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研究成果報告書概要 
 

１ 学校法人名  名城大学     ２ 大学名     名城大学           

 

３ 研究組織名       名城大学・窒化物半導体基盤技術研究センター        

 

４ プロジェクト所在地   名古屋市天白区塩釜口１－５０１ 名城大学天白キャンパス内      

 

５ 研究プロジェクト名       窒化物半導体・新領域エレクトロニクス        

 

６ 研究観点         研究拠点を形成する研究（5 年）            

 

７ 研究代表者 

研究代表者名 所属部局名 職名 

赤﨑 勇 理工学研究科 教授 

 

プロジェクト参加研究者数  ７ 名 
 
９ 該当審査区分    理工・情報     生物・医歯     人文・社会  
 
１０ 研究プロジェクトに参加する主な研究者 
 

研究者名 所属・職名 プロジェクトでの研究課題 プロジェクトでの役割 

赤﨑 勇 
名城大学・

理 工 学 研

究科・教授 

窒化物半導体の結晶成長技

術の革新とそれによる革新

的な窒化物半導体デバイス

の実現 

窒化物半導体ナノ構造/
超ヘテロ構造の導入 

上山 智 
名城大学・

理 工 学 研

究科・教授 

半導体ナノ構造技術と光デ

バイスへの応用 

ナノコラム結晶成長、ナ

ノ構造の物性評価、高

性能ナノ発光材料、デバ

イスの実現 

竹内 哲也 

名城大学・

理 工 学 研

究科・准教

授 

窒化物半導体の結晶成長技

術の革新とそれによる革新

的な窒化物半導体デバイス

の実現 

Sb・B を窒化物半導体

に添加する技術を開発

し、革新的なデバイスを

実現する 

岩谷 素顕 

名城大学・

理 工 学 研

究科・准教

授 

窒化物半導体のデバイスプ

ロセス技術の革新・貼り合わ

せ・基板剥離技術の確立・ド

ーピング技術の確立・電子線

励起レーザ・太陽電池・ディ

テクターの実現 

貼り合わせ・基盤剥離技

術やプラズモンを活用す

る技術を開発する 
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（共同研究機関等） 
天野 浩 

名 古 屋 大

学・工学研

究科・教授 

窒化物半導体の結晶成長技

術の革新とそれによる革新

的な窒化物半導体デバイス

の実現 

窒化物半導体ナノ構造/
超 ヘ テ ロ 構 造 に よ る

GaInN・AlGaN の開拓 

Christian Wetzel 
レンセラー

工科大学・

教授 

窒化物半導体の結晶成長技

術の革新とそれによる革新

的な窒化物半導体デバイス

の実現 

高 InN モル分率 GaInN
によるデバイスの開拓 

Haiyan Ou 
デンマーク

工科大学・

准教授 

窒化物半導体のデバイスプ

ロセス技術の革新 
金属プラズモンの応用 

 
＜研究者の変更状況（研究代表者を含む）＞ 
旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

    

（変更の時期：平成 26 年 4 月 1 日） 
 
 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ソニー株式会社 
名城大学・理工学研究科・

教授 
宮嶋 孝夫 

窒化物半導体の物性

の解明 
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１１ 研究の概要（※ 項目全体を１０枚以内で作成） 

（１）研究プロジェクトの目的・意義及び計画の概要 

本研究拠点を形成する目的は、これまで窒化物半導体研究において世界的に高い成果を

残してきた名城大学 窒化物半導体基盤技術研究センターを中核に、名古屋大学、デンマー

ク工科大学、およびレンセラー工科大学の研究グループなど世界中の研究機関の技術を結

集することによって、新しい結晶成長技術・デバイスプロセス技術を確立する。具体的には、

窒化物半導体トンネル接合、窒化物半導体ナノコラム結晶の作製技術、さらにはウェハ接合

技術など窒化物半導体において新機能デバイスを実現する上で不可欠な基盤技術の確立を

することを目標に研究を進めた。さらにこれらの基盤技術を基に、最終的に革新的なデバイ

スの実現し、世界に情報を発信する研究拠点として整備することが本研究課題の目的・意義

である。 

（２）研究組織 

学内： 

本研究プロジェクトにこれまで参画した研究者は以下の 8 名（学内 5 名、学外 3 名）である 

所属・職 研究者名 
研究ﾌﾟﾛｼﾞｪｸﾄにおけ

る研究課題 

当該研究課題の成

果が研究ﾌﾟﾛｼﾞｪｸﾄに

果たす役割 

理工学研究科・教授 赤﨑 勇 研究総括 

窒化物半導体・新領

域エレクトロニクスの

実現 

理工学研究科・教授 上山 智 

窒化物半導体ナノ構

造の作製・表面プラ

ズモン・高濃度 Si ド

ーピング 

窒化物半導体・新領

域エレクトロニクスの

実現 

理工学研究科・准教

授 
竹内 哲也 

アンチモン・ボロン添

加窒化物半導体の

実現・AlInN 結晶成

長・トンネル接合 

窒化物半導体・新領

域エレクトロニクスの

実現 

理工学研究科・准教

授 
岩谷 素顕 

貼り合わせ・基板剥

離技術の確立・ドー

ピング技術の確立・

電子線励起レーザ・

太陽電池・ディテクタ

ーの実現 

窒化物半導体・新領

域エレクトロニクスの

実現 

理工学研究科・教授 宮嶋 孝夫 
窒化物半導体光物

性の解析と評価 

窒化物半導体の物

理の解明（H26 年度

より研究組織に追

加） 

 

その他 （特記事項） 

H24 から H26 年 3 月まで博士研究員として飯田大輔を雇用し、研究に参加させてきた。主に

結晶成長全般およびプラズモンを用いた LED、基板剥離技術等を担当した。H26 年 4 月から

東京理科大学・理学部応用物理学科・助教として栄転・着任し、H29.3 からサウジアラビア・
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KAIST の Assistant Professor として着任予定である。 

さらに、H27 から H29 年 3 月まで、博士研究員として小出典克を雇用し、研究に参画させてき

た。 

 

大学院生に関しては本研究グループで以下の通りである。 

H24 博士課程学生 3 名 修士課程学生 39 名 （修了 19 名）  

H25 博士課程学生 3 名（修了 1 名） 修士課程学生 39 名 （修了 18 名）  

H26 博士課程学生 2 名 修士課程学生 35 名 （修了 20 名） 

H27 博士課程学生 5 名 修士課程学生 38 名 （修了 17 名） 

H28 博士課程学生 5 名（修了 2 名） 修士課程学生 36 名（修了 18 名） 

H26 から 2 名の博士課程学生（松井健城・安田俊輝）、さらに H27 から 1 名を追加（小塚祐吾）

を RA として雇用し、本戦略的基盤形成支援事業の取組に従事させている。上記の大学院生

および博士研究員は招待講演 6 件、受賞 12 件などの成果をあげた。 

また、研究支援のため秘書を 3 名雇用している（大学予算・科研費・奨学寄附金で執行） 

 

共同研究機関等の連携状況 

所属・職 研究者名 
研究ﾌﾟﾛｼﾞｪｸﾄにおけ

る研究課題 

当該研究課題の成

果が研究ﾌﾟﾛｼﾞｪｸﾄに

果たす役割 

名古屋大学・教授 天野 浩 窒化物ナノワイヤ・

量子ドット・原子層エ

ピタキシーの成長・

評 価 ・ デ バ イ ス 応

用、電子線励起レー

ザや太陽電池、分極

を用いた紫外LEDの

開発等で連携 

窒化物半導体・新領

域エレクトロニクスの

実現 

デ ン マ ー ク 工 科 大

学・准教授 

Haiyan Ou 表面プラズモンの理

論計算と作製、 PD

の飯田大輔を派遣、

博士課程学生を 2 名

（各 1~2 か月）受け入

れ 

窒化物半導体・新領

域エレクトロニクスの

実現 

レ ン セ ラ ー 工 科 大

学・教授 

Christian Wetzel 緑色領域の LED 作

製、太陽電池の作製

窒化物半導体・新領

域エレクトロニクスの

実現 

 

 

（３）研究施設・設備等 

（研究施設）◆クリーンルーム 150m2＋155m2、デバイス・光学評価室 55m2 使用者: 4 名

（研究装置）◆有機金属化合物気相成長装置(①、④、⑩、29 に相当) 4 台（利用時間: 1 日

12 時間）◆フォトリソグラフィ装置(⑧、⑪)＋電子ビーム露光装置(30)（利用時間: 1 日 12 時

間）◆ICP エッチング 装置(⑤)（利用時間: 1 日 12 時間）◆エキシマレーザ(31)（利用時間:
1 日 12 時間）◆EB 蒸着装置(28)（利用時間: 1 日 12 時間） ◆スパッタリング装置(32)（利

用時間: 1 日 12 時間）◆カソードルミネッセンス装置付き走査電子顕微鏡(2,15)（利用時間:
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1 日 5 時間）◆FIB・マイクロサンプリング機能付き透過電子顕微鏡（利用時間: 1 日 3 時間）

(33)◆X 線回析装置(34)（利用時間: 1 日 12 時間）◆フォトルミネッセンス装置（利用時間:
1 日 3 時間）◆レーザ顕微鏡装置(35)（利用時間: 1 日 3 時間）◆半導体デバイス評価装置

(14、27、26)（利用時間: 1 日 3 時間）◆結晶評価装置(3、12、17、21、25)（利用時間: 1 日

12 時間）◆デバイスシミュレータ（SiLENSe、TCAD 等）（利用時間: 1 日 12 時間） 
および本予算で導入したウェハー接合装置(9)（H24）（利用時間: 1 日 12 時間）、半導体原

料供給設備(22)（利用時間: 1 日 12 時間）、昇華法装置（H25）(7)（利用時間: 1 日 6 時間）

 

（４）研究成果の概要 ※下記、１３及び１４に対応する成果には下線及び＊を付すこと。 

＜現在までの進捗状況及び達成度＞ 
 本研究グループは、窒化物半導体材料を中核とし、これまでに世界で初めて同材料の高品

質単結晶の実現、伝導性制御などを達成し、世界に先駆けて窒化物半導体による青色/紫色

LED をはじめ、世界最短波長半導体レーザ、高効率紫外 LED、超高速トランジスタなど、フロ

ンティアデバイスを実現してきた。本研究プロジェクトでは、これまで構築してきた研究基盤を

基に結晶成長技術およびデバイスプロセス技術を革新し、最終的に革新的なデバイスの実

現を目指すことを目指している。結晶成長・デバイスプロセスにおいて以下のような成果を残

した。 
1. 有機金属化合物気相成長法におけるその場観察 X 線回折測定法の確立を行い、それを

GaN および GaInN/GaN ヘテロ接合に適用する技術を確立(*1 に対応) 
2. アンチモンを窒化物半導体に 0.4%取り込むことに成功(*2 に対応) 
3. AlInN の高速・高品質結晶成長技術の確立(*3 に対応) 
4. デバイス適用可能な超低抵抗 n 型窒化物半導体(5.9×10-4Ωcm)の実現(*4 に対応) 
5. 低抵抗窒化物半導体トンネル接合およびそれをデバイスに適用(*5 に対応) 
6. バルク AlN 基板上へのホモエピタキシャル成長技術の確立(*6 に対応) 
7. 紫外/可視 LED における分極の理解(*7 に対応) 
8. ITO 電極を用いた基板貼り合わせ技術を確立(*8 に対応) 
9. AlGaInP と窒化物半導体の直接接合技術を確立(*9 に対応) 
10. GaN 基板からのレーザ剥離技術を確立(*10 に対応) 
11. ナノインプリントを用いたプラズモン適用技術を確立(*11 に対応) 
12. AlGaInP と窒化物半導体を ITO を用いたウェハ接合技術の確立 
13. ナノコラム結晶・量子殻構造の作製技術の確立 
14. 周期利得構造を目指した電子・正孔注入効率を制御する技術を確立 
さらに、これらの結晶成長技術/デバイスプロセスを基に以下のような革新的なデバイスを実

現した。 
① 窒化物半導体・超高感度・可視光/紫外線ディテクターの実現（受光感度 10４A/W 以上）

の実現(*12 に対応) 
② 窒化物半導体において世界最高効率の変換効率を持つ太陽電池の実現(*13 に対応) 
③ GaN/AlGaN 系においては世界初となる電子線励起のレーザの実現(*14 に対応) 
④ 反射率 99.9%以上の AlInN 半導体多層膜反射鏡の実現(*15 に対応) 
⑤ キャリア注入制御 2 波長で発光する窒化物半導体可視 LED の実現(*16 に対応) 
⑥ 電流ドループが極めて少ない近紫外 LED の実現(*17 に対応) 
⑦ トンネル接合を用いた電流狭窄・マイクロ LED の実現(*18 に対応) 
⑧ 窒化物半導体トンネル接合を用いた多接合窒化物半導体太陽電池の実現(*19 に対応)
⑨ 光出力 3mW（世界最高出力：H29.3 時点）の窒化物半導体面発光レーザを実現 
⑩ 窒化物半導体面発光レーザに於いて、DBR 層に電流を流す縦伝導デバイスを実現 
⑪ 周期利得構造を用いたデバイス構造において、窒化物半導体面発光レーザを実現 
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上記のように、この約 5 年間で予定していた研究内容に加え、新たなるデバイスを実現する

などの成果を残してきた。 
 
＜優れた成果が上がった点＞ 

上記に記載した研究成果のうち特に優れた研究成果としては、①有機金属化合物気相成長

法におけるその場観察 X 線回折測定法の確立を行い、それを GaN、GaInN/GaN ヘテロ接

合、AlGaN/GaN 接合、GaInN/GaN 超格子構造に適用する技術を確立②窒化物半導体・超高

感度・可視光/紫外線ディテクターの実現、③GaN においては世界初となる電子線励起のレ

ーザの実現④キャリア注入を制御することによって 2 波長で発光する LED の実現⑤低抵抗

窒化物半導体トンネル接合の実現⑥窒化物半導体太陽電池において世界最高効率⑥分極

ドーピングを紫外 LED に適用⑦世界最高出力の窒化物半導体系面発光レーザを実現があ

げられる。以下に本成果の概説をする。 

① 有機金属化合物気相成長法におけるその場観察 X 線回折測定法の確立を行い、それを

GaN および GaInN/GaN ヘテロ接合に適用する技術を確立 

窒化物半導体デバイスのほとんどは有機金属化合物気相成長法で作製されている。その結

晶成長技術を極限まで追求する上で、その場観察技術は極めて重要である。これまでに、光

を用いた、膜厚・基板の反り・温度等をその場観察する技術が広く報告されており、実際にデ

バイス製造に用いられている。本研究ではさらに一歩進め、X 線を用いたその場観察技術を

検討した。これまでの検討で、光では観測できなかった GaInN の緩和過程を正確にモニター

することが可能であることを報告するなど極めて優れた成果を残した。これらの成果は 5 件の

招待講演、学生の受賞 1 件など対外的に高い評価を得ている。 

② 窒化物半導体・超高感度・可視光/紫外線ディテクターの実現 

窒化物半導体のバンドギャップエネルギーは紫外から可視全域、赤外領域にわたっており、

発光素子だけでなく受光素子としての応用も期待されている。これまで、本グループをはじめ

とした世界中の研究機関から pin フォトダイオードや光導電セルなど様々なデバイスが報告さ

れてきたが、受光感度が低いことなど実用化には程遠い物しか得られていなかった。本研究

課題では、その問題点を解決するために、AlGaN/GaN ヘテロ接合を用いた 2 次元電子ガスと

pn 接合によって形成された空乏層を活用する構造を新たに開発し、それによって極めて高い

受光感度が得られることを明らかにした。本デバイスの性能は、既存の窒化物半導体を用い

た受光素子の性能を凌駕するだけではなく、Si を用いた pin フォトダイオードやアバランシェフ

ォトダイオードの受光感度を 3～4 桁程度凌駕しており、受光素子としては最も受光感度が高

い光電子増倍管と同程度の物が実現可能であることを明らかにした。また、受光波長は

AlGaN の組成や p 型層に GaInN を用いることによって制御可能であることも明らかにした。こ

れらのデバイスは、紫外 LED の実用化にともないキーデバイスとして発展していくことが期待

される。これらの成果は招待講演が 4 件、学生の受賞が 2 件に選出されるなど高い評価を得

ている。 

③窒化物半導体系においては世界初となる電子線励起のレーザの実現 

窒化物半導体レーザは、これまでに青紫色・青色・緑色レーザが実用化されているが、物性

的には紫外領域や可視全域、さらには赤外領域に亙っている。このうち紫外領域は他の半

導体材料では実現困難な領域であり、医療や工業用途向けに実現が強く期待されている。

本研究グループでは、世界最短波長紫外レーザの実現（2007 年：当時）をするなど世界に先

駆けた成果を多数残してきたが、さらなる短波長化は現状の技術の延長線では困難である。

その最も大きな理由は、高い正孔濃度を持つ p 型 AlGaN を実現することが困難であり、その

ためレーザ発振に必要な電流注入ができないということである。その問題点を解決するため

には他のキャリア注入の手法を確立することが重要であり、本グループでは電子線励起に注

目した。電子線励起は電流注入の問題がなくなり、紫外レーザの実現が可能になると期待さ
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れるが、これまで窒化物半導体材料において電子線励起によるレーザの報告はなかった。

本グループでは、名古屋大学の天野教授さらにはスタンレー電気との共同研究を実施し、そ

の問題点の解決を検討し、世界ではじめて電子線励起による窒化物半導体レーザの実現を

確認した。今後は、同手法を紫外領域のデバイスに応用し、最終的には波長が制御可能な

紫外線レーザの実現を目指す予定である。これらの結果は招待講演が 1 件など学術的に高

い評価を得ている。 

④キャリア注入を制御することによって 2 波長で発光する LED の実現 

 一般に LED では一つの活性層を一つの pn 接合で挟み込むため、一つの波長でしか発光し

ない。本素子では、二つ以上の活性層を挟みこんで多波長で発光する LED の実現を目論ん

だ。この場合、各活性層への電子と正孔（キャリア）の均一な注入が必要である。本研究グル

ープでは、キャリアの注入状態に着目し、その制御により 2 波長で発光することが可能である

ことを見出した。特に中間層と呼ぶ層を形成し、そこに適量の Mg を添加することによって、効

率よく 2 つの波長で発光させることが可能になった。本成果は、学生が受賞（1 件）するなど高

く評価され、今後低コスト白色光源や青色面発光レーザなどへの適用も期待できる。 

⑤低抵抗窒化物半導体トンネル接合の実現 

 窒化物半導体トンネル接合は多接合太陽電池や面発光レーザの基盤技術として重要であ

るが、これまでの報告ではトンネル接合部の抵抗が非常に高い（～50Ω）という問題点が存在

した。本グループでは p 型 GaInN の適用、活性化処理の手法の確立などを行い、抵抗が 5Ω

程度という一桁低いトンネル接合を実現した。また、この技術を電流狭窄構造や多接合太陽

電池に適用し、世界で初めてのトンネル接合を用いた多接合太陽電池を実現するなどの成

果を残した。これらの結果は招待講演が 3 件など学術的に高い評価を得ている。 

⑥ 窒化物半導体太陽電池において世界最高効率を実現 

 窒化物半導体太陽電池において、超格子構造・透明電極・集光器等を用いることによって

窒化物半導体太陽電池において世界最高効率を実現した。これらの成果は招待講演 5 件な

ど学会で高い評価を得ている。 

 

＜課題となった点＞ 

 上記のように、本研究課題では窒化物半導体の結晶成長をはじめとした基盤技術の確立

を狙い、トンネル接合や分極ドーピング、貼りあわせ技術などこれまで窒化物半導体材料で

はデバイス応用が進められていない多くの技術を確立した。その一方で、社会実装を考える

と、これを 1 歩進めて革新的な光デバイスへの適用が不可欠であると考えられる。 

 

＜自己評価の実施結果と対応状況＞ 

 本プロジェクトでは、多数の外部発表や年 1 回のシンポジウムを主催し、外部の有識者から

の評価・アドバイスをうけながら研究を研究を推進した。 

 

＜外部（第三者）評価の実施結果と対応状況＞ 

 中間評価において学部の学識研究者による中間評価を実施し、それに基づいて適切な対

応を行った。具体的には、研究拠点の創出に向けた取り組みを強化し、窒化物半導体研究

に関する拠点形成を目指した。 

  

＜研究期間終了後の展望＞ 

 上述のように、本研究課題では、窒化物半導体の結晶成長やウェハーボンディング技術な

ど新規の基盤技術を形成した。これらの基盤技術は新しい光デバイス創製に極めて有効で

あると考えられ、今後本グループでは新たなる光デバイスの創製に向け検討を進めていく予

定である。 
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＜研究成果の副次的効果＞ 

 本研究課題の研究代表者の赤﨑勇および外部の共同研究者である天野浩は高効率青色

LED の発明による成果で 2014 年のノーベル物理学賞を受賞した。また、それをきっかけに、

名古屋大学を中心に GaN 研究コンソーシアムを形成し、本拠点も参画している。さらに、本研

究を基に派生した技術を活用し、2016 年度より名城大学光デバイス研究センターを開設し、

本センターを中心に次世代の光デバイスの開発に取り掛かっている。さらに、本研究室の学

生が以下のような受賞、招待講演に選ばれるなど研究拠点を中心に社会的に高い評価を得

ている。 

 

［学生の受賞］ 

1. 窒化物半導体研究会 発表奨励賞 (2012) ：石黒真未 
2. 応用物理学会 講演奨励賞 (2012）： 石黒真未 
3. 窒化物半導体研究会 研究奨励賞（2013）： 飯田大輔 
4. 窒化物半導体研究会 発表奨励賞（2014）：池山和希 
5. 窒化物半導体研究会 発表奨励賞（2014）：小塚祐吾 
6. 窒化物半導体研究会 発表奨励賞（2014）：松井健城 
7. 窒化物半導体研究会 発表奨励賞（2014）：安田俊輝 
8. 窒化物半導体研究会 発表奨励賞（2013）： 山本泰司 
9. ISGN Best Young Scientist Award (2015): A. Yoshikawa 
10. ISGN Best Young Scientist Award (2015): K. Takeda 
11. ISGN Best Young Scientist Award (2015): D. Komori 
12. ISGN Best Young Scientist Award (2015): T. Furuta 
13. ISGN Young Scientist Award (2015): K. Matsui 
14. 応用物理学会 講演奨励賞（2015）: 池山和希 
15. LEDIA Best Student Award (2016): K. Matsui 
16. 窒化物半導体結晶成長講演会 発表奨励賞 (2016): 吉川陽 
17. 窒化物半導体結晶成長講演会 発表奨励賞 (2016): 牛田彩希 
18. 応用物理学会 講演奨励賞 (2016): 吉川陽 
 
［学生の基調講演・招待講演リスト］ 
1. IWN (2012 札幌): M. Ishiguro 
2. 応用物理学会（2012 東京）: 石黒真未 
3. ACCGE(2013 アメリカ): T. Yamamoto 
4. ICMOVPE (2014 スイス）: T. Yamamoto 
5. ISGN (2015 浜松): K. Takeda 
6. ECCG (2015 イタリア): J. Ohsumi 
7. 応用物理学会（2016 新潟） 吉川陽 
8. EMN meeting（2016 ハンガリー) K. Matsui 
9. EMN meeting (2016 ハンガリー) A. Yoshikawa 
10. 応用物理学会（2016 東京） 池山和希 
11. ISPlasma（2017、名古屋） 林 菜摘 

 

１２ キーワード（当該研究内容をよく表していると思われるものを８項目以内で記載してくださ

い。） 

（１） 窒化物半導体         （２） 結晶成長        （３） その場観察技術           

（４） トンネル接合          （５）  LED      （６） レーザ           
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（７） ディテクター           （８） 太陽電池           

 

１３ 研究発表の状況（研究論文等公表状況。印刷中も含む。） 

上記、１１(４)に記載した研究成果に対応するものには＊を付すこと。 

 

＜雑誌論文＞ 

論文名、著者名、掲載誌名、査読の有無、巻、最初と最後の頁、発表年（西暦）について記入

してください（左記の各項目が網羅されていれば、項目の順序を入れ替えても可）。また、現

在から発表年次順に遡り、通し番号を付してください。 
1. "Laser lift-off of AlN/sapphire for UV light-emitting diodes" Hiroki Aoshima, Kenichiro 

Takeda, Kosuke Takehara, Shun Ito, Mikiko Mori, Motoaki Iwaya, Tetsuya Takeuchi, 
Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: physica status solidi (c) 
Vol. 9 (2012) 753. 

