drop at the GalnN tunnel junction was
high, about 0.6 V at 50 A/ cm?, and further reduction in tunnel
junction resistance was demanded.

In 2010, a new concept to leverage polarization charges at
the GalnN/GaN interfaces was proposed towards realizing
low-resistivity GaInN-based tunnel junctions.'” Thus, the
GalnN layer has been used in the tunnel junctions because
of not only a narrower band gap?” with a lower ionized
energy of a Mg acceptor?" but also the polarization doping.
Since then, the GalnN-based tunnel junctions have shown
marked improvements in their reverse-biased characteristics.
In particular, a GalnN tunnel junction grown by MBE
showed a very low specific series resistance of 1.2 x 107
Qcm?.?? On the other hand, a GaInN tunnel junction grown
by metalorganic vapor phase epitaxy (MOVPE) showed a
resistance of 4.0 X 10~* Q cm? by using a very high InN mole
fraction of 0.4 and lateral Mg activation.”>*> However, a
large voltage drop at the GalnN tunnel junction of about
1V was still observed under operation with a high current
density of ~3kA /cm?.

In this study, we paid attention to not only a tunneling
probability component in the GalnN layer but also an energy
spike component at the GaInN/GaN interfaces in terms of the
resistance of the GalnN tunnel junction. The GalnN layer
with the high InN mole fraction leads to a high tunneling
probability owing to the small band gap, but at the same time
generates large energy spikes at the GalnN/GaN interfaces,
which result in a high resistance. Such energy spikes are
notorious as a cause of the large resistance in semiconductor-
based devices, such as distributed Bragg reflectors. In order
to eliminate such energy spikes, graded layers were proposed
and often used.?®>” Actually, the effect of the graded AlGaN
layers in a GaN/AIN tunnel junction was theoretically inves-
tigated by Schubert.”® Here, we experimentally investigated
the impact of the graded GalnN layers on the resistance of the
GalnN tunnel junctions. Various InN mole fraction profiles in

T he first GalnN-based tunnel junction for current
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TVAVT Au
n'-GaN contact layer (10 nm)
top n-GaN ( 400 nm )

heavily Si-doped GaN ( 2 nm )
Si: 7% 100 ¢m?
heavily Mg-doped GalnN
Mg : 1% 10* em™®
p-GaN ( 100 nm )
p-AlGaN ( 20 nm )

TirAUTI/Au GalnN/GaN  MQW Ti/AVTV/Au
bottomn-GaN ( 2 pm )
GaN template ( 2 pm )
Low-temperature-deposited buffer (20 nm)
c-plane sapphire substrate
Fig. 1. Sample structure consisting of a standard blue LED structure,

a GalnN-based tunnel junction, a 400-nm top n-GaN layer, and a 10-nm
n*-GaN contact layer.

the graded GalnN tunnel junctions were also determined.
As a result, we demonstrated a graded GalnN tunnel junction
with a very low resistivity, the specific series resistance of
which was 2.3 x 107*Qcm? at 3kA/cm?.

All the samples were grown by MOVPE on c-plane
sapphire substrates using low-temperature-deposited buffer
layers.>” As shown in Fig. 1, a sample structure consisted
of a standard blue LED structure, a GalnN-based tunnel
junction, a 400 nm top n-GaN layer, and a 10nm n*-GaN
contact layer. We prepared four samples containing different
GalnN layers in the tunnel junctions. Figure 2 shows the
designed InN mole fraction profiles in the GalnN layers. The
first sample shown in Fig. 2(a) contained a 2 nm? Gag ¢Ing 4N
layer, which was the same layer that we previously opti-
mized.”” The other three samples contained graded GaInN
layers. The second sample shown in Fig. 2(b) had a 4nm
p-side graded GalnN layer in which the InN mole fraction
was increased from O at the p-side (left) to 0.4 at the n-side
(right). The third sample included the opposite n-side graded
GalnN layer in which the InN mole fraction was decreased
from 0.4 at the p-side to O at the n-side, as shown in Fig. 2(c).
Finally, as shown in Fig. 2(d), the fourth sample contained a
4 nm both-sides graded GalnN layer in which the InN mole
fraction was changed from O to 0.4 in a 2nm p-side GalnN
layer and from 0.4 to 0 in a 2 nm n-side GalnN layer. In other

© 2016 The Japan Society of Applied Physics
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Fig. 3. Calculated band diagrams around the GaInN tunnel junctions: (a) a 2nm? Gagglng4N, (b) a 4 nm p-side graded GaInN, (c) a 4 nm n-side graded

GalnN, and (d) a 4 nm both-sides graded GalnN.

words, the InN mole fraction profile of the both-sides graded
GalnN layer was “A”-shaped. Here, the InN mole fractions
were controlled by changing the TMIn flow rate during the
graded GalnN layer growth while the growth temperature
and TMGa flow rate remained constant. Note that the total
amount of In in the tunnel junction was designed to be the
same among all the samples. All the GalnN layers in the
tunnel junctions were doped with Mg of 1 x 10?°cm™3. Then,
2nm heavily Si-doped (7 x 10°°cm™) GaN layers were
grown on the GalnN layers to complete the tunnel junction
structures.

A lateral Mg activation previously developed for the
LEDs with the tunnel junctions was performed for all the
samples.?> After forming device mesas of 35um diameter,
the wafers were thermally annealed under oxygen ambient
at 725 °C for 30 min. Metal layers, Ti (30 nm)/Al (100 nm)/

081005-2

Ti (20nm)/Au (150 nm), for the top and bottom n-contacts
were simultaneously formed. Since the small mesas were
formed, we were able to measure the current density—voltage
(j=V) and current density-light output power (j—L) charac-
teristics of the LEDs with the tunnel junctions under a high
current density of up to 5kA/cm?. For comparison, we also
prepared a small standard blue LED with a p-contact with
Ni/Au.

Figure 3 shows calculated band diagrams around the
tunnel junctions in the four samples. Commercial software
(SILENSe)*” was used for the calculation. Large energy
spikes were clearly shown at the interfaces of the 2nm?
GalnN layer in Fig. 3(a). The energy heights of the spikes
were 0.9 eV at the conduction band and 0.4 eV at the valence
band. On the other hand, no energy spikes were shown at the
p-side interface in the p-side graded GalnN tunnel junction

© 2016 The Japan Society of Applied Physics
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Fig. 4. j—V characteristics of the four LEDs with the GaInN tunnel
junctions containing the 2 nm? GagIng4N, 4 nm p-side graded GaInN, 4 nm
n-side graded GalnN, or 4 nm both-sides graded GalnN.

[Fig. 3(b)] and at the n-side interface in the n-side graded
GalnN tunnel junction [Fig. 3(c)] owing to the graded layers.
Interestingly, even with the very thin graded layers (2nm)
[Fig. 3(d)], a clear reduction in the number of energy spikes
was also shown at both interfaces in the both-sides graded
GalnN tunnel junction.?®

Figure 4 shows the j—V characteristics of the four LEDs
with the square GalnN tunnel junctions or various graded
GalnN tunnel junctions. The operating voltage of the LED
with the square GaInN tunnel junction was 5.3 V at 3kA /cm?.
On the other hand, all of the LEDs with the graded GalnN
tunnel junctions showed lower operating voltages of 4.6V or
lower at 3kA/cm?. The differential specific series resistance
of the device was also estimated to be 2.3 x 107 Qcm? at
3kA/cm?, suggesting that the tunnel junction resistance
should be lower than this value, which is comparable to the
best value of MBE-grown nitride-based tunnel junctions.??
These lines of evidence suggest that the energy spikes at the
heterointerfaces have a considerable impact on the tunnel
junction resistances. Note that the LED with the both-sides
graded tunnel junction showed the lowest voltage of 4.3V
at 3kA/cm2, but the value was not so low as expected in
consideration of the results obtained from the single-side
(the p- or n-side) graded tunnel junctions. One of the possible
reasons is that the actual 2nm graded GalnN layer could be
too thin to eliminate the energy spike sufficiently.

Then, we attempted a larger graded layer thickness in
the both-sides graded GalnN tunnel junction. We found that
the sample surface deteriorated when we grew an 8 nm both-
sides graded GalnN layer from 0 through 0.4 to 0 on the LED
structure. It is difficult to obtain simultaneously a small band
gap and thick graded layers with high InN mole fractions
owing to the large lattice mismatch between GalnN and GaN.
In other words, the choice of InN mole fraction in the graded
GalnN tunnel junction affects two opposite aspects. One is
the tunneling probability in which a “higher” InN mole frac-
tion results in a lower resistance, and the other is the energy
spike height in which a “lower” InN mole fraction results in a
lower resistance. Therefore, an optimum InN mole fraction
may exist in such a trade-off situation. We then prepared
two additional LEDs with different both-sides graded GalnN
tunnel junctions. As shown in Fig. 5, two different InN mole
fraction profiles were obtained. The first one was a 6 nm
both-sides graded GalnN layer with InN mole fractions from
0 through 0.35 to 0, as shown in Fig. 5(a). The second one
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Fig. 6. Calculated band diagrams around the graded GalnN tunnel
junctions: (a) a 6 nm both-sides graded Gag ¢sIng3sN and (b) an 8 nm
both-sides graded Gagglng,N.

was an 8 nm both-sides graded GalnN layer with InN mole
fractions from O through 0.2 to 0, as shown in Fig. 5(b).

Figure 6 shows calculated band diagrams around the
tunnel junctions in the two samples. No energy spikes were
found at both interfaces in the two samples. Actually, as
compared with the above-mentioned 4 nm both-sides graded
GalnN tunnel junction in Fig. 3(d), the additional two
samples containing the wider graded layer with the lower
InN mole fraction showed smoother potential profiles but
slightly larger depletion lengths. Figure 7 shows the j—V
characteristics of the two additional both-sides graded GalnN
tunnel junctions (6 and 8§ nm) as well as the 4 nm both-sides
graded GalnN tunnel junction. In this experiment, we found
that the 4nm graded GalnN layer with the 0.4 InN mole
fraction still resulted in the lowest resistance.

© 2016 The Japan Society of Applied Physics
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Fig. 8. j—V-L characteristics of the LED with the 4 nm both-sides graded
GayInp4N tunnel junction and a standard LED with p-contact and Ni/Au.

Eventually, we plotted the j—V-L characteristics of the
LED with the 4nm both-sides graded Gayglng4N tunnel
junction showing the lowest resistance and the standard LED
containing the p-contact with Ni/Au. Here, light output
power was measured under the bottom emission configu-
ration. As shown in Fig. 8, the operating voltage and light
output power of the LED with the tunnel junction were
comparable to those of the standard LED with p-contact.

In this study, we investigated the impact of the graded
GalnN layers on the resistance of the GalnN tunnel junctions
grown by MOVPE. The experimental results revealed that
the graded GalnN layers resulted in lower voltage drops at
the tunnel junctions. Our lowest specific series resistance of
the graded GaInN tunnel junction was 2.3 x 107 Qcm? at
3kA/cm? as obtained by using the 4nm both-sides graded
GagIng 4N layer. The value is now comparable to those of
the standard p-contact with Ni/Au and the GalnN tunnel
junction grown by MBE. Such a low-resistivity GalnN tunnel
junction grown by MOVPE could open up great possibilities
for high-performance nitride-based optoelectronic devices.
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Electrical properties of n-type AlGaN with high Si concentration
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The electrical properties of Si-doped AlGaN layers (AIN molar fractions: 0.03—0.06) with the donor concentrations (Np) from 8.8 x 10'7 to
4.5 x 102°°cm~2 were investigated by variable-temperature Hall effect measurement using the van der Pauw method. A minimum resistivity of
3.6 x 10~*Q cm was obtained for Si-doped AlGaN with a smooth surface at room temperature. We found that the activation energy of the Si donor
is affected by the Coulomb interaction in the AIGaN layer with Np values from 8.8 x 10" to 2.5 x 10 cm~3. In several AlGaN layers, the free-
electron concentration did not vary with sample temperature, as expected in the case of degeneracy. The localization of GaN in the AlGaN layer
was speculated as a cause of degeneracy of samples. © 2016 The Japan Society of Applied Physics

1. Introduction

High-performance AlGalnN-based green, blue, and UV light-
emitting diodes (LEDs) are commercialized worldwide.!
Nowadays, the external quantum efficiencies (EQEs) of blue
and near-UV LEDs are already more than 80%" and 40%,>©
respectively. From a practical viewpoint, the improvement of
wall plug efficiency (WPE) in these LEDs is essential. A
decrease in device resistance including the sheet and contact
resistances of n- and p-type layers is important for improving
WPE.” A reduction in resistivity (p) in an n-type layer is
important, because the layer has a role in current spreading
and contact layers. Many studies have reported on the
reduction of p in n-type GaN.}-'D Fritze et al. realized an
n-type GaN layer with a high free electron concentration ()
(~2.9 % 10 cm™) and low p (~6.3 x 107*Qcm) at RT by
Ge doping.'? Since Si is often used as an n-type dopant in
nitride-based LED device manufacturing, low-p Si-doped
n-type layers are preferred. We have reported that high 7,
(~1.4 % 10*cm™) and low-p (~5.9 X 107*Qcm) Si-doped
Al ysGagosN films have been obtained at RT with an
atomically flat surface.” In addition, violet LEDs fabricated
using a low-p Si-doped n-type AlyosGagosN layer were
realized to reduce device resistance and improve WPE.” On
the other hand, a number of studies have shown the activation
energy (Ep) of the Si donor in GaN.!'~!¥ In these studies, the
electrical conduction properties of Si-doped GaN with a Si
concentration of approximately 10'°cm™ have been shown
to degenerate, which is defined as the Fermi level exit in the
conduction band. Nevertheless, the detailed electrical proper-
ties and minimum p of Si-doped AlGaN with a low AIN
molar fraction have not yet been elucidated.

In this study, we obtained the reduction bounds of
resistivity and Ep in Si-doped AlGaN layers (AIN molar
fractions: 0.03-0.06) with donor concentrations (Np) from
8.8 x 10" to 4.5 x 10**cm™ and a flat surface by variable-
temperature Hall effect measurement. Moreover, the degen-
eracy of AlGaN layers with high Np was investigated.

2. Experimental methods

All samples were grown using metal organic vapor-phase
epitaxy (MOVPE) reactors. Figure 1 shows a schematic view
of the sample structure. Trimethylaluminum, trimethylgal-
lium, and ammonia (NHjz) were used as the precursors of

05FE02-1

Si-doped AlGaN
(1.2-1.5 um)
AIN molar fractions: 0.03-0.06

Unintentionally doped GaN
(~3.0 pm)

LT-buffer layer
c-Sapphire

Fig. 1.

Schematic view of the sample structure.

Al, Ga, and N, respectively. Silane (SiHy) or tetramethylsi-
lane [Si(CH3)4] was used as a dopant source. A low-tem-
perature (LT) buffer layer was used as a cover to obtain a
high-crystalline-quality GaN underlying layer on a c-plane
sapphire substrate. Thereafter, an unintentionally doped
approximately 3-um-thick GaN underlying layer and a Si-
doped AlGaN (AIN molar fractions: 0.03-0.06) layer were
sequentially grown. The thicknesses of AlGaN layers were
from 1.2 to 1.5um. The AlGaN layers were grown at a
constant pressure of 150 Torr. The growth temperature of
AlGaN layers was set to be in the range from 1,050 to
1,080 °C and the V/III ratio was 3,400. The n., mobility (u),
and p in each sample were characterized by variable-
temperature Hall effect measurement using the van der Pauw
method.