2.  "Growth of GaN and AlGaN on (100) β-Ga2O3 substrates" Shun Ito, Kenichiro 
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Takeuchi, Satoshi Kamiyama, Isamu Akasaki and Hiroshi Amano: physica status 
solidi (c) Vol. 9 (2012) 519. 
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Kazuya Ikeda, Yasuhiro Isobe, Hiromichi Ikki, Tatsuyuki Sakakibara, Motoaki Iwaya, 
Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki and Hiroshi Amano: physica 
status solidi (c) Vol. 9 (2012) 942. 

5.  "Enhancement of two-dimensional electron gases in AlGaN-channel 
high-electron-mobility transistors with AlN barrier layers" Shin Hashimoto, Katsushi 
Akita, Yoshiyuki Yamamoto, Masaki Ueno, Takao Nakamura, Kenichiro Takeda, 
Motoaki Iwaya, Yoshio Honda, and Hiroshi Amano: physica status solidi (a) Vol. 
209 (2012) 501 
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illumination" Shota Yamamoto, Mikiko Mori, Yosuke Kuwahara, Takahiro Fujii, 
Tatsuo Nakao, Shinichiro Kondo, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi 
Kamiyama, Isamu Akasaki and Hiroshi Amano: physica status solidi (RRL) - Rapid 
Research Letters, Vol. 6 (2012) 145.(*13 に対応) 

7. "Epitaxial Indium Tin Oxide Film Deposited on Sapphire Substrate by Solid-Source 
Electron Cyclotron Resonance Plasma" Satoru Kaneko, Hironori Torii, Masayasu 
Soga, Kensuke Akiyama, Motoaki Iwaya, Mamoru Yoshimoto, and Takao 
Amazawa: Japanese Journal of Applied Physics Vol. 51 (2012) 01AC02. 

8. "Indium-Tin Oxide/Al Reflective Electrodes for Ultraviolet Light-Emitting Diodes" 
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Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: 
Japanese Journal of Applied Physics Vol. 51 (2012) 042101. 
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Journal of Applied Physics 51 (2012) 051001. 

10. ＊"Correlation between Device Performance and Defects in GaInN-Based Solar 
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11. "White light-emitting diode based on fluorescent SiC" Satoshi Kamiyama, Motoaki 
Iwaya, Tetsuya Takeuchi, Isamu Akasaki, Rositza Yakimova, and Mikael Syväjärvi: 
Thin Solid Films 522 (2012) 23-25. 

12. “MOVPE growth of nonpolar a-plane GaN with low oxygen contamination and 
specular surface on a freestanding GaN substrate” Yasuhiro Isobe, Hiromichi Ikki, 
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. 

13. “Development of AlN/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. 
206-209. 

14. ＊“In situ X-ray diffraction monitoring during metalorganic vapor phase epitaxy 
growth of low-temperature-GaN buffer layer” Daisuke Iida, Mihoko Sowa, Yasunari 
Kondo, Daiki Tanaka, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and 
Isamu Akasaki: Journal of Crystal Growth 361 (2012) 1.(*1 に対応) 

15. ＊ "Nitride-based hetero-field-effect transistor-type photosensors with extremely 
high photosensitivity" Mami Ishiguro, Kazuya Ikeda, Masataka Mizuno, Motoaki 
Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: Physica Status 
Solidi RRL 7 (2013) 215–217.(*12 に対応) 

16. ＊"Analysis of strain relaxation process in GaInN/GaN heterostructure by in situ 
X-ray diffraction monitoring during metalorganic vapor-phase epitaxial growth" 
Daisuke Iida, Yasunari Kondo, Mihoko Sowa, Toru Sugiyama, Motoaki Iwaya, 
Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: Physica Status Solidi 
RRL 7 (2013) 211–214.(*1 に対応) 

17. “Trench-Shaped Defects on AlGaInN 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.  

18. “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. 

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 Takeuch, Satoshi 
Kamiyama, Motoaki Iwaya, and Isamu Akasaki: Japanese Journal of Applied 
Physics 52 (2013) 08JG02.(*16 に対応) 

20. “Combination of Indium–Tin Oxide and SiO2/AlN Dielectric Multilayer Reflective 
Electrodes for Ultraviolet-Light-Emitting Diodes” Tsubasa Nakashima, Kenichiro 
Takeda, Hiroshi Shinzato, Motoaki Iwaya, Satoshi Kamiyama, Tetsuya Takeuchi, 
Isamu Akasaki, and Hiroshi Amano: Japanese Journal of Applied Physics 52 (2013) 
08JG07. 

21. ＊ “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 に対応) 

22. ＊“GaInN-Based Tunnel Junctions in n–p–n Light Emitting Diodes” Mitsuru Kaga, 
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Akasaki, I. (2016). GaN-based vertical cavity surface emitting lasers with periodic 
gain structures. Japanese Journal of Applied Physics, 55(5S), 05FJ08. 

35. Takeda, K., Iwaya, M., Takeuchi, T., Kamiyama, S., & Akasaki, I. (2016). Electrical 
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Workshop on Nitride Semiconductors (IWN2012), Sapporo, Japan, 2012.10.14-19.

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

61. ＊"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 に対応) 

62. "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. 

63. ＊"窒化物半導体太陽電池の高効率化" 岩谷素顕、竹内哲也、上山智、赤﨑勇、天野

浩: 第 42 回結晶成長国内会議、九州大学、2012 年 11 月 9 日-11 日. [招待講演] (*13
に対応) 

64. "ドループ改善に向けた窒化物半導体 np 構造 LED の作製" 森田隆敏、加賀 充、桑野

侑香、松井健城、竹内哲也、上山 智、岩谷素顕、赤﨑勇：電子情報通信学会 ED、

CPM、LQE 合同研究会、大阪市立大学、2012 年 11 月 29 日-30 日. 
65. "サファイア基板上へのモスアイ構造の形成方法の検討および LED への応用"土屋貴

義、梅田慎也、曽和美保子、近藤俊行、北野 司、森 みどり、鈴木敦志、難波江宏一、

関根 均、岩谷素顕、竹内哲也、上山智、赤﨑勇：電子情報通信学会 ED、CPM、LQE
合同研究会、大阪市立大学、2012 年 11 月 29 日-30 日. 

66. ＊"n-GaN 表面層を有する構造内 p-GaN の Mg アクセプタ活性化" 桑野侑香、加賀

充、森田隆敏、山下浩司、南川大智、竹内哲也、岩谷素顕、上山 智、赤﨑勇：電子情

報通信学会 ED、CPM、LQE 合同研究会、大阪市立大学、2012 年 11 月 29 日-30 日. 
(*5 に対応) 

67. ＊“Observation of group III nitride semiconductors by in situ X-ray diffraction
monitoring during metalorganic vapor phase epitaxy growth” Motoaki Iwaya, 
Daisuke Iida, 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 に対応) 

68. ＊"High-sensitivity HFET type photosensors with a p-GaInN gate" Mami Ishiguro, 
Kazuya Ikeda, Masataka Mizuno, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi 
Kamiyama, Isamu Akasaki: SPIE Photonic west 2013, San Francisco, USA, 
2013.2.2-8. (*12 に対応) 

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

70. "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 Iwaya, Tetsuya 
Takeuchi, Isamu Akasaki: SPIE Photonic west 2013, San Francisco, USA, 
2013.2.2-8. [Invited Talk] 

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

72. "Performance of nitride-based light emitting diodes using an Indium-zinc-oxide 
transparent electrode with moth-eye structure" Shugo Mizutani, Satoshi 
Nakashima, Motoaki Iwaya, 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. 

73. ＊"GaInN トンネル接合素子の低抵抗化" 森田隆敏、加賀 充、桑野侑香、松井健城、

渡邉雅大、竹内哲也、岩谷素顕、上山 智、赤﨑 勇: 第 60 回応用物理学会春季学術

講演会、神奈川工科大学、2013 年 3 月 26 日-30 日. (*5 に対応) 
74. ＊"GaN 低温成長における Sb 添加の効果" 鈴木智行、笹島浩希、松原由布子、加賀

充、竹内哲也、上山 智、岩谷素顕、赤﨑 勇: 第 60 回応用物理学会春季学術講演

会、神奈川工科大学、2013 年 3 月 26 日-30 日. (*2 に対応) 
75. ＊"LED 構造上 GaN トンネル接合の低抵抗化" 南川大智、加賀 充、岩谷素顕、竹内

哲也、上山 智、赤﨑 勇: 第 60 回応用物理学会春季学術講演会、神奈川工科大学、

2013 年 3 月 26 日-30 日. (*7 に対応) 
76. ＊"非対称 AlN/GaN 多層膜反射鏡の設計と作製" 萩原康大、矢木康太、安田俊輝、

竹田健一郎、竹内哲也、岩谷素顕、上山 智、赤﨑 勇: 第 60 回応用物理学会春季学

術講演会、神奈川工科大学、2013 年 3 月 26 日-30 日. (*15 に対応) 
77. "ナノ ELO による m 面 GaInN 厚膜の検討" 小﨑桂矢、近藤真一郎、土屋貴義、岩谷

素顕、上山 智、竹内哲也、赤﨑 勇: 第 60 回応用物理学会春季学術講演会、神奈川

工科大学、2013 年 3 月 26 日-30 日. 
78. ＊"MOVPE 法による AlInN 高速成長の影響" 小塚祐吾、鈴木智行、森田隆敏、竹内

哲也、上山 智、岩谷素顕、赤﨑 勇: 第 60 回応用物理学会春季学術講演会、神奈川

工科大学、2013 年 3 月 26 日-30 日. (*3 に対応) 
79. ＊"MOVPE により作製した GaInN/GaN 超格子構造のその場観察 X 線回折法による

評価" 山本泰司、飯田大輔、近藤保成、曽和美保子、岩谷素顕、竹内哲也、上山 智、

赤崎 勇: 第 60 回応用物理学会春季学術講演会、神奈川工科大学、2013 年 3 月 26
日-30 日. (*1 に対応) 

80. ＊"表面プラズモンカップリングを利用した GaInN/GaN 量子井戸の評価" 飯田大輔、

Yuntian Chen、Yiyu Ou、Ahmed Fadil、Oleksii Kopylov、岩谷素顕、竹内哲也、上山

智、赤﨑 勇、Haiyan Ou: 第 60 回応用物理学会春季学術講演会、神奈川工科大学、

2013 年 3 月 26 日-30 日. (*11 に対応) 
81. ＊"窒化物半導体 HFET 型光センサー構造の最適化" 石黒真未、池田和弥、水野正

隆、岩谷素顕、上山 智、竹内哲也、赤崎 勇:  第 60 回応用物理学会春季学術講演

会、神奈川工科大学、2013 年 3 月 26 日-30 日.［受賞記念講演］  (*12 に対応) 
82. ＊"GaInN 超格子構造最適化による窒化物半導体太陽電池の高性能化" 黒川泰視、

近藤真一郎、山本翔太、森美貴子、岩谷素顕、竹内哲也、上山 智。赤﨑 勇、天野

浩:  第 60 回応用物理学会春季学術講演会、神奈川工科大学、2013 年 3 月 26 日-30
日. (*13 に対応) 

83. "350nm 紫外 LED の光取り出し効率の向上" 中嶋 翼、竹田健一郎、新里紘史、岩谷

素顕、上山 智、竹内哲也、赤﨑 勇、天野 浩: 第 60 回応用物理学会春季学術講演

会、神奈川工科大学、2013 年 3 月 26 日-30 日. 
84. "モスアイ加工サファイア基板による LED の光取り出し効率の改善"土屋貴義、梅田慎
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也、曽和美保子、河合俊介、近藤俊行、北野 司、森みどり、鈴木敦志、赤﨑 勇、関根

均、難波江宏一、岩谷素顕、竹内哲也、上山 智: 第 60 回応用物理学会春季学術講

演会、神奈川工科大学、2013 年 3 月 26 日-30 日. 
85. "電子ブロック層上活性層による電子オーバーフローの直接観測": 林 健人、松井健

城、森田隆敏、鈴木智行、竹内哲也、上山 智、岩谷素顕、赤﨑 勇: 第 60 回応用物

理学会春季学術講演会、神奈川工科大学、2013 年 3 月 26 日-30 日. 
86. "横方向 p 型活性化における雰囲気ガス依存性" 桑野侑香、加賀 充、森田隆敏、山下

浩司、南川大智、竹内哲也、岩谷素顕、上山 智、赤﨑 勇: 第 60 回応用物理学会春

季学術講演会、神奈川工科大学、2013 年 3 月 26 日-30 日. 
87. "窒化物半導体二波長発光ダイオードにおける発光強度比の安定性"松井健城、山下浩

司、加賀 充、森田隆敏、鈴木智行、竹内哲也、上山 智、岩谷素顕、赤﨑 勇: 第 60 
回応用物理学会春季学術講演会、神奈川工科大学、2013 年 3 月 26 日-30 日. 

88. "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. Iwaya, and I. Akasaki: Conference on LED and Its 
Industrial Application ’13, Pacifico Yokohama, Yokohama, Japan, 2013.4.23-25. 

89. ＊"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 I. 
Akasaki: Conference on LED and Its Industrial Application ’13, Pacifico Yokohama, 
Yokohama, Japan, 2013.4.23-25. (*5 に対応) 

90. ＊"Observation of GaInN/GaN Superlattice Structures by In Situ X-ray Diffraction 
Monitoring during Metalorganic Vapor-Phase Epitaxial Growth" T. Yamamoto, D. 
Iida, Y. Kondo, M. Sowa, S. Umeda, T. Kato, M. Iwaya, T. Takeuchi, S. Kamiyama, 
and I. Akasaki: Conference on LED and Its Industrial Application ’13, Pacifico 
Yokohama, Yokohama, Japan, 2013.4.23-25. (*1 および*13 に対応) 

91. "Threshold Power Density Reduction in AlGaN/AlN Multiquntum Wells DUV (288 
nm) Optical Pumped Laser" T. Yamada, Y. Matsubara, H. Shinzato, K. Takeda, M. 
Iwaya, T. Takeuchi, S. Kamiyama, I. Akasaki, and H. Amano: Conference on LED 
and Its Industrial Application ’13, Pacifico Yokohama, Yokohama, Japan, 
2013.4.23-25. 

92. ＊“Factors for obtaining a high open-circuit voltage in GaInN-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 に対応) 

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

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

95. ＊“窒化物半導体における分極の影響と発光素子への応用” 竹内哲也、岩谷素顕、上

山智、赤﨑勇: 第 5 回 窒化物半導体結晶成長講演会、大阪大学、2013 年 6 月 21 日

-22 日. [チュートリアル講演] (*7 に対応) 
96. “端面コーティングによる光励起 DUV レーザの閾値励起強度密度低減について” 山田
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知明, 松原由布子, 新里紘史, 竹田健一郎, 岩谷素顕, 竹内哲也, 上山智, 赤崎勇, 
天野浩: 第 5 回 窒化物半導体結晶成長講演会、大阪大学、2013 年 6 月 21 日-22 日.

97. “AlGaN/AlN 多重量子井戸の誘導放出における転位密度依存性” 松原 由布子,山田

知明, 中嶋 翼, 竹田 健一郎, 岩谷 素顕, 竹内 哲也, 上山 智, 赤﨑 勇, 天野 浩: 
第 5 回 窒化物半導体結晶成長講演会、大阪大学、2013 年 6 月 21 日-22 日. 

98. ＊“GaInN における InN 組成揺らぎの改善による窒化物太陽電池の高効率化” 黒川泰

視, 近藤真一郎, 山本翔太, 森美貴子, 岩谷素顕, 竹内哲也, 上山智, 赤﨑 勇,天野

浩: 第 5 回 窒化物半導体結晶成長講演会、大阪大学、2013 年 6 月 21 日-22 日. (*13
に対応) 

99. ＊“その場観察 X 線回折法による GaInN/GaN 超格子構造の評価” 山本泰司, 飯田大

輔, 近藤保成, 曽和美保子, 梅田慎也, 岩谷素顕, 竹内哲也, 上山智, 赤崎勇: 第

5 回 窒化物半導体結晶成長講演会、大阪大学、2013 年 6 月 21 日-22 日. (*13 に対応)
100. ＊“表面プラズモンカップリングを利用した緑色 LED の内部量子効率の向上” 飯田

大輔、Yuntian Chen、Yiyu Ou、Ahmed Fadil、Oleksii Kopylov、岩谷素顕、竹内哲也、

上山智、赤﨑勇、Haiyan Ou: 第 5 回 窒化物半導体結晶成長講演会、大阪大学、

2013 年 6 月 21 日-22 日.( (*11 に対応) 
101. ＊“トンネル接合を有する青色マイクロ LED の電流電圧特性” 中島啓介, 渡邉雅

大 , 加賀 充 , 鈴木智行 , 南川大智, 竹内哲也, 上山 智 , 岩谷素顕, 赤崎 勇: 第

5 回 窒化物半導体結晶成長講演会、大阪大学、2013 年 6 月 21 日-22 日. (*5 に対応)
102. ＊“新規GaNSb混晶の作製とGaSbモル分率成長温度依存性” 笹島浩希, 鈴木智

行, 松原由布子, 竹内哲也, 上山智, 岩谷素顕, 赤崎勇: 第 5 回 窒化物半導体結晶

成長講演会、大阪大学、2013 年 6 月 21 日-22 日. (*2 に対応) 
103. “＊ In situ X-ray diffraction monitoring of OMVPE GaInN/GaN superlattice 

growth” Taiji Yamamoto, Daisuke Iida, Yasunari Kondo, Mihoko Sowa, Shinya 
Umeda, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, Isamu Akasaki: The 
19th American Conference on Crystal Growth and Epitaxy, Keystone, Colorado, 
USA, July 21 - 26, 2013. (*1 に対応) 

104. ＊“In situ X-ray diffraction monitoring of GaInN growth by metalorganic vapor 
phase epitaxy” Motoaki Iwaya, Taiji Yamamoto, Daisuke Iida, 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 に対応) 

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

106. ＊“Realization of the High Conversion Efficiency Solar Cells using Nitride 
Semiconductors” Motoaki Iwaya, 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 に対応) 

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

108. ＊“Obtaining a High Open-Circuit Voltage in GaInN-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 に対応) 

109. ＊“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. 
(*16 に対応) 

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

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. ＊"トンネル接合を活用した窒化物半導体多接合太陽電池の作製"黒川泰視，合田

智美，加賀充，岩谷素顕，竹内哲也，上山智，赤﨑勇，天野浩: 第 74 回応用物理学会

秋季学術講演会, 同志社大学, 2013 年 9 月 15 日-20 日. (*13 および*19 に対応) 
114. ＊"GaNSb 混晶 GaSb モル分率の Sb/N 比依存性" 笹島 浩希，鈴木 智行，松原

由布子，竹内 哲也，上山 智，岩谷 素顕，赤﨑 勇: 第 74 回応用物理学会秋季学術

講演会, 同志社大学, 2013 年 9 月 15 日-20 日. (*2 に対応) 
115. ＊"MOVPE 法による AlInN の高速成長" 小塚 祐吾，安田 俊輝，鈴木 智行，竹内

哲也，上山 智，岩谷 素顕，赤﨑 勇: 第 74 回応用物理学会秋季学術講演会, 同志社

大学, 2013 年 9 月 15 日-20 日. (*3 に対応) 
116. ＊"青色面発光レーザに向けた電流狭窄構造の検討" 中島 啓介，渡邉 雅大，加

賀 充，鈴木 智行，南川 大智，竹内 哲也，上山 智，岩谷 素顕，赤﨑 勇: 第 74 回応

用物理学会秋季学術講演会, 同志社大学, 2013 年 9 月 15 日-20 日. (*18 に対応) 
117. ＊"窒化物半導体を用いた HFET 型光センサーの暗電流検討" 石黒 真未，池田

和弥，水野 正隆，村瀬 卓弥，岩谷 素顕，上山 智，赤崎 勇: 第 74 回応用物理学会

秋季学術講演会, 同志社大学, 2013 年 9 月 15 日-20 日. (*12 に対応) 
118. " VSL 法を用いたAlGaN/AlN多重量子井戸の光学利得測定" 山田 知明，松原 由

布子，竹田 健一郎，岩谷 素顕，竹内 哲也，上山 智，赤崎 勇，天野 浩: 第 74 回応

用物理学会秋季学術講演会, 同志社大学, 2013 年 9 月 15 日-20 日. 
119. "AlGaN/AlN 多重量子井戸の光学利得の転位密度依存性" 松原 由布子，山田 知

明，竹田 健一郎，岩谷 素顕，竹内 哲也，上山 智，赤﨑 勇，天野 浩: 第 74 回応用

物理学会秋季学術講演会, 同志社大学, 2013 年 9 月 15 日-20 日. 
120. ＊“In situ X-ray diffraction monitoring of GaInN/GaN superlattices growth by 

metalorganic vapor phase epitaxy” Taiji Yamamoto, Daisuke Iida, 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 に対応) 

121. ＊ “Enhanced internal quantum efficiency of green emission GaInN/GaN 
multiple quantum wells by surface plasmon coupling” Daisuke Iida, Yuntian Chen, 
Yiyu Ou, Ahmed Fadil, Oleksii Kopylov, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi 
Kamiyama, Isamu Akasaki, and Haiyan Ou: 2013 JSAP-MRS Joint Symposia, 
Doshisha Univ., Kyoto, Japan, September 18-19, 2013. (*11 に対応) 

122. “Reduction of the threshold power density in AlGaN/AlN 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 AlN/GaN-DBRs with high reflectivity” Koudai Hagiwara, Toshiki 
Yasuda, Kouta Yagi, Kenichirou Takeda, Motoaki Iwaya, 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 Iwaya, and Isamu Akasaki: 2013 JSAP-MRS Joint Symposia, Doshisha 
Univ., Kyoto, Japan, September 18-19, 2013. 

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

129. ＊"オーバーフロー抑制に向けた np 接合 GaInN-LED" 竹内哲也, 岩谷素顕, 上

山 智, 赤﨑 勇: 日本学術振興会ワイドギャップ半導体光・電子デバイス第 162 委員

会 第 86 回研究会, 名古屋, 2013 年 10 月 10 日. [依頼講演] (*7, *17 に対応) 
130. "Dislocation density dependence of stimulated emission characteristics in 

AlGaN/AlN 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. "近接昇華法による SiC 結晶のドーピング濃度均一化に関する検討" 畔柳有孝，前

田智彦， 赤澤絵理，江間伸明，寺前文晴，藤元直樹，難波江宏一 2，上山智，竹内哲
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也，岩谷素顕，赤﨑勇: 第 43 回結晶成長国内会議, 長野,2013 年 11 月 6 日-8 日. 

132. ＊"新規 GaNSb 混晶の作製及び高 GaSb モル分率に向けた検討"笹島浩希，鈴木

智行，松原由布子，竹内哲也，上山智，岩谷素顕，赤崎勇: 第 43 回結晶成長国内会

議, 長野,2013 年 11 月 6 日-8 日. (*2 に対応) 
133. ＊"AlInN の高速成長に関する研究" 小塚祐吾，安田俊輝， 鈴木智行，竹内哲也，

上山智，岩谷素顕，赤﨑勇: 第 43 回結晶成長国内会議, 長野,2013 年 11 月 6 日-8 日. 
(*3 に対応) 

134. "細線加工m 面GaN基板上へのGaInN成長" 小﨑桂矢, 近藤真一郎, 梅田慎也,
岩谷素顕, 竹内哲也, 上山智, 赤﨑勇: 第五回薄膜太陽電池セミナープログラム，名

古屋大学，2013 年 11 月 14 日-15 日. 
135. ＊"in-situX 線を用いた GaInN/GaN 薄膜超格子構造の観察" 山本泰司, 飯田大

輔, 近藤保成, 曽和美保子, 梅田慎也 , 松原大幸, 岩谷素顕, 竹内哲也, 上山智,
赤﨑勇: 第五回薄膜太陽電池セミナープログラム，名古屋大学，2013 年 11 月 14 日-15
日. (*1 に対応) 

136. ＊"トンネル接合を用いた III 族窒化物半導体多接合型太陽電池"合田智美, 黒川泰

視，森田隆敏, 岩谷素顕, 竹内哲也, 上山智, 赤﨑勇, 天野浩: 応用物理学会 SC 東

海地区学術講演会 2013，名古屋大学，2013 年 11 月 16 日. (*19 に対応) 
137. "モスアイ加工サファイア基板を用いた窒化物系 LED の性能向上検討"曽和美保子, 

北野司, 近藤俊行, 森みどり, 鈴木敦志, 難波江宏一,上山智, 岩谷素顕, 竹内哲也, 
赤﨑勇: 応用物理学会 SC 東海地区学術講演会 2013，名古屋大学，2013 年 11 月 16
日. 

138. ＊"トンネル接合を用いた多接合窒化物半導体の検討"黒川泰視, 合田智美, 加賀

充, 岩谷素顕, 竹内哲也, 上山 智, 赤﨑 勇, 天野 浩: 電子情報通信学会 (ED, 
CPM, LQE 合同研究会）、大阪大学、2013 年 11 月 28 日-29 日．(*19 に対応) 

139. "350nm 紫外 LED 光取り出し効率改善に関する研究" 中嶋 翼,竹田健一郎, 岩谷

素顕, 上山 智, 竹内哲也, 赤﨑 勇, 天野 浩: 電子情報通信学会 (ED, CPM, LQE
合同研究会）、大阪大学、2013 年 11 月 28 日-29 日． 

140. ＊"In situ X-ray diffraction monitoring of group III nitride growth by MOVPE" 
Motoaki Iwaya, Hironori Kurokawa, Yosuke Katsu, Taiji Yamamoto, Tetsuya 
Takeuchi, Satoshi Kamiyama, Isamu Akasaki: Workshop on Ultra-Precision 
Processing for III-Nitride, Santa Barbara, USA, October 16-18, 2013. [Invited Talk] 
(*1 に対応) 

141. ＊“Homoepitaxial growth of AlN films on freestanding AlN (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 に対応) 

142. ＊“Realization of the high conversion efficiency solar cells using high InN molar 
fraction GaInN 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 に対応) 

143. “Improvement of photosensitivity in heterostructure-field-effect-transistor type 
photosensors with a p-GaInN gate” Mami Ishiguro, Kazuya Ikeda, 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 GaInN/GaN supperlattices on GaN template during growth by 
in-situ X-ray diffraction” Taiji Yamamoto, Daisuke Iida, Yasunari Kondo, Mihoko 
Sowa, Shinya Umeda, Hiroyuki Matsubara, Motoaki Iwaya, Tetsuya Takeuchi, 
Satoshi Kamiyama, and Isamu Akasaki: ISPlasma, Meijo University, Japan, March 
2-6, 2014. (*1 に対応) 

146. “Realization of m-plane GaInN 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 Iida, 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. Iwaya, and I. Akasaki: 
ISPlasma, Meijo University, Japan, March 2-6, 2014. (*18 に対応) 

149. ＊ “Low resistive GaInN tunnel junctions with high InN mole fractions” D. 
Minamikawa, Y. Kuwano, S. Kawai, T. Morita, T. Takeuchi, S. Kamiyama, M. Iwaya, 
and I. Akasaki: ISPlasma, Meijo University, Japan, March 2-6, 2014. (*5 に対応) 

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. Iwaya, T. Takeuchi, S. Kamiyama, I. 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 III nitride semiconductors by in situ X-ray diffraction 
monitoring during MOVPE growth” Motoaki Iwaya, Taiji Yamamoto, Daisuke Iida, 
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 に対応) 

153. ＊”表面プラズモンを利用した緑色 LED の高効率化に向けて” 飯田 大輔、岩谷 素

顕、竹内 哲也、上山 智、赤﨑 勇: 日本学術振興会ワイドギャップ半導体光・電子デバ

イス第 162 委員会 第 88 回研究会，主婦会館，2014 年 3 月 8 日 [依頼講演] (*11 に

対応) 
154. “p 型 GaN 上の Ag 電極を用いた高反射電極の検討” 河合俊介，飯田大輔，岩谷素

顕，竹内哲也，上山智，赤﨑勇: 第 61 回応用物理学会春季学術講演会、青山学院大

学相模原キャンパス、2014 年 3 月 17 日-20 日. 
155. “電子オーバーフロー直接観測を用いた青色 LED 電子ブロック層の検討” 林健人，

松井健城，安田俊輝，勝野翔太，竹内哲也，上山智，岩谷素顕，赤﨑勇: 第 61 回応用

物理学会春季学術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日.
156. ＊“分極制御による紫外発光素子のホール注入の検討” 安田俊輝，林健人，竹田

健一郎，中嶋翼，竹内哲也，岩谷素顕，上山智，赤﨑勇，天野浩: 第 61 回応用物理学

会春季学術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*6 に

対応) 
157. ＊“Ⅲ族窒化物半導体トンネル接合上の高効率 LED” 森田隆敏，井野匡貴，桑野

侑香，渡邉雅大，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第 61 回応用物理学会春季学

術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*5 に対応) 
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158. ＊“III 族窒化物半導体埋込みトンネル接合による電流狭窄構造” 桑野侑香，堀川航

佑，森田隆敏，井野匡貴，竹内哲也，上山智，岩谷素顕，赤﨑勇: 第 61 回応用物理学

会春季学術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*18
に対応) 

159. ＊“GaInN/GaN ヘテロ接合における緩和過程の転位密度依存性”  石原耕史，近

藤保成，松原大幸，飯田大輔，山本泰司，曽和美保子，岩谷素顕，竹内哲也，上山智，

赤﨑勇: 第 61 回応用物理学会春季学術講演会、青山学院大学相模原キャンパス、

2014 年 3 月 17 日-20 日. (*1 に対応) 
160. ＊“窒化物半導体 HFET 型 UV 光センサーの火炎センサー応用” 山本雄磨，村瀬卓

弥，石黒真未，山田知明，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第 61 回応用物理学

会春季学術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*12
に対応) 

161. “高温スパッタ法により堆積した AlN バッファ層に関する検討” 伊藤弘晃，飯田大

輔，近藤保成，曽和美保子，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第 61 回応用物理

学会春季学術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. 
162. ＊“MOVPE 法を用いた高品質 AlInN の高速成長” 池山和希，小塚祐吾，安田俊

輝，竹内哲也，上山智，岩谷素顕，赤﨑勇: 第 61 回応用物理学会春季学術講演会、青

山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*3 に対応) 
163. ＊“高成長速度 AlInN による窒化物半導体多層膜反射鏡” 小塚祐吾，池山和希，安

田俊輝，竹内哲也，上山智，岩谷素顕，赤﨑勇: 第 61 回応用物理学会春季学術講演

会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*3 および*15 に対応)
164. ＊“非極性 m 面 GaN 基板上に作製した GaInN 系太陽電池の特性” 小崎桂矢，黒

川泰視，岩谷素顕，上山智，竹内哲也，赤﨑勇，天野浩: 第 61 回応用物理学会春季学

術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*13 に対応) 
165. “蛍光 SiC の窒化物系白色 LED への応用に向けた研究” 上山智，岩谷素顕，竹内

哲也，赤崎勇: 第 61 回応用物理学会春季学術講演会、青山学院大学相模原キャンパ

ス、2014 年 3 月 17 日-20 日.[招待講演] 
166. ＊“高 InN モル分率 GaInN を用いたトンネル接合” 南川大智，桑野侑香，河合俊

介，森田隆敏，岩谷素顕，竹内哲也，上山智，赤崎勇: 第 61 回応用物理学会春季学術

講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*5 に対応) 
167. ＊“その場観察 X 線回折法を用いた GaInN/GaN 超格子構造の最適化” 村瀬卓弥，

石黒真未，山田知明，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第 61 回応用物理学会春

季学術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*1 に対応)
168. ＊“高感度な窒化物半導体 HFET 型ソーラーブラインド紫外光センサー” 村瀬卓弥，

石黒真未，山田知明，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第 61 回応用物理学会春

季学術講演会、青山学院大学相模原キャンパス、2014 年 3 月 17 日-20 日. (*13 に対

応) 
169. “窒化物系青色 LED における光取り出し効率改善のためのレーザ加工方法の検討” 

花井駿，鈴木敦志，北野司，梅田慎也，加藤貴久，上山智，竹内哲也，岩谷素顕，赤﨑

勇: 第 61 回応用物理学会春季学術講演会、青山学院大学相模原キャンパス、2014 年

3 月 17 日-20 日. 
170. ＊“Investigation of Hole Injection in UV-LEDs Utilizing Polarization Effect” T. 

Yasuda , K. Hayashi, T. Nakashima, T. Takeuchi, S. Kamiyama, M. Iwaya, I. 
Akasaki, and H. Amano: Conference on LED and Its Industrial Application ’14, 
Yokohama, Japan, 22-24 April, 2014. (*7 に対応) 

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



（様式 2） 
 

法人番号 231029 
プロジェクト番号 S1201019 

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

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 I. 
Akasaki: Conference on LED and Its Industrial Application ’14, Yokohama, Japan, 
22-24 April, 2014. (*5 および*17 に対応) 

173. “Study of High-Reflective Ag-Based Electrode on p-Type GaN” S. Kawai, D. 
Iida, M. Iwaya, T. Takeuchi, S. Kamiyama, and I. 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, I. Nakatani, A. Suzuki, T. Kitano, D. Iida, T. Kato, M. 
Iwaya, T. Takeuchi, S. Kamiyama, and I. 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, I. Akasaki: 
International Conference on Metamaterials and Nanophysics, Varadero, Cuba, 22 
April to 1 May 2014. [Invited Talk] (*5 に対応) 

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 に対応) 

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

178. ＊“Fabrication of Multi-junction GaInN-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 に対応) 

179. ＊ “Activation Energy of Extremely Low-Resistivity and 
High-Carrier-Concentration Si-Doped AI0.05Ga0.95N” Motoaki Iwaya, Daisuke Iida, 
Toru Sugiyama, Tetsuya Takeuchi, Satoshi Kamiyama, and Isamu Akasaki: 5th 
International Symposium on Growth of III-Nitrides, Atlanta, USA, May 18-22, 2014. 
(*4 に対応) 

180. “Dislocation Density Dependence of Modal Gain in AlGaN/AlN Multiquantum 
Wells” Tomoaki Yamada, Kenichiro Takeda, Motoaki Iwaya, Tetsuya Takeuchi, 
Satoshi Kamiyama, Isamu Akasaki, and Hiroshi Amano: 5th International 
Symposium on Growth of III-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. ＊“GaInN/GaN ヘテロ接合における緩和過程の転位密度依存性” 石原耕史, 近藤

保成, 松原大幸, 岩谷素顕, 上山 智, 竹内哲也, 赤﨑 勇: 電子情報通信学会(ED・

CPM・SDM 研究会), 名古屋大学、2014 年 5 月 28 日-29 日. (*1 に対応) 
183. ＊“GaNSb の Sb 取り込みと表面形態に関する検討” 小森大資, 笹島浩希, 鈴木智

行, 竹内哲也, 上山 智, 岩谷素顕, 赤崎 勇: 電子情報通信学会(ED・CPM・SDM 研
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究会), 名古屋大学、2014 年 5 月 28 日-29 日. (*2 に対応) 

184. ＊“窒化物半導体 HFET 型紫外受光素子の火炎センサー応用”山本雄磨, 村瀬卓

弥, 石黒真未, 山田知明, 岩谷素顕, 上山 智, 竹内哲也, 赤﨑 勇: 電子情報通信

学会(ED・CPM・SDM 研究会), 名古屋大学、2014 年 5 月 28 日-29 日. (*13 に対応) 
185. ＊“窒化物半導体 LED におけるキャリア輸送への分極固定電荷の影響” 勝野翔太, 

林 健人, 安田俊輝, 岩谷素顕, 竹内哲也, 上山 智, 赤﨑 勇, 天野 浩: 電子情報

通信学会(ED・CPM・SDM 研究会), 名古屋大学、2014 年 5 月 28 日-29 日. (*7 に対応)
186. “窒化物系 LED 作製のレーザー加工による光取り出し効率向上の検討” 花井 駿, 

鈴木敦志, 北野 司, 飯田大輔, 加藤貴久, 竹内哲也, 岩谷素顕, 上山 智, 赤﨑 勇: 
通信学会(ED・CPM・SDM 研究会), 名古屋大学、2014 年 5 月 28 日-29 日. 

187. “モスアイ光取り出し構造を有する青色 LED”、上山 智: 光電相互変換第 125 委員

会・産業用 LED 応用研究会合同研究会、名城大学（名城サテライト）、2014 年 7 月 11
日 [招待講演] 

188. ＊“Dislocation density dependence of the critical thickness in GaInN/GaN 
heterostructure” Taiji Yamamoto, Daisuke Iida, 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 に対応) 

189. “AlGaN/AlN 多重量子井戸の光学利得の転位密度依存性” 山田知明, 岩谷素顕, 
竹内哲也, 上山智, 赤﨑勇, 天野浩: 第 6 回窒化物半導体結晶成長講演会, 名城大

学, 2014 年 7 月 25-26 日. 
190. ＊“非極性 m 面 GaN 基板上 GaInN 系太陽電池の特性” 小﨑桂矢, 黒川泰視, 山

本泰司, 岩谷素顕, 竹内哲也, 上山智, 天野浩, 赤﨑勇: 第 6 回窒化物半導体結晶成

長講演会, 名城大学, 2014 年 7 月 25-26 日. (*13 に対応) 
191. ＊“r 面サファイア基板上における a 面 GaN 成長に関する結晶性向上の検討” 加藤

貴久, 水野尚之，伊藤弘晃，飯田大輔，藤井高志，福田承生，上山 智，竹内 哲也，岩

谷 素顕，赤﨑勇: 第 6 回窒化物半導体結晶成長講演会, 名城大学, 2014 年 7 月

25-26 日. (*7 に対応)  
192. ＊“ナノインプリント技術による表面プラズモン緑色 LED の作製と評価” 飯田大輔, 

河合俊介, 土屋貴義, 岩谷素顕, 竹内哲也, 上山智, 赤﨑勇: 第 6 回窒化物半導体結

晶成長講演会, 名城大学, 2014 年 7 月 25-26 日. (*11 に対応) 
193. “MOVPE選択成長によるGaN ナノコラム“ 水野尚之, 上山智, 竹内哲也, 岩谷 素

顕, 赤﨑 勇: 第 6 回窒化物半導体結晶成長講演会, 名城大学, 2014 年 7 月 25-26 日.
194. “電子オーバーフロー直接観測を用いた青色 LED 電子ブロック層の検討“ 林健人, 

安田俊輝，勝野翔太, 竹内哲也, 上山智, 岩谷素顕, 赤﨑勇: 第 6 回窒化物半導体結

晶成長講演会, 名城大学, 2014 年 7 月 25-26 日. 
195. ＊“高感度な窒化物半導体 AlGaN 系 HFET 型ソーラーブラインド紫外光センサー

“ 村瀬卓弥, 石黒真未, 山田知明, 山本雄磨, 岩谷素顕, 竹内哲也, 上山智, 赤﨑

勇: : 第 6 回窒化物半導体結晶成長講演会, 名城大学, 2014 年 7 月 25-26 日. (*13 に

対応) 
196. “p 型 GaN に対する Ag 電極上酸化保護層の検討“ 河合俊介, 飯田大輔, 岩谷素

顕, 竹内哲也, 上山智, 赤﨑勇: : 第 6 回窒化物半導体結晶成長講演会, 名城大学, 
2014 年 7 月 25-26 日. 

197. ＊“窒化物半導体 AlGaN を用いた紫外受光素子の火炎センサー応用“ 山本雄磨, 
村瀬卓弥, 山田知明, 岩谷素顕, 竹内哲也, 上山智, 赤﨑勇: : 第 6 回窒化物半導体

結晶成長講演会, 名城大学, 2014 年 7 月 25-26 日(*13 に対応). 



（様式 2） 
 

法人番号 231029 
プロジェクト番号 S1201019 

 
198. ＊“窒化物半導体 LED における分極電荷の補償“ 勝野翔太, 林健人, 安田俊輝, 

岩谷素顕, 竹内哲也, 上山智, 天野浩, 赤﨑勇 : 第 6 回窒化物半導体結晶成長講演

会, 名城大学, 2014 年 7 月 25-26 日. (*7 に対応) 
199. ＊“二つの活性層を有する発光ダイオードにおける Mg の影響“ 松井健城, 竹内哲

也, 上山智, 岩谷素顕, 赤﨑勇: 第 6 回窒化物半導体結晶成長講演会, 名城大学, 
2014 年 7 月 25-26 日. (*16 に対応) 

200. ＊“窒化物半導体 LED における正孔伝導に対する分極電荷の影響“ 安田俊輝, 勝

野翔太, 林健人, 竹内哲也, 岩谷素顕, 上山智, 赤﨑勇, 天野浩: 第 6 回窒化物半導

体結晶成長講演会, 名城大学, 2014 年 7 月 25-26 日. (*7 に対応) 
201. ＊“Ⅲ族窒化物半導体による埋め込みトンネル接合“ 井野 匡貴, 南川 大智，水野

尚之，竹内 哲也，上山 智，岩谷 素顕，赤﨑 勇: 第 6 回窒化物半導体結晶成長講演

会, 名城大学, 2014 年 7 月 25-26 日. (*5 に対応) 
202. ＊“GaInN 系トンネル接合を有する LED“ 南川大智, 井野匡貴, 岩谷素顕, 竹内哲

也, 上山智, 赤﨑勇: 第 6 回窒化物半導体結晶成長講演会, 名城大学, 2014 年 7 月

25-26 日. (*5 に対応) 
203. “青色面発光レーザ共振器の内部損失の検討“ 中島啓介, 渡邉雅大, 堀川航佑, 

竹内哲也, 上山智, 岩谷素顕, 赤﨑勇: 第6 回窒化物半導体結晶成長講演会, 名城大

学, 2014 年 7 月 25-26 日. 
204. “窒化物半導体面発光レーザにおける電流狭窄構造の特性評価“ 堀川航佑, 中島

啓介, 小塚祐吾, 池山和希, 竹内哲也, 上山智, 岩谷素顕, 赤崎勇: 第 6 回窒化物半

導体結晶成長講演会, 名城大学, 2014 年 7 月 25-26 日. 
205. ＊“その場観察 X 線回折法を用いた GaInN 系太陽電池構造の最適化“ 山本泰司, 

黒川泰視, 小﨑桂矢, 岩谷素顕, 上山智, 竹内哲也, 赤﨑勇: 第 6 回窒化物半導体結

晶成長講演会, 名城大学, 2014 年 7 月 25-26 日. (*1 に対応) 
206. ＊“高成長速度 AlInN 用いた多層膜反射鏡に関する研究“ 小塚祐吾, 池山和希, 

安田俊輝, 竹内哲也, 上山智, 岩谷素顕, 赤﨑勇: 第6 回窒化物半導体結晶成長講演

会, 名城大学, 2014 年 7 月 25-26 日. (*3 および*15 に対応) 
207. ＊“GaInN/GaN ヘテロ接合における緩和過程の転位密度依存性“ 石原耕史, 近藤

保成, 松原大幸, 岩谷素顕, 上山智, 竹内哲也, 赤﨑勇: 第 6 回窒化物半導体結晶成

長講演会, 名城大学, 2014 年 7 月 25-26 日. (*1 に対応) 
208. ＊“高品質 AlInN の高速成長の検討“ 池山和希, 小塚祐吾, 安田俊輝, 竹内哲也, 

上山智, 岩谷素顕, 赤﨑勇: 第 6 回窒化物半導体結晶成長講演会, 名城大学, 2014
年 7 月 25-26 日. (*3 に対応) 

209. ＊“MOCVD 法を用いた GaNSb の結晶成長“ 小森大資, 笹島浩希, 鈴木智行, 竹

内哲也, 岩谷素顕, 上山智, 赤﨑勇: 第 6 回窒化物半導体結晶成長講演会, 名城大

学, 2014 年 7 月 25-26 日. (*2 に対応) 
210. ＊“MOCVD 法による Sb を添加した AlN および GaN の作製“ 笹島 浩希, 小森 大

資, 竹内 哲也, 岩谷 素顕, 上山 智, 赤﨑 勇: 第 6 回窒化物半導体結晶成長講演

会, 名城大学, 2014 年 7 月 25-26 日. (*2 に対応) 
211. “窒化物系 LED 技術最前線” 上山智: 第 6 回窒化物半導体結晶成長講演会, 名城

大学, 2014 年 7 月 25-26 日. [チュートリアル講演] 
212. ＊“Lattice relaxation process in GaInN/GaN heterostructure system as function 

of dislocation density in underlying GaN layer” Motoaki Iwaya, Koji Ishihara, Taiji 
Yamamoto, Daisuke Iida, 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 に対応) 

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

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

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, Wrocław, Poland August 24-29 2014. 
[Invited Talk] (*5 および*16 に対応) 

216. ＊“Laser lift-off technique of 380-nm light emitting diodes grown on GaN 
substrate” D. Iida , S. Kawai , T. Tsuchiya, N. Ema, M. Iwaya, T. Takeuchi, S. 
Kamiyama, and I. Akasaki: International Workshop on Nitride semiconductor 2014, 
Wrocław, Poland August 24-29 2014. (*18 に対応) 

217. ＊ “Fabrication of surface plasmon based green light emitting diodes by 
nanoimprint technique” D. Iida , S. Kawai, T. Tsuchiya, M. Iwaya, T. Takeuchi, S. 
Kamiyama, and I. Akasaki: International Workshop on Nitride semiconductor 2014, 
Wrocław, Poland August 24-29 2014. (*11 に対応) 

218. ＊“Fabrication of nonpolar m-plane GaInN-based solar cell on freestanding 
m-plane GaN substrate” K. Kozaki, H. Kurokawa, M. Iwaya, T. Takeuchi, S. 
Kamiyama, and I. Akasaki: International Workshop on Nitride semiconductor 2014, 
Wrocław, Poland August 24-29 2014. (*5 に対応) 

219. “Lattice relaxation process in GaInN/GaN heterostructure system as function of 
dislocation density in underlying GaN layer” Motoaki Iwaya, Koji Ishihara, Taiji 
Yamamoto, Daisuke Iida, 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 Iwaya, 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 
VCSELs” Kenjo Matsui, Kosuke Horikawa, Yugo Kozuka, Kazuki Ikeyama, Tetsuya 
Takeuchi, Satoshi Kamiyama, Motoaki Iwaya, 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 Al0.03Ga0.97N” Shunsuke Kawai, Daisuke Iida, 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 GaInN/GaN Heterostructure Grown on GaN Underlying Layer with 
Different Dislocation Density” Koji Ishihara, Taiji Yamamoto, Daisuke Iida, Yasunari 
Kondo, Hiroyuki Matsubara, Motoaki Iwaya, Tetsuya Takeuchi, Satoshi Kamiyama, 
Isamu Akasaki: Material Research Society Fall Meeting, Boston, USA, Nov. 
30-Dec. 5, 2014. 