3. Results and discussion

Figure 2 shows the Si/Ill ratio dependence of the n. and p in
Si-doped AlGaN at RT. The Si-doped AlGaN layers were
grown at various Si/III ratios from 6.5 X 1070 to 5.2 x 1073,
The maximum 7, and minimum p of 4.5 x 10°°cm™ and
3.6 x 1074 Qcm, respectively, were obtained at a Si/III ratio
of 3.9 x 1073 and at RT. At Si/III ratios from 6.5 x 1076 to
3.9 x 1073, the samples were observed to have a smooth
surface by differential interference contrast microscopy
measurement and also a root mean square (RMS) roughness
of less than 0.31 nm at 5 X 5 um? measured by atomic force
microscopy (AFM). The full width at half maximum
(FWHM) values of AlGaN(0002) and the (1012) X-ray

© 2016 The Japan Society of Applied Physics
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Fig. 2. (Color online) Si/IIl ratio dependence of n. and p at RT.

rocking curve (XRC) w-scan were very much the same as
those of the GaN underlying layer. FWHMs of approximately
290 arcsec for the AlGaN(0002) w-scan and 330 arcsec for
the AlGaN(1012) XRC w-scan were observed in these
samples. In calculating Ep, the donor levels of defects and
unexpected impurities were ignored, because n, was almost
proportional to the Si/III ratio in a range from 6.5 x 107° to
3.9 x 1073, as shown in Fig. 2.

In contrast, the decrease in n. and increase in p were
observed in Si-doped AlGaN with a Si/Ill ratio of
5.2 x 1073, as shown in Fig. 2. The surface of this AlGaN
layer was quite rough and the FWHM value of AlIGaN(1012)
XRC w-scan was increased. The maximum 7, in Si-doped
GaN with a smooth surface has been reported to be
approximately 2 x 10”cm™ at RT.!” In contrast, we
obtained an n-type layer with a smooth surface and n. of
45x10°cm™ at RT using GaN with addition of a
small amount of AIN. Thus, we investigated the electrical
properties of samples with the n, of less than 4.5 x 10°°cm™
at RT.

Figures 3 and 4 show the results of variable-temperature
Hall effect measurement of each sample. These figures show
ne as a function of reciprocal temperature. From the 12 grown
samples, 4 showed electrical properties such as degeneracy.
Accordingly, we classified the samples into two types from
the temperature dependence of n.. Group I showed n, that
varies with sample temperature, as shown in Fig. 3. In
contrast, Group II showed r, that did not vary with sample
temperature in the range from 300 to 70K, as shown in
Fig. 4. This electrical property suggests degeneracy.!!"!3

First, we investigated the Ep of the Si donor in the AIGaN
layer from the samples in Group I. In Fig. 3, the samples
with n. values of more than 6.0 x 10'®cm™ at RT showed
a variation of n. at approximately RT and n. saturation at
150K or below. Since the C, O, H, Mg, and Zn impurity
concentrations in the AlGaN layer of each sample were
determined to be below the secondary ion mass spectroscopy
detection limits, the effect of donor impurities excluding
Si was ignored. A two-band model that includes electron
transport within a donor impurity band as well as in the
conduction band should be considered to explain the
occurrence of the variation and saturation of n.!*'® Thus,
the Ep values of the samples with n. values of more than
6.0 x 108 cm™ at RT were obtained by fitting the temper-
ature dependence of n, at approximately RT.
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Fig. 3. (Color online) n. in Si-doped AlGaN (AIN molar fractions:
0.03-0.06) as a function of reciprocal temperature characterized by the
variable-temperature Hall effect measurement. This figure only plotted the
results of Group I. Circles and triangles in the figure indicate the samples
grown in MOVPE reactors using SiH4 and Si(CHj)g, respectively.
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Fig. 4. (Color online) n. in Si-doped AlGaN (AIN molar fraction: 0.03) as
a function of reciprocal temperature determined by variable-temperature Hall
effect measurement. This figure only plotted the results of Group II. The
samples in this figure were grown in MOVPE reactors using Si(CHz)g.

From Fig. 2, Ep was calculated as a single-donor level of
the Si dopant. When the donor level is regarded as a single-
impurity level, the activation energy of the dopant was
calculated from the charge neutrality condition taking
residual acceptors into consideration. In the charge neutrality
equation for the n-type semiconductor, Ep, Np, and N, are

related through the equation'!1"-2%
et ND _Ne_ (Ep N
Np—Na—n. 2 P\"%r)
2amikT\>?
Nc = 2<T§> , )

where N is the effective density of states in the conduction
band, k is the Boltzmann constant, T is the temperature, m; is

© 2016 The Japan Society of Applied Physics
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Fig. 5. (Color online) Ep of Si-doped AlGaN (AIN molar fractions:
0.03-0.06) as a function of N]l)/ 3 The Ep values were obtained in the range
between 12.0 and 17.0meV. The fitting line is shown in the figure. From this
fitting line, the inherent donor energy observed at very low donor
concentrations was estimated to be approximately 17.6 meV.

the electron effective mass, and 4 is the Planck constant. The
m? in AlGaN of each sample were presumed by?*2"

mt = (mZ - me))'? - mp. (3)

mg and m; were 0.20 and 0.18 in GaN, and 0.33 and 0.25
in AIN, respectively.!®?)) We obtained Ep by fitting using
Eq. (1). Fit parameters were Ep, Np, and Na.

Gotz et al. have suggested a linear function for the
acceptor activation energies (E,) in Mg-doped GaN.?? From
this case, the donor activation energy (Ep) and E should be
described as!7-1923:24)

q
Ep.aavw) = Epao —f7 N Y- “4)

where fis a geometric factor of value I'(2/3)(4x/3)'/3, g is
the electronic charge, ¢ is the dielectric constant, Ep) is an
inherent donor energy that corresponds to hydrogen-like
donors observed at very low Np,”» and N, is the acceptor
concentration. From Eq. (4), the Ep, of the impurity
semiconductor is affected by Coulomb interaction between
band carriers and ionized impurities. From this theory, Ep 4 is
presumed to be proportional to the 1/3 power of Npa.
Several impurity semiconductors have been fabricated on the
basis of this theory;?>?*2 nevertheless, there has been no
report in n-type nitride semiconductors.

Figure 5 shows a summary of the Ep of the Si donor in
AlGaN layers as a function of Np. Ep decreased from
approximately 17.0 to 12.0meV with increasing Np from
8.8x 107 to 2.5x 10%cm™. Epg was estimated to be
approximately 17.6 meV by fitting in Fig. 5. From a fitting
line, the Ep of Si-doped AlGaN with a low AIN molar
fraction was confirmed to vary proportionally to the 1/3
power of Np. Therefore, we concluded that the Ep of Si-
doped AlGaN (AIN molar fractions: 0.03—0.06) is affected by
Coulomb interaction between conduction band electrons and
ionized donors.

Next, we investigated the cause of electrical properties
such as degeneracy in Group II. The samples with n, values
of more than 3.3 x 10"cm™ at RT in Group I were grown
using SiHy as the Si source. All the samples in Group II were
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Fig. 6. (Color online) PL spectra from (a) AlGaN layer grown using SiH,

and (b) AlGaN layer grown using Si(CH3)4 obtained using a 266 nm third
harmonics YAG laser at RT. The solid and dashed lines indicate samples of
Group I and Group II, respectively.

grown using Si(CHj3); as the Si source; therefore, the
difference in the Si source is considered as the cause of the
different electrical properties occurring in AlGaN layers of
the same n..

Figure 6 shows the photoluminescence (PL) spectra
obtained using a 266 nm third harmonics yttrium aluminum
garnet (YAG) laser at RT. Figures 6(a) and 6(b) show the
PL spectra of the AlGaN layer grown using SiH; and
Si(CH3)y4, respectively. In Fig. 6, the solid line and dashed
line indicate PL spectra of nondegenerate and degenerate
samples, respectively.

As shown in Fig. 6(b), the spectral patterns of the samples
grown using Si(CHj3), showed that the peaks of AlGaN and
approximately 365 nm in degenerate samples with Np values
of 2.8 x 10" and 4.5 x 10°°cm™3, despite having approx-
imately the same thickness. A particularly large change was
observed in the sample with an Np of 4.5 x 10*° cm™. On the
other hand, as shown in Fig. 6(a), even when Np increased,
the spectral patterns of the samples grown using SiH, did not
show a peak of approximately 365 nm. From these different
spectral patterns, the localization of GaN was observed in
degenerate samples.

Figure 7 shows the Si-doped GaN layer with n. of
9.0 x 10"cm™ as a function of reciprocal temperature
determined by the variable-temperature Hall effect measure-
ment. This GaN layer was grown in the MOVPE reactor
using SiH4. Similarly to Group II, this Si-doped GaN layer
showed degeneracy. Regarding the results, Gotz et al. have
already reported that the n. of Si-doped GaN with a Si
concentration of 2 x 10" cm™ does not vary with sample
temperature, indicating a doping level above the degeneracy
limit.'Y From our results and the report,'" the electrical
properties of Si-doped GaN with Np of more than 9.0 X
108 cm= should change degeneracy.?”

The localization of GaN in the AlGaN layer can be
considered as the cause of degeneracy. Because the bandgap
energy of AlGaN with an AIN molar fraction of 0.03 is
higher by more than 80 meV than that of GaN, the AlGaN
layer with the Np, of approximately 2 x 10'°cm™ would not
attain the degeneracy. The electrical properties of AlGaN

© 2016 The Japan Society of Applied Physics
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Fig. 7. (Color online) n, in Si-doped GaN layer with . of 9.0 X
10'8em™ as a function of reciprocal temperature determined by variable-
temperature Hall effect measurement. Similarly to Fig. 3, this Si-doped GaN
layer showed degeneracy.

and GaN can be obtained when GaN forms partially in the
AlGaN layer. When GaN localizes in AlGaN, the sample
with high Np might show degeneracy in GaN, even when
nondegenerate in AlGaN. Since a peak of approximately
365nm was observed in degenerate samples, as shown in
Fig. 6(b), this assumption is possible. From the difference in
luminescence intensity at approximately 365nm in the PL
spectra of the Np values of 2.8 x 10! and 4.5 x 10 cm™3,
there is a possibility that the localization of GaN is enhanced
with the increase in Si(CHj)s supply. The samples were
grown in two types of MOVPE reactor using Si(CHj),.
AlGaN layers with Np values of more than 2.8 x 10" cm™
grown in each MOVPE reactor showed degeneracy. In
particular, the Si-doped Alj09Gag 9N layer with Np of 4.8 X
10" cm™ in unintentionally doped AIN underlying layer
grown in the MOVPE reactor using Si(CH3), was confirmed
to shown degeneracy, and the PL spectral pattern measured
using the 266 nm third harmonics YAG laser at RT showed
that the peaks of AlGaN and approximately 365 nm.

The localization of GaN might tend to occur when using
Si(CH3), as a dopant source. However, we are unable to
conclude that the localization of GaN in AlGaN is the cause
of the degeneracy of samples with AlGaN layers with an AIN
molar fraction of 0.03 and Np values of more than 2.8 X
10" cm™3. Therefore, further studies are needed to determine
the cause of degeneracy of samples.

4. Conclusions

We grew Si-doped AlGaN layers with Np values from
8.8 x 107 to 4.5 x 10*°cm™ using MOVPE reactors with
SiHy or Si(CHj3)4 as a dopant source. The minimum-p (3.6 X
10~*Qcm) was obtained at the Si-doped AlGaN layer with
the n of 4.5 x 10°° cm™ and a flat surface. The samples were
classified into two types from the temperature dependence of
ne by the variable-temperature Hall effect measurement. From
the sample group in which n, varies with sample temperature,
the Ep of the Si donor in AlGaN layers decreased from
approximately 17.0 to 12.0meV with increasing Np from

05FE02-4

8.8 X 10'7 t0 2.5 x 10* cm™, Ep g, was also estimated to be
approximately 17.6 meV. We found that the Ep of the Si
donor is affected by the Coulomb interaction in the AIGaN
layer with N, values from 8.8 X 10'7 to 2.5 x 10*cm™. In
several AlGaN layers with high Ny values, n. did not vary
with sample temperature, as expected in the case of
degeneracy. The cause of the degeneracy of samples was
assumed to be the localization of GaN in the AlGaN layer.
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The use of hanocolumn crystals is thought to be effective in producing a low-dislocation-density GaN layers. In this paper, we propose a metal—
organic vapor phase epitaxial (MOVPE) growth method for producing uniform GaN nanocolumns using deep through-holes in a thick SiO,
selective growth mask. A SiO» film with a thickness of 500 nm was deposited by sputtering on an AIN buffer layer/SiC substrate. A nanoimprinting
technique was applied to produce dot openings. Then, dry etching with CF4 gas was carried out to form deep through-holes in the SiO5 film. In the
second MOVPE growth, individual GaN nanocolumns coalesced into a planarized GaN layer, after thinning the SiO, mask to 100 nm. A cathode-
luminescence image of the GaN layer on a GaN nanocolumn template shows a low dislocation density of 1.3 x 108 cm=2, while that of a GaN layer

directly grown on an AIN buffer layer shows a dislocation density of 9.4 x 108 cm=2.

1. Introduction

Nitride semiconductor nanocolumns are one-dimensional
nanoscale crystals without dislocations. Such crystals are
columnar materials with diameters of about several tens
to several hundreds of nm, where threading dislocations
penetrating along the growth direction bend horizontally and
are terminated in the process.”” Owing to this advantage,
studies of high-performance light-emitting devices with
nanocolumn structures have been focused on.>* Nanocol-
umn materials are also promising for the growth of a high-
quality nitride layer by nanoscale epitaxial lateral over-
growth (nano-ELO).* Nano-ELO can significantly reduce
the epilayer thickness for planarization, compared with
conventional microscale ELO. Therefore, this approach may
give a great advantage for GaN growth on foreign substrates
such as Si and SiC,>”” which have a thermal expansion
mismatch with GaN and a thickness limitation due to crack
formation. Moreover, the selective growth of alloys, such
as AlGaN and InGaN, which is impossible in conventional
microscale ELO, may be possible, because nano-ELO
requires only a short migration distance of species on the
growth surface. Similarly to the conventional microscale
ELO, the use of nanocolumns may also allow heteroepitaxial
growth without the formation of misfit dislocations and
cracks, because the stress caused by lattice and thermal
expansion mismatches at a heterointerface can be relaxed.

Nanocolumn crystals are prepared mainly by molecular
beam epitaxial (MBE) growth,® and only a limited number
of reports on the metal-organic vapor phase epitaxial
(MOVPE) growth of nanocolumns have been pub-
lished.!®'¥ This may be due to the fact that the MOVPE
growth of nanocolumns makes it difficult to control the in-
plane uniformity under small-scale selective growth. Actu-
ally, there are no reports on the selective-area growth of
nanocolumns by MOVPE, in terms of uniform growth over
a wide area of several cm?. In our experiments using this
approach, the uniformity of nanocolumns over a 2-in. wafer
has not yet been achieved. Considering their device
application, it is indispensable to grow uniform nanocol-
umns in a wide area.
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In this study, we demonstrate a method of high-quality
GaN layer growth on SiC, which is composed of deep
through-holes in a SiO, film, embedded GaN nanocolumns,
and a planarized GaN overlayer. The method of embedding
nanocolumns deep into SiO; films makes it possible to show
a high structural uniformity in a wafer with a wide area of
over 2in. In addition, the GaN layer grown on such nano-
columns with a low dislocation density of 1.3 x 108 cm™2
has been achieved.

2. Experimental Procedure

Figure 1 shows the procedure for GaN nanocolumn growth
by MOVPE. First, a 100-nm-thick AIN buffer layer was
grown on a 2-in. SiC substrate. The AIN buffer layer is
commonly used for growing a high-quality GaN crystal
on a SiC substrate.”>™'” A SiO, film with a thickness of 30
or 550nm was then deposited by RF sputtering on this
substrate. Nanoimprinting lithography was applied to the
patterning of nanocolumns. A thermally cured resist was
spin-coated on the substrate, and the pattern was transferred
from a mold having pillars in a triangular arrangement
with a pitch of 460nm and a diameter of 250 nm to the
substrate. Then, dry etching by CF, gas was carried out to
form through-holes in the SiO, film. After removing the
nanoimprinting resist, GaN nanocolumns were grown at a
temperature of 950 °C, a V/III ratio of 1000, and a pressure
of 100 mbar, which seem to be suitable for nanocolumn
growth. These growth conditions tend to form { 1101} facets.
The two substrates with patterned 30 and 550-nm-thick
Si0O, films were simultaneously set in the MOVPE reactor,
and GaN nanocolumns were grown under the same growth
conditions. In the case of the 30-nm-thick SiO, film, a
typical selective growth of GaN nanocolumns can be
achieved.