225. “Growths of AlInN Single Layers and Distributed Bragg Reflectors for VCSELs” 
Yugo Kozuka, Kazuki Ikeyama, 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 GaInN and its application to LED” Motoaki Iwaya, 
Daisuke Iida, 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. 
14th-19th, 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 Iwaya, Tetsuya Takeuchi, Satoshi 
Kamiyama, Isamu Akasaki, and Tsukasa Kitano: SPIE Photonics West, San 
Fransisco, USA, Feb. 7th-12th, 2015. 

229. “Analysis of GaInN/GaN Superlattice on GaN by in situ X-Ray Diffraction 
Monitoring Attached with Metalorganic Vapor Phase Epitaxy Equipment” Motoaki 
Iwaya, Taiji Yamamoto, Daisuke Iida, 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. Iwaya, T. Takeuchi, S. Kamiyama, and I. Akasaki: The 3rd 
International Conference on Light-Emitting Devices and Their Industrial 
Applications (LEDIA '15), Pacifico Yokohama, Japan, Apr. 22nd-24th, 2015. 

231. “Correlation between Crystal Qualities and Electrical Properties in Si-Doped 
Al0.6Ga0.4N” T. Yasuda, S. Katsuno, T. Takeuchi, M. Iwaya, 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. 

232. “AlN Epitaxial Growth on Sapphire with an Intermediate Layer” S. Katsuno, T. 
Yasude, 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. 
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233. “AlN Growth on Sputtering AlN Template Substrate by Hydride Vapor Phase 

Epitaxy” D. Yasui, H. Miyake, K. Hiramatsu, M. Iwaya, 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. 

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

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

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

237. “Contact Characteristics of V-Based Electrode for High AlN 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. 22nd-24th, 2015.

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

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

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

242. “Electrical properties of extremely low-resistivity and high-carrier-concentration 
Si-doped AlGaN with low AlN 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 AlN layer on sputtered AlN 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 GaInN/GaN heterostructure during MOVPE 
growth” Motoaki Iwaya, 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 AlN Molar Fraction for Improvement of Wall Plug Efficiency of Nitride-based 
LED” Motoaki Iwaya, Kunihiro Takeda, Daisuke Iida, Tetsuya Takeuchi, Satoshi 
Kamiyama, and Isamu Akasaki: The 11th 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 AlN Molar Fraction for Improvement of Wall Plug Efficiency of Nitride-based 
LED” Motoaki Iwaya, Kunihiro Takeda, Daisuke Iida, Tetsuya Takeuchi, Satoshi 
Kamiyama, and Isamu Akasaki:The 11th International Conference on Nitride 
Semiconductor (ICNS-11), Beijiin, China, Augast 30-September 4, 2015. 

247. “MOVPE法を用いたSi添加AlInN/GaNヘテロ接合の電気的特性” 池山和希，安田俊

輝，小塚祐吾，堀川航佑，竹内哲也，上山智，岩谷素顕，赤﨑勇: 第75回 応用物

理学会秋季学術講演会，北海道大学，2014年9月17日-9月20日. 
248. “MgドープAlGaNによるAlGaN/GaN HFET型紫外フォトセンサーの高性能化” 

山本雄磨，村瀬卓弥，草深敏匡，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第75回 応

用物理学会秋季学術講演会，北海道大学，2014年9月17日-9月20日. 
249. “SiCの陽極酸化プロセスにおける光照射に関する検討” 日高公崇香，渡和樹，

岩谷素顕，上山智，赤﨑勇: 第75回 応用物理学会秋季学術講演会，北海道大学，

2014年9月17日-9月20日. 
250. “GaInN/GaNヘテロ接合における格子緩和の評価” 石原耕史，近藤保成，松原

大幸，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第75回 応用物理学会秋季学術講演

会，北海道大学，2014年9月17日-9月20日. 
251. “高InNモル分率GaInNを用いたトンネル接合（2）”南川大智，井野匡貴，高須

賀大貴，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第75回 応用物理学会秋季学術講

演会，北海道大学，2014年9月17日-9月20日. 
252. “MOVPE選択成長によるGaNナノコラムのマスクパターン依存性” 水野尚之，

加藤嵩裕，上山智，竹内哲也，岩谷素顕，赤崎勇: 第75回 応用物理学会秋季学術

講演会，北海道大学，2014年9月17日-9月20日. 
253. “高キャリア濃度Siドープn型Al0.03Ga0.97N上のAg電極を用いた高反射電極の

検討” 河合俊介，飯田大輔，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第75回 応用

物理学会秋季学術講演会，北海道大学，2014年9月17日-9月20日. 
254. “III族窒化物半導体トンネル接合を用いた電流狭窄構造の低抵抗化” 井野匡

貴，南川大智，竹内哲也，上山智，岩谷素顕，赤﨑勇: 第75回 応用物理学会秋季

学術講演会，北海道大学，2014年9月17日-9月20日. 
255. “レーザーリフトオフ技術によるGaN 基板を剥離した近紫外LED” 飯田大輔，
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河合俊介，土屋貴義，江間伸明，岩谷素顕，竹内哲也，上山智，赤﨑勇: 第75回 応

用物理学会秋季学術講演会，北海道大学，2014年9月17日-9月20日. 
256. “GaInN/GaN超格子を用いた窒化物太陽電池構造の検討” 山本泰司，黒川泰視，

小﨑桂矢，岩谷素顕，上山智，竹内哲也，赤﨑勇: 第75回 応用物理学会秋季学術

講演会，北海道大学，2014年9月17日-9月20日. 
257. “r面サファイア基板上におけるa面GaN成長に関する検討” 加藤貴久，水野尚

之，伊藤弘晃，飯田大輔，藤井高志，福田承生，上山智，竹内哲也，岩谷素顕，赤

﨑勇: 第75回 応用物理学会秋季学術講演会，北海道大学，2014年9月17日-9月20
日. 

258. “AlInNエピタキシャル層の高速成長と多層膜反射鏡への応用” 池山和希、竹

内哲也、岩谷素顕、上山智、赤﨑勇：第44回日本結晶成長学会国内会議、学習院大

学、2014年11月6日-8日. 
259. “スパッタ法AlNテンプレート基板を用いたAlNのHVPE成長” 安井 大貴、三宅

秀人、平松 和政、岩谷 素顕、赤崎 勇、天野 浩: 第62回応用物理学会春季学術講

演会、東海大学湘南キャンパス、2015年3月11日-14日. 
260. “高キャリア濃度n型AlGaNの電気的特性” 武田 邦宏、森 一喜、山田 知明、

岩谷 素顕、竹内 哲也、上山 智、赤﨑 勇: 第62回応用物理学会春季学術講演会、

東海大学湘南キャンパス、2015年3月11日-14日. 
261. “深紫外LEDに向けた窒化物半導体トンネル接合の検討” 高須賀 大貴、南川 

大智、井野 匡貴、竹内 哲也、岩谷 素顕、上山 智、天野 浩、赤﨑 勇: 第62回応

用物理学会春季学術講演会、東海大学湘南キャンパス、2015年3月11日-14日. 
262. “トンネル接合を用いたモノリシック型白色LEDの検討” 加藤 貴久、飯田 大

輔、河合 俊介、上山 智、竹内 哲也、岩谷 素顕、赤﨑 勇: 第62回応用物理学会

春季学術講演会、東海大学湘南キャンパス、2015年3月11日-14日. 
263. “GaN上に作製したGaInN単膜およびGaInN/GaN超格子のX線その場観察測

定” 大角 純也、石原 耕史、山本 泰司、岩谷 素顕、竹内 哲也、上山 智、赤﨑 勇: 
第62回応用物理学会春季学術講演会、東海大学湘南キャンパス、2015年3月11日-14
日. 

264. “表面プラズモン共鳴のナノ構造と屈折率の依存性の検討” 丹羽 一将、加藤 
貴久、河合 俊介、飯田 大輔、上山 智、竹内 哲也、岩谷 素顕、赤崎 勇: 第62回
応用物理学会春季学術講演会、東海大学湘南キャンパス、2015年3月11日-14日. 

265. “高Al組成のn-AlGaNにおけるV系電極のコンタクト特性” 森 一喜、武田 邦
宏、草深 敏匡、岩谷 素顕、上山 智、竹内 哲也、赤崎 勇、天野 浩: 第62回応用

物理学会春季学術講演会、東海大学湘南キャンパス、2015年3月11日-14日. 
266. “高性能近紫外LEDの作製に関する検討” 弦間 彩花、河合 俊介、岩谷 素顕、

竹内 哲也、上山 智、赤﨑 勇: 第62回応用物理学会春季学術講演会、東海大学湘

南キャンパス、2015年3月11日-14日. 
267. “SiO2ナノ周期構造を有する基板上に作製した窒化物系青色LEDの発光特性” 

花井 駿、北野 司、岩谷 素顕、竹内 哲也、上山 智、赤崎 勇: 第62回応用物理学

会春季学術講演会、東海大学湘南キャンパス、2015年3月11日-14日. 
268. “ナノ構造導入によるLEDの性能向上に関する研究” 上山 智、岩谷 素顕、竹

内 哲也、赤﨑 勇: 第62回応用物理学会春季学術講演会、東海大学湘南キャンパス、

2015年3月11日-14日. 
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269. “高成長速度AlInN/GaN多層膜反射鏡を用いた面発光レーザのパルス発振” 小

塚 祐吾、池山 和希、赤木 孝信、岩山 章、中田 圭祐、竹内 哲也、上山 智、岩

谷 素顕、赤﨑 勇: 第62回応用物理学会春季学術講演会、東海大学湘南キャンパス、

2015年3月11日-14日. 
270. “青色面発光レーザに向けたGaInN 活性層に関する研究” 古田貴士, 松井健

城，堀川航佑，小塚祐吾，池山和樹，岩山 章，赤木孝信，竹内哲也，上山 智，岩

谷素顕，赤﨑 勇: 第7回窒化物半導体結晶成長講演会、東北大学 片平キャンパス、

2015年5月7-8日. 
271. “AlInN 膜およびAlInN/GaN 多層膜反射鏡の電気的特性” 吉田翔太朗，池山和

希，竹内哲也，上山 智，岩谷素顕，赤﨑 勇: 第7回窒化物半導体結晶成長講演会、

東北大学 片平キャンパス、2015年5月7-8日. 
272. “その場観察X 線回折法を用いた GaN 上のGaInN 単膜およびGaInN/GaN 

超格子の評価” 大角純也，石原耕史，山本泰司，岩谷素顕，竹内哲也，上山 智，

赤﨑 勇: 第7回窒化物半導体結晶成長講演会、東北大学 片平キャンパス、2015
年5月7-8日. 

273. “超高キャリア密度n 型AlGaN の結晶成長と電気伝導特性” 岩谷素顕，武田邦

宏，飯田大輔，杉山 徹，竹内哲也，上山 智，赤﨑 勇: 第7回窒化物半導体結晶成

長講演会、東北大学 片平キャンパス、2015年5月7-8日. 
274. “窒化物半導体面発光レーザの現状と照明応用に向けた将来展望” 平成 27 年度

（第 48 回）照明学会全国⼤会 固体光源分科会シンポジウム 2015 年 8 月 27 日. 

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

276. T. Takeuchi, M. Iwaya, S. Kamiyama, and I. 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. Iwaya, S. Kamiyama, I. Akasaki, and H. 
Amano, Polarization Induced Hole Accumulations in Nitride Semiconductor 
Heterostructures, LEDIA'16, Yokohama, Japan, (2016) 

278. K. Matsui, K. Ikeyama, T. Furuta, Y. Kozuka, T. Akagi, T. Takeuchi, S. 
Kamiyama, M. Iwaya, and I. 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 I. Akasaki, ITO/Ga2O3 Multilayer Electrodes Towards Deep 
UV-LEDs , LEDIA'16, Yokohama, Japan, (2016) 

280. S. Ushida, A. Yoshikawa, M. Iwaya, T. Takeuchi, S. Kamiyama, and I. 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 I. Akasaki, Low-Temperature Grown p-Side Structure with 
GaInN Tunnel Junction and n-GaNSb, LEDIA'16, Yokohama, Japan, (2016) 

282. T. Senga, N. Nagata, M. Iwaya, T. Takeuchi, S. Kamiyama, I. Akasaki, Si 



（様式 2） 
 

法人番号 231029 
プロジェクト番号 S1201019 

 
concentration dependence of laser oscillation characteristics in AlGaN multiple 
quantum well active layer, ICCGE-18, Nagoya, Japan (2016). 

283. J. Osumi, R. Kanayama, M. Iwaya, T. Takeuchi, S. Kamiyama, I. 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. Iwaya, S. 
Kamiyama, I. Akasaki, Low resistiveGaInN 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 Iwaya 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 
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＜研究成果の公開状況＞（上記以外） 

シンポジウム・学会等の実施状況、インターネットでの公開状況等 

 第 6 回窒化物半導体結晶成長講演会（日本結晶成長学会ナノエピ分科会と共同主催） 
開催日：平成 26 年 7 月 25 日～26 日 実施場所 名城大学 天白キャンパス 
講演者：基調・特別・チュートリアル・招待講演 8 名、一般講演 63 名 
掲載 HP：http://www.jacg.jp/jacg/japanese/nanoepi/2014.7.25-26/index.html 
 
 2013 Meijo International Symposium on Nitride Semiconductors（主催） 
開催日：平成 25 年 11 月 29 日 実施場所 名城大学 天白キャンパス内 
HP 掲載：http://nitride.meijo-u.ac.jp/iwaya/MSN/index-2013.html  
講演者： 記念講演 2 名、招待講演 2 名（海外） 
備考：本シンポジウムに長年貢献頂いた Bo Monemar 教授および Bernard Gil 教授に名城

大学名誉博士号を授与した。 
（参照：http://www.meijo-u.ac.jp/research/news/detail.html?id=8J94Jm） 
 
 第 13 回赤﨑記念研究センターシンポジウム（協賛） 
開催日：平成 25 年 11 月 29 日 実施場所 名古屋大学ベンチャー・ビジネス・ラボラトリー ３

階 ベンチャーホール 
講演者：一般講演 3 名、招待講演 6 名 
 
 2012 Meijo International Symposium on Nitride Semiconductors（主催） 
開催日：平成 25 年 2 月 28 日、実施場所 名城大学 天白キャンパス内 
講演者： 招待講演 5 件  
HP 掲載：http://nitride.meijo-u.ac.jp/iwaya/MSN/index-2012.html 
 
 第 12 回赤﨑記念研究センターシンポジウム（協賛） 
開催日：平成 25 年 2 月 27 日 実施場所 名古屋大学東山キャンパス野依記念学術交流館
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講演者：一般講演 6 件、招待講演 6 件 
 
 2015 Meijo International Symposium on Nitride Semiconductors 
開催日：平成 27 年 11 月 21 日（土）、実施場所 名城大学天白キャンパス内 
講演者：一般講演１件、招待講演 3 件 
 
 第 15 回赤﨑記念研究センターシンポジウム（協賛） 
開催日：平成 27 年 11 月 20 日（金）、実施場所 名古屋大学 
講演者：一般講演 8 件、招待講演 3 件 
 
 The 4th International Workshop on LEDs and Solar Applications 
開催日：平成 28 年 3 月 30 日（水）-31 日（木）、実施場所 名城大学天白キャンパス内 
講演者：一般講演 3 件、招待講演 7 件 

 

 

１４ その他の研究成果等 

 本研究拠点の整備にともない、多くの学生が大学院・修士課程および博士課程に進学し、

博士課程修了学生 4 名（飯田・森下・安田・松井）および 80 名以上の大学院修士課程修了者

を輩出した。これらの研究者は、国内はもとより海外（4 月よりサウジアラビアの KAIST で研

究活動を実施予定）で活躍しており、この分野の発展に大きく貢献している。 
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１５ 「選定時」及び「中間評価時」に付された留意事項及び対応 

＜「選定時」に付された留意事項＞ 

 基盤形成の観点から研究成果に留意してほしい 

 

＜「選定時」に付された留意事項への対応＞ 

本プロジェクトでは、名城大学の窒化物半導体に関する研究者を中心に、結晶成長・デバ

イスプロセスの革新が可能な体制を構築し、それによって革新的なデバイスを実現できる基

盤を形成することを目的に研究を進めてきた。特に対外発表を重視し、多数の学会や論文発

表が形成できることに留意して研究を進めてきた。 

 また、グローバル化に向けて多くの海外研究者と若手研究者の交流を進めてきており、4

名の博士課程・修士課程学生の輩出など拠点を形成する上で重要な点に留意して研究を進

めてきた。さらに本プロジェクト終了後にも多くの国家プロジェクトを継続的に実施する予定で

あり、研究基盤形成という観点から十分に多くの成果を残したと考えられる。 

 

 

 

＜「中間評価時」に付された留意事項＞ 

 特になし 

 

 

 

 

＜「中間評価時」に付された留意事項への対応＞ 

 特になし 
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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 MgGa 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 (<1018 cm�3), the 3.466 eV ABE1 acceptor bound exciton and the

associated 3.27 eV 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 6 0.005 eV, 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 3.455 eV and a corresponding weak and broad DAP peak at

about 3.15 eV. The 2.9 eV 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 MgGa acceptor. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862928]

I. INTRODUCTION

Mg is so far the only acceptor dopant that can be used

for p-doping in III-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 III-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

established only in recent years,2–4 with the ABE1 peak at

3.466 eV in unstrained GaN at 2 K and the corresponding

DAP peaking at about 3.27 eV. The latter PL emission was

studied in detail already four decades ago5,6 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 2 K.4 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.4,7–9 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 MgGa acceptor or

possibly to an unstable Mg-related complex.4

At lower photon energies additional spectra in

Mg-doped GaN are noted. A broad peak at about 2.9 eV is

commonly observed at high Mg doping concentrations in

Metal-Organic Chemical Vapor Deposition (MOCVD)

grown samples.10,11 This has most often been assigned to

the presence of Mg–nitrogen vacancy (Mg-VN) deep donor
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complexes in the material.10 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.12–14

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).

II. SAMPLES AND EXPERIMENTAL PROCEDURE

The MOCVD samples, used in this work, were grown

on thick (>300 lm) bulk GaN templates. Some of these thick

GaN substrates were grown with HVPE at Link€oping

University, and removed from the sapphire substrates with a

laser lift-off technique, as reported previously.15 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.4 The m-plane GaN:Mg samples were grown at

Virginia Commonwealth University, on m-plane bulk GaN

substrates provided by Kyma, Inc.16 Some HVPE grown

thick (about 11 lm) 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 Link€oping

University was done at 800 �C for 10 min in N2 atmosphere.

At Bremen University Rapid Thermal Annealing (RTA) was

done during 1 min at 800 �C. Stationary PL spectra were

measured with above band gap continuous wave UV excita-

tion (laser photon energy of 4.65 eV) at temperatures from

2 K to 300 K, 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

250 kHz and photon energy 4.65 eV), 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 200 keV 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.

III. 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

show new PL data that illustrate the difference in PL spectra

at 2 K for nominally undoped GaN and highly Mg-doped

GaN, in this case for m-plane samples. Separate Secondary

Ion 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� 1017 cm�3 at the interface between the layer and the sub-

strate, and decreases to low 1016 cm�3 upon further growth.

This Mg contamination can be ascribed to the well-known Mg

memory effect in MOCVD growth,18 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 3.472 eV and 3.471 eV, respectively, but

also clearly the Mg-related ABE1 peak at 3.466 eV (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.4 Likewise, there is no trace of

other sharp line spectra related to Mg doping, previously

reported in the region 3.35 eV to 3.42 eV.20 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]¼ 1� 1017 cm�3 shows

very similar spectra as in Fig. 1(a).

In the m-plane sample doped with Mg to a concentration

of 3� 1018 cm�3 there is a broad ABE2 peak (Fig. 1(b)), in

agreement with earlier data on c-plane samples.4 This ABE2

FIG. 1. Low-temperature near-bandgap spectra of nominally undoped (a)

and Mg-doped ([Mg]¼ 3� 1018 cm�3) (b) homoepitaxial layers grown by

MOCVD on m-plane bulk GaN substrates.
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peak has a very similar polarization behavior as the ABE1

peak (dominantly E?c), indicating that both are somehow

related to a substitutional MgGa acceptor. Moreover, there is

also a series of rather strong peaks in the region

3.35–3.42 eV, 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� 1019 cm�3. The sample is annealed, which

in this case enhances the relative intensity of the ABE2

peak.4 The spectral PL development with temperature is

very much the same for the two peaks ABE1 and ABE2, and

they both disappear at about 50 K, leaving behind only the

DBE peak in the near bandgap region. Note that the narrower

ABE1 peak is observed at the high energy flank of the broad

ABE2 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 line19). We note that the DBE PL

features in GaN are stable up to much higher temperatures,

e.g., 150 K in samples with low doping.22

In order to obtain a complete experimental picture, the

spectra from an 11-lm-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� 1018 cm�3 at room

temperature, which is consistent with an Mg concentration

of about 2� 1019 cm�3.17 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

of the peaks was incorrectly labeled.23 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 3.466 eV and the 3.27 eV

DAP peak (with accompanying LO phonon replicas at lower

energies) has been established in the literature.2,3 For Mg dop-

ing at concentrations [Mg]< 1018 cm�3 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.4 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]¼ 2 � 1019 cm�3, see Fig. 4. From

these data, it is obvious that at longer delay times (several ls) 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.1 A discussion on the suggested interpretation of the corre-

sponding deeper acceptors in terms of MgGa acceptors

interacting with structural defects is presented below.

C. Deeper Mg-related spectra

At higher Mg doping levels, in the range of 1020 cm�3 for

MOCVD samples, a strong broad PL band at about 2.9 eV is

FIG. 2. PL spectra of c-plane MOCVD homoepitaxial GaN:Mg

([Mg]¼ 1� 1019 cm�3) measured at different temperatures after annealing.

FIG. 3. Near-bandgap PL spectra of as-grown HVPE GaN:Mg layer ([Mg]

2� 1019 cm�3) at different temperatures.
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noted and sometimes dominates the PL spectra.10–14 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� 1019 cm�3) clearly both the 3.27 eV and

the 2.9 eV emission band are seen separately, while in the highly

doped sample (1� 1020 cm�3) 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.12,24 The connection to Mg-VN 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.25–27 The deep 2.9 eV 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.29,30 In these cases, a substantial broaden-

ing of the ABE peak (corresponding to ABE1 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.29,30 Our

observations for the Mg acceptors in GaN with two distinct

FIG. 4. Time-resolved PL spectra of m-plane MOCVD homoepitaxial

GaN:Mg ([Mg]¼ 2� 1019 cm�3) obtained with a time delay of 1 ls between

each curve. (The repetition rate of the femtosecond laser excitation was

250 kHz.)

FIG. 5. Low-temperature spectra of c-plane MOCVD homoepitaxial

GaN:Mg layers measured at different excitation powers: (a) [Mg]

1.5� 1019 cm�3 and (b) [Mg] 1� 1020 cm�3.

FIG. 6. Low-temperature bound-exciton and DAP spectra of as-grown and

annealed HVPE GaN:Mg layer ([Mg] 2� 1019 cm�3). (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,

i.e., say 1� 1018 cm�3 to 2� 1019 cm�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 ABE1 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� 1019 cm�3, 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.31,32 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.32 These structural defects

appear only significantly for [Mg]> 1018 cm�3, and are dom-

inantly BSFs in the case of homoepitaxial material.31,32

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.33

These defects are presumably induced during growth by the

introduction of Mg atoms in the lattice.32

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.34 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 BSF.34 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.32 The acceptor will, in

turn, be perturbed by the nearby BSF potential mainly gov-

erned by the spontaneous polarization field,21 positioned on

the average a few nm away in p-GaN with an Mg doping of

1019 cm�3. 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.35 Also in our m-plane Mg-doped samples there are

strong BSF-related spectra in the range 3.3–3.42 eV, 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.19 The com-

plex defect aggregate (Mg acceptor plus BSF), on the other

hand, is suggested to explain the additional binding energy

(ABE2 is deeper than ABE1), 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.36,37

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 3.455 eV 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 ABE1

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 ABE1 signal, much

faster than the radiative decay times observed in samples

with lower doping.39 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

ABE1 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

FIG. 7. Low temperature CL spectra of m-plane MOCVD homoepitaxial

GaN:Mg ([Mg]¼ 1� 1019 cm�3).
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occupation probability of both neutral acceptors and neutral

ABEs (ABE1) increases, and as a result the distance between

ABE1 sites and neutral A2 acceptors becomes favorable for

transfer.

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

While the relation of the 3.27 eV PL spectrum to the

MgGa acceptor seems to be well established experimentally,

the identity of the blue PL band peaking at about 2.9 eV 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 VN-Mg donor complex together with a substitutional

Mg acceptor.10 This DAP model is only consistent with a

high concentration of these donor complexes (>1019 cm�3),

while the investigations that followed estimated the actual

concentration of these donors to be as low as 1017 cm�3

before annealing and much lower after anneal.25,26 Further,

the Optically Detected Magnetic Resonance (ODMR) inves-

tigations of GaN:Mg failed to show any evidence for deep

donors.40 Recently, another interpretation of this blue PL as

a DAP involving shallow donors and the substitutional MgGa

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.41 This

interpretation also means that the 3.27 eV DAP is not related

to the MgGa 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 MgGa acceptors should be present.

There are many early papers demonstrating the DAP nature

of the 3.27 eV PL.5,6 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 6 5 meV.42 An argument against the interpretation of

the 3.27 eV emission as being related to a neutral Mg-H

complex is that this complex (from theoretical results41) is

only expected to be found in p-type samples with a high Mg

doping, while in reality the 3.27 eV 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 MgGa 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.43,44 Thermal quenching of the emission is observed

near room temperature with an activation energy of

0.3–0.4 eV.45 This would be consistent with an acceptor

level of similar binding energy, deeper than for the MgGa

acceptor. The oscillator strength for the deeper 2.9 eV transi-

tion is naturally weaker than that for the 3.27 eV 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 2.9 eV 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.45 An alternative model would be a H-related

FIG. 8. (a) PL decay curves taken at different photon energies for c-plane

MOCVD homoepitaxial GaN:Mg ([Mg]¼ 1.5� 1019 cm�3) and (b)

time-resolved PL spectra of the same sample.

FIG. 9. Excitation intensity dependent PL spectra of m-plane MOCVD

homoepitaxial GaN:Mg ([Mg]¼ 1� 1018 cm�3).
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complex that gives rise to the 2.9 eV 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 3.27 eV

DAP spectra) during prolonged excitation with above

bandgap UV light or energetic electrons.4,7–9 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

ABE1 and the 3.27 eV spectral features.4 Since our later op-

tical investigations discussed in this paper are only consistent

with a model where the ABE1 and the 3.27 eV 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 10 s 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

3.27 eV (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.46,47 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

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 ABE1 peak and the 3.27 eV 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.48 Metastable defects are

also reported for n-GaN, suggested to be VGa-related.49,50

Such defects related to VGa 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 3.466 eV and

ABE2 at 3.455 eV), and the corresponding DAP1 at 3.27 eV

and the weaker DAP2 at about 3.15 eV. Since at low Mg

doping (n-type samples) only ABE1 and DAP1 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 instabilities4

are needed to explain these optical data. The second deeper

set of broadened spectra ABE2 and DAP2 appear at higher

doping ([Mg]> 1018 cm�3), simultaneously, as structural

defects (basal plane stacking faults) are introduced.32 The

FIG. 10. Low-temperature spectra of m-plane MOCVD homoepitaxial

GaN:Mg ([Mg]¼ 3� 1018 cm�3) obtained at time intervals of 10 s during

continuous UV excitation.

FIG. 11. Low-temperature spectra of c-plane MOCVD homoepitaxial

GaN:Mg ([Mg]¼ 1.5� 1019 cm�3) measured upon long term continuous

UV excitation showing a clear red shift of the DAP emission.
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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.52 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

(<300 K), and affects the PL of the Mg-related spectra via

the quasi-Fermi level under optical excitation. Since the

deeper radiative PL emission at 2.9 eV 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.41,53 It 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 GaInN. A combination of an In droplet formed by thermal

decomposition of GaInN during growth and a pulsed second-harmonic neodymium-doped yttrium

aluminum garnet laser (k¼ 532 nm) 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. VC 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 GaInN-based

visible LEDs have been commercialized.1–4 In particular, the

external quantum efficiency of blue LEDs has reached

approximately 83%.5 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.6–10 The UV LED is also a major

focus in the research efforts of group-III-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.11 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.12,13 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.14 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.15,16 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.17–20 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; k¼ 248 nm), because they have a huge

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 GaInN during growth.

The In droplet layer is expected to absorb light at visible and

infrared wavelengths by surface plasmon resonance.21 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 (k¼ 532 nm) 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.� 3 wafer horizontal-flow

reactor. We prepared a high-quality freestanding GaN sub-

strate. The threading dislocation density of the GaN substrate

was below 106 cm�2, as characterized by cathodolumines-

cence (CL) at room temperature. First, we investigated the

crystalline quality of a 2-lm-thick highly Si-doped n-Al0.03

Ga0.97N layer grown on a GaN substrate with/without

removing the layer of Ga0.85In0.15N/GaN superlattices (SLs).

The samples with and without Ga0.85In0.15N/GaN SLs are

assigned as samples (A) and (B) in Fig. 1, respectively. It is

well known that GaInN is a very sensitive material with

thermal stability.22 After the growth of Ga0.85In0.15N/GaN

SLs, they were transformed into In droplets by the thermala)E-mail: dft0tfi16@meijo-u.ac.jp
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decomposition of GaInN during n-GaN and n-Al0.03Ga0.97N

growth at 1040 �C. The characterization of an as-grown

highly Si-doped n-Al0.03Ga0.97N 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

Ga0.85In0.15N/GaN SLs in order to remove the GaN sub-

strate, a 1-lm-thick Si-doped n-GaN layer, 2-lm-thick

highly Si-doped n-Al0.03Ga0.97N layer, 10 periods of Ga0.97

In0.03N(2 nm)/GaN(2 nm) SLs, 5 periods of Ga0.95In0.05N

(6 nm)/GaN(12.5 nm) MQWs, a 20-nm-thick Mg-doped

p-Al0.13Ga0.87N electron-blocking layer, and a 120-nm-thick

Mg-doped p-GaN contact layer. Actually, the Ga0.85In0.15N/

GaN SLs for the removing layer were almost completely

transformed into In droplets by the thermal decomposition

of GaInN with increasing temperature to 1040 �C during

n-GaN and n-Al0.03Ga0.97N growth. After exposure of the

n-Al0.03Ga0.97N layer by inductively coupled plasma etching,

a Ag(150 nm)/ITO(30 nm) contact was deposited on both n-

Al0.03Ga0.97N and p-GaN layers. Bare LED chips of

500� 600 lm2 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.20 The LLO setup consists

of a pulsed second-harmonic Nd:YAG laser (k¼ 532 nm).

The irradiation energy density was 125 mJ/cm2. After

removing the GaN substrate, we etched the back surface to

improve the light extraction efficiency, using hot potassium

hydroxide (KOH) solution after LLO.12,20 The control LED

was composed of the 200-lm-thick GaN substrate without

the Ga0.85In0.15N/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 Ga0.85In0.15N/GaN SLs were almost

destroyed by thermal decomposition during the growth of n-

GaN and n-Al0.03Ga0.97N at 1040 �C. At the same time, it

included the metal phase of In (i.e., In droplet) dissociated

from GaInN. We confirmed the existence of the In droplet

layer in sample (A) from the (101) diffraction. This result

shows that the Ga0.85In0.15N/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

FIG. 1. Schematic view of n-Al0.03Ga0.97N layers (a) with and (b) without

Ga0.85In0.15N/GaN SLs grown on GaN substrate. Ga0.85In0.15N/GaN SLs

were transformed into In droplet layer by thermal decomposition of

Ga0.85In0.15N during n-GaN and n-Al0.03Ga0.97N growth.

FIG. 2. Schematic view of fabrication

steps of (a) LLO and (b) control LEDs.
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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� 106 cm�2, respectively. We found that sam-

ple (A) had an increased threading dislocation density. We

consider that after the decomposition of Ga0.85In0.15N/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� 108 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

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.15,16 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 50 mA compared

with that of the control LED. V-I characterizations were the

same because the highly Si-doped n-Al0.03Ga0.97N layer is

an extremely low-resistance material.23 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. Ga0.85In0.15N/

GaN SLs were transformed into an In droplet layer by the

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.

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.

FIG. 6. L-I and V-I characteristics of LLO and control LEDs.

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.
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thermal decomposition of GaInN 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
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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/cm2, and a factor of 8.1 at 1 W/cm2. 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. C 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]

I. 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 GaInN-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 GaInN-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).1,2 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 GaInN-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.3,4 It is well known that spontaneous
emission, including the recombination rate and the emission profile, can be modified by the nearby
photonic environments.5,6 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.7–14 Such a nanophotonic approach has been applied to
light emitting devices.15–22,24,25 The rationale behind is that the transfer of energy from carriers in
GaInN 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 GaInN 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.3 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.17 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.16 It is also very interesting to note that the photoluminescence (PL) intensity
of the green GaInN QW has been improved by a factor of 4.8 using periodic nanocylinders with
a 5 nm spacing layer.20 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.19 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.

II. 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 H2 ambient at approximately
1050 oC. After that, approximately 20-nm-thick low temperature (LT)-GaN buffer layer was depos-
ited at 535 oC.23 After annealing process a 2-µm-thick GaN layer was grown at 1050 oC on the
annealed LT-GaN nucleation layer. The final LED structure consisted of a 2-µm-thick n-GaN:Si
layer, a 10 periods of GaInN: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 oC for 30 min in N2 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 GaInN/GaN QWs grown on c-plane sapphire substrate. The PL measurement
setup consisted of a continuous wave GaInN-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/cm2.
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.

III. 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 GaInN/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.20 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.

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.9

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. 3.20 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 I.26 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

FIG. 3. Room temperature PL intensity of GaInN/GaN 5QWs with Ag NPs on top. Excitation power density is 756 W/cm2,
and emission peak is around 530 nm.
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FIG. 4. Temperature dependence of integrated PL for estimating IQE. PL intensity has been normalized to 100 at the 20 K
value.

as IQE = I295K/I20K. 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, η = (krad + kSPηLSP)/(krad + knrad + kSP), where krad, knrad and kSP

are the radiative, non-radiative and LSP coupling rates, and ηLSP is the radiative coupling efficiency
of the LSP mode. It has been demonstrated that kSP and knrad follow similar trends as a function
of temperature, and it is therefore reasonable to estimate kSP ∼ 0 at low temperatures and assume
that IQE is approximately 100 % for the Ag NP coated samples.27 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/cm2 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 IAg/Iref = LEEAg/LEEref × IQEAg/IQEref. 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.

Sample
Avg. size

[nm]
Integrated PL
enhancementa

Deduced LEE
enhancement

High power IQE
enhancementb

Low power IQE
enhancementb ηLSP FP

A 50 1.25 0.93 1.35 1.10 - -
B 120 2.59 1.90 1.36 1.71 0.38 2.4
C 185 6.02 2.63 2.29 8.12 0.45 26.5

aAt 295 K, and 756 W/cm2 excitation power.
bHigh power: 756 W/cm2, Low power: 1 W/cm2.
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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.27 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/cm2. 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.28

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, ηi, which can obtained as the ratio,29

K =
(krad + kSPηLSP) / (krad + kSP + knrad)

krad/ (krad + knrad) =
1 + FpηLSP

1 + Fpηi
, (1)

where Fp = kSP/krad, is the Purcell enhancement factor, and ηLSP is the radiative efficiency 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, ηLSP > ηi. 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

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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FIG. 6. IQE enhancement factor with initial IQE variation, calculated from the measurements of excitation power density
variation. Dashed lines are fittings based on Eq. (1). Inset is the zoom-in at small IQE enhancement factor for sample A and B .

efficiency. The results are summarized in Table I. 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.30 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 GaInN/GaN QWs peak emission wavelength is
blue-shifted due to the screening piezoelectric field by free-carriers.31,32 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/cm2. 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.30

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.30,33 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 GaInN/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/cm2. 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/cm2,
an enhancement factor of 8.1 was observed at 1 W/cm2. 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

a result, a high-resistivity GaN buffer layer for an AlGaN/GaN heterostructure field-effect transistor was

& 2012 Elsevier B.V. All rights reserved.
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 III-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
ll rights reserved.
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 þc-, 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�106 cm�2 and less than
2�103 cm�1, respectively. These substrates were sliced with an
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offset angle of 070.51 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 þc-plane GaN substrate. This sample was
prepared as a reference for comparison. After 10 min thermal
annealing at 1050 1C in NH3 and hydrogen, an unintentionally
doped GaN layer was grown. The growth conditions of GaN were
as follows: V/III ratio: 1000, growth temperature: 1050 1C, reactor
pressure: 200 hPa, TMGa flow rate: 150 mmol/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.

Plane 1st GaN layer 2nd GaN layer

Temperature (1C) V/III ratio Temperature (1C) V/III ratio

Sample 1 þc 1050 1000 – –

Sample 2 m 1030 250 1030 1000

Sample 3 a 1030 250 1030 1000

Sample 4 m 1060 250 1060 1000

Sample 5 a 1060 250 1060 1000
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Fig. 1. Impurity profiles of epitaxial GaN layers measured by SIMS. (a, c) and (b,
GaN substrates, respectively. After 10 min thermal annealing at
1030 1C 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/
III ratio of as low as 200 and at a low growth temperature of 1030 1C
[22,23]. The growth conditions for a- and m-plane GaN were as
follows: V/III ratio: 250, growth temperature: 1030 1C, reactor
pressure: 100 hPa. Next, an unintentionally doped GaN layer was
grown at a V/III ratio of 1000, a growth temperature of 1030 1C 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 1C in NH3 and hydrogen, an unintentionally doped
GaN layer was grown. The growth temperature and pressure were
fixed at 1060 1C 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 (þc-plane) was approxi-
mately 3 mm/h. In a growth temperature of 1030 1C (sample 2 and
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d) show the oxygen and carbon concentrations in samples 1–5, respectively.
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Fig. 3. Sample structure on freestanding a-plane GaN substrate obtained using
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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
2�1016 cm�3. According to Fig. 1(a) and (b), the oxygen and
carbon concentrations in sample 1 (þc-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�1018 and
1�1017 cm�3, respectively. Additionally, the carbon concentra-
tions of samples 2 (m-plane) and 3 (a-plane) are 7�1017 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 1C, the surface morphology deteriorated. Therefore, we fixed
the growth temperature at 1060 1C 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/III 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 þc-, 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
100µ m

RMS=0.290nm RMS=0.1RMS=0.156nm

2nm 10nm

sample 1

sample 1

100µ m

sample 2 sa

1.5nm

sample 2 s

Fig. 2. Sample morphology of epitaxial GaN observed in
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 1C in NH3

and hydrogen, an unintentionally doped GaN layer was grown.
The growth temperature and growth pressure were fixed at
1060 1C 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 mm, respectively. The growth rate was 3 mm/h. Then, a 1-
mm-thick GaN layer was grown at a low growth rate of approxi-
mately 1.0 mm/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 Al0.36Ga0.64N
layer, a 3-nm-thick Si-doped Al0.36Ga0.64N layer and a 17-nm-
thick unintentionally doped Al0.36Ga0.64N layer were grown,
87nm RMS=0.821nm RMS=0.237nm

15nm

100µ m 100µ m 100µ m

mple 3 sample 4 sample 5

4nm

ample 3 sample 4 sample 5

(a) DIC images and (b) bird’s-eye-view AFM images.
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where the V/III ratio, growth temperature and growth pressure
for each layer were 500, 1090 1C, 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) 2y/o-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 mm�5 mm. A satellite peak was
observed in the XRD 2y/o-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�106 cm�2 and
less than 2�103 cm�1, 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
doped GaN buffer layer. Next, we measured the off-breakdown
voltage of the structure in Fig. 3 at a gate bias of �10 V 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 Cl2 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 oC for 30 s in N2. 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 mm,
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respectively. The blue line in Fig. 6 is the leakage current of the
sample with an oxygen concentration of over 1�1017 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�103 O 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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a b s t r a c t

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.

& 2013 Elsevier B.V. All rights reserved.

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

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 situmonitoring 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 (0 0 0 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 (H2) and nitrogen
(N2) 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 H2 gas at 1020 1C for 10 min, a �20-nm-thick GaN
LT-buffer layer was deposited at 520 1C for 3 min. The LT-buffer
layer on sapphire was heated up to 1125 1C for 6 min, and its
temperature was maintained with appropriate annealing time.
After annealing, a 3-μm-thick GaN film was grown at 1125 1C 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 berylliumwindowwas installed in the MOVPE to serve 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 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) 2θ/ω scanwithout requiring the
use of an analyzer crystal in 1 s during wafer rotation. Furthermore,
the 2θ value was calibrated by the XRD peak from the sapphire
substrate. In this system, the tilt component and distribution of the
lattice constant c 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 (0 0 0 2) 2θ/ω 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
(0 0 0 2) 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 0 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

Table 1
Growth conditions in this study.

Process Reactor pressure [hPa] Gas

(a) Thermal cleaning 933 H2

(b) Temperature down 933 H2

(c) GaN buffer layer 933 TMGa
H2

NH3

(d) Thermal annealing 933–500 H2

NH3

(e) GaN growth 500 TMGa
H2

NH3

Fig. 1. Timing chart of GaN growth process in this study. (a) Thermal cleaning in H2

flow at 1020 1C for 10 min. (b) Temperature down at 520 1C for 10 min. (c) LT-GaN
was deposited at 520 1C. (d) LT-GaN was annealed [Annealing time 1 (3, 6) min:
Substrate was heated up to 11251 for 1 (3, 6) min. Annealing time 9 (12, 15) min:
Substrate was heated up to 1125 1C 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-μm-thick GaN
was grown at 1125 1C.
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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

period of time, while only etching continues. Accordingly, optimal
annealing time of LT-GaN buffer layer should be present in order to
obtain a high-quality GaN epitaxial layer.

Next, we discuss the correlation between the crystallinity of the
GaN epitaxial layer and the in situ XRD measurement results. We
investigated the crystalline quality of 3-μm-thick GaN layers
formed on LT-GaN buffer layers with various annealing times. In
this investigation, the samples were prepared separately. Further-
more, for annealing times of 1 and 3 min, GaN films were grown
after the temperature was increased to 1125 1C for 1 min after the
end of annealing. Therefore, we thought that some error may exist
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 (0 0 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-μm-thick GaN films. Although slight
tilt component is also included from the (1 �1 0 2) diffraction,
twist component is dominant in this measurement method
[31,32]. Table 2 summarizes the FWHM of ex situ XRCs from the
(0 0 0 2) and (1 �1 0 2) 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

32 34 36 38
0

500

1000

X
R

D
 in

te
ns

ity
 [c

ou
nt

s]

2θ[degree] 2θ[degree] 2θ[degree]

2θ[degree]2θ[degree]2θ[degree]

32 34 36 38
0

500

1000

X
-r

ay
 in

te
ns

ity
 [c

ou
nt

s/
s]

32 34 36 38
0

500

1000

X
-r

ay
 in

te
ns

ity
 [c

ou
nt

s/
s]

32 34 36 38
0

500

1000

X
-r

y 
in

te
ns

ity
 [c

ou
nt

s/
s]

32 34 36 38
0

500

1000
X

-r
y 

in
te

ns
ity

 [c
ou

nt
s/

s]

32 34 36 38
0

500

1000

X
-r

y 
in

te
ns

ity
 [c

ou
nt

s/
s]

Fig. 2. X-ray spectra from LT-GaN buffer layer with various annealing times by using in situ XRD monitoring method. (a) 0 min, (b) 3 min, (c) 6 min, (d) 9 min, (e) 12 min and
(f) 15 min.

Fig. 3. Annealing time dependence of X-ray intensity and FWHM (0 0 2) from
in situ XRD monitoring method.

Table 2
Results of in situ and ex situ XRD.

Annealing
time

In situ XRD
intensity

LT-GaN
FWHM

FWHM [arcs]

[min] [counts] [arcs] Tilt
[0 0 2]

Twist
[1 0 2]

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
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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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a b s t r a c t

We observed the growth of the Ga0.80In0.20N (2 nm)/GaN (3 nm) superlattice (SL) structure by in situ
X-ray diffraction (XRD) monitoring. The satellite peaks from the �1st to the þ1st order can be obtained
from these in situ XRD spectrums. From the full width at half maximums (FWHMs) of the 0th 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 GaInN 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 GaInN 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
GaInN, 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 GaInN 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 GaInN-based solar cells, the crystallinity of
GaInN 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 GaInN, if the layer exceed the critical
thickness. In particular, In segregation (composition fluctuation)
will rapidly degrade the device performance such as GaInN-
based blue and green laser diode and solar cells [16,17]. Also,
In segregation can be measured from the dot emission density

determined by fluorescence microscopy. We found that the solar
cell characteristics degrade rapidly when this dot emission density
exceeds �106 cm�2 [17]. Therefore, it is very important to
determine the optimal growth conditions under which the dot
emission density is less than 106 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 GaInN 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″�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 (H2) and nitrogen (N2) were
used as the carrier gases. Revolution speed of the substrate
susceptor was 5 rpm in constant. After the growth of a 3-μm-
thick GaN template at 1050 1C on c-plane sapphire covered with a
low-temperature GaN buffer layer [28,29] using H2 carrier gas at
933 hPa, it was cooled to 750 1C and the carrier gas was changed to
N2. Then, 75-period Ga0.80In0.20N (2 nm)/GaN (3 nm) SL was grown
on the GaN template. The growth time of Ga0.80In0.20N and GaN
are 42 s and 81 s, respectively. During growth of the Ga0.80In0.20N
layer, the flow rates of the TMG of 65 μmol/min, TMI of 65 μmol/
min, NH3 of 800 mmol/min, V/III ratio of 8500, and N2 of 16 l/min
were used. The threading dislocation density of the GaN template
was �3�108 cm�2. We evaluated the GaInN 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

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

Johansson curved crystal
focus the X-ray beam on 

the growing sample.

Slit

Cu X-ray tube

Substrate

OMVPE reactor

X-ray 1D CCD detector

Substrate

Focused X-Ray

Diffracted X-Ray

Contain many 
angle X-rays

diffracted X-rayspread X-ray

Fig. 1. Schematic view of the experimental setup.

Fig. 2. In situ XRD spectrum of 75-period Ga0.80In0.20N (2 nm)/GaN (3 nm) SL
during growth of 10, 23, 33, and 43 periods.

32 33 34
100

101

103

103

104

105

-1st

0th

 broadening

In
te

ns
ity

 (c
ps

)

2θ (degree)

 10SLs
 18SLs
 23SLs
 29SLs
 33SLs
 43SLs

Fig. 3. Enlarged view of Fig. 1 at 0 and �1satellite peak region.

10 15 20 25 30 35 40
0.24

0.26

0.28

0.30

0.32

0.34  0th

 -1st

FW
H

M
(d

eg
re

e)

Periodic number

20 30 40 50 60 70 80

 Total GaInN thickness (nm)

Fig. 4. FWHM of the 0th and �1st satellite peaks as a function of the SL periods.

10 15 20 25 30 35 40

0.10

0.15

0.20

0.25

0.30

 0th

 -1st

 simulation (0th)FW
H

M
(d

eg
re

e)

Periodic number

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

Fig. 5. This figure was inserted the results of the simulation in Fig. 4.

T. Yamamoto et al. / Journal of Crystal Growth 393 (2014) 108–113 109



equivalent of a (0002) 2θ/ω scan without requiring the use of an
analyzer crystal in 1 s during the rotation of the wafers. Further-
more, the 2θ 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) 2θ/ω scan at a
resolution of 1arcsec. In this setup, the full half width maximum

(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.