The SiO, mask was then etched down to a thickness of
100 nm to expose the upper part of the nanocolumns in order
to promote the lateral growth and planarization of the GaN
layer. When the etching of SiO, was not achieved, large
island crystals were grown, and as a result, the planarization
of the overgrown GaN layer became difficult. On the other
hand, a planarized GaN layer was easily obtained in the

© 2013 The Japan Society of Applied Physics
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Fig. 2. SEM images of top and cross-sectional views of SiO, mask with deep through-holes.
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Fig. 3. SEM images of (a) top, (b) cross-sectional, and (c) bird’s-eye views of GaN nanocolumns grown on thin and thick SiO, masks. For the observation

of the bird’s-eye view SEM image, the SiO, was removed.

case that all the SiO, was removed before the regrowth of
GaN. However, no reduction in dislocation density was
observed. Therefore, such a process using of SiO, masks
suitable thickness is required for the planarized growth of
GaN. After that, the regrowth of the GaN layer was
performed on a GaN nanocolumn template. For comparison,
the regrowth of the GaN layer was also carried out on a flat
AIN/SiC substrate. The growth conditions of a temperature
of 1050°C, a pressure of 100 mbar, and a V/III ratio of
2700 were used for the planarized growth because of the
enhancement of lateral growth.'® Dislocation densities were
measured using the cathodoluminescence (CL) mapping
images of these samples.

3. Results and Discussion

Figure 2 shows scanning electron microscopy (SEM) images
of the top and cross-sectional views of the SiO, mask after
achieving the through-hole arrangement. Uniform through-

08JE23-2

holes were successfully obtained by our process, although
their sidewalls were not perfectly smooth. From the images,
a period of 460nm and a hole diameter of 200 nm were
confirmed. The etching of the SiO, mask was accurately
terminated on the surface of the AIN buffer layer, and the
depth of the through-holes was 550 nm. Figure 3 shows
SEM images of the top, cross-sectional, and bird’s-eye views
of GaN nanocolumns. In the thin (30 nm) SiO, mask, small
pyramids and large islands were randomly observed. Owing
to the large diffusion length of Ga-containing species on the
surface, large islands tended to form, interrupting nanocol-
umn growth. Under typical MOVPE growth conditions, the
supply rate of precursors was considered to be very high
against a small volume of nanocolumn crystals. Special
techniques, such as the pulsed supply of precursors,'*!?
may be indispensable in the MOVPE growth of nanocol-
umns. On the other hand, uniform nanocolumns with a
height of 600 nm were obtained in through-holes in the thick

© 2013 The Japan Society of Applied Physics
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Fig. 4. Top SEM images at time of regrowth of GaN layer on nanocolumn
substrate: (a) before growth, (b) during growth (10 min growth), and
(c) after growth (180 min growth).

SiO, mask. Accordingly, we found that the deep-through-
hole-patterned mask used in this experiment is effective for
growing uniform nanocolumn crystals.

Then, a planarized GaN layer was regrown on the
substrate with GaN nanocolumns, after etching the SiO,
mask down to 100nm thickness. Figure 4 shows the
regrowth process of this sample. From (a) to (b), islands
of GaN are randomly growing to form {1100} and {1101}
facets from the side walls of the nanocolumns. Island
crystals are formed in accordance with the variation in Ga
diffusion length. Because the lateral growth is dominant in
this situation, the height of the island crystals is almost kept
constant at 500nm from the mask level. From Fig. 4, the
planarization of the regrown GaN is conducted by the
coalescence of the island crystals growing in the lateral
direction. A cross-sectional SEM image of the GaN layer is
shown in Fig. 5. The thickness of the regrown GaN layer
was 4.3 um. A flat surface and the absence of void inclusions
around the regrowth interface were observed.

Finally, CL mapping images of the GaN layers with and
without GaN nanocolumns are shown in Fig. 6. The dark
spots observed in the images correspond to threading
dislocations. From the images, the dislocation density of
the GaN layer directly grown on the flat AIN/SiC substrate
was 9.3 x 108cm™2, and that of the GaN layer grown on

regrown GaN

nanocolumns regrown GaN

IS
N

1

1

TP T

——

R — | PE——— TN-l _______

Fig. 5. Cross-sectional SEM image of regrown GaN layer with thickness
of 4.3 pm and magnified view around nanocolumn interface.

the GaN nanocolumn template was 1.3 x 103cm™2. A
significant reduction in dislocation density was realized by
nano-ELO.

The dislocation density of a commercial SiC substrate
is about 1.0 x 10° cm~2. However, that of the AIN buffer
layer grown on the SiC substrate is about 10'°cm~2, owing
to lattice mismatch. The number of dislocations decreases
when a GaN layer is grown on the AIN buffer layer.

The reduction in dislocation density is thought to be due
to the fact that nano-ELO prevents the propagation of
internal dislocations existing in the AIN buffer layer.
Furthermore, the GaN layer regrown by a lateral growth
over the SiO, mask also has a small number of dislocations,
similarly to the conventional ELO-grown GaN layer. The
reduction in the number of dislocations in the overgrown
GaN layer is partly thought to be caused by the initial GaN
nanocolumn crystals with a low dislocation density. In the
regrowth stage, island crystals are formed uniformly. These
island crystals coalesce with the termination of dislocations

GaN layer

on AIN/SiC substrate

on GaN nanocolumn template

CL images

Dislocation density [cm™]

9.4 x 108

1.3x108

Fig. 6. CL mapping images of GaN layer on flat AIN/SiC substrate and GaN nanocolumn template.
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and are eventually planarized, similarly to those in the

conventional ELO with a micron scale pattern.'*) With the ®
optimization of the conditions for the regrowth of GaN, 7)
further reduction in dislocation density can be expected.
8)
4. Conclusions
9
We demonstrate a new GaN nanocolumn growth method
using deep SiO; through-holes. This gives reproducible and ~ 10)
uniform GaN nanocolumn crystals under typical MOVPE
growth conditions. By applying this method, the GaN layer 1)
regrown on the nanocolumns shows a low dislocation 12
density of 1.3 x 103 cm™2, which is much lower than that  13)
9.3 x 108 cm™2 of the GaN layer grown on a flat AIN/SiC ¥
substrate. 15)
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We investigated the properties of nitride-based solar cells un-
der concentrated light illumination from 1 to 200 suns. The
conversion efficiency of our solar cells increased with in-
creasing concentration up to 200 suns. The short-circuit cur-

1 General Since the band gap of GalnN ternary alloys
covers a broad range from 0.65 to 3.43 eV [1], these alloys
are suitable for solar cell applications. So far, we have suc-
ceeded in fabricating GalnN-based solar cells [2, 3]. By
reducing the pit density in the GalnN active layer using
freestanding c-plane GaN substrates and applying GalnN
superlattice structures, the conversion efficiency of our ni-
tride-based solar cells has reached 2.9% [4].

One of the disadvantages of compound semiconductor
solar cells is their high cost compared with that of Si or or-
ganic solar cells. This problem can be solved by using a
condenser lens system. In general, a low-cost material can
be used for the condenser lens system. Thus, if the solar
cells can operate at 200 suns, for example, the cost per chip
would be reduced almost 200-fold. In addition, the per-
formances of solar cells using Si, InP, and GaAs are im-
proved by focusing the sunlight [5], although the im-
provement in performance is limited depending on a mate-
rial, a junction quality, a cell configuration, and an elec-
trode pattern. The maximum efficiencies of Si and InP so-
lar cells have been reported to be obtained at 90-95 suns
[5]. In contrast, the maximum efficiency of GaAs solar
cells has been reported to be obtained at over 200 suns [5].
On the other hand, photovoltaic cell characteristics of
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rent density, open-circuit voltage, fill factor, and conversion
efficiency were 510 mA/em?, 1.9V, 70%, and 3.4%, respec-
tively, under an air mass filter of 1.5G at 200 suns and room
temperature.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

GalnN-based solar cells have been investigated in concen-
tration up to 30 suns only [6]. Details of nitride-based solar
cell characteristics in concentration above 30 suns are still
unknown.

In this study, we investigate the focusing properties of
nitride-based solar cells up to 200 suns. We also discuss
the dependence of the concentration ratio on the solar cell
characteristics.

2 Sample structure Nitride-based solar cells were
grown by metal organic vapour phase epitaxy. Trimethyl-
indium, trimethylaluminium, trimethylgallium, triethylgal-
lium, and ammonia were used as the source gases.

Figure 1 schematically shows the structure of the de-
vices prepared in this study. We grew 50 pairs of uninten-
tionally doped Gagg;Ing 7N (3 nm)/Gag g3Ing ;N (0.6 nm)
superlattice layers as active layers on freestanding GaN
substrates. Another 10 pairs of Si-doped Gaggolng )N
(3 nm)/GaN (3 nm) superlattice layers were inserted be-
neath the active layers. The Si concentration in the 10 pairs
of superlattice layers was 3 x 10'® cm™. The role of the
additional Si-doped superlattice layers was to reduce the
dislocation density and to obtain high-quality active layers
with a higher InN mole fraction while maintaining a low

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ti/Au_ Ni (5 nm)/Au (5 nm)
p-GaN 100 nm
50 pairs
Giang g3 Ing 1 -N/Gag g3Ing ¢-N
3 nm/0.6 nm
10 pairs
Gag.solng,oN:SilGaN:Si
n-GaN 2.5 um 3 nm/3 nm
GaN substrate
; TVAITi Au 4

Figure 1 (online colour at: www.pss-rapid.com) Schematic view
of sample structure of nitride-based solar cells.

series resistance (Rs) [3]. In addition, the numbers of su-
perlattice layers are experimentally obtained. Dislocation
density was reduced also by using the GaN substrate. A
semitransparent Ni (5 nm)/Au (5 nm) ohmic contact and a
Ti (30 nm)/Al (100 nm)/Ti (20 nm)/Au (150 nm) ohmic
contact were formed on p-GaN (the surface of the device)
and on n-GaN (the reverse side of the device) by electron
beam evaporation, respectively. The devices had a vertical
structure.

3 Experimental conditions The conversion effi-
ciencies of the devices were measured using a solar simu-
lator with an air mass (AM) filter of 1.5G (Asahi Spectra
HAL-302). In this solar simulator, the infrared light was
eliminated with a filter. Both the irradiation area and the
photon density were changed to adjust the concentration of
the light from 1 to 200 suns. The current density versus
voltage characteristics of the devices were measured from
1 to 200 suns at room temperature (RT). No active tem-
perature control of the devices was performed.

4 Experimental result Figure 2 shows the current
density versus voltage characteristics of the nitride-based
solar cells under the solar simulator (1 to 200 suns) at RT.
We found that the open-circuit voltage (Voc) of the nitride-
based solar cells was increased with increasing concentra-
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Figure 2 (online colour at: www.pss-rapid.com) Current density
versus voltage characteristics of nitride-based solar cells under
the solar simulator (AM of 1.5G, 1 to 200 suns) at RT.
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Figure 3 (online colour at: www.pss-rapid.com) Voc as function
of concentration ratio. The red dashed line was obtained using

Eq. (1).

tion ratio and appeared to saturate above 50 suns. Voc is
plotted as a function of concentration ratio in Fig. 3.
In general, Voc can be expressed as [7]

Voc :nkl In (JSCCR + 1), €))

q Jy
where Jsc, CR, Jy, n, k, T, and ¢ are the short-circuit cur-
rent density, concentration ratio, reverse saturation current,
n-value (a correction value of the diode equation), Boltz-
mann constant, temperature, and elementary charge, re-
spectively. Equation (1) shows that Voc should increase
logarithmically with increasing light intensity. The dashed
line in Fig. 3 almost matches the experimental results for 1
to 200 suns.

Figure 4 shows the fill factor (FF) and Jsc as functions
of the concentration ratio. FF only changed slightly, from
72 to 70%, when the concentration was increased from 1 to
200 suns. In general, FF under concentrated sunlight is af-
fected by the enhanced carrier recombination in the inter-
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Figure 4 (online colour at: www.pss-rapid.com) Jsc and FF as

functions of concentration ratio.
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Table 1 Device performance characteristics of nitride-based
solar cells under the solar simulator (AM of 1.5G, 1 and 200
suns).

Voc FF Jsc n Rg Rsn

V] [%] [mA/em®] [%] [Qem?] [Qcm’]
1 sun 1.5 72 14 1.5 110 12000
200 suns 1.9 70 520 34 0.3 18

face region due to the high carrier density under concen-
trated sunlight [7].

In Ref. [6], FF decreased from 64% to 57% when the
concentration ratio increased from 1 to 30 suns, whereas
for the samples used in this study, FF did not decrease sig-
nificantly when the concentration ratio increased. Previous
reports concluded that the significant decrease in FF with
increasing concentration was due to the poor crystal qual-
ity of the sample [6]. Our samples with the GaN substrate
and superlattice structure have high crystallinity [3].
The dislocation density of this sample was approximately
5% 10" cm 2 Therefore, a high FF was maintained up to
200 suns.
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Figure 5 (online colour at: www.pss-rapid.com) Rg and Rgy as
functions of concentration ratio (1 to 200 suns).
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Figure 6 7 as a function of concentration ratio.
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Jsc was approximately proportional to the concentra-
tion ratio and increased 370-fold when the concentration
ratio was increased from 1 to 200 suns (cf. Table 1).

Figure 5 shows the measured series resistance (Rs) and
shunt resistance (Rsy) as functions of the concentration
ratio. We calculated Rg and Rgy from the slope of the
I-V curves [8]. Rs and Rgy rapidly decrease with increasing
concentration ratio. Because the photo current of this solar
cell is very small at low sun, Rs and Rgy appear larger. Thus,
Rs and Rsy are rapidly reduced due to an increase in the
photo current with high concentrated light illumination.

Figure 6 shows the power conversion efficiency 7 as a
function of concentration ratio. We also summarize the
values of Jsc, Voc, Rs, Rsy, FF, and 5 at 1 and 200 suns ex-
posures in Table 1. The efficiency increases from 1.5% to
3.4% when the concentration ratio increases from 1 to
200 suns. The efficiency is increased by a factor of 2.3,
whereas Voc is increased by a factor of 1.3. The higher rate
of increase of the ratio in # than that in Vyc is due to the
increase in Jsc with increasing concentration ratio. That is,
the nitride-based solar cells operate effectively even at
200 suns. The conversion efficiency of 3.4% is the highest
ever reported value for nitride solar cells.

5 Summary In conclusion, we investigated the ni-
tride-based solar cells under concentrator conditions. Vo,
Jsc, and 7 monotonically increased from 1 to 200 suns,
while FF decreased slightly. Jsc, Voc, FF, and 7 were
510 mA/cmZ, 1.9V, 70%, and 3.4%, respectively, at AM
1.5G and 200 suns at RT.
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We investigated polarization doping for hole generation in abrupt and graded GaN/Al, 7Gag 3N interfaces on Al g9Gap 1N templates. The abrupt
interface exhibited hole generation, whereas the graded interface exhibited electron generation. In the graded Al,Ga _yN (x = 0.65-0), a graded
part with an AIN mole fraction ranging from 0.2 to 0 showed a large relaxation. Theoretical estimation revealed that this part contained positive
polarization charges, accumulating electrons. Via Mg doping in the graded AlGaN layer, we obtained a high hole concentration of 3 x 10'3cm=2.
These results indicate that understanding the relaxation conditions in the graded layer is indispensable for polarization doping.

© 2017 The Japan Society of Applied Physics

light-emitting diodes (LEDs) have been proposed to
replace UV lightbulbs. However, the external quan-
tum efficiency of UV LEDs is considerably low, and it is more
pronounced in the DUV region.'™ Among the reasons for
the low efficiency are the poor electrical properties of p-type
AlGaN with a high AIN mole fraction. Nitride semiconduc-
tors can exhibit p-type conductivity after Be, Zn, or Mg
doping.*” In general, Mg is mostly used to form p-type
AlGaN .3 However, it is almost impossible to generate
holes in AlGaN layers with high AIN mole fractions, because
acceptors such as Mg in such AlGaN layers have large
ionization energies.!®') For instance, the resistivity of
Mg-doped Aly7GagsN exceeds 1,000Q-cm. This is why
most nitride DUV LEDs contain a relatively thick p-type
GaN, providing holes in the active regions and an ohmic
contact to the p-electrode.'>'® However, GaN absorbs UV
light with wavelengths shorter than 365 nm; thus, there is
a tradeoff between the electrical and optical properties.
Polarization doping has been proposed as an alternative
approach for generating carriers in nitride semiconductors.'”
The polarization charge concentration, Np op (cm™), is esti-
mated as Npop = P/q, where P (C/cm2) is the polarization
charge density, and g (C) is the elementary charge. The polari-
zation charge density includes spontaneous and piezoelectric
polarization components.”>?!) The polarization charge concen-
tration accumulates the free carrier concentration, N,p, with
opposite signs to satisfy the charge neutrality, Np = Np p. For
instance, two-dimensional (2D) electron gas has been accu-
mulated to the polarization positive charges at an AIGaN/GaN
interface in a heterostructure field-effect transistor. Further-
more, 2D hole gas was observed at the other GaN/AlGaN
interface. In addition, Simon et al. proposed Mg-doped graded
Al,Ga;_ N (x =0.3-0) structures in which holes are three-
dimensionally distributed, so that the polarization doping is also
useful in optoelectronic devices that require vertical conduc-
tion.?? For the graded structure, the three-dimensional (3D)
polarization charge concentration, Np 3p (cm™), is estimated as

oP
q-od’
where d (cm) is the thickness of the graded layer.'” Thus far,
we have shown that the hole concentrations in polarization

N itride semiconductor-based deep-ultraviolet (DUV)

Np_3p =

025502-1

doping can be tuned by controlling the AIN mole fractions
in GaN/AlGaN structures up to 0.34 AIN.?? Polarization
dilution involves compensating unnecessary polarization
charges (e.g., positive charges in the p-type layer) with a
sufficient amount of ionized impurities (e.g., ionized accep-
tors) for improving the vertical conductivity.?” These results
have been obtained with AlGaN on GaN templates.

Recently, polarization doping on AIN templates, which
are more suitable than GaN templates for DUV LEDs, has
been reported. Zhang et al. demonstrated hole generation
in Mg-doped graded Al,Ga;_,N (x=0.3-0). Li et al
obtained a high hole concentration in Be-doped graded
AlLGa;_N (x=1-0.7).29 However, p-type graded AlGaN
with a substantially wider AIN mole fraction range, e.g.,
0.7 to 0, should be investigated with practical DUV-LEDs
to simultaneously obtain a high hole concentration and a
low contact resistivity for the p-electrode. In this study, we
investigated polarization doping in GaN/Aly;Gay3N struc-
tures on AIN templates. We measured hole accumulations
to the polarization charges in abrupt and graded GaN/
Aly7Gag3N interfaces with and without Mg doping with
respect to the measurement temperature. We found a lattice
relaxation in the graded AlGaN layer with AIN mole frac-
tions ranging from 0.2 to 0 and demonstrated that this lattice
relaxation affected the conductivity type.

All samples were prepared on AIN templates grown on
c-plane sapphire substrates by metalorganic vapor phase
epitaxy. The AIN templates were grown with the addition of
a small amount of trimethylgallium to improve the surface
morphology, resulting in a 2-um Al 99Gag o1 N layer on an AIN
buffer layer.””” We then prepared three different Hall samples.
The first had an abrupt interface comprising a 100-nm layer of
undoped Al 74Gag 16N, a 10-nm layer of undoped GaN, and a
40-nm layer of p-GaN on the Alj99Gay ;N template, as shown
in Fig. 1(a). The second Hall sample had a graded interface
comprising a 100-nm layer of undoped Al 65sGag 35N, a 100-nm
layer of undoped graded Al,Ga;_,N (x = 0.65-0), and a 40-nm
layer of p-GaN on the Alyg9GagoN template, as shown in
Fig. 1(b). The third Hall sample was similar to the second one
but contained a 100-nm layer of Mg-doped (2 x 10! cm™)
graded Al,Ga;_,N (x=0.65-0) instead of the undoped
Al Ga;_,N. The 40-nm p-GaN layers were required as
p-contact layers to inject the current. For X-ray diffraction

© 2017 The Japan Society of Applied Physics
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Fig. 1. Hall-sample structures containing (a) the abrupt GaN/
Aly74Gag 26N heterostructure and (b) the undoped and Mg-doped graded
Al,Ga;_,N (x =0.65-0) layers.

(XRD) measurements, another sample was prepared on the
Aly99Gag 1N template, comprising a 100-nm layer of undoped
AlyesGagssN and a 100-nm layer of Mg-doped graded
Al Ga;_,N (x=0.65-0.3) without a p-GaN contact layer.
Hall-effect measurements were performed to determine the
carrier concentrations with respect to the temperature. Asym-
metric reciprocal space mappings (RSMs) were obtained via
XRD. The AIN mole fractions in the graded AlGaN layer
were estimated using secondary ion mass spectrometry (SIMS).

Figure 2 shows the carrier concentrations of the three
Hall samples with respect to the temperature. As shown in
Fig. 2(a), the first Hall sample with the abrupt interface
showed p-type conductivity (with red dots) throughout the
temperature range. The sheet hole concentration at room
temperature was 1.5 x 10'>cm™2, showing almost no temper-
ature dependence.”® For comparison, the sheet carrier con-
centrations of a 100-nm Mg-doped p-GaN layer are plotted
with black dots in the same figure, showing a significant
temperature dependence due to the large ionization energy of
Mg. Thus, we conclude that the observed holes were accumu-
lated to the polarization negative charges at the GaN /Al 74-
Gag 6N interface. On the other hand, as shown in Fig. 2(b),
the second Hall sample with the undoped graded AlGaN
unexpectedly showed n-type conductivity (with blue dots)
with a weak temperature dependence. The sheet electron con-
centrations were ~1 x 10'*cm™ in the measured temperature
range. As shown in Fig. 2(c), the third Hall sample with
Mg-doped graded AlGaN exhibited p-type conductivity with
a sheet hole concentration of 3 x 10'*cm= at room temper-
ature. The 3 x 10" cm™ sheet hole concentration corre-
sponds to a volume hole concentration of 3 x 10'8cm™,
considering the graded 100-nm distribution. The conductivity
type changed from p-type (with red dots) to n-type (with
blue dots) as temperature was reduced below 240 K.

The structural properties of the Hall samples were inves-
tigated to investigate the reason for this conductivity-type
behavior. First, polarity inversion was suspected; thus, we
performed KOH wet etching (80 °C, 1 min) on all the Hall
samples. No changes in the surface morphologies of the
samples were observed, suggesting that the samples had
typical Al polarity and that the polarity inversion was not a
cause of the n-type conductivity. Second, the AIN mole
fractions in the Mg-doped graded AlGaN layer of the third
Hall sample were measured via SIMS. Figure 3 shows that
the AIN mole fractions decreased monotonically towards the
Al-polar surface side, as designed, indicating that no net
positive polarization charges were generated and thus no
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Fig. 2. Sheet carrier concentrations with respect to the temperature for
(a) the abrupt GaN/AlGaN structure, (b) the undoped graded AlGaN layer,
and (c) the Mg-doped graded AlGaN layer. Red and blue dots indicate the
hole and electron concentrations, respectively.

electrons could be accumulated. Third, the strain and relaxa-
tion conditions of the lattices in the samples were investigated.
Figure 4(a) shows the (2024) XRD RSM of the first Hall
sample with the abrupt GaN/Alj74GagsN interface. The
results clearly indicate that the underlying Aly74Gag,6N was
5% relaxed and that the GaN was fully relaxed. The theoretical
polarization charge concentrations were calculated to be
3.7% 103 and 1.7 x 10"*cm™2 for the fully strained GaN
(to the Alp74Gapo6N) and fully relaxed GaN, respectively.
The measured hole concentration of 1.5 x 10'3cm™ shown
in Fig. 2(a) is well-explained by the value (1.7 X 10'*cm™2)
for the fully relaxed GaN. Figures 4(b) and 4(c) show the
corresponding RSMs for the third Hall sample with the
Mg-doped graded Al,Ga;_,N (x: 0.65-0) layer and the other
XRD sample with the Mg-doped graded Al,Ga;_,N (x =
0.65-0.3) layer. Figure 4(c) indicates that the underlying
Aly5Gag3sN was 20% relaxed and that the graded AlGaN
with AIN mole fractions ranging from 0.65 to 0.3 was coher-
ently grown on the underlying AlygsGap3sN. In contrast,
Fig. 4(b) suggests that the graded AlGaN with AIN mole
fractions ranging from 0.65 to O comprised the following
parts: 1) the graded AlGaN with an AIN mole fraction ranging
from 0.65 to 0.2, which was fully strained to the Al 5Gag 35N
layer, and 2) the graded AlGaN with AIN mole fractions
ranging from 0.2 to 0, which was gradually and then fully
relaxed with increasing proximity to the GaN at the surface.

According to the strain and relaxation conditions observed
in the graded AlGaN layer, the theoretical absolute polar-
ization charge concentrations (cm~2) and net polarization
charge concentrations (cm™), Np 3p, of the graded AlGaN
layer were calculated with respect to the depth (or AIN mole
fraction) of the graded AlGaN layer, as indicated by the solid
lines in Figs. 5(a) and 5(b), respectively. For comparison, the

© 2017 The Japan Society of Applied Physics
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Fig. 3. AIN mole-fraction profile for the Mg-doped graded AlGaN layer,
measured by SIMS.

Fig. 4. (2024) XRD RSM patterns of (a) the abrupt GaN/AlGaN
structure, (b) the Mg-doped graded Al,Ga;_,N layer (x = 0.65-0), and (c) the
Mg-doped graded Al,Ga;_,N layer (x = 0.65-0.3).

theoretical absolute polarizations in the cases of the AlGaN
fully strained to the Alyes5Gag 35N layer and the fully relaxed
AlGaN are plotted in Fig. 5(a) with dashed and dotted lines,
respectively. As shown in Fig. 5(a), because the part with
AIN mole fractions ranging from 0.65 to 0.2 was fully
strained to the Aly¢;5Gag3sN layer, the values in this part are
the same as those in the strained case. In contrast, the part
with the AIN mole fraction ranging from 0.2 to 0 is gradually
and then fully relaxed so that the absolute polarization charge
concentrations in this part gradually change from the value
of the strained Aly,GaggN to the value of the relaxed GaN,
resulting in the opposite sign of the slope compared with the
simply strained and simply relaxed cases. The aforemen-
tioned 3D polarization charge concentration Np 3p containing
the dP/od component is plotted in Fig. 5(b). This figure
reveals that the net polarization charge concentration in the
gradually relaxed part (graded AlGaN with AIN mole frac-
tions ranging from 0.2 to 0) has the opposite sign (positive)
with a polarization charge concentration of ~3.4 x 10'¥ cm™=,
This suggests that electrons —no longer holes — were accu-
mulated on the graded AlGaN with AIN mole fractions
ranging from 0.2 to 0. The measurable electron sheet concen-
tration was theoretically estimated to be 1 X 10">cm™2 by
considering the thickness of the graded AlGaN (3.4 x 10'®
cm™ x 30nm). This value agrees well with the measured
electron value (1 X 10'3cm™), as shown in Fig. 2(b).
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Fig. 5. (a) Theoretical absolute polarization charge concentrations (cm™2)
and (b) theoretical measurable net polarization charge concentrations (cm™)
for the partially relaxed graded AlGaN layer.

Finally, we theoretically estimated the carrier concentra-
tion of the Mg-doped graded AlGaN with an AIN mole frac-
tion ranging from 0.2 to 0, which was gradually relaxed.
Because ionized Mg acceptors—rather than electrons—
should neutralize the positive polarization charges,”® we
solved the following charge-neutrality condition using
Shockley’s graphical method:*®

n+ Ny =p+Nj+N§, ey
Ec—-E

n=Ncexp<— 7CkT F), 2)
Er—E

p=Nvexp(— 4FkT V), 3)

N = Y @)

1+zexp(%)
N

Ny = = : (5)

kT

Equation (1) expresses the charge-neutrality condition, in-
cluding the positive polarization charge. Here, n and p are the
electron and hole concentrations, respectively; Np and Ny are
the donor and acceptor concentrations (0 and 2 X 10" em™),
respectively; Nj, and N are the ionized-donor and ionized-
acceptor concentrations, respectively; N is the positive
polarization charge density (3.4 x 10'®cm™); N and Ny are
the effective density of states at the conduction and valence
bands, respectively; Ex and Ep are the acceptor and donor
energy levels (0.2 and 3.58 e V), respectively; Ey and E( are the
valence- and conduction-band edge energy levels (0 and 3.6
eV), respectively; k is Boltzmann’s constant, and 7' is the tem-
perature. For simplicity, we used the average parameters for
the Mg-doped graded AlGaN layer, i.e., Aly1GayoN. Figure 6
shows the total negative [left side of Eq. (1): blue line] and
positive [right side of Eq. (1): red line] charge densities with
respect to the Fermi energy in the Mg-doped graded AlGaN.

© 2017 The Japan Society of Applied Physics
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Fig. 6. Calculated total negative/positive charges and components of the
positive charges in the graded AlGaN with a mole fraction ranging from 0.2
to 0 with respect to the Fermi energy at (a) 300 K and (b) 200 K. The energy
the valence-band edge is OeV.

The intersection satisfies the charge-neutrality condition for a
given Fermi energy. Figure 6 also shows the two components
of the total positive charges, the hole concentrations (dotted
black line), and the positive polarization charge concentrations
(dashed black line). At room temperature, the Fermi energy of
0.198¢V yielded the charge-neutrality condition, resulting in
p-type AlGaN with a hole concentration of 1.4 x 10'°cm™, as
shown in Fig. 6(a). Considering that the hole concentration of
the strained graded AlGaN with an AIN mole fraction ranging
from 0.65 to 0.2 was 3.4 x 108 cm™3, we calculated the meas-
urable hole concentration of the third Hall sample to be
24x108em™2 3.4 x 108 ecm™> x 70nm + 1.4 x 10'°cm™3 x
30nm), which agrees well with the measured value (3 X
10" cm™?) shown in Fig. 3(c).

To elucidate the reason for the observed change in the con-
ductivity from p- to n-type around 240 K, Fig. 6(b) describes
the charge-neutrality condition for the same case at 200 K.
The hole concentration clearly decreased to 2 x 10'*cm™.
However, the Fermi energy remained relatively constant,
indicating p-type conductivity. Therefore, the observed con-
ductivity switching in the third Hall sample cannot presently
be explained. Furthermore, the reason why the observed
electron concentration of the third Hall sample at a low
temperature was higher than that of the second Hall sample
is unknown. Nevertheless, we point out that the strain and
relaxation conditions drastically affect not only the magni-
tude but also the type of conductivity in the graded layers
for polarization doping. To properly utilize the polarization
doping in the graded layers, we must further investigate the
strain and relaxation conditions.