10 μm 10 μm 10 μm 

10 μm 10 μm 

Fig. 6. Fluorescence microscopic images of (a) 10, (b) 20, (c) 25, (d) 30, and (e) 40-period GaInN SL samples.

0.9××106 cm-2

10 μm  10 μm  

10 μm  10 μm  

10 μm  

0.5×106 cm-2 1.0×106 cm-2
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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 Ga0.80In0.20N (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 (50W), excitation power density: �several kW/cm2)
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
Ga0.80In0.20N (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 þ1st 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 0th and �1st satellite peaks as a function of the
SL periods. Moreover, Fig. 5 was inserted the results of the

simulation (FWHM of 0th 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 GaInN/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 GaInN 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 GaInN, 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
GaInN/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
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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 Ga0.80In0.20N (2 nm)/GaN
(3 nm) SL by in situ XRD monitoring. The satellite peaks from the
�1st to the þ1st order can be obtained from these in situ XRD
spectra. From the FWHMs of the 0th 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 GaInN/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 AlN/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. 

Moreover surface texturing was carried out on the exfoli-
ated AlN 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. 
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1 Introduction 
UV light-emitting diodes (LEDs) are promising for 

various applications, such as bioagent detection, water and 
air purification, and dermatology [1]. Group III-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 AlN is considered to be more dif-
ficult than that of GaN, because the melting point of AlN is 
much higher and precipitated aluminum by LLO of AlN is 
difficult to remove.  

In this study, we investigated LLO of AlN/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 

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-μm-thick AlN on a sapphire sub-
strate at 1400 °C, then, a 2.5-μm-thick Al0.25GaN0.75 film 
was grown at 1100 °C. Next, the wafer was removed from 
the reactor, and grooves along the (1100)  direction were 
formed by conventional photolithography and reactive ion 
etching. The width, spacing, and depth of the grooves were 
5, 5, and 1 μm, respectively. Then, a thick Al0.25Ga0.75N 
layer was regrown for 4 h on the grooved underlying layer. 
The growth temperature and pressure during Al0.25Ga0.75N 
growth were 1100 °C and 6.6×104 Pa, respectively. During 
the growth of the AlGaN layer, the flow rates of TMGa, 
TMAl 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-Al0.25Ga0.75N layer was 4 μm. 
Then, an unintentionally doped GaN (3 nm)/ 
Al0.15Ga0.85N:Si (8 nm) three quantum well (QW) active 
layer, a p-Al0.5Ga0.5N (20 nm) blocking layer, a p-
Al0.25Ga0.75N (50 nm) cladding layer, and a p-GaN (50 nm) 
contact layer were successively stacked. The size of the 
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LED was 500 × 500 μm2 with a p-contact area of 500 × 
140 μm2. After exposing the n-Al0.2Ga0.8N contact layer to 
Cl2 RIE, a Ti/Al/Ti/Au (30/100/20/150 nm) contact was 
deposited on the exposed n-Al0.25Ga0.75N 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 O2 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 AlN and the sapphire, and it will induce the de-
composition of the AlN. The laser beam spot size was 1 × 
2 mm2, 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/cm2. In this study, we employed the irradiated 
energy density was 1.0 J/cm2, 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/cm2 [11]. 
This difference in energy density are probably due to the 
decomposition temperature of AlN 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.  
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Figure 1 Structure of UV LED. 

 

 

 

 

 

 

Figure 2 Flip-chip configuration with and without underfill. 

 

 

 

 

 

 

 

 

 

 

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. 
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Figure 4 Photograph of UV-LED after LLO [left] with and 
[right] without underfill. 
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Figure 5 (a) and (b) show 2θ-ω 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 2θ/ω 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 AlN 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 AlN 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. 

6μm  
Figure 6 SEM image of exfoliated AlN 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. 
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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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Figure 9 Surface SEM image of exfoliated AlN plane after the 
LLO. 
 
4 Conclusions  
We have achieved the LLO of AlN/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 intensity1) and the appli-
cation of the Shockley–Read–Hall (SRH) model to the
evaluation of EL intensity versus current characteristic2) 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 AlGaN/GaN ultraviolet laser diode.3)

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 AlN 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;4) therefore, the droop is thought
to be only caused by the carrier overflow in unoptimized
heterostructures in 405 nm devices. In the case of EL,
electron excitation is calculated from the current injection as
follows:2)

J

qd
¼ Anþ Bn2 þ Cn3; ð1Þ

where J is the injected current density into the device, q 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 by5)

G ¼ Anþ Bn2: ð2Þ
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 ¼ kcB; ð3Þ
IPL ¼ �Bn2; ð4Þ

where kc and � are the sensitivity and a proportional
constant, respectively. Substituting Eqs. (3) and (4) into
Eqs. (1) and (2), respectively, the following equations are
obtained:

J ¼ �L1=2 þ �Lþ �L3=2; ð5aÞ
G ¼ P1

ffiffiffiffiffiffiffi

IPL
p þ P2IPL; ð6aÞ

where

� ¼ qdA

ðkcBÞ1=2
; � ¼ qd

kc
; � ¼ qdC

ðkcBÞ3=2
; ð5bÞ

P1 ¼ A
ffiffiffiffiffiffi

B�
p ; P2 ¼ 1

�
: ð6bÞ

In the case of experimental PL, a nominal generation rate G
is expressed by

G ¼ Plaserð1� RÞ�l
Aspotlh�

¼ Plaserð1� RÞ�
Aspoth�

; ð7Þ

where Plaser is the excitation power density, R is the Fresnel
reflectivity, � is the absorption coefficient, l is the total width
of the QW, and h� is the photon energy of the excitation
source. These parameters such as �, �, �, P1, and P2, 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� 105 cm�1 (Ref. 6) and 1:5� 105 cm�1 (Ref. 7),
respectively. That of the GaInN QW active layer was
1:29� 105 cm�2, obtained from Vegard’s law using the
values of the binary materials. Since the excitation source
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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 IPL as a function of G, and fit Eq. (6a)
to the curve to obtain the parameters P1 and P2, 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

IQEEL ¼ Bn2

Anþ Bn2 þ Cn2
¼ �

L

J
; ð8Þ

IQEPL ¼ Bn2

Anþ Bn2
¼ Bn2

G
¼ P2

IPL
G

: ð9Þ

Although G and P2 are nominal values, as mentioned
above, the ratio of P2 to G in Eq. (9) does not include the
uncertainty of the excitation. The ratio of IQEEL to IQEPL

represents CIE. LEE was calculated as the ratio of the
experimental EQE to IQEEL.

3. Experimental Procedure

Firstly, the estimation of efficiency components for two
types of 405 nm 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 ITO8) as a p-type
electrode were fabricated.

Secondly, 405 nm LEDs with an ITO electrode and
different AlN molar fractions of 0, 15, and 25% in the
p-AlGaN electron-blocking layer (EBL) were fabricated,9)

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 AlN 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 325 nm 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 Eqs. (5a) and (5b) can be made to closely fit the
experimental ones by adjusting the fitting parameters �, �,
�, P1, and P2. The modified carrier density in the PL
measurement is determined by fitting the curve of IQEPL

versus carrier density to the curve of IQEEL versus carrier
density in the low-excitation range as shown in Fig. 3.
Also, Fig. 3 shows the fitting results of samples with AlN
molar fractions of 0, 15, and 25%. From these results, the
efficiency components when the carrier density was injected
at 50mA in this sample structure were obtained, as shown
in Table I. The LEE of the ITO device is about 15%, which

is much higher than that of the Ni/Au device. This is
reasonable because ITO has a very low light absorption. The
values of IQEEL 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 AlN 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 AlN molar fractions of 15 and 25%, the CIE at

Fig. 1. (Color online) Samples structure.
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Fig. 2. (Color online) Fitting results for (a) EL and (b) PL.
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a low carrier density was almost 100% and decreased with
increasing carrier density. The CIE of the LED with an AlN
molar fraction of 15% slowly decreases with increasing
carrier density. However, the LED with an AlN 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, IQEEL and IQEPL 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

50mA in this sample structure are summarized in Table II.
Although the CIE is strongly dependent on the AlN molar
fraction in the p-AlGaN electron-blocking layer, the LEEs in
this series are almost the same. This result is also reasonable.
Our estimation model for the efficiency components appears
to be reliable for various types of LED.

5. Conclusions

The SRH model was applied to 405 nm 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 IQEEL and CIE for the two
types of LED were consistent. The efficiency components
of LEDs with AlN molar fractions of 0, 15, and 25% in
the p-AlGaN electron-blocking layer were also compared.
Although CIE is strongly dependent on the AlN 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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9) O. Svensk, P. T. Törmä, S. Suihkonen, M. Ali, H. Lipsanen, M. Sopanen,

M. A. Odnoblyudov, and V. E. Bougrov: J. Cryst. Growth 310 (2008) 5154.

0

1

2

3

4

5

6

7

8

9

10

1.00E+14 1.00E+15 1.00E+16

IQ
E

 (
%

)

Carrier density (cm-3)

PL IQE

EL (Al:0%) IQE

EL (Al:15%) IQE

EL (Al:25%) IQE

Fig. 3. (Color online) Fitting results for IQEEL and IQEPL.

Table I. Comparison of EQE, IQE�CIE, and LEE for LEDs with ITO

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

ITO device Ni/Au device

EQE 9.1 7.1

IQEEL 57.1 56.3

IQEPL 94.8 94.8

LEE 15.9 12.5

CIE 62.6 61.0
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Table II. Comparison of efficiency components for LEDs with AlN molar
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K. Aoyama et al.Jpn. J. Appl. Phys. 52 (2013) 08JL16

08JL16-3 # 2013 The Japan Society of Applied Physics

http://dx.doi.org/10.1063/1.2805197
http://dx.doi.org/10.1063/1.3442918
http://dx.doi.org/10.1063/1.3442918
http://dx.doi.org/10.1002/pssc.201001008
http://dx.doi.org/10.1143/JJAP.41.L371
http://dx.doi.org/10.1063/1.3100773
http://dx.doi.org/10.1063/1.120191
http://dx.doi.org/10.1007/BF02651400
http://dx.doi.org/10.1016/j.tsf.2009.12.036
http://dx.doi.org/10.1016/j.tsf.2009.12.036
http://dx.doi.org/10.1016/j.jcrysgro.2008.07.025


This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 219.127.71.134

This content was downloaded on 03/03/2017 at 06:42

Please note that terms and conditions apply.

Room-temperature CW operation of a nitride-based vertical-cavity surface-emitting laser using

thick GaInN quantum wells

View the table of contents for this issue, or go to the journal homepage for more

2016 Jpn. J. Appl. Phys. 55 05FJ11

(http://iopscience.iop.org/1347-4065/55/5S/05FJ11)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

GaN-based vertical cavity surface emitting lasers with periodic gain structures

Kenjo Matsui, Yugo Kozuka, Kazuki Ikeyama et al.

Room-temperature continuous-wave operation of GaN-based vertical-cavity surface-emitting lasers

with n-type conducting AlInN/GaN distributed Bragg reflectors

Kazuki Ikeyama, Yugo Kozuka, Kenjo Matsui et al.

Room-temperature continuous-wave operation of GaN-based vertical-cavity surface-emitting lasers

fabricated using epitaxial lateral overgrowth

Shouichiro Izumi, Noriyuki Fuutagawa, Tatsushi Hamaguchi et al.

Lateral carrier confinement of GaN-based vertical-cavity surface-emitting diodes using boron ion

implantation

Tatsushi Hamaguchi, Hiroshi Nakajima, Masamichi Ito et al.

Self-consistent model of 650 nm GaInP/AlGaInP QW VCSELs

ukasz Piskorski, Robert P Sarzaa and Wodzimierz Nakwaski

InGaN light-emitting diodes with embedded nanoporous GaN distributed Bragg reflectors

Bing-Cheng Shieh, Yuan-Chang Jhang, Kun-Pin Huang et al.

InGaN-based violet laser diodes

S Nakamura

Investigation of the effect of nitride-based LEDs fabricated using hole injection layer at

different growth temperatures

Shih-Wei Wang, Chun-Kai Wang, Shoou-Jinn Chang et al.

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1347-4065/55/5S
http://iopscience.iop.org/1347-4065
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/10.7567/JJAP.55.05FJ08
http://iopscience.iop.org/article/10.7567/APEX.9.102101
http://iopscience.iop.org/article/10.7567/APEX.9.102101
http://iopscience.iop.org/article/10.7567/APEX.8.062702
http://iopscience.iop.org/article/10.7567/APEX.8.062702
http://iopscience.iop.org/article/10.7567/JJAP.55.122101
http://iopscience.iop.org/article/10.7567/JJAP.55.122101
http://iopscience.iop.org/article/10.1088/0268-1242/22/6/002
http://iopscience.iop.org/article/10.7567/APEX.8.082101
http://iopscience.iop.org/article/10.1088/0268-1242/14/6/201
http://iopscience.iop.org/article/10.7567/JJAP.55.05FJ14
http://iopscience.iop.org/article/10.7567/JJAP.55.05FJ14


Room-temperature CW operation of a nitride-based vertical-cavity surface-emitting
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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 GaInN quantum well (QW) active region and an AlInN/GaN distributed Bragg reflector. We first investigated the following two characteristics
of a 6 nm GaInN 5 QWs active region in light-emitting diode (LED) structures. The light output power at a high current density (>10 kA/cm2) from
the 6nm GaInN 5 QWs was the same or even higher than that from standard 3 nm 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 6nm 5 QWs, resulting in the optical confinement factor of
3.5%. The threshold current density under CW operation at RT was 7.5 kA/cm2 with a narrow (0.4 nm) emission spectrum of 413.5 nm peak
wavelength. © 2016 The Japan Society of Applied Physics

1. Introduction

III–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,
GaInN-based LEDs and lasers were successively achiev-
ed.1–3) Now, GaInN-based edge-emitting lasers are operating
from ultraviolet to green regions.4–7) 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.8) Thus far, the power conversion efficiency of infrared
VCSELs reached 62%.9) Recently, nitride-based VCSELs
have also been achieved,10–16) 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 VCSELs still have a much
higher threshold current density than the infrared VCSELs.17)

One of the possible reasons for the high threshold current
density is the low optical confinement factor caused by
thin quantum wells (QWs) in the nitride-based VCSELs.
Generally, in infrared VCSELs, an 8 nm 3 QW active region
is used within a 1λ-cavity, resulting in a more than 3% optical
confinement factor.17) On the other hand, in nitride-based
light-emitting devices, a thin (less than 3 nm) GaInN 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.18) If the active
region with 3 nm GaInN 5 QWs is used in a 4λ-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 VCSELs 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 GaInN 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 GaInN
QWs as mentioned above. Another is poor carrier injec-
tions, especially hole injections, into the farthest QW from a

p-layer.19–22) 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 GaInN well width
dependence on the optical confinement factor in the nitride-
based VCSELs. Then, we experimentally measured the light
output power of 6 nm GaInN 5 QWs in an LED structure in
comparison with that of 3 nm 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 GaInN 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 6 nm GaInN 5 QWs and a 4λ-cavity with an
AlInN=GaN DBR.

2. Experimental methods

Figure 1 shows calculated optical confinement factors as a
function of GaInN well width. A VCSEL structure in the
calculation consisted of a GaN substrate, a 40-pair AlInN=
GaN DBR, a 4λ-cavity, and an 8-pair SiO2=Nb2O5 DBR. The
4λ-cavity contained a 300 nm n-GaN layer, GaInN=6 nm
GaN 5 QWs, a 15 nm p-AlGaN electron-blocking (EB) layer,
a 60 nm p-GaN layer, a 10 nm p++-GaN contact, a 20 nm
indium–tin oxide (ITO) p-contact, and a 30 nm Nb2O5 spacer.
The thicknesses of the layers were designed for a wavelength
of 410 nm. 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 3 nm 5 QWs, while a 3.5% optical
confinement factor was obtained in the case of 6 nm 5 QWs.
Thus, the calculation result suggests that 6 nm QWs have a
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high optical confinement factor, which is comparable to that
of infrared VCSELs (∼4%).17) 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 µm undoped GaN layer, a 0.4 µm n-type GaN
layer, a GaInN=GaN 5 QW active region, a 15 nm p-type
AlGaN EB layer, a 60 nm p-type GaN layer, and a 10 nm
p++-GaN contact. Sample A contained 6 nm GaInN=6 nm
GaN 5 QWs and Sample B contained 3 nm GaInN=6 nm
GaN 5 QWs. The peak wavelengths of both the 5 QWs were
adjusted to be 405 nm. After the epitaxial growth, LEDs
were fabricated with the wafers by our standard fabrication
process. The emission area of the LEDs was 15 µm in
diameter for the LED characteristic measurements under high
current densities, which is comparable to that in a possible
VCSEL operation. A transparent 20 nm 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 µm2 LEDs were also fabricated for
measurement under low current densities.

Another LED test structure (Sample C) with specific 6 nm
GaInN 5 QWs was also prepared.19–23) 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 405 nm but also 425 nm. The two
differently sized LEDs mentioned above were also prepared.

Finally, we fabricated VCSELs with 6 nm GaInN 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-µm-diameter SiO2 aperture. A transparent 20 nm ITO
p-electrode was formed on the SiO2 aperture. In addition, a
Nb2O5 spacer layer and an 8-pair SiO2=Nb2O5 DBR were
deposited on the ITO p-electrode to form the VCSEL cavity.

The reflectivity of the 8-pair SiO2=Nb2O5 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 (6 nm QWs) and B (3 nm QWs) are shown in
Fig. 3(a) under high current densities up to 10 kA=cm2 and
(b) under low current densities up to 100A=cm2. 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 3 nm QWs. At the same
time, the light output power from the 3 nm 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
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and B (3 nm 5 QWs) at (a) high and (b) at low current densities.
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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
6 nm 5 QWs) under various current densities. In addition,
emission spectra of Sample A, in which all the 6 nm QWs
were identical and emitting 405 nm 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 50A=cm2 to 5 kA=cm2. 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

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 50A=cm2 and more than 5 kA=cm2.
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 6 nm 5 QWs is
sufficiently uniform.

Figure 6 shows the J–V–L characteristics of the VCSEL
with 6 nm GaInN 5 QWs under CW operation at RT. The
threshold current density is 7.5 kA=cm2, and the operating
voltage at the threshold is 4.8V. The differential quantum
efficiency (ηd) is still low, 0.46%, with the maximum output
power of 45 µW at 14 kA=cm2. 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−1 K−1) of AlInN layers.24) Figure 7 shows
emission spectra before and after the threshold. After the
threshold, a narrow (0.4 nm full width at half maximum)
peak at 413.5 nm was clearly observed. We previously
reported a pulsed operation of a nitride-based VCSEL with
the 3 nm GaInN 5 QWs, showing a threshold current density
of 17 kA=cm2.25) A higher optical confinement factor with
thick QWs is one of the reasons for the low threshold current
density.
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4. Conclusions

We have achieved a RT CW operation of a nitride-based
VCSEL using 6 nm GaInN 5 QWs and a 4λ-cavity with a
40-pair AlInN=GaN DBR. The threshold current density
under CW operation at RT was 7.5 kA=cm2 with a narrow
(0.4 nm) emission spectrum of 413.5 nm peak wavelength.
We also showed that the 6 nm GaInN 5 QWs provided a high
optical confinement factor, a sufficient overlap between
electron and hole wave functions, and uniform carrier injec-
tions under high current densities.
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Using the epitaxial lateral growth technique, we compared the crystallinity and relaxation ratio of 3-�m- and 200-nm-thick Al0:5Ga0:5N on an AlN

template and AlN grown by epitaxial lateral overgrowth (ELO-AlN), both of which were grown on a sapphire substrate. Although the relaxation

ratios of 3-�m-thick Al0:5Ga0:5N were almost the same, the misfit dislocation density at the interface and the density of threading dislocations

reaching the surface of Al0:5Ga0:5N 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 AlN underlying layer. We also discuss the difference in the initial growth mode of each Al0:5Ga0:5N

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.1–3) The direct
growth of an AlGaN film on a sapphire substrate leads to
poor material quality.4–6) 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.7) More-
over, the light extraction efficiency of UV light-emitting
diodes (UV-LEDs) with an emission wavelength of lower
than 360 nm on GaN is much lower than that of UV-LEDs
on AlN, because GaN absorbs UV light. Thus, the majority
of UV-LEDs8–10) and laser diodes11) have been fabricated on
a thick AlGaN/AlN template.

However, there is a lattice mismatch as large as 2.4%
between GaN and AlN. Therefore, the generation of misfit
dislocations cannot be avoided when AlGaN is grown on
AlN. It has been reported that the AlN molar fraction density
of dislocations generated in AlGaN on underlying AlN
depends on the AlN molar fraction.12,13) These reports
suggest that the highest dislocation density occurs in
AlGaN with an AlN molar fraction of approximately 0.5.
Furthermore, the microstructure and relaxation process of
Al0:5Ga0:5N on AlN with threading dislocation densities
(TDDs) of approximately 1� 109 and 3� 1010 cm�2 have
been reported.14–16) These reports show that the relaxation
mechanism of AlGaN changes with the TDD of the AlN
underlying layer. In the case of Al0:5Ga0:5N on AlN with
a TDD of approximately 3� 1010 cm�2, AlGaN films are
relaxed by the inclination of a-type pure edge threading
dislocations (TDs) with Burgers vector b ¼ ð1=3Þh11�20i.

AlN films with a low dislocation density of approxi-
mately 2� 108 cm�2 grown by epitaxial lateral overgrowth
(ELO) have been reported.17) Using this technique, an
improvement in the internal quantum efficiency of UV-
LEDs has been reported.18) As can be seen from the above,
the relaxation process in AlGaN on an AlN 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-AlN. However, there have been no reports on the

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

In this study, we characterized Al0:5Ga0:5N on an ELO-
AlN 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-�m- and 200-nm-thick Al0:5Ga0:5N on an AlN template
and ELO-AlN, 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-�m-thick AlN was grown
on the sapphire substrate at a high growth temperature of
1,400 �C19,20) at 100 Torr. The total TDD of the AlN film
used in this work was approximately 1� 109 cm�2. Periodic
grooves along the h1�100i axis, where the width, spacing, and

(a)

(b)

Fig. 1. (Color online) Schematic views of (a) 200-nm- and 3-�m-thick

Al0:5Ga0:5N grown on AlN template, and (b) 200-nm- and 3-�m-thick

Al0:5Ga0:5N grown on ELO-AlN.
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depth are 3, 3, and 1 �m, respectively, were formed on
the AlN. Then, the AlN grooves were embedded in an
approximately 20-�m-thick ELO-AlN layer. We succeeded
in growing a low-dislocation-density AlN template with an
almost uniform dislocation density of 2� 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-�m-thick Al0:5Ga0:5N
layers were grown on the ELO-AlN underlying layer. We
also fabricated 200-nm- and 3-�m-thick Al0:5Ga0:5N on AlN
templates with an average TDD of 1� 109 cm�2 as shown in
Fig. 1(a). The AlN molar fraction in AlGaN was estimated
from the lattice constants a and c determined by X-ray
diffraction measurements.21–23) Cross-sectional TEM speci-
mens of Al0:5Ga0:5N samples were prepared using the
focused ion beam technique with low-energy Arþ-ion
milling. Plan-view TEM specimens were prepared from
the Al0:5Ga0:5N samples by standard mechanical polishing
and Arþ-ion milling techniques. The microstructure of the
Al0:5Ga0:5N films was analyzed by TEM operating at
300 kV. All observation directions were parallel to the
h1�100i direction. We also used the g � b method24) 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 (20�24) diffraction and by
AFM, respectively.

3. Results and Discussion

Figure 2 shows the relaxation ratio in Al0:5Ga0:5N as a
function of Al0:5Ga0:5N thickness characterized by XRD
mapping around the (20�24) 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 c for the AlGaN films on AlN template and
ELO-AlN. We concluded that AlGaN samples with almost
the same relaxation ratio and AlN molar fraction can be
obtained even on different underlying layers.

Figure 3 shows bright-field plan-view TEM images of
(a) 3-�m-thick Al0:5Ga0:5N on an AlN template and (b)
3-�m-thick Al0:5Ga0:5N on ELO-AlN. From these figures,
the TDDs of the Al0:5Ga0:5N samples were approximately
8:3� 109 and 2:6� 109 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 Al0:5Ga0:5N
samples were almost the same, the densities of misfit

dislocations of Al0:5Ga0:5N on the AlN template and ELO-
AlN were significantly different.

Figure 4 shows dark-field cross-sectional TEM images of
(a) 3-�m-thick Al0:5Ga0:5N grown on the AlN template and
(b) 3-�m-thick Al0:5Ga0:5N grown on ELO-AlN, taken along
the [1�100] projection with a diffraction vector of g ¼ ½11�20�.
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 Al0:5Ga0:5N and AlN. Figure 5 shows
a bright-field plan-view TEM image at the Al0:5Ga0:5N/
ELO-AlN interface extracted from 3-�m-thick Al0:5Ga0:5N
grown on ELO-AlN. From this figure, the misfit dislocation
density (MDD) generated at the interface between AlGaN
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Fig. 2. (Color online) Relaxation ratio in Al0:5Ga0:5N as a function of

Al0:5Ga0:5N thickness grown on AlN template and ELO-AlN.

Fig. 3. Plan-view TEM images and TDs at the surface: (a) 3-�m-thick

Al0:5Ga0:5N grown on AlN template and (b) 3-�m-thick Al0:5Ga0:5N grown

on ELO-AlN.

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

(a) 3-�m-thick Al0:5Ga0:5N grown on AlN template and (b) 3-�m-thick

Al0:5Ga0:5N grown on ELO-AlN, taken along the [1�100] projection with

diffraction vector of g ¼ ½11�20�.

Fig. 5. Plan-view TEM image of 3-�m-thick Al0:5Ga0:5N grown on ELO-

AlN near the interface, taken along the [0001] projection.

K. Ide et al.Jpn. J. Appl. Phys. 52 (2013) 08JE22

08JE22-2 # 2013 The Japan Society of Applied Physics



and AlN in this sample is approximately 2:6� 109 cm�2.
In contrast, the MDD of the 3-�m-thick Al0:5Ga0:5N grown
on the AlN template is approximately 7:9� 109 cm�2. That
is, there were significant differences in MDD depending on
the underlying AlN layer.

Figures 6 and 7 show the MDD and TDD of Al0:5Ga0:5N
as a function of the Al0:5Ga0:5N thickness, respectively.
From these figures, the TDD of Al0:5Ga0:5N on the AlN
template is almost the same as the MDD, but the TDD
of Al0:5Ga0:5N on ELO-AlN is lower than the MDD. Next,
we performed AFM observation of the 200-nm-thick
Al0:5Ga0:5N on an AlN template and ELO-AlN to investigate
the initial growth modes in Al0:5Ga0:5N. Figure 8 shows
AFM images of (a) 200-nm-thick Al0:5Ga0:5N grown on an
AlN template and (b) 200-nm-thick Al0:5Ga0:5N grown on
ELO-AlN. From these figures, we confirmed that the growth
modes of AlGaN on the AlN template and ELO-AlN are
significantly different and involve two-dimensional growth
and three-dimensional growth, respectively. We also char-
acterized the surface structure of ELO-AlN from the AFM
and TEM images. From these images, small steps of
approximately 40 nm at intervals of 6 �m 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 Al0:5Ga0:5N on an AlN template is two-
dimensional, as observed from the initial growth of
Al0:5Ga0:5N. In contrast, the initial growth of Al0:5Ga0:5N
on ELO-AlN was three-dimensional via the nucleation of

Al0:5Ga0:5N. In Al0:5Ga0:5N on the AlN template, most of the
misfit dislocations generated at the Al0:5Ga0:5N/AlN 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.25,26) Thus, we consider that the three-dimen-
sional growth contributes to the relaxation in Al0:5Ga0:5N
on ELO-AlN, in addition to the generation of the misfit

Fig. 6. (Color online) MDD at the interface as a function of thickness of

Al0:5Ga0:5N grown on AlN template and ELO-AlN.

Fig. 7. (Color online) TDD at the surface as a function of thickness of

Al0:5Ga0:5N grown on AlN template and ELO-AlN.

Fig. 9. (Color online) Modes of initial growth and growth at a thickness

of 3�m for (a) Al0:5Ga0:5N grown on AlN-template and (b) Al0:5Ga0:5N

grown on ELO-AlN.

Fig. 8. (Color online) AFM images of (a) 200-nm-thick Al0:5Ga0:5N

grown on AlN-template and (b) 200-nm-thick Al0:5Ga0:5N grown on ELO-

AlN.
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dislocations. Therefore, the MDD in Al0:5Ga0:5N on ELO-
AlN is less than that of Al0:5Ga0:5N on the AlN template.
In addition, the misfit dislocations are bent laterally by
three-dimensional growth. Many threading dislocations
do not reach the surface owing to their termination by
loop formation. This mechanism explains the significant
difference in the TDD of Al0:5Ga0:5N on an AlN template
and ELO-AlN, even though the relaxation ratios of the
Al0:5Ga0:5N are almost the same.

4. Conclusions

We compared the crystallinity and relaxation ratio of 3-�m-
and 200-nm-thick Al0:5Ga0:5N on AlN templates and ELO-
AlN grown on sapphire substrates. Although the relaxation
ratios were almost the same, the increases in the misfit
dislocation densities of the Al0:5Ga0:5N on the AlN template
and ELO-AlN were significantly different. We also con-
firmed that the growth modes of Al0:5Ga0:5N on the AlN
template and ELO-AlN are significantly different and ex-
hibit two-dimensional growth and three-dimensional growth,
respectively.
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1 Introduction GaInN 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 
GaInN films in high-efficiency solar cells is also expected 
[2]. The bandgap of GaInN 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 GaInN-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 GaInN-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 107 cm–2 [4, 5]. Moreover, 
GaInN-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 GaInN, which is caused 
by the generation of misfit dislocations (MDs) at the 
GaInN/GaN interface and built-in electrostatic fields [8, 9]. 
GaInN films with a high InN molar fraction on GaN have 

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 GaInN/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 GaInN/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 GaInN/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″ × 3 wafer horizontal-flow reactor. After the growth of a 
3-μm-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, GaInN films of approxi-

Strain relaxation in a GaInN/GaN heterostructure is analyzed
by combining in situ X-ray diffraction (XRD) monitoring and
ex situ observations. Two different characteristic thicknesses
of GaInN 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 GaInN thickness. This in situ

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



212 D. Iida et al.: Analysis of strain relaxation process in GaInN/GaN heterostructure 

 

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  www.pss-rapid.com 

st
at

u
s

so
lid

i

p
h

ys
ic

a rrl

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 × 108 cm–2, which was characterized by plan-view trans-
mission electron microscopy (TEM). We evaluated GaInN 
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) 2θ/ω 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 c can be simultaneously characterized from the 
FWHM [18]. We observed the GaInN surface structure and 
defects close to the GaInN/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 Ga0.87In0.13N/GaN heterostructures are shown in 
Fig. 1(a); the InN molar fraction in GaInN 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,    
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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 Ga0.87In0.13N film 
thickness. The experimental FWHMs include the tilt distribution 
of (0002) diffraction. This indicates that the critical thickness for 
the strain relaxation process, hc1, can be obtained by comparing 
the results of experiments and simulations. The inset of (b) shows 
the derivative of the FWHM with respect to Ga0.87In0.13N film 
thickness. 

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 FWHMs of the 
Ga0.87In0.13N films during growth. The FWHM of the 
Ga0.87In0.13N 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 GaInN 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 
Ga0.87In0.13N film thickness up to approximately 20 nm. 
However, the FWHMs of the Ga0.87In0.13N films with 
thicknesses exceeding 20 nm tended to deviate from the 
simulation values. Then, the FWHM started to saturate at a 
GaInN 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 Ga0.87In0.13N films. Therefore, 
we defined hc1 and hc2 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 Ga0.87In0.13N films grown on GaN layers. 
The TDs almost reached the surfaces of the Ga0.87In0.13N 
films grown on the GaN layers in stage (I). We found that 
the Ga0.87In0.13N films formed surface pits at the ends of 
the TDs with increasing Ga0.87In0.13N film thickness in 
stage (II). In general, surface pits are formed along an in-
clined {1101} plane [20]. Here, TDs appear to laterally ex-
tend with increasing Ga0.87In0.13N 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 
Ga0.87In0.13N and GaN. Then, the surface pits expand with 
increasing Ga0.87In0.13N film thickness, as shown in 
Fig. 2(f) and (g). It is considered that this promotes the 
fluctuation of the InN molar fraction in GaInN films by the 
composition pulling effect [11, 12]. Therefore, hc1 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 hc1 increases with increasing apparent 
FWHM. Moreover, the density of surface pits increased 
with increasing Ga0.87In0.13N film thickness, as shown in 
Fig. 2(h). The formation of additional surface pits on the 
Ga0.87In0.13N films was mainly caused by TDs induced via 
the generation of MDs with strain relaxation in the 
Ga0.87In0.13N/GaN heterostructure in stage (III). We found 
that a network of MDs was generated along the 1100· Ò di-
rection close to the Ga0.87In0.13N/GaN heterointerface; such   
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Figure 2 (online colour at: www.pss-rapid.com) Summary of several ex situ measurements of Ga0.87In0.13N films with various thick-
nesses showing plan-view (a)–(d) bright-field TEM and (e)–(h) SEM images, and XRD reciprocal space maps (i)–(l) 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 {1123} direc-
tion in the {1122} plane system [21], as shown in Fig. 2(d). 
This result suggests that (a + c)-type MDs were induced at 
the Ga0.87In0.13N/GaN interface with strain relaxation in 
Ga0.87In0.13N. Therefore, although FWHMs by this in situ 
XRD do not give any direct information on relaxation,  
hc1 and hc2 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 GaInN 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 Ga0.87In0.13N 
films. At thicknesses exceeding hc2, we only observed the 
relaxation of MD generation at the heterointerface by ex 
situ XRD reciprocal space mapping as shown in Fig. 2(l). 
That is, relaxation in GaInN can only be confirmed  
by XRD reciprocal space maps above a thickness of  
hc2. Therefore, in situ XRD monitoring was shown to be a 
useful method for evaluating hc1 in the thin-film growth 
stage.    
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Figure 3 (online colour at: www.pss-rapid.com) Summary of 
GaInN critical thicknesses hc1 and hc2 for various InN molar frac-
tions. The black circles and red triangles indicate the value of  
hc1 and hc2, respectively, obtained by in situ XRD measurements. 
Blue triangles, circles, and stars indicate ex situ measurement  
results for the cases of no pits or misfit dislocations, the appear-
ance of pits and TD bending, and the appearance of misfit dislo-
cations, respectively. The results obtained in situ and ex situ were 
in good agreement. Theoretical values were taken from Refs. 
[22–25]. 
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We also investigated the values of hc1 and hc2 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 hc1. 
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 GaInN films is caused 
by the formation of bent TDs and the opening up of surface 
pits. We also observed the behavior of defects in 
GaInN/GaN heterostructures with several GaInN 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 GaInN 

films during growth by in situ XRD monitoring. The evo-
lutions of XRD peaks and FWHMs were obtained as func-
tions of the GaInN film thickness. Two different features 
of strain relaxation were found: the formation of surface 
pits with bending TDs and the introduction of (a + c)-type 
MDs. The in situ XRD monitoring system proposed here 
enabled us to indicate the lattice properties and observe 
several strain relaxation features of GaInN 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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surface-emitting lasers with n-type conducting AlInN/GaN distributed
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The room-temperature continuous-wave operation of a 1.5λ-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 AlInN/GaN
DBR so that the current was injected through the DBR for the operation. The threshold current was 2.6mA, corresponding to the threshold current
density of 5.2 kA/cm2, and the operating voltage was 4.7V. 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

G
aN-based vertical-cavity surface-emitting lasers
(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)1–10) or a combination of a top
dielectric DBR and a bottom undoped GaN-based DBR11–16)

have been demonstrated. Although most of the commercial-
ized infrared VCSELs utilize conducting GaAs-based
DBRs,17) most of the GaN-based VCSELs 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 (∼1λ) 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 Al0.4Ga0.6N=
GaN DBR, showing a peak reflectivity of 91% at 400 nm and
a series resistance of 180Ω in a microcavity LED config-
uration.18) Then, a 20.5-pair n-type AlN=GaN DBR grown on
a SiC substrate by MBE showed a peak reflectivity of 99% at
450 nm and a specific series resistance of 2 × 10−3Ω cm2.19)

Also, a 40-pair n-type Al0.12Ga0.88N=GaN DBR showed a
peak reflectivity of 91.6% at 368 nm and a bulk resistivity
of 0.52Ω cm.20) 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 Al0.82In0.18N=GaN DBRs.21,22) AlInN is
lattice-matched with GaN, so that the AlInN=GaN DBRs
have potentials of higher material quality and reflectivity than
the AlGaN=GaN DBRs,23,24) possibly comparable to the
GaAs-based DBRs.25) 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 0.5 µm=h.21)

Regarding the conductivity, it must be considered that the
large polarization charges induced at the AlInN=GaN inter-

faces markedly affect the vertical conductivity through the
interfaces.26) 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.22,27)

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 × 1018 cm−3, thick-
ness: 330 µm) 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 5 nm
n+-GaN contact layer was prepared in order to investigate
vertical current injection. A 1.0 µm n-GaN buffer layer with
a Si concentration of 6.0 × 1018 cm−3 was grown before the
DBR growth. The thicknesses of AlInN and GaN were 40–45
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 × 1020 cm−3 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.22) Although the Si concentrations in most regions
were in the range of 1018–1019 cm−3, a very high Si concen-
tration (6 × 1019 cm−3) was doped in 15 nm regions including

(a) (b)

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 AlInN=GaN
layers.
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the top AlInN interfaces with GaN at which a large negative
polarization charge concentration (3 × 1013 cm−2) was gen-
erated. Note that Si could be ionized and positively charged
with the concentration of 6 × 1019 cm−3 in the 15 nm regions
corresponding to a sheet concentration of 9 × 1013 cm−2.
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.22,27) A 60-µm-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 (J–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,15,16) 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 1.25λ-cavity containing
50 nm n-GaN, five 3 nm GaInN=6 nm GaN quantum wells, a
20 nm p-Al0.2Ga0.8N electron blocking layer, 60 nm p-GaN,
and a 10 nm p+-GaN contact were continuously grown on the
DBR. Next, a 39 µm mesa of 200 nm height was formed on
the wafer for device isolation by dry etching. Note that the
Si-doped AlInN=GaN DBR was hardly etched out in the
VCSEL structure. Then, 10 nm SiO2 with an 8-µm-diameter
aperture, a 20 nm indium–tin oxide (ITO) p-electrode, and a
32 nm Nb2O5 spacer layer were deposited, forming a 1.5λ-
cavity. The emission area was defined by the 8-µm-diameter
aperture of SiO2. Next, an 8-pair Nb2O5=SiO2 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

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 × 10−4Ω cm2 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 × 10−4Ω cm2 or lower, which
is lower than that previously reported for the GaN-based
DBR,19) but still higher than that reported for a p-type
GaAs-based DBR (6.2 × 10−5Ω cm2).17)

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 1.5λ-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 2.6mA, 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 AlInN layers.28) Figure 7
shows light output power as a function of polarizer angle at

Fig. 2. Schematic of a 1.5λ-cavity GaN-based VCSEL with vertical
current injection through the n-type conducting AlInN=GaN DBR.

Fig. 3. J–V characteristics of a 10-pair Si-doped AlInN=GaN DBR.
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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 2.6mA, corresponding to a threshold
current density of 5.2 kA=cm2. The operating voltage and
differential device resistance at the threshold current were
4.7V and 250Ω, respectively. Previously, we demonstrated
the 4λ-cavity GaN-based VCSEL containing the double
intracavity contacts with the insulating AlInN=GaN DBR.
The VCSEL showed a 7.5 kA=cm2 threshold current density
and a 4.8V operating voltage.16) Thus, we concluded that the

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
1.5λ-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

Fig. 5. 2 × 2 µm2 AFM image of a 46-pair n-type conducting AlInN=GaN
DBR.

(a)

(b)

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 AlInN=GaN
DBR.

(a)

(b)

Fig. 6. (a) I–L–V characteristics and (b) emission spectra of the 1.5λ-
cavity GaN-based VCSEL with the 46-pair n-type conducting AlInN=GaN
DBR.

Fig. 7. Light output power of a VCSEL as a function of polarizer angle at
5.0mA.
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5.2 kA=cm2 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-GaInN optical gate or inserting a GaInN channel layer between AlGaN and GaN. In

addition, the photosensitivity of AlGaN/GaN HFET photosensors with a p-GaInN optical gate was more than two orders of magnitude higher than

that of the AlGaN/GaN HFET photosensor with a GaInN channel layer. Moreover, the photosensitivity of the AlGaN/GaN HFET photosensor with

a p-GaInN 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-III-nitride semiconductors, i.e., InN, GaN, AlN,
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 for light in the UV to near-infrared range, which
includes the entire visible region. High-performance emit-
ters, such as UV-,4,5) blue-, green-, and white-light-emitting
diodes6) and UV-7) violet-,8) blue-,9) and green10)-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-transistors11,12) and solar cells.13,14) More-
over, the nitride-based photosensors in the UV-region have
also attracted attention for such applications as flame
detection and biosensors.14–19) 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.20)

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.21)

Figure 1 shows schematic diagrams of the operating
principle of this device. Such devices take advantage of the

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 104 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 AlGaN/GaN heterointerface is approximately 1000
cm2 V�1 s�1. 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

c-plane Sapphire

LT-Buffer Layer
u-GaN

u-AlGaN

c-plane Sapphire

LT-Buffer Layer
u-GaN

u-AlGaN

Light
Depletion layer

2DEG

p-GaN p-GaN

(a) (b)

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.
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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.22) 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-GaInN optical gate. This structure is
a stack comprising a 3.0-�m-thick unintentionally doped
GaN (u-GaN) layer, a 12-nm-thick unintentionally doped
Al0:2Ga0:8N (u-Al0:2Ga0:8N) barrier layer, and a 110-nm-
thick Mg-doped p-Ga0:86In0:14N layer with a Mg concentra-
tion of approximately 3� 1019 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-�m-thick
u-GaN layer, a 2-nm-thick u-Ga0:90In0:10N channel layer, a
12-nm-thick u-Al0:2Ga0:8N barrier layer, and a 110-nm-thick
Mg-doped p-GaN layer with a Mg concentration of
approximately 3� 1019 cm�3. In type III [Fig. 2(c)], we
fabricated the AlGaN/GaN HFET with a 120-nm-thick
p-GaN optical gate as a reference. The AlN molar fraction
and thickness of the AlGaN barrier layer were determined
by X-ray diffraction 2�=! scans with (0002) diffraction. The
hole concentrations in the p-Ga0:86In0:14N and p-GaN optical
gates were approximately 2� 1018 and 1� 1018 cm�3 at
room temperature (RT), respectively.

After the activation of Mg acceptors by heating at 525 �C
for 4min in N2, mesa isolation was performed by Cl2
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-Al0:2Ga0:8N layer. The length and width of the p-GaInN
optical gate were 2 and 100 �m, respectively, and the
interval between the anode and cathode contacts was 8 �m.
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 5 nm 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 �W/cm2. Since the light-
receiving area was 200 �m2, 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

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-GaInN optical gate, the GaInN channel, and the p-GaN
optical gate were approximately 450, 410, and 375 nm,
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-GaInN optical
gate or the GaInN channel layer. In addition, the photosensor
with the p-Ga0:8In0:2N optical gate exhibits photosensitivity
up to a longer wavelength of 450 nm. This is considered
to be due to the difference in the InN molar fraction in the
p-GaInN optical gate and the GaInN channel. Moreover,
the maximum photosensitivity of the photosensor with the
p-GaInN optical gate is three orders of magnitude higher
than that of the GaInN-channel sample. Since the mobility of
the HFET with a GaInN channel is about two orders of
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Fig. 2. (Color online) Schematic views of device structures: (a) HFET-

type photosensor with p-GaInN optical gate, (b) HFET-type photosensor

with GaInN channel layer, and (c) HFET-type photosensor with p-GaN

optical gate.
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magnitude lower than that of the AlGaN/GaN HFET,23) we
inferred that such a difference in photosensitivity indeed
exists in these devices. Therefore, we concluded that the
p-GaInN 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-GaInN optical gate and the GaInN channel were on
the order of 102 and 104, 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 S2387-1010R),24) Si avalanche photodiodes
(APD; Hamamatsu Photonics S8664-55),25) and photomul-
tiplier tubes (Hamamatsu Photonics H7421-40, H7421-50,
R928, and R3896).26) The photosensitivity of the HFET-type
photosensor with a p-GaInN 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-GaInN optical gate and GaInN 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-GaInN optical gate and GaInN channel devices. Therefore,

we believe that the dark current is possible to be reduced by
optimizing the device structure.27,28)

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-GaInN optical gate, which are both estimated to be
less than 1 ns.29,30) 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-GaInN optical gate or GaInN channel layer. Since the
maximum photosensitivity of a photosensor with the
p-GaInN optical gate is three orders of magnitude higher
than that of the GaInN-channel sample, we concluded that
the p-GaInN optical gate for controlling the detection
wavelength of the AlGaN/GaN HFET-type photosensors is
the best structure. The photosensitivity of the HFET-type
photosensors with a p-GaInN 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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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, 
AlN, 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-

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-GaInN 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-GaInN 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. 

AlGaN/GaN hetero-field-effect-transistor-type (HFET-type)
photosensors are fabricated with a p-GaInN 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

 p-GaInN optical gate, the wavelength range of the photosen-
sitivity of the HFET-type photosensors can be controlled. The
photosensitivity of the AlGaN/GaN HFET-type photosensors
with a p-GaInN optical gate greatly surpassed those of com-
mercially available Si pin and Si avalanche photodiodes, and
was comparable to those of photomultiplier tubes. 
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2 Experimental procedure Figure 1 shows a sche-
matic view and a microscopic top-view image of an HFET-
type photosensor with p-GaInN 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-μm-thick  
unintentionally doped GaN (u-GaN) layer, a 12-nm-thick 
unintentionally doped Al0.2Ga0.8N (u-Al0.2Ga0.8N) barrier 
layer, and a Mg-doped p-GaInN layer with a Mg concen-
tration of approximately 3 × 1019 cm–3 were grown. We 
fabricated two devices with p-GaInN layer having InN mo-
lar fractions of 0.14 and 0. The AlN molar fraction and 
thickness of the AlGaN barrier layer were determined by 
X-ray diffraction 2θ/ω scans with (0002) diffraction. The 
hole concentrations in the p-Ga0.86In0.14N and p-GaN opti-
cal gate, which were determined by Hall effect measure-
ment, were approximately 2 × 1018 and 3 × 1018 cm–3 at 
room temperature (RT), respectively.  