In this study, we investigated polarization doping for hole
generation in GaN/Alj7Gay3N structures on AIN templates.
The abrupt GaN/Aly;Gag3N interface generated holes,
whereas the graded GaN/Aly;GagsN interface generated
electrons. The lattice relaxations drastically affected not only
the magnitude but also the type of conductivity in the graded

025502-4

layers, which explains the observed electron generation in the
undoped graded AlGaN layer with a wide grading range of
AIN mole fractions. A combination of Mg doping and polari-
zation doping resulted in a high sheet carrier concentration of
3% 103 em™ (or 3 x 10" cm™ in 100 nm), which is useful
for sufficient hole injections in DUV LEDs.
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We investigated the influence of polarization charges in
nitride-based semiconductors. The influence due to polar-
ization charges was calculated excluding the influences of the
band offset. We found that the polarization charges (1 x 10"
cm?) resulted in an energy spike of more than 100 meV at the
location of the charges, which is a similar value to the band
offset. We then proposed the concept of polarization dilution to
suppress the energy spike for better hole transport by using a

1 Introduction AlGaN-based ultraviolet (UV) light-
emitting diodes (LEDs) are expected to be highly efficient,
reliable, and compact light sources for sterilization, water
purification, printing, and so on. Currently, external quantum
efficiencies (EQEs) of the UV-LEDs are much lower than
those of commercialized visible LEDs. For instance, the
reported highest EQEs of UV-A, UV-B, and UV-C are 44% at
365nm [1], 10.4% at 278 nm [2], 0.2% at 227nm [3],
respectively. One of the reasons for such low EQEs is the
inferior p-type characteristic of AlGaN resulting in poor hole
injection into the active region. While the ionization energy of
Mg acceptors in GaN is 170meV [4], that in AIN is
600 meV [5]. Therefore, p-type AlGaN especially with high
AIN mole fraction shows very low hole concentrations [6].

On the other hand, the nitride semiconductors are well
known to show large polarization characteristics. Large
spontaneous [7] and piezoelectric [8] polarization charges
are generated, and remain at heterointerfaces. As these charges
are fixed charges, they do not contribute as mobile carriers in
principle. The concentrations of the polarization charges in the

Wiley Online Library

graded Mg-doped AlGaN layer in UV-LEDs. Device
simulation results indicate lower operating voltage and higher
injection efficiency by using the polarization dilution. So far,
our actual 350 nm LED with the polarization dilution showed
lower operating voltage. These results suggested such polar-
ization-charge management is important in the design of the
nitride semiconductors.

© 2015 WILEY—VCH Verlag GmbH & Co. KGaA, Weinheim

nitride semiconductors, however, are comparable to or even
higher than those of electrons and holes in impurity-doped
layers. Thus, the polarization charges largely influence the
mobile carriers as well as energy-band structures in nitride
semiconductors. A favorable example to utilize the polarization
charges is a two-dimensional electron gas (2DEG) in a
heterofield effect transistor (HFET) [9]. The 2DEG is
accumulated even without any impurity doping at one of the
AlGaN/GaN interfaces where positive polarization charges are
generated. For instance, as the concentration of the polarization
charges at the Aly,GaggN/GaN interface is more than
1 x 10" cm™2, almost the same high number of the electrons
is built up. Furthermore, the polarization charges with the
opposite sign are also generated at the other side of the interface,
and now 2D hole gas is accumulated there. In addition, a new
concept, “polarization doping” [10] was proposed, in which
such a large number of the polarization “sheet” charges are
three-dimensionally distributed by forming compositional
graded interfaces, resulting in a three-dimensional (3D) carrier
distribution. With the polarization doping, a compositionally

© 2015 WILEY—VCH Verlag GmbH & Co. KGaA, Weinheim
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P-Al,,Ga, gN

Positive charges Negative charges
= 1x10%3cm?2 = 1x10%3cm2

Figure 1 Assumed structure (putting positive and negative
charges in p-Aly,Gag gN).

graded p-AlGaN showed a much higher 3D hole concentration
allowing vertical carrier transport [11]. Then, this concept was
provedinalightemitting device, an N-polar UV-LED, showing
higher hole injection [12].

In our previous study, we attempted to use polarization
doping in a more conventional Ga-polar blue LED [13].
Even though we clearly observed high hole accumulation at
an AlGaN graded layer with a separate Hall measurement,
the blue LED with the similar graded layer, which
corresponded to an electron blocking layer, showed very
low output power. This fact indicates that the polarization
doping works in N-polar LEDs but not in Ga-polar LEDs.
The difference between N-polar and Ga-polar in terms of the
polarization is the sign of the polarization charges. The
polarization charges with the opposite sign are generated at
the equivalent interfaces in the same device structure.

In this study, we first calculated the influence of the
positive and negative polarization charges on energy-band
profiles in the impurity-doped layer. Then, we proposed a
technique to reduce the influence of the polarization
charges, “polarization dilution”. Finally, we performed
theoretical and experimental investigations on the effect of
the polarization dilution in 350 nm LED.

2 Influence of polarization First, we calculated the
influence of polarization charges with a commercially available
device simulator (SiLENSe) implementing a 1D drift-diffusion
model in consideration of the strong piezoelectric/spontaneous
polarization charges. Here, we are interested in just the influence
of the polarization charges on the energy-band profiles. Thus, we

Positive
charges

Negative
charges

0.0
-0.14

eV]

= 0.2
_0.3,

Energy

-0.44

-0.5

Distance

Figure 2 The calculated valence-band energy profile of the
assumed structure (Fig. 1). Energy spike and dip for hole is
160 meV and 140 meV, respectively.

WwWw.pss-a.com

—> [0001]

| graded-AlGaN

Al composition

Polarization

charges (+)

()

Net
polarization
charges

All fixed charges
(in p-type- (+)
graded-AlGaN)

O

Positive polarization charges

lonized acceptors

Figure 3 Mechanism of polarization dilution. Positive polar-
ization charges are distributed in a graded layer by grading with
increase of Al composition. Positive polarization charges are
compensated by ionized acceptors under charge-neutrality
conditions.

assumed a simple uniform p-type material, Mg-doped
Aly->GaggN, containing positive and negative sheet charges,
1 x 10 cm™2, separately located, as shown in Fig. 1. The
assumed structure allows us to solely estimate the influence of the
charges, excluding that of a band offset that must be formed at the
heterostructure interface. The fixed charges, 1 X 10%cem ™2,
correspond to the number of polarization charges at the
Aly-,Gag gN/Al, 4GaggN interface.

The calculated valence-band energy profile of the assumed
structure is plotted in Fig. 2. An energy spike and an energy dip
to the holes in the valence band are observed at the locations of

p-GaN(30nm) (a)

p-Aly 4Gay (N(20nm)

Graded-p-AlGa, .N
(x:0.250.4,20nm)

p-Aly ,Gay gN (100nm)

Electron blocking layer

u-Aly ,Gay N (last barrier layer)
GaN/n-Al,,Ga;gN 5QWs

(b)

n-Al,,Ga, gN
027508 p-Aly ,Gag N(20nm) i
AIN I
02 04
Sapphire

Al composition profile

Figure 4 Sample structures, (a) LED with polarization dilution,
(b) LED without polarization dilution (basic structure).
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Figure 5 Distribution of positive polarization charges and ionized acceptors around EB layer, (a) LED with polarization dilution, (b)

LED without polarization dilution

positive and negative charges, respectively. The reason for
forming the energy spike (dip) simply indicates the result of
Coulomb’s force between the positive (negative) sheet charges
and the holes in the valence band. What we must pay attention to
here is the heights of the energy spike and the dip, 160 meV and
140 meV, respectively, similar to that of the heterobarrier at the
Alg,Gag gN/Aly 4Gag N interface. This calculation result
clearly indicates that the influence of the polarization charges
on the energy band is large enough to affect device
performances. We carefully consider the energy spike due to
the polarization charges in the device design. For instance, such
an energy spike should be useful for carrier confinement but
harmful for carrier transport in the same analogy as the
heterobarrier. Thus, it is worthwhile to control and reduce the
polarization charges for better carrier transport. However, it is
difficult to only reduce the polarization charges while keeping
the same mole fraction values at the interfaces.

3 Polarization dilution We then proposed a useful
technique to “dilute” the polarization charges, as shown in
Fig. 3. Again, it seems impossible to just reduce the
polarization charges, but the charges could be neutralized by
other charges with the opposite sign. In the case of the

energy spike in the p-type layer, negative charges are
necessary because the energy spike is caused by the positive
polarization charges. Unfortunately, the electron cannot be a
candidate in this case as the layer is p-type. Thus, another
negative charge that can exist in a p-type layer is necessary,
and that is an ionized acceptor. If the ionized acceptor
concentration is equal to or higher than the positive
polarization charge density, the positive polarization
charges will be completely neutralized. Note that a
1 x 10 cm™ sheet concentration is equivalent to a
2x10*cm™ volume concentration, assuming that the
sheet charges are distributed in one unit-cell thickness
(0.5nm). Such a high concentration is achievable as it is
already used in p-contact layers and tunnel junctions.
However, the high concentration could degrade the adjacent
active region in this case. Thus, we borrow the same concept
from polarization doping but in order to dilute the
polarization charges so that the required ionized acceptor
concentration will be reduced as much as possible. Here, the
interface with the positive polarization charges is composi-
tionally graded with some thickness. In other words, the
interface thickness is expanded from 0 to the graded
thickness. For instance, if the interface with 1 x 10'* cm ™2

(a) 0.6 T T ] T T T (b) 0-6 T T - T ]

0.4 . - 0.4 Conduction band : .
0.9 Condu;:tlon band : 0.9 : ]
0.0 - : 0.0

-0.21 : : : —0.21 :

E 70-4: E ---------- ?-----u----.E -------- E 70.4:I:II Illlll-:lllllllllll..lllEllll........ |::
361 - ® 36 valence band 1
—38] :  valencedband - & -3.81 F . .
—4.04 . . —4.0- . 0.17eV
—4.2mrnr prenaness g mmasas BT P e TPT TTTTTTTI. &
-4.4 —4.4

Active N EB_layer Active EB layer
< graded- uniform P-layer i , P-layer
region Al AlGaN region uniform AlGaN

Figure 6 Comparison of band diagram (injected current density: 1kA/cm?), (a) LED with polarization dilution, (b) LED without

polarization dilution.
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Figure 7 Calculated LED characteristics. (a) J-V characteristic, (b) carrier injection efficiency.

is graded with 20 nm, the volume concentration is diluted
from 2 x 10®°cm > to 5 x 10180m73, which is a required
value as a sufficient ionized acceptor concentration and is
easily achieved by a conventional growth technique. Thus
the polarization dilution should be a very practical technique
to suppress the influence of the positive polarization
charges. The differences between the polarization doping
and the polarization dilution are (1) the sign of the
polarization charges and (2) the requirement of impurity
doping. In the polarization doping case, the graded layer is
formed at the interface generating the charges with the
opposite sign to the interested carriers, and the impurity
doping is not indispensable. On the contrary, in the
polarization dilution case, the graded layer is formed at
the interface generating the polarization charges with the
same sign as the interested carriers, and the impurity doping
is necessary to neutralize the charges.

(a)

8 L} L} L} L}
; without
polarization dilution

6 .
Z s with polarization dilution -
%)
g 4 ]
=
s s ]

21 4

1k 4

0 1 1 1 1

0 1000 2000 3000 4000 5000
Current density[A/cm2]

4 Device simulation and experimental results
Finally, we theoretically and experimentally investigated
the impact of the polarization dilution in Ga-polar 350 nm
LEDs. Sample structures with and without (conventional)
the polarization dilution are shown in Fig. 4a and b,
respectively. A structural difference between the two LED
samples was (a) with and (b) without a compositional
graded p-AlGaN layer (Al composition from 0.2 to 0.4) at
the interface of the Aly,GaggN barrier/p-Aly4Gag¢N
electron blocking layer. Other than that, the layer structure
consists of a 2 pum AIN, a 1.5 wm n-Aly,Gag gN, 3 nm GaN/
10 nm Aly,Gag gN five quantum wells, the 10 nm u-AlGaN
last barrier layer, the 20 nm p-Aly 4Gag N electron blocking
layer, a 100 nm p-Aly ,Gag gN, and a 30 nm p-GaN. Figures 5
and 6 show calculated profiles of the positive polarization
charge density and the ionized acceptor concentration, and
corresponding band-energy profiles, respectively. In the

~
U‘
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35 T T T
=
é‘ 30F
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= 25  without
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& ,0L polarization dilution |
~N—
a2
g 15} e
o
- 10} 4
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Figure 8 Measured LED characteristics. (a) J-V characteristic, (b) J-L characteristic.
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conventional LED case, the large polarization still remained
unneutralized at the active region/electron blocking layer
interface, as shown in Fig. 5, resulting in a large energy
spike, as shown in Fig. 6. On the other hand, in the LED with
the polarization dilution case, the positive polarization
charges are fully neutralized with the ionized acceptor and
no energy spike is observed in the valence band at the
interface. In addition, while an ~100meV reduction is
obtained at the valence band, no reduction of the potential
barrier is obtained at the conduction band. These results
should dramatically improve hole injection into the active
region. Figure 7 shows calculated J-V characteristics and
injection efficiency characteristics of the two LEDs. Due to
the reduction of the energy spike, the operating voltage is
decreased and the injection efficiency is increased in the
LED with the polarization dilution. These results suggest
that such a polarization-charge management is important to
obtain superior performance in nitride-based UV-LEDs.
We then fabricated actual LEDs with the layer structures
shown in Fig. 4a and b. Figure 8 shows measured J-L-V
characteristics of the two LEDs. We obtained J-V
characteristics consistent with the calculated result. In the
meantime, the LED with the polarization dilution showed a
smaller light output power at low current injection region,
which is inconsistent with the calculated result. On the
contrary, in the high current injection region the light output
power of the LED with the polarization dilution was equal to
or even higher than that of the LED without the polarization
dilution. At this time, the reason for the low light output
power is unclear. However, the result at high current
injection indicates the potential of the polarization dilution
and encourages us to investigate the reason in the future.

5 Conclusions In summary, the influence of the
polarization charges was calculated without the influence
of the band offset. The calculation result indicated the
polarization charges resulted in an energy spike of more than
100 meV, affecting the carrier transport. Then, we proposed
the polarization dilution to suppress the energy spike for
better hole transport by using a Mg-doped graded AlGaN
layers in the UV-LEDs. The calculated results suggested
that the polarization dilution led to the lower operating
voltage and the higher injection efficiency. Our actual
350nm LED also showed a lower operating voltage, while

© 2015 WILEY—VCH Verlag GmbH & Co. KGaA, Weinheim

lower output power was simultaneously observed for some
reason. However the result at high current injection
indicates the potential of the polarization dilution These
results suggested such polarization-charge management is
important in the nitride semiconductors.
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We investigated electron and hole accumulations at GaN/AlInNN/GaN interfaces by Hall effect measurement. The InN mole fraction and
temperature dependences on the sheet carrier densities at the interfaces reveal that electrons and holes were induced by large positive and
negative polarization charges to satisfy the charge neutrality conditions, respectively. On the basis of the above results, we then designed and
demonstrated a low-resistity 10-pair Si-doped n-type AliInN/GaN distributed Bragg reflector (DBR) by using high Si doped and graded layers at the
GaN/AlInN interfaces. The low-resistity n-type AllnN/GaN DBR will reduce the resistance and the internal loss in blue vertical-cavity surface

emitting lasers. © 2016 The Japan Society of Applied Physics

1. Introduction

AlInN is one of the important nitride-based alloys, which can
be lattice-matched to GaN, so that a high-quality AlInN/GaN
heterostructure can be achieved instead of a conventional
AlGaN/GaN. In optoelectronic devices, a thick AlInN
cladding layer'? and an AlInN/GaN distributed Bragg
reflector (DBR)*™ were reported. One of the disadvantages
in growing thick AlInN had been the very low growth rate
(less than 0.2 um/h®®) like GaInN alloys,”!?) but recently, a
relatively high growth rate, ~0.5 um, of the AlInN has been
obtained by using a combination of high growth temperature
and high In/III ratio.'V Now, a low-resistity current injection
in the vertical direction of the AlInN/GaN interfaces is
required for various optoelectronic device applications. In
this case, a large hetero barrier (~0.9eV) at the AlInN/GaN
interfere in the lattice matching'? could lead to a high
resistance, and a graded layer between AlInN and GaN
should be a solution as already proved in the AlGaAs/GaAs
system.13'l4>

On the other hand, it is well known that large
polarization charges are induced at nitride-based hetero-
interfaces,'>'® and the lattice-matched AIInN/GaN is not
an exception.!” That is why a large electron accumulation
to positive polarization charges at the AlInN/GaN interface
is leveraged in a heterostructure field-effect transistor
structure.'®!? Then, a hole accumulation to negative polari-
zation charges was observed at a GaN/AlGaN interface’”
in turn, and the AIN mole fraction dependence on the sheet
hole density was systematically investigated.”’ Thus, the
hole accumulation and its mole fraction dependence should
be observed at the AIInN/GaN interface in the same
manner, but such systematic investigations have not been
performed yet. The important thing is that not only the
large hetero barrier height but also such large negative
polarization charges (and hole accumulations) at the AlInN/
GaN surely affect the current injection across the AlInN/
GaN interface.

In this study, we first investigated not only electron but
also hole accumulations to the GaN/AlInN/GaN interface
charges. The InN mole fraction and temperature dependences
on the sheet carrier densities at the interface were system-
atically investigated. On the basis of the results, we then
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Fig. 1. (Color online) Sample structures (a) for the electron accumulation
at the bottom AlInN/GaN interface, and (b) for the hole accumulation at the
top GaN/AlInN interface.

designed and demonstrated conductive n-type AlInN/GaN
DBRs with high Si doped and graded layers.

2. Experiment methods

All the samples were grown on c-plane sapphire substrates by
metalorganic vapor phase epitaxy. In this study, we prepared
two series of samples. One is a series of test structures for
Hall effect measurement to investigate the electron and hole
accumulations at AlInN/GaN in the lattice matching and
GaN/AlInN interfaces with various InN mole fractions,
respectively. The other is a series of Si-doped 10-pair AlInN/
GaN DBRs to investigate vertical current injection through
the DBRs.

Figures 1(a) and 1(b) show sample structures for the
electron accumulation at the interface of the AIInN/GaN (the
bottom interface of the AlInN) and for the hole accumulation
at the interface of the GaN/AlInN interface (the top interface

© 2016 The Japan Society of Applied Physics
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of the AlInN), respectively. The electron accumulation struc-
ture, the so-called two-dimensional electron gas (2DEG),
consists of a 20nm low-temperature-deposited GaN buffer
layer (LT-GaN), a 3 um undoped GaN, and a 90 nm undoped
AlInN. Six samples with various InN mole fractions from
0.13 to 0.23 in the AlInN were prepared. The hole accumu-
lation structure, the so-called two-dimensional hole gas
(2DHG), consists of the LT-GaN, the undoped GaN, a
60 nm undoped AlInN, a 10nm undoped GaN and, a 40 nm
p-GaN contact layer. Four samples with various InN mole
fractions from 0.16 to 0.21 in the AlInN were prepared. X-ray
diffraction (XRD) patterns of 26/w scan around the 0002
peak were measured to determine the InN mole fractions in
the AlInN layers. The sheet carrier densities at the interfaces
were measured by Hall effect measurement. Electrodes for
the 2DEG and 2DHG samples were Cr/Ni/Au and Ni/Au,
respectively. In addition, we determined the temperature
dependence of sheet carrier density by low-temperature Hall
effect measurement.

Regarding the 10-pair Si-doped AlInN/GaN DBRs, four
different samples were prepared. After growing a 2pum Si-
doped GaN layer on the sapphire substrate, 10 pairs of about
45nm AlInN and about 40 nm GaN were grown. The InN
mole fraction of the AlInN was adjusted to be 0.18 to be
lattice-matched to the GaN. Graded layers and high Si doping
at the top interfaces were investigated to see if better vertical
current injections through the DBRs were obtained. A
standard DBR was uniformly doped with Si (3 x 10"¥cm™
in GaN and 1 x 10"°cm™ in AlInN), as shown in Fig. 2(a).
Note that the Si concentrations were measured by secondary
ion mass spectroscopy with reference samples of GaN:Si and
AIN:Si for calibration. A graded DBR was formed by using
9nm graded AlGalnN layers at all the top interfaces of
the AlInN in the standard DBR, as shown in Fig. 2(b). The
compositional graded AlGalnN layer was grown by changing
Al, In, and Ga source flow rates from a condition of AlInN
to a condition of GaN. A modulation-doped DBR consisted
of 10 pairs of a 35.5nm standard Si-doped (3 x 10'8cm=?)
GaN, a 4.5nm highly Si-doped (1 x 10”cm™) GaN, a
4.5nm highly Si-doped (5x 10"”cm™) AlInN, and a
35.5nm standard Si-doped (1 X 10'°cm™) AlInN, as shown
in Fig. 2(c). Finally, a graded/modulation-doped DBR was
formed by a combination of the graded DBR and the
modulation-doped DBR, as shown in Fig. 2(d). To measure
the vertical conductance of the 10-pair DBRs, a 60 um mesa
was formed by etching the entire 10-pair DBRs to expose an
underlying n-GaN and depositing the top and bottom n-type
electrodes. Then, the current—voltage (I-V) characteristics of
the mesa DBRs were measured at room temperature.

3. Results and discussion

Figures 3(a) and 3(b) show the XRD patterns of (0002) 26/w
scan from the six AlInN/GaN structures for the investigation
of electron accumulations [as shown in Fig. 1(a)] and the
four GaN/AlInN/GaN structures for the investigation of hole
accumulations [as shown in Fig. 1(b)], respectively. All the
samples show not only strong single peaks but also clear
Pendellosung fringes, meaning that the crystal and interface
qualities of AlInN/GaN layers in the lattice matching were
high. The InN mole fractions of the AlInN layers in the
structures were then estimated as indicated in the figures.
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Fig. 2. (Color online) One pair of layer structures in the Si-doped AlInN/
GaN DBRs. (a) Standard DBR uniformly doped with Si (3 x 10'8cm™ in
GaN and 1 x 10" cm™ in AlInN), (b) graded DBR formed with a 9nm
graded AlGalnN layer at the top interface of the AlInN, (c) modulation-
doped DBR consisting of a 35.5 nm standard Si-doped GaN, a 4.5 nm highly
Si-doped GaN, a 4.5 nm highly Si-doped AlInN, and a 35.5 nm standard Si-
doped AlInN, and (d) graded/modulation-doped DBR formed by a
combination of the graded DBR and the modulation-doped DBR.

Next, we investigated the electrical properties of the
samples by Hall effect measurement. Clear n-type conduc-
tivity was obtained in the samples shown in Fig. 1(a) even
without any Si doping. The measured sheet electron con-
centrations at the bottom interfaces as a function of InN mole
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Fig. 3. (Color online) XRD patterns of (0002) 20/w scan (a) from the six

AlInN/GaN structures [as shown in Figs. 1(a) and 1(b)] from the four GaN/
AlInN structures [as shown in Fig. 1(b)]. The 34.5° peak is GaN, and the
other peak is AlInN.

fraction are plotted with the red squares in Fig. 4(a). In
addition, theoretical positive polarization charge concentra-
tions are also plotted in the same figure. The theoretical
polarization charge density ¢ was calculated using the

following equation:>?
oc=Py+ Py,
c as—a
=Psp+2(€31 —13633> X ==, (1)
€33 e

where Py, and P, are the spontaneous and piezoelectric
polarization charge densities, e3; and es3 are the piezoelectric
constants, ¢j3 and ¢33 are the elastic constants, and a, and
as are the lattice constants of the AlInN layers and the
underlying GaN layer, respectively. In this calculation, the
material parameters listed in Table I were used, and all the
AlInN parameters were estimated assuming Vegard’s law.
We found that the measured sheet electron concentrations as
a function of InN mole fractions are in good agreement with
the theoretical polarization charge concentrations, meaning
that the electrons were accumulated to the positive polar-
ization charges to satisfy the charge neutrality condition.
Also, no temperature dependence on the sheet electron con-
centration was clearly observed, as shown in Fig. 4(b),
indicating that electrons were not directly generated from
nearby donor impurities.

Accordingly, p-type conductivity was clearly observed in
the samples shown in Fig. 1(b) even with Mg doping just for
the contact layer. The measured sheet hole concentrations at
the top interfaces of AlInN as a function of InN mole frac-
tion were plotted with the blue triangles in Fig. 5(a).
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Fig. 4. (Color online) (a) Room-temperature sheet electron concentrations
as a function of InN mole fractions at the bottom interface of the AlInN/GaN
interface. The theoretical positive polarization charge densities are also
plotted. (b) Temperature dependences on sheet electron concentrations at the
bottom interface of the AlInN/GaN interface.

16,23)

Table I. Material parameters used in the calculations.

GaN AIN InN

Lattice constant (A)

AllnN

a 3.189 3.112 3.548 3.112x + 3.548(1 — x)

¢ 5.185 4.982 5.76 4.982x + 5.760(1 — x)
Spontaneous polarization (C/m?)

Py, —-0.029 —0.081 —-0.032 —0.081x — 0.032(1 — x)
Piezoelectric constant (C/m?)

€31 -0.49 -0.6 -0.57 —0.6x — 0.57(1 — x)

€33 0.73 1.46 0.97 1.46x 4+ 0.97(1 — x)
Elastic constant (GPa)

13 100 127 108 127x + 108(1 — x)

c33 392 382 399 382x + 399(1 — x)

Similarly, theoretical negative polarization charge concen-
trations were plotted in the same figure. The measured sheet
hole concentrations are in good agreement with the theo-
retical polarization charge concentrations. Also, almost no
temperature dependence was observed in the sheet hole
concentrations as shown in Fig. 5(b). Thus, we concluded
that not just electrons but also holes are accumulated in the
polarization charges, resulting in high carrier concentrations
without standard impurity doping.

On the basis of the above results, a band diagram of
undoped GaN/AlInN/GaN is depicted in Fig. 6. This figure
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Fig. 5. (Color online) (a) Room-temperature sheet hole concentrations as
a function of InN mole fractions at the top interface of the GaN/AlInN
interface. The theoretical negative polarization charge densities are also
plotted. (b) Temperature dependences on sheet hole concentrations at the top
interface of the GaN/AlInN interface.
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Fig. 6. (Color online) Band diagram of undoped GaN/AlInN/GaN.

clearly suggests that almost no Si doping is required at
the bottom interfaces of AlInN while heavy Si doping is
indispensable at the top interfaces of AlInN to obtain
conductive n-type DBRs. This is the reason why we tried
to utilize not only graded layers but also heavy Si doping in
the AlInN/GaN DBRs. Actually, the large negative polar-
ization charges could be neutralized with the ionized Si
atoms,’¥ so the amount of Si doping should be close to that
of the polarization charge. For instance, the polarization sheet
charge density at the AlygsIng7N/GaN is calculated and
measured to be about 3 x 103 cm™2, which corresponds to
3 x 10" cm™3 volume concentrations in a 10 nm layer. Thus,
the 10nm area around the GaN/AlInN interface should be
doped with Si up to such a high concentration.

We then calculated the band profiles of the four AlInN/
GaN DBRs described above by using a commercially
available device simulator. Figure 7 shows the conduction
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Fig. 8. (Color online) -V characteristics of the standard DBR, the graded
DBR, the modulation-doped DBR, and the graded/modulation-doped DBR.

band profiles of one pair in the four AlInN/GaN DBRs.
Note that the Fermi level was set to be zero in Fig. 7. The
calculated results clearly show that the graded layer and the
Si modulation-doped at the top GaN/AlInN interfaces are
very useful for reducing the potential height around the top
interfaces.

Figure 8 shows the /-V characteristics of the four 10-pair
Si-doped AlInN/GaN DBRs. The modulation-doped DBR
and the graded/modulation-doped DBR showed clear ohmic
characteristics with very low resistances. The graded/
modulation-doped DBR showed the lowest resistance among
the samples as the calculated results suggested. The values
resistance is 16 Q, but includes not only a vertical component
of the DBR but also a lateral component of the underlying
GaN, so the vertical resistance of the DBR must be smaller
than 16 Q. On the other hand, almost no current passed
through the standard DBR within 3V of the applied voltage
range. Interestingly, the graded DBR showed some current
flowing but a high resistance. The above results suggest that
the layer with high Si doping is more effective than the
graded layer to obtain the conductive n-type AlInN/GaN
DBRs, meaning that the impact of the polarization charges on
the electrical properties is huge in nitride-based materials. So
far, laser operations of nitride-based vertical cavity surface
emitting lasers (VCSELs) with undoped AlInN/GaN DBRs

© 2016 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 55, 05FD10 (2016)

S. Yoshida et al.

were reported,”>2” and the undoped DBRs were not

conductive at all, so that intracavity contacts must be used,
resulting in high resistance and internal loss. As a result, such
a conductive nitride-based DBR will lead to high-perform-
ance blue VCSELs, like the already commercialized infrared
VCSELs with the conductive DBRs.?®

4. Conclusions

We demonstrated the low-resistity 10-pair Si-doped AlInN/
GaN DBR by using the graded layer and high Si doping at
the top interfaces of the AlInN layers. The reason for the high
Si doping is to neutralize the large negative polarization
charges at the interface which resulted in the large potential
barrier. We also demonstrated electron and hole accumu-
lations induced by the polarization charges at the interfaces
by investigating InN mole fractions and temperature de-
pendences on the sheet carrier densities measured by Hall
effect measurement.
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We report the development of high-performance AlIGaN/AIN heterostructure-field-effect-transistor-type (HFET) photosensors with a p-type GaN
optical gate and detection wavelengths that are restricted to 220-280 nm. These photosensors employ a two-dimensional electron gas induced
at the hetero-interface between AlpsGag 4N and Alp5GagsN as a highly conductive channel. In addition, a p-type GaN optical gate is employed
to deplete a channel. Consequently, we obtained a high photosensitivity of over 4 x 103A/W and an externally low dark current density of
approximately 5 x 10~ A/mm at a source—drain voltage of 3V. We also determined that the detection range of light wavelength in these HFET
photosensors can be controlled by controlling the AIN molar fraction in the AlGaN channel layer. The results are very promising for the
development of completely solar-blind high-performance photosensors with high photosensitivity.

© 2016 The Japan Society of Applied Physics

1. Introduction

Group-III nitride semiconductors are widely used as light-
emitting diodes (LEDs)'™ and laser diodes.>® Since the
band gap of AlGaN ternary alloys covers a broad range from
3.39 to 6.2eV at room temperature,”® these alloys are
suitable as UV emitters and in photosensor applications.”'?
Recently, high-performance UV LEDs with an external
quantum efficiency close to 10% have been developed for
sterilization and medical applications.'*'® To make these
UV LEDs practical, photosensors are indispensable.

The photosensors are required to be small, durable, low-
cost, solar-blind and highly sensitive, and possess a high
rejection ratio. Furthermore, the most important feature is that
the detection wavelength must be freely controlled. The
detection of specific wavelengths leads to detection of flames
or organic matter, which is advantageous. In the case of a
flame sensor, the detection of a specific wavelength is very
important because almost all wavelengths from a flame are
buried under sunlight and only a 250 to 280nm peak is
separated from sunlight.'”

Until now, photomultiplier tubes (PMTs) or Si-based
photodiodes with a visible light cut-off filter have been used
as UV sensors.”>?! However, even with its high photo-
sensitivity, there are issues regarding PMT miniaturization,
such as cost, heat resistance, and high operating voltage.
Furthermore, the Si-based photodiodes is up to four orders of
magnitude lower than that of PMTs. Nitride semiconductors
have the potential to solve the above-mentioned problem of
PMTs and Si photodiodes. Thus far, we have reported high-
sensitivity AlGaN/GaN heterostructure-field-effect-transis-
tor-type (HFET) photosensors with a p-type GaN optical
gate.”>?¥ These photosensors employ a two-dimensional
electron gas (2DEG) induced at the hetero-interface between
AlGaN and GaN as a highly conductive channel. Although
these sensors exhibited a high photosensitivity of 10° A/W,
they detected all wavelengths lower than 365 nm.

We assumed that the detection wavelength is in accordance
with the band gap of the channel layer. Therefore, we tried to
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control the detection wavelength by changing the AIN molar
fraction of the AlGaN channel layer.

In this study, we employed an AlysGaysN channel layer
because a band gap of 4.5eV was required to detect 280 nm
UV light. However, the fabrication of an AlGaN/AlGaN
HFET is a big challenge. One reason for this is the pre-
reaction between Al and NH3.2* The higher the Al molar
fraction of AlGaN, the more drastic the reaction. Therefore,
investigating optimum growth condition is important. The
other reason is that many cracks are generated because of the
tensile stress between AlGaN and the GaN substrate.”> An
AIN substrate or an AIN template substrate is efficient at
solving this problem because it has a smaller lattice size than
GaN. Moreover, there are other problems; only a 1-in. AIN
substrate could be obtained and the crystallinity of an AIN
template substrate is worse than that of a GaN template
substrate. 2?7

For the above reasons, until Akita et al. reported an
Aly51Gag 490N-based HEMT, there were only a few reports
of AlGaN/AlGaN-HEMT and the AIN molar fraction x of
AlL,Ga,_,N was lower than 0.4.2%

In this study, we fabricated high-performance AlGaN/
AlGaN HFET photosensors with a p-GaN optical gate on
high-quality AIN template substrates for the detection of
wavelengths that are restricted to 220-280 nm. We will also
show that the AIN molar fraction of the AlGaN channel layer
is the key to controlling the detection wavelength.

2. Experimental Procedure

Figure 1 shows a schematic view of an AlGaN HFET-type
photosensor with a p-type GaN optical gate. The device was
grown using metalorganic vapor phase epitaxy on a sapphire
(0001) substrate. The growth condition of the AIN template
was based on a previous report.”?) After the growth of a 1.8-
um AIN layer, a 320-nm unintentionally doped AlysGagsN
layer, a 35-nm unintentionally doped AlysGag4N barrier
layer, and a 100-nm Mg-doped p-GaN layer with a Mg
concentration of 2 X 10"cm™ was grown. The Al molar
fraction x of Al,Ga;_,N was determined using 26/ scans and

© 2016 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic views of the device structure: (a) cross-
sectional view and (b) plan view.

reciprocal space mapping measurements with X-ray diffrac-
tion. The Mg acceptors were activated by annealing at 850 °C
for S5min in N,. Mesa isolation was performed using Cl,
inductively coupled plasma (ICP) etching. The p-type GaN
optical gate was etched using ICP etching, except in the light-
detection area. Then, Ti (30nm)/Al (100nm)/Ti (20 nm)/
Au (150 nm) was deposited as the source and drain electrodes
on the u-Alj¢Gag 4N barrier layer and annealed at 810 °C in
N,. The length and width of the p-GaN optical gate were 2 and
100 um, respectively, and the interval between the source and
drain electrodes was 8 um. No anti-reflection coating was used
for any of the devices in this study.

The photocurrent at each light wavelength (220-1100 nm)
was measured using a semiconductor parameter analyzer
(HP-4155B) and a spectroscope with a Xe lamp (HAL-320)
at room temperature (RT). Furthermore, the photocurrent was
measured under room lighting conditions and air mass (AM)
1.5G pseudo sunlight (HAL-320), respectively. The photo-
sensitivity was calculated from the photocurrent, light-
detection area, and irradiation density of the spectroscope,
respectively. In this study, we employed a monochromatic
light irradiation density of approximately 45uW /cm? and a
light-detection area of 200um?. For the evaluation of the
sensor as a flame sensor, a Bunsen burner was used to
produce a flame and was placed 10 cm from the sensor.
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Fig. 2. (Color online) Isp—Vsp characteristics of the Aly¢Gag4N/

AlysGagsN HFET photosensors at RT in the Vsp range from 0 to 3V with
and without irradiation from a UV lamp (1 = 250 nm, irradiation density =
45uW/cm?). (a) With and (b) without an optical p-type GaN gate.

3. Results and Discussion

Figure 2 shows the Isp—Vsp characteristics of the HFET
photosensors (a) with and (b) without an optical p-type GaN
gate. The photocurrent from UV light irradiation at 250 nm
(irradiation density: 45 uW/cm?) and the dark current at RT
were measured. An extremely low dark current of 5 x 10710
A/mm was obtained using the HFET in the presence of an
optical p-GaN gate when Vgp was 3V, as shown in Fig. 2(a).
This dark current was almost the same as the measurement
limit of our measurement system. In contrast, a large dark
current of approximately 1 x 107% A/mm was observed when
using HFET photosensors without an optical p-GaN gate
when Vgp was 3V, as shown in Fig. 2(b).

In addition, we compared the photocurrents of photo-
sensors with an optical p-GaN gate under room lighting
conditions and an AM 1.5 G solar simulator (HAL-320) at
a light intensity of 1 sun. Consequently, we measured a
photocurrent of 5.7 X 107'°A/mm under room lighting
conditions and 1.1 X 10 A/mm under 1 sun (AM 1.5 G).
These values are in an order of magnitude equal to that of
the dark current. The results indicate that the photosensors

© 2016 The Japan Society of Applied Physics
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Fig. 3. (Color online) Relationship between the photosensitivity with a

Vsp of 3V and the wavelength of irradiating light. The inset is focused
between 200 and 500 nm. The circular plots show the photosensitivity of
Al sGag4N/AlysGagsN-HFET with a Vsp of 3 V. The triangular plots refer
to Alp¢Gag4N/AlysGaysN-HFET with a Vgp of 3V under room lighting
conditions. The square plots refer to Aly,GaygN/GaN-HFET with a Vgp
of 5V.

were almost non-responsive to sunlight. However, they were
capable of detecting very weak light with a wavelength of
250 nm. Therefore, this device is a completely solar-blind
UV sensor.

Figure 3 shows the monochromatic photosensitivity of
HFET-type photosensors from 200 to 1100 nm. The circular
plots show the photosensitivity of AlygGag4N/AlysGagsN-
HFET (with an operating voltage of 3 V between the source
and the drain) obtained using a Xe lamp and a spectrometer.
The photosensors can achieve a high external photosensi-
tivity exceeding 10° A/W. The inset in Fig. 3 is focused
between 200 and 500nm. The absorption edge and peak
photosensitivity wavelengths of the photosensors were
approximately 280 and 250 nm, respectively. The rejection
ratio of the photosensors was greater than 10%.

The triangular plots show the photosensitivity under room
lighting conditions. Almost identical absorption edge and
peak photosensitivity was obtained. In contrast, for the
darkroom measurement, little absorption was observed
between 280 and 450 nm, compared with that between 520
and 1100 nm for room lighting measurements. This absorp-
tion may be caused by the p-GaN layer.

The square plots show the photosensitivity of Aly,GaggN/
GaN-HFET obtained at Vsp=5V.?? The absorption edge
and peak photosensitivity wavelengths of the photosensors
were approximately 410 and 300nm, respectively. The
photocurrent and dark current are higher compared with
those of Aly¢Gap4N/Alys5GagsN-HFET. From simulation
results (SiILENSe), we determined the sheet carrier density
of A10'6Ga()_4N/A10_5Ga()'5N-HFET to be 1 X 106 CII1_2, while
it was 3 x10"2cm™2 for Aly,GaysN/GaN. Therefore, we
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Table I. Photosensitivity of a Si UV sensor, a photoelectric tube, a Si
photodiode, a GaN UV sensor, a photomultiplier tube, and the photosensor
used in this study.

Peak wavelength Photosensitivity

(nm) (A/W)
This work 250 3% 10°
Si UV sensor 254 3x 1072
Photoelectric tube 254 2x 1072
GaN photodiode 254 6x 1072
Photomultiplier tube 400 2% 103

1x 105

In dark room
Photocurrent with a flame
1x10°6
3
g
~  1x107
-]
o
3 1x108 _
o Photocurrent without a flame
o \
< ) ! [} ) M [
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Fig. 4. (Color online) Isp—Vsp characteristics of the AlyGag 4N/

Al sGag sN-HFET photosensors at RT under a Vsp that varied from 0 to 3V
with flame irradiation from a Bunsen burner.

speculate that these results were caused by the difference in
the carrier concentration of 2DEG.

From the above, these results indicate that the absorption
edge and peak photosensitivity wavelengths of the photo-
sensors were controlled by the AIN molar fraction of the
AlGaN channel layer. In addition, the photocurrent and dark
current is probably adjustable by altering the AIN molar
fraction and the thickness of the AlGaN barrier layer.

We also compared the photosensitivity of the photosensors
with those of commercially available photosensors. Table I
shows the monochromatic photosensitivity of each photo-
sensor. From this table, the photosensors used in this study
possessing photosensitivity that is superior to those of a Si
UV sensor (KYOSEMI KPDU400F-2), a photoelectric tube
(Hamamatsu Photonics R765), a Si photodiode (Hamamatsu
Photonics S1087), and a GaN photodiode (KYOSEMI
KPDU27HQ1). Moreover, the results imply that the photo-
sensors used in this study have a photosensitivity that is
equivalent to that of photomultiplier tubes.

We also investigated the performance of the photosensors
as flame sensors. The photocurrent was measured in a
darkroom, under room lighting conditions, and at 1 sun (AM
1.5G) using a parameter analyzer both with a flame and
without a flame. The result in a dark room is shown in Fig. 4.
Table II summarizes the results for the photocurrent with and
without a flame, respectively. For all conditions, a sensitivity
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Table Il. Photocurrent of HFET when Vsp was 3 V both with and without
a flame.
Photocurrent (A/mm)
with a flame without a flame
Darkroom 1.12x 1077 9.98 x 10710
Under room lighting 1.34 x 1077 5.68 x 10710
Under 1 sun (AM 1.5G) 1.09 x 1077 1.06 x 107°

to noise (S/N) of over 10> was obtained. These results
indicate that the photosensors can be used as a flame sensor
under practical environmental conditions.

4. Summary and conclusion

We fabricated high-performance Aly¢Gag4N/AlysGagsN-
HFET-type photosensors on AIN for the detection of 220
to 280nm wavelengths. It was shown that the AIN molar
fraction of the AlGaN channel layer is the key to controlling
the detection wavelength. The measured photosensitivity of
3.4 x 10°A/W greatly surpasses those of commercially
available photosensors and is comparable with those of
photomultiplier tubes. These photosensors are completely
solar-blind and exhibit high performance as a flame sensor
under both room lighting conditions and 1 sun (AM 1.5G).

Acknowledgments

This study was partially supported by the Program for the
Strategic Research Foundation at Private Universities,
2012-2016, supported by the MEXT, a MEXT Grant-in-
Aid for Specially Promoted Research No. 25000011, and
the MEXT Grant-in-Aid for Scientific Research A No.
15H02019. The authors would like to thank Ph.D. T.
Morishita, T. Okumura, and S. Ushida for discussions and
advice.

1) Y. Ohki, Y. Toyoda, H. Kobayashi, and I. Akasaki, Jpn. J. Appl. Phys. 28,
L2112 (1989).

2) S. Nakamura, M. Senoh, and T. Mukai, Jpn. J. Appl. Phys. 32, L8 (1993).

3) T. Mukai, H. Narimatsu, and S. Nakamura, Jpn. J. Appl. Phys. 37, L479

27)
28)

29)

05FJ04-4

(1998).

V. Adivarahan, W. H. Sun, A. Chitnis, M. Shatalov, S. Wu, H. P. Maruska,
and M. Asif Khan, Appl. Phys. Lett. 85, 2175 (2004).

I. Akasaki, S. Sota, H. Sakai, T. Tanaka, M. Koike, and H. Amano,
Electron. Lett. 32, 1105 (1996).

S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T.
Matsushita, H. Kiyoku, and Y. Sugimoto, Jpn. J. Appl. Phys. 35, L74
(1996).

B. Monemar, Phys. Rev. B 10, 676 (1974).

H. Yamashita, K. Fukui, S. Misawa, and S. Yoshida, J. Appl. Phys. 50, 896
(1979).

D. Walker, X. Zhang, P. Kung, A. Saxler, S. Javadpour, J. Xu, and M.
Razeghi, Appl. Phys. Lett. 68, 2100 (1996).

B. W.Lim, Q. C. Chen, J. Y. Yangand, and M. Asif Khan, Appl. Phys. Lett.
68, 3761 (1996).

C. Pernot, A. Hirano, M. Iwaya, T. Detchprohm, H. Amano, and I. Akasaki,
Jpn. J. Appl. Phys. 38, L487 (1999).

C. Pernot, A. Hirano, M. Iwaya, T. Detchprohm, H. Amano, and I. Akasaki,
Jpn. J. Appl. Phys. 39, L387 (2000).

H. Jiang, T. Egawa, H. Ishikawa, C. Shao, and T. Jimbo, Jpn. J. Appl. Phys.
43, L683 (2004).

M. Ippommatsu, Optronics 2, 71 (2014).

) M. Shatalov, W. Sun, A. Lunev, X. Hu, A. Dobrinsky, Y. Bilenko, and J.

Yang, Appl. Phys. Express 5, 082101 (2012).

S. Inoue, N. Tamari, T. Kinoshita, T. Obata, and H. Yanagi, Appl. Phys.
Lett. 106, 131104 (2015).

J. R. Grandusky, J. Chen, S. R. Gibb, M. C. Mendrick, C. G. Moe, L.
Rodak, G. A. Garrett, M. Wraback, and L. J. Schowalter, Appl. Phys.
Express 6, 032101 (2013).

H. Hirayama, N. Maeda, S. Fujikawa, S. Toyoda, and N. Kamata, Jpn. J.
Appl. Phys. 53, 100209 (2014).

M. Razeghi and A. Rogalski, J. Appl. Phys. 79, 7433 (1996).

A. Haapalinna, P. Kidrhd, and E. Ikonen, Appl. Opt. 37, 729 (1998).
Hamamatsu Photonics K.K. [http://www.hamamatsu.com/].

M. Iwaya, S. Miura, T. Fujii, S. Kamiyama, H. Amano, and 1. Akasaki,
Phys. Status Solidi C 6, S972 (2009).

M. Ishiguro, K. Ikeda, M. Mizuno, M. Iwaya, T. Takeuchi, S. Kamiyama,
and 1. Akasaki, Jpn. J. Appl. Phys. 52, 08JF02 (2013).

J. R. Creighton, J. Electron. Mater. 31, 1337 (2002).

A. Kumar, G. Iyer, and A. Subramaniam, Phys. Status Solidi C 12, 399
(2015).

S. G. Mueller, R. T. Bondokov, K. E. Morgan, G. A. Slack, S. B. Schujman,
J. Grandusky, J. A. Smart, and L. J. Schowalter, Phys. Status Solidi A 206,
1153 (2009).

P. Kung, A. Saxler, X. Zhang, D. Walker, T. C. Wang, 1. Ferguson, and M.
Razeghi, Appl. Phys. Lett. 66, 2958 (1995).

M. Akita, S. Hashimoto, Y. Yamamoto, H. Tokuda, M. Kuzuhara, M.
Iwaya, and H. Amano, SEI Tech. Rev. 180, 83 (2012) [in Japanese].

M. Imura, K. Nakano, T. Kitano, N. Fujimoto, N. Okada, K. Balakrishnan,
M. Iwaya, S. Kamiyama, H. Amano, I. Akasaki, K. Shimono, T. Noro, T.
Takagi, and A. Bandoh, Phys. Status Solidi A 203, 1626 (2006).

© 2016 The Japan Society of Applied Physics


http://doi.org/10.1143/JJAP.28.2074
http://doi.org/10.1143/JJAP.28.2074
http://doi.org/10.1143/JJAP.32.L8
http://doi.org/10.1143/JJAP.37.L479
http://doi.org/10.1143/JJAP.37.L479
http://doi.org/10.1063/1.1796525
http://doi.org/10.1049/el:19960743
http://doi.org/10.1143/JJAP.35.L74
http://doi.org/10.1143/JJAP.35.L74
http://doi.org/10.1103/PhysRevB.10.676
http://doi.org/10.1063/1.326007
http://doi.org/10.1063/1.326007
http://doi.org/10.1063/1.115597
http://doi.org/10.1063/1.115998
http://doi.org/10.1063/1.115998
http://doi.org/10.1143/JJAP.38.L487
http://doi.org/10.1143/JJAP.39.L387
http://doi.org/10.1143/JJAP.43.L683
http://doi.org/10.1143/JJAP.43.L683
http://doi.org/10.1143/APEX.5.082101
http://doi.org/10.1063/1.4915255
http://doi.org/10.1063/1.4915255
http://doi.org/10.7567/APEX.6.032101
http://doi.org/10.7567/APEX.6.032101
http://doi.org/10.7567/JJAP.53.100209
http://doi.org/10.7567/JJAP.53.100209
http://doi.org/10.1063/1.362677
http://doi.org/10.1364/AO.37.000729
http://www.hamamatsu.com/
http://doi.org/10.1002/pssc.200880815
http://doi.org/10.7567/JJAP.52.08JF02
http://doi.org/10.1007/s11664-002-0118-3
http://doi.org/10.1002/pssc.201400170
http://doi.org/10.1002/pssc.201400170
http://doi.org/10.1002/pssa.200880758
http://doi.org/10.1002/pssa.200880758
http://doi.org/10.1063/1.114242
http://doi.org/10.1002/pssa.200565401

IOPScience

Home

Search Collections Journals About Contactus My IOPscience

iopscience.iop.org

Correlation between Device Performance and Defects in GalnN-Based Solar Cells

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2012 Appl. Phys. Express 5 082301
(http://iopscience.iop.org/1882-0786/5/8/082301)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 202.11.1.201
This content was downloaded on 03/03/2017 at 07:02

Please note that terms and conditions apply.

You may also be interested in:

GalnN-Based Solar Cells Using Strained-Layer GalnN/GalnN Superlattice Active Layer on a
Freestanding GaN Substrate
Yousuke Kuwahara, Takahiro Fujii, Toru Sugiyama et al.

Concentrating Properties of Nitride-Based Solar Cells Using Different Electrodes
Mikiko Mori, Shinichiro Kondo, Shota Yamamoto et al.

Microstructures of GalnN/GalnN Superlattices on GaN Substrates
Toru Sugiyama, Yosuke Kuwahara, Yasuhiro Isobe et al.

Realization of Nitride-Based Solar Cell on Freestanding GaN Substrate
Yosuke Kuwahara, Takahiro Fujii, Yasuharu Fujiyama et al.

Microstructure Analysis of AlGaN on AIN Underlying Layers with Different Threading Dislocation

Densities
Kimiyasu Ide, Yuko Matsubara, Motoaki lwaya et al.

InGaN/GaN Multiple Quantum Well Solar Cells with Good Open-Circuit Voltage and Concentrator Action

Xue-Fei Li, Xin-He Zheng, Dong-Yan Zhang et al.

Barrier Thickness Dependence of Photovoltaic Characteristics of InGaN/GaN Multiple Quantum Well

Solar Cells

Noriyuki Watanabe, Haruki Yokoyama, Naoteru Shigekawa et al.

Progress and Prospect of the Growth of Wide-Band-Gap Group Il Nitrides: Development of the Growth

Method for Single-Crystal Bulk GaN

Hiroshi Amano


http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1882-0786/5/8
http://iopscience.iop.org/1882-0786
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1143/APEX.4.021001
http://iopscience.iop.org/article/10.1143/APEX.4.021001
http://iopscience.iop.org/article/10.7567/JJAP.52.08JH02
http://iopscience.iop.org/article/10.1143/APEX.4.015701
http://iopscience.iop.org/article/10.1143/APEX.3.111001
http://iopscience.iop.org/article/10.7567/JJAP.52.08JE22
http://iopscience.iop.org/article/10.7567/JJAP.52.08JE22
http://iopscience.iop.org/article/10.1143/JJAP.51.092301
http://iopscience.iop.org/article/10.1143/JJAP.51.10ND10
http://iopscience.iop.org/article/10.1143/JJAP.51.10ND10
http://iopscience.iop.org/article/10.7567/JJAP.52.050001
http://iopscience.iop.org/article/10.7567/JJAP.52.050001

Applied Physics Express 5 (2012) 082301

http://dx.doi.org/10.1143/APEX.5.082301

Correlation between Device Performance and Defects in GalnN-Based Solar Cells

Mikiko Mori'*, Shinichiro Kondo', Shota Yamamoto', Tatsuro Nakao', Takahiro Fuijii', Motoaki lwaya',
Tetsuya Takeuchi'!, Satoshi Kamiyama', Isamu Akasaki'®, and Hiroshi Amano®3

" Faculty of Science and Technology, Meijo University, Nagoya 468-8502, Japan
2Graduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan

8 Akasaki Research Center, Nagoya University, Nagoya 464-8603, Japan

Received June 20, 2012; accepted June 26, 2012; published online July 13, 2012

We investigated the correlation between the device performance and defects, such as V-shaped pits and threading dislocations, in GalnN-based
solar cells. To realize high-performance GalnN-based solar cells with a high open-circuit voltage and fill factor, it is essential to realize a low pit
density of less than 107 cm~2. In this study, we were unable to observe clear evidence of any effect of the threading dislocation density in the GaN

underlying layer. © 2012 The Japan Society of Applied Physics

itride semiconductor material systems including

AIN, GaN, InN, and their alloys are widely used

as light-emitting diodes (LEDs) and laser diodes.
Since the bandgap of GalnN ternary alloys covers a broad
range from 0.65 to 3.43 eV, these alloys are suitable for solar
cell applications.” Using a combination of GalnN alloys,
one may theoretically design a multijunction photovoltaic
device with a bandgap spanning the infrared to ultraviolet
regions of the solar spectrum. This makes it possible to
achieve high-efficiency multijunction solar cells.”

So far, we have succeeded in fabricating GalnN-based
solar cells.*” By improving the crystal quality of GaInN
using freestanding c-plane GaN substrates® and applying
GalnN superlattice (SL) structures,” the conversion effi-
ciency has been improved.

In general, GaN films on sapphire substrates covered
with a low-temperature buffer layer®” have a high density
of threading dislocations ranging from 10® to 10'°cm™2. In
contrast, GaN substrates grown by hydride vapor phase
epitaxy'” with a low dislocation density of 10° to 107 cm 2
are commercially available. In addition, GalnN films ex-
ceeding the critical thickness on a GaN template have been
reported to induce the generation of misfit dislocations and
the growth of V-shaped pits.'!" There have been many
reports discussing the correlation between device perfor-
mance and crystal defects in GalnN-based LEDs, laser
diodes, and so forth. For instance, because dislocations act as
nonradiative recombination centers, reducing the dislocation
density in GaN is very important for the realization of high-
efficiency nitride-based LEDs.'>!® In addition, it has been
reported that dislocations have a strong impact on the device
lifetime of violet laser diodes.'® The impact of V-shaped
pits and misfit dislocations on the performances of LEDs and
laser diodes have also been reported.'>®

In contrast, we reported that the leakage current in GalnN-
based solar cells increases with increasing density of V-
shaped pits in the devices.” However, there have been few
reports discussing the correlation between device perfor-
mance and the density of defects such as dislocations and
V-shaped pits in GalnN-based solar cells. Understanding the
factors limiting the performance of such devices is essential
for realizing high-performance GalnN-based solar cells.
In this study, we investigated the correlation between
the device performance and defects in GalnN-based solar
cells.

*E-mail address: 113434038 @ccalumni.meijo-u.ac.jp
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Fig. 1. Schematic view of the sample structures of nitride-based solar
cells: (a) type I, (b) type II, and (c) type IIL.

All samples were grown by metalorganic vapor phase
epitaxy. c-Plane sapphire and freestanding c-plane GaN were
used as the substrates. In the case of the sapphire substrate,
GaN underlying layers were grown using a low-temperature
buffer layer. The threading dislocation densities of GaN on
sapphire and freestanding GaN substrates are approximately
3 x 10% and less than 107 cm™2, respectively. Trimethylin-
dium, trimethylaluminum, trimethylgallium, triethylgallium,
and ammonia were used as the source gases. Figures 1(a)-1(c)
show schematic views of the sample structures. We prepared
three types of samples on freestanding GaN and sapphire
substrates. In the type I samples [Fig. 1(a)], a single GalnN
active layer was used as an active layer. In the type II samples
[Fig. 1(b)], GaInN-based SLs were used as an active layer. In
the type III samples [Fig. 1(c)], to suppress the formation of
pits and the threading of misfit dislocations,'” we used thick
GalnN-based SLs as the active region instead of GalnN SLs
(underlying SLs). Table I summarizes the detailed structure
of the GalnN active layer and substrate of each sample. Pits
with a diameter of more than 50 nm¢ were counted when
determining the pit density using plan-view scanning electron
microscope images. The thickness and InN molar fraction in
the GalnN active layer were determined by X-ray diffraction
20/w scans of (0002) and (2024) diffractions. We also con-
firmed the thickness of each layer in some samples by cross-
sectional transmission electron microscopy. The density of
V-shaped pits ranged from 1.1 x 10° to 8.8 x 103cm™2 as
shown in Table I. The threading dislocation density also
ranged over two orders of magnitude from 107 to 10° cm™2.

Semitransparent Ni (Snm)/Au (5nm) ohmic contacts
to p-GaN and Ti/Al/Ti/Au ohmic contacts to n-GaN were
formed by electron beam evaporation. No antireflection
coating was used for all the devices. The solar cell char-
acteristics were analyzed using a solar simulator (air mass
1.5G, irradiation strength 155 mW/cmz). All measurements
were carried out at room temperature (RT).

© 2012 The Japan Society of Applied Physics
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Table I. Device structure parameters of GalnN-based solar cells on sapphire and GaN substrates. In this table, the pit density of each sample is also given.
Sample No. Substrate Underlying SL Active layer Pit density (cm™2)
. Gay ggIng 12N single layer 3
1 GaN None (200 nm) 8.0 x 10
50 pairs Gao_ggll’lo_”N (3 nm) 3
2 GaN None /Gago3Ing g7N (0.6 nm) SLs 8.7 x 10
50 pairs Gag g3Ing 17N (3 nm) 5
3 .
GaN None /Gag o3Iy N (3nm) SLs 1.5 x 10
) 10 pairs Gag goIng 1oN: Si (3 nm) 50 pairs Gag g3Ing 17N (3 nm) "
4 GaN /GaN: Si (3nm) SLs /GagesIngp7N (0.6 nm) SLs 1.0>10
. 10 pairs Gao_gzlno_()gNZ Si (18 nm) 30 pairs Gao_()()lno_]()N (3 nm) 5
3 Sapphire /GaN: Si (2.2nm) SLs /Gagolng 10N (0.6 nm) SLs 3.2 10
10 pairs Gag gpIng 1oN: Si (2.2 nm)
. /GaossInosN: Si (2.2nm) SLs 50 pairs Gag g>Ing 1sN (3 nm) 3
6 Sapphire + /GagssIng 1N (0.6nm) SLs 1.7 x 10
10 pairs Gago4Ing osN: Si (1.8 nm) 0.88710.12 ’ :
/GaN: Si (2.2nm) SLs
. 10 pairs Gag.o4IngosN: Si (2.2 nm) 30 pairs Gag ggIng 12N (3 nm) 5
7 Sapphire /GaN: Si (1.8nm) SLs /GagosIngo7N (0.6nm) SLs 11> 10
T T 4
20l v . W Sapphire sub. ] 70l N 1 \ s N |
A 60 v 4 NE v A
= | ~ v
) 15 S sol . A ] g, . |
> 10} N & a0l Al E
A 2
30r A Gavow b =1t 1
0.5f v apphir sub. b
0.0 Lo . . . . 10 b : : : ~ 0 L ] ] : :
100 100 10 100 10 100 10° 10 10" 10’ 100 10 10 10" 10’
Pit density [cm’] Pit density [em’] Pit density [cm’]
(a) (b) (©)
Fig. 2. (a) Voc of GalnN-based solar cells as a function of pit density. (b) FF as a function of pit density. (c) Jsc as a function of pit density.

Figures 2(a)-2(c) show the open-circuit voltage (Vpc), fill
factor (FF), and short-circuit current density (Jsc) of the
GalnN-based solar cells on freestanding GaN and sapphire
substrates as a function of the pit density at the surface.
From these figures, Jsc was found to be independent of the
pit density. In contrast, there is a significant dependence
of Voc and FF on the pit density. No significant difference
was found between Jsc, Voc, and FF for the samples grown
on GaN and those grown on sapphire substrates, meaning
that these characteristics are not affected by the threading
dislocation density in the underlying layer.

Figures 3(a)-3(c) summarize the leakage current density
(Jieak) at a reverse bias voltage of —3 V, the shunt resistance
(Rsn), and the series resistance (Rg), respectively, of each
sample as a function of pit density. We calculated Rs and
Rsy from the slope of the I-V curves.'® From these results,
Jieak and Rgy were found to be strongly dependent on the pit
density. In Fig. 3(a), the results for Ji« are fitted to the
formula

Jieak = 4 x 1078,/D,, 1))

where D, and 4 x 1078 A/cm are the pit density and fitting
parameter, respectively, as shown by the blue dotted line
in Fig. 3(a). There have been several reports that suggest
that the origin of the leakage current in an LED structure is
related to V-shaped pits, although the carrier conduction
mechanism is still unclear at present.'>>? In this experiment,

082301-2

Jieak €xhibits sublinear dependence on the pit density and is
almost proportional to the square root of Dj. Because Rsy
should be expressed as the reverse bias voltage divided
by Jieak, in Fig. 3(b) we inserted the theoretical line (blue
dotted line) given by

Vr Vr
== @)
Jleak

4x10-8./D,

In this case, Vg is the reverse bias voltage of —3 V. In this
figure, the fitting curve closely matches the experimental
results. From Figs. 2(a), 2(b), and 3(b), Rsy should exceed
10* Qcm? and D, should be less than 107 cm™2 to obtain
suitable values of Vpc and FF.

Next, we compared these results with the solar cell char-
acteristics of other material systems. Table II summarizes
Rsu, Voc, and the bandgap of each material in refs. 21-23.
According to this table, to realize a high Vp¢ in a GalnN-
based solar cell, Rsy should be one to two orders of mag-
nitude higher than that in the other material systems.

Note that Vpc is defined by the formula®¥

nkgT Ly — (Voc/R
oo = e 1n|: oh (Ioc/ SH)+ 1:|,
0

Rsu

3

where n, kg, T, Iy, and Iy are the nonideality factor,
Boltzmann constant, absolute temperature, photocurrent, and
reverse saturation current, respectively. From this formula,
Voc is significantly dependent on Rgy. In contrast, there was no

© 2012 The Japan Society of Applied Physics
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(@)

function of pit density.

Table II.
refs. 21-23.

Pit density [cm’]

Rsu, Voc, and bandgap of each material in this study and in

(b)

2)

3)

Material system Bandg(z:ilt)energy ( QR:;Z) Y{)/;
Si*h 1.12 6.7 x 10? 0.56 4)
GalnP? 1.96 1.1 x 10? 1.33
CdS/CdTe* 14 1x103 0.84 5)
2.8 7 x 10° 1.95
GalnN 2.8 1 x 10* 1.8 6)
2.8 2.15 x 10° 0.93
7)
correlation between Rg and pit density as shown in Fig. 3(c). In 8)
general, considering the equivalent circuit model of a solar cell
under illumination, the resistive component is expressed as>? 9
10)
= e[ AERDT ) VAR
nkBT RSH )
where [ is the reverse saturation current. Equation (4) shows  12)
that Jsc was strongly affected by the value of Rs. Therefore,
Jsc is independent of the pit density. 13)
In conclusion, we investigated the correlation between the
device performance and defects in GalnN-based solar cells.
To realize high-performance GaInN-based solar cells with ~ '%
a high Voc and FF, it is essential to realize a low D, and
high Rsy, which should be lower than 10’ cm™? and exceed  15)
10* Q cm?, respectively. In contrast, no significant correla-
tion could be confirmed between these device performances 16)
and the threading dislocation density in the GaN underlying
layer. Therefore, reduction of the pit density is essential for  17)
the realization of high-performance GalnN-based solar cells.
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