After the activation of Mg acceptors by heating to 
525 °C for 4 min in N2, mesa isolation was performed by 
Cl2 reactive ion etching (RIE). Next, the p-GaInN 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-Al0.2Ga0.8N layer. The length and the 
width of p-GaInN optical gate were 2 μm and 100 μm, re-
spectively, and the interval between the anode and cathode 
contacts was 8 μm. 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 cm2/Vs. How-
ever, in presence of a p-GaInN 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 104 V/cm acts across the depletion 
layer. Next, however, when by the irradiation of light onto 
the p-GaInN 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- 

 

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

diation of weak light in the AlGaN/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 μW/cm2. Since the 
light-receiving area was 200 μm2, 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-Ga0.86In0.14N and p-GaN 
optical gates with a driving voltage between the anode and 
the cathode (VAC) of 5 V 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 104 A/W. Also, dark cur-
rent densities of the photosensors with the p-Ga0.86In0.14N 
and p-GaN optical gates of approximately 1 μA/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 102 and 104,  
respectively. The dark current of such HFET-type photo-
sensors using a p-GaInN 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-GaInN 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-Ga0.86In0.14N and p-GaN optical gates 

  

300 350 400 450
0

1x10
4

2x10
4

3x10
4

4x10
4

5x10
4

P
h
o

to
s
e
n

s
it
iv

it
y
 [

A
/W

]

Wavelength [nm]

VAC = 5 V

RT

300 350 400 450 500
0

1x10
5

2x10
5

3x10
5

4x10
5

5x10
5

VAC = 5 V

RT

P
h
o

to
s
e
n

s
it
iv

it
y
 [

A
/W

]

Wavelength [nm]

(a) p-GaInN (b) p-GaN  
Figure 2 (online colour at: www.pss-rapid.com) Mono- 
chromatic photosensitivity of HFET-type photosensors with (a)  
p-Ga0.86In0.14N and (b) p-GaN optical gates. 
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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-GaInN optical gate. In addition, the photosensor with the 
p-Ga0.86In0.14N 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-GaInN 
since this device has a thick GaInN 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-
GaInN 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-GaInN opti- 
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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. 

cal gate. In a previous report, cutoff frequency of junction 
HFET using p-GaInN 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-GaInN 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-GaInN 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-GaInN 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 Al0.08Ga0.92N epitaxial 
layers on (100) β-Ga2O3 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 Al0.08Ga0.92N on β-Ga2O3 

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  
β-Ga2O3 substrates. 

 

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

1 Introduction Group III-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 GaInN-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, 
GaInN-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. β-Ga2O3 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 β-Ga2O3 and make it possible to 
realize vertical conductive LEDs. Therefore, β-Ga2O3 is a 
promising material for the substrate of vertical UV LEDs. 
Several groups have reported the GaN epitaxial growth on 
β-Ga2O3 and GaInN-based blue LEDs [7, 8]. Moreover, 

our group has reported AlGaN with mirror surfaces on β-
Ga2O3 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 
β-Ga2O3 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) β-Ga2O3 substrates, GaN and AlGaN were grown us-
ing facet layers reported previously [10]. The thermal an-
nealing temperature of β-Ga2O3 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 NH3. Moreover, the thermal annealing and 
growth of GaN and Al0.08Ga0.92N were carried out in nitro-
gen ambient, because β-Ga2O3 substrates were etched using 
hydrogen. The GaN and Al0.08Ga0.92N growths were carried 
out using LT-GaN. AlxGa1-xN (0001) films grow epitaxi-
ally on (100) β-Ga2O3 substrates with an in-plane epitaxial 
relationship of AlxGa1-xN [1-100]∥β-Ga2O3[001] [11]. 
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Figure 1 shows the timing charts of the growth tem-
peratures of GaN and Al0.08Ga0.92N without facet 
AlxGa1-xN layers. After performing the thermal annealing 
for 3 min at 1100 °C and deposition of LT-GaN at 550 °C, 
GaN and Al0.08Ga0.92N of approximately 2.0-μm-thick were 
grown at 1080 °C.  
 
 
 
 
 
 
 
 
 

Figure 2 shows the timing charts of the growth tem-
peratures of GaN and Al0.08Ga0.92N grown with facet-
AlxGa1-xN 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-AlxGa1-xN 
layers. In addition, approximately 300-nm-thick facet-GaN 
or Al0.08Ga0.92N was grown at 1020 and 950 °C. The 
growth temperatures of the GaN and Al0.08Ga0.92N facets 
were lower than those of conventional GaN and 
Al0.08Ga0.92N layers to enhance island growth. Finally, GaN 
and Al0.08Ga0.92N of approximately 2.0-μm-thick were 
grown on facet-GaN and Al0.08Ga0.92N 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. 
  
 
 
 
 
 
 
 
 
 
 
 

3 Results  
3.1 Impact of thermal annealing temperature on β-
Ga2O3 Figure 3 shows AFM images of (a) (100) β-Ga2O3 
substrate and (100) β-Ga2O3 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 β-Ga2O3 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 

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
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.  
 
   
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Growth of GaN on facet layers Figure 5 shows 
plan-view SEM images of approximately 2.0-μm-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 (c) 950 °C and (d) 1100 °C were smooth 
and crack-free. 
 
  

Figure 3 Plan-view AFM images of (a) (100) β-Ga2O3 sub-
strate and (100) β-Ga2O3 substrate thermal-annealed at (b) 
600 °C, (c) 800 °C, (d) 950 °C, and (e) 1100 °C for 3 min. 

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. 

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

Figure 1 Timing chart of the growth temperatures  of  
GaN and  AlGaN. 
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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 β-Ga2O3 substrates. Further 
evaluation is necessary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
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 1.9x1010 and 
2.5x109 cm-2, respectively. The threading dislocation den-

sity of GaN on (100) β-Ga2O3 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) β-Ga2O3 substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4 Result of Al0.08Ga0.92N The Al0.08Ga0.92N was grown 
under the same growth conditions of GaN. Only the facet-
Al0.08Ga0.92N growth temperature was changed to 950 °C. 
Figure 9 shows a plan-view SEM images of facet-
Al0.08Ga0.92N and an approximately 2.0-μm-thick 
Al0.08Ga0.92N layer grown on facet-Al0.08Ga0.92N samples at 
1080 °C. Moreover, facet-Al0.08Ga0.92N made it possible to 
obtain a smooth surface. 
   Figure 10 shows the XRC FWHM of Al0.08Ga0.92N with-
out and with the facet-Al0.08Ga0.92N layer. The calculated 
dislocation densities of GaN without and with the facet-
GaN layer were 2.6x1010 and 4.9x109 cm-2, respectively. 
 
 
 

Figure 5 Plan-view SEM images of 2.0-μm-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 XRC FWHM of GaN for various thermal annealing 
temperatures. 

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

Figure 8 PL spectra of GaN without and with facet sample 
formed by thermal annealing at 950 °C.
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Figure 11 shows the PL spectra of the samples without 

and with the facet-Al0.08Ga0.92N layer. These results show 
that the facet-Al0.08Ga0.92N layer is useful for growing 
high-quality Al0.08Ga0.92N on (100) β-Ga2O3 substrate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4 Conclusion The thermal annealing of β-Ga2O3 sub-
strate at 950 °C led to the form ation of GaN and 
Al0.08Ga0.92N having an inclined facet covering whole sur-
faces, resulting in high-quality GaN and Al0.08Ga0.92N on β-
Ga2O3 substrates. The facet-controlled method with β-

Ga2O3 substrates is useful for high-efficiency vertical UV 
LEDs in the future. 
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Relationship between misfit-dislocation formation and initial threading-dislocation density

in GaInN/GaN heterostructures
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The dependence of the critical thickness for the introduction of misfit dislocations in a GaInN/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 GaInN 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

GaInN ternary alloys have bandgaps extending from less
than 0.65 to 3.4 eV, and therefore are used as active layers
in commercially available visible-light-emitting devices.1)

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.2–5) Most devices employing
GaInN films are fabricated on GaN, because the growth of
thick GaInN 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 GaInN=GaN heterostruc-
tures,6–11) 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 GaInN=GaN
heterostructures is insufficient. For example, the reported
values for the critical thickness in GaInN=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 GaInN films during metal organic vapor phase
epitaxy (MOVPE).12,13) 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 GaInN by analyzing the full width at half maximum
(FWHM) of the in situ GaInN XRD spectrum.

In the present study, the critical thickness of introduced
MDs in GaInN=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 GaInN films depended significantly on the dislocation
density in the underlying GaN layers.

2. Experimental procedure

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

Sanso GRC-230X) with a face down 2-in. × 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
GaInN. For the sapphire substrate (∼330 µm), the GaInN
samples were fabricated on an approximately 3-µm-thick
GaN template grown using a low-temperature buffer layer.
The TD densities of the GaN template and free standing GaN
substrate (∼330 µm) were approximately 3 × 108 cm−2 and
less than 3 × 106 cm−2, respectively. After the growth of a
1-µm-thick homoepitaxial GaN layer at 1,050 °C on the GaN
substrate or template using H2 as the carrier gas at 933 hPa,
each sample was cooled to 730–800 °C and the carrier gas
was changed to N2. A GaInN layer was then grown on
each homoepitaxial GaN layer. The InN mole fraction in the
GaInN film was varied from 0.1 to 0.22 by adjusting the
growth temperature. The mole ratio of TMI to TEG during
GaInN growth was fixed at approximately 0.67.

The GaInN 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) 2θ=ω scan in 1 s during the rotation of the wafers
without requiring the use of an analyzer crystal. Furthermore,
the 2θ 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) 2θ=ω scan at a resolution of 1 arcsec 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 c and tilt mosaicity. The GaInN sur-
face structures and defects close to the GaInN=GaN
heterointerface were also evaluated using SEM and TEM,
respectively.
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3. Results and discussion

Figure 1 shows typical in situ XRD FWHMs for the
Ga0.87In0.13N 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 program14)

(typical X-ray analysis software) are also presented. The
FWHMs for the Ga0.87In0.13N 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 Ga0.87In0.13N

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

To investigate these phenomena, Ga0.87In0.13N 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 Ga0.87-
In0.13N 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 Ga0.87In0.13N 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
GaInN 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 Ga0.87In0.13N films on the GaN
templates in the plan-view TEM images. Note that it was
possible to observe the GaN=GaInN interface because the
thickness of each TEM sample was approximately 250 nm.
The lack of any MDs in the 80-nm-thick Ga0.87In0.13N film
on the GaN template was also confirmed via cross-sectional
TEM analysis. Therefore, lattice relaxation introduced by
MDs did not occur in the Ga0.87In0.13N 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 h1�100i direction close to the
Ga0.87In0.13N=GaN heterointerface, which were induced by
slips along the h11�23i direction in the f11�22g plane
system,16) were observed in the 110-nm-thick Ga0.87In0.13N
sample. The components of the MDs were characterized via
dark-field cross-sectional TEM analysis. Only these a + c-

hc: on GaN template (100 nm)

hc: on GaN substrate (55 nm)

0 50 100 150 200 250 300 350 400
0.0

0.2

0.4

0.6

0.8

1.0

1.2
FW

H
M

 [d
eg

.]

Ga0.87In0.13N thickness [nm]

 Simulation
 GaInN FWHM(GaN substrate)
 GaInN FWHM(GaN template)

Fig. 1. (Color online) Typical in situ XRD FWHMs of the Ga0.87In0.13N
films on GaN templates and substrates.
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type MDs were also observed in the 170-nm-thick Ga0.87-
In0.13N 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 Ga0.87In0.13N sample. Notably,
the hc identified in the in situ XRD analysis matched the
appearance of the a + c-type MDs. Finally, these trends and
relaxation processes were similar even when the InN molar
fraction in the GaInN film was 0.17 (see below).

Notably, for the Ga0.87In0.13N samples on the GaN sub-
strate, growth pits and MDs were not observed during the
initial growth stage up to a Ga0.87In0.13N 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 Ga0.87In0.13N
sample, and a-type MDs were detected in addition to a + c-
type MDs in the 200-nm-thick Ga0.87In0.13N sample. In
addition, many growth pits were seen in the plan-view SEM
image of this Ga0.87In0.13N sample. Also, the photolumines-
cence intensity from GaInN 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 GaInN 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 GaInN films
on the GaN templates. Notably, the appearance of hc was
consistent with the introduction of the a + c-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 + c type-MDs are introduced. Thus, we concluded that hc
indicates the critical thickness at which a + c type-MDs are
introduced.

Next, the critical thickness for the introduction of a + c
type-MDs for various InN molar fractions was investigated.
Figure 4 shows the critical thickness for the introduction

of a + c type-MDs (hc) in the GaInN 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 + c
type-MDs in the GaInN 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
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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 GaInN films on the GaN sub-
strates closely agreed with the calculated results obtained
using the theory of Fischer et al.19) 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
GaInN=GaN heterostructure systems for device applications
based on the introduction of a + c type-MDs.

4. Conclusions

We investigated GaInN=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 + c type-MDs can be obtained via in situ XRD analysis.
In addition, the critical thickness for the introduction of a + c
type-MDs in GaInN was found to depend strongly on the
dislocation density in the underlying GaN layer.
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We optimized pþþ-GaInN/nþþ-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 3 nm pþþ-Ga0:8In0:2N (Mg: 1� 1020 cm�3)/30 nm nþþ-GaN (Si: 4� 1020 cm�3)

structure. We then found that the Mg memory effect was reasonably suppressed by using the pþþ-GaInN instead of a pþþ-GaN. At the same time,

the amount of Si doping in the following nþþ-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 1958.1) 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,2,3)

multijunction LEDs,4,5) and vertical cavity surface-emitting
lasers6–9) 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.10,11) A typical hole concentration in p-GaN is
at most 1� 1018 cm�3,12) and the resistivity is over 1� 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.13,14) 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.15–19) 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 GaInN because GaInN has a small band gap
energy, a high hole concentration,20–23) and potentially large
polarization field due to the piezoelectric effect.24–26) In this
study, we investigate the InN mole fraction dependence
of pþþ-GaInN 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

epitaxy (MOVPE). For the growth of the nitride semicon-
ductor tunnel junctions, triethylgallium (TEGa), trimethyl-
indium (TMIn), ammonia (NH3), 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),27) an undoped
GaN layer, a bottom n-GaN layer, GaInN/GaN multiple
quantum wells (MQWs), a p-AlGaN electron blocking layer,
a p-GaN layer, the tunnel junction (pþþ-Ga1�xInxN/30 nm
nþþ-GaN), a top n-GaN layer, and a nþ-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 pþþ-
GaInN 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 pþþ-GaInN layer was adjusted according to
the InN mole fractions to satisfy the condition of below the
critical thickness.28,29) The second sample series (Sample 3

n+-GaN contact layer 

top n-GaN (500nm) 

n++-GaN (30nm) 

p++-Ga1-xInNxN (3 or 7.5nm) 

p-GaN (100nm) 

p-AlGaN electron-blocking layer. (20nm) 

GaInN/GaN MQW 

bottom n-GaN(3µm) 

u-GaN(3µm) 

LT-GaN 

c-plane sapphire(0001) substrate

Fig. 1. (Color online) Schematics of the n–p–n LED structure with the

tunnel junction.
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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.30) 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 �m2 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 pþþ-GaInN 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 pþþ-GaInN 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
0.2 nm 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 3 nm
pþþ-Ga0:8In0:2N tunnel junction (Sample 3). Even though
the tunnel junction was heavily doped (more than 1� 1020

cm�3), smooth interfaces similar to those of the MQWs were
obtained.

Figure 4 shows I–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 4.38V at 20mA for 0, 0.1, and 0.2 InN
mole fractions in the pþþ-GaInN layers, respectively, while

that of the conventional LED was 3.60V. 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 0.78V at 20mA
for 0, 0.1, and 0.2 InN mole fractions in the pþþ-GaInN
layers, respectively. The results clearly indicate that the
pþþ-GaInN layers contribute to the drastic reductions in
voltage drops at the tunnel junctions. Figure 5 shows the

Table I. InN mole fractions, thicknesses, and Mg concentrations of the

pþþ-GaInN in the tunnel junctions. Si concentrations in nþþ-GaN are also

shown.

InN mole

fraction

Thickness

(nm)

Si concentration

(cm�3)

Mg concentration

(cm�3)

Sample 1 0 7.5 3� 1020 1� 1020

Sample 2 0.1 7.5 3� 1020 1� 1020

Sample 3 0.2 3 3� 1020 1� 1020

Sample 4 0.2 3 3� 1020 2� 1020

Sample 5 0.2 3 3� 1020 5� 1019

Sample 6 0.2 3 6� 1020 1� 1020

Sample 7 0.2 3 1:5� 1020 1� 1020

Fig. 2. (Color online) Bird’s-eye-view AFM images (5� 5 �m2) of the

surface for the LEDs with the pþþ-GaInN tunnel junctions with different

InN mole fractions: (a) 0, (b) 0.1, and (c) 0.2.

Fig. 3. Cross-sectional STEM image of the LED with the 3 nm pþþ-
Ga0:8In0:2N tunnel junction.

Fig. 4. (Color online) Emission patterns of the LEDs with the pþþ-
GaInN 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.
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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. ð1{2Þ � 1020

cm�3 of Mg and 2� 1020 cm�3 of Si were confirmed. We
then found that residual Mg concentrations in the follow-
ing nþþ-layers, so-called Mg memory effect, were sup-
pressed using GaInN as the Mg-doped p-layers in the tunnel
junctions. When the InN mole fraction is 0, the residual
Mg concentration in the nþþ-layer remained high, about
5� 1019 cm�3. On the other hand, with the Mg-doped
pþþ-GaInN layers, the residual Mg concentration steeply
decreased to 1� 1019 cm�3 in the subsequent nþþ-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 �2 and �1=2 doping
concentrations (Samples 3 to 7) were characterized.
Figures 7(a) and 7(b) show I–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 �1=2 Si doping case (Sample 7, Si: 1� 1020 cm�3),
the voltage drop at the tunnel junction was markedly
increased. Note that the residual Mg concentration in the
nþþ-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 �2 Si doping sample (Sample 6, Si: 4�
1020 cm�3) showed further improvement, indicating that
a higher Si concentration within the range used in the

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

Fig. 5. (Color online) I–V characteristics of the three LEDs with pþþ-
GaInN tunnel junctions with different InN mole fractions. The conventional

LED result is also plotted.

Fig. 6. (Color online) Mg and Si doping profiles measured by SIMS in

the LEDs with pþþ-GaInN tunnel junctions with different InN mole

fractions.

(a)

(b)

Fig. 7. (Color online) I–V characteristics of (a) Mg and (b) Si doping

dependences for the LEDs with the tunnel junctions.
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field with the impurity doping. Further investigation will be
necessary to clarify the reason.

Eventually, the lowest voltage drop at the tunnel junction
was 0.68V at 20mA obtained by optimizing the InN mole
fraction and doping concentration, at which the resistance
corresponds to 34�. 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 GaInN and GaN with graded
layers, the position of GaInN layer (currently only the pþþ-
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 pþþ-GaInN/nþþ-GaN tunnel junctions.
By employing the 3 nm pþþ-Ga0:8In0:2N/heavily Si-doped
30 nm nþþ-GaN tunnel junction, we obtained a very low
voltage drop at the tunnel junction (0.68V at 20mA). We
found that the Mg memory effect was reasonably suppressed
using the pþþ-GaInN layer in the tunnel junctions. At the
same time, the amount of Si doping in the subsequent
nþþ-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 AlN layers with trimethylgallium (TMGa) supply on sapphire
substrates at 1100–1250 °C. We found that Ga incorporations into the AlN 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 AlN layer growth at 1150 °C provided very smooth Al0.99Ga0.01N 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 AlN layer on a sapphire substrate is used
as a template. Originally the AlN epitaxial growths were
performed around 1100 °C,1–3) but later on high quality AlN
templates for efficient DUV-LEDs have been achieved by
growing at above 1400 °C.4–11) At the same time, some issues
have been arose related to such a high growth temperature for
AlN. First, the wafer bowing caused by the high growth
temperature, deteriorates wafer uniformity and yield.12,13)

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 AlN layers can be grown at low temperature,
the above issues will be solved. So far high quality AlN layers
grown at temperatures below 1200 °C have been attempted
with various methods,14–20) such as NH3 pulsed injection
and=or migration enhanced epitaxy (MEE).21–24) Recently, it
was also reported that a Ga supply during the AlN growth
contributed to smooth surfaces of the AlN layers.25–27) The Ga
supply during the AlN 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 AlN layer, have not been carried out.

In this study, we systematically investigated growths of
AlN layers under low growth temperature down to 1100 °C
by supplying Ga with various Ga=III supply ratios. The
Al0.97Ga0.03N 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 Al0.99Ga0.01N layers.

2. Experimental methods

All the samples in this study were grown on c-plane sapphire

substrates with a nitridation process by MOVPE.28–30) The
nitridation process was carried out along the following
procedure. First, NH3 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 10min and was held for 1min
with the NH3 flow. Note that no thermal etching under
hydrogen was done for a sapphire substrate. After the
nitridation, a 50 nm AlN buffer layer and an 80 nm AlN
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 AlN layer grown on
the intermediate layer.14) While the growth rate and the V=III
ratio for the buffer layer were 3.0 µm=h and 3.9, those for
the intermediate layer were 0.4 µm=h and 62, respectively.
Finally a 1.8 µm main AlN 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 AlN layer was 1.8 µm=h. The Ga=III supply
ratio was varied from 0 to 0.3. In addition, in order to
investigate the surface morphology evolution during the main
AlN growth, the samples with various thicknesses of the
main AlN layer (from 0 to 4.3 µm) 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 µm 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 µm AlN layer with TMGa supply were observed by
transmission electron microscopy (TEM).

3. Results and discussion

Figure 1(a) shows the 10 × 10 µm2 AFM images of the main
AlN layers grown under various growth temperatures (1100,
1150, 1200, and 1250 °C) with various Ga=III supply ratios
(0, 0.1, 0.18, and 0.3). Figure 1(b) also shows the AFM
images of the main AlN 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
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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=III 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=III ratios also caused rough
surfaces.

We then investigated surface morphology evolutions
during the growth of the main AlN layer up to 4.3 µm,
respectively. Figures 2(a) and 2(b) show a GaN mole fraction
profile measured by SIMS in the 4.3 µm main AlN layer
grown at 1150 °C with 0.10 Ga=III supply ratio, and AFM
images of the surfaces of the main AlN layers with different
layer thicknesses from 0 to 4.3 µm. Note that the 0 µm sample
corresponded to the sample showing the AlN intermediate
layer surface [Fig. 2(b)(i)]. The SIMS result reveals that
the GaN mole fraction at the very beginning of the AlN
main layer was high, 2.1%. Then the GaN mole fraction
was decreased down to 1.2% within the first 1.3 µm 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 µm
layer, which was coincident with the thickness of the graded
AlGaN layer. After the first 1.3 µm layer, the surface
smoothness was kept to be the same up to 4.3 µm. These
results suggest that TMGa supply was very useful to form
smooth surface of the main Al(Ga)N layer.

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 µm main graded AlGaN with TMGa
supply and the second 0.5 µm main AlN 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
AlN layer [Fig. 1(a) 1150 °C for growth temperature
and 0.10 for Ga=III supply ratio], indicating that TMGa
supply plays an important role in the first 1.3 µm layer for the
smooth surface.

Next, we estimated the GaN mole fractions in the main
AlN layers grown under various growth temperatures and
various Ga=III supply ratios. Figure 4(a) shows (0002) 2θ=ω
XRD patterns of the main Al(Ga)N layers grown at 1150 °C
with various Ga=III supply ratios. While a single main peak
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Fig. 1. (Color online) (a) 10 × 10 µm2 AFM images of the main AlN
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 × 10 µm2 AFM images of the main AlN layers grown at 1100 °C with
small Ga=III supply ratios (0.01–0.03).
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Fig. 2. (Color online) (a) a GaN mole fraction profile measured by SIMS
in the 4.3 µm main AlN layer grown at 1150 °C with 0.10 Ga=III supply ratio,
and (b) 1 × 1 µm2 AFM images of the surfaces of the main AlN layers with
different layer thicknesses, (i) 0 µm (the intermediate layer), (ii) 0.5 µm,
(iii) 0.9 µm, (iv) 1.2 µm, (v) 2 µm, and (vi) 4.3 µm.
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was observed from the AlN layer grown without TMGa
supply, two peaks were observed from the main AlN 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 µm graded AlGaN layer
and the second 0.5 µm 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=III
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=III supply ratio. We then plotted the
GaN mole fractions of the very bottom part in the graded
AlGaN layer as a function of Ga=III 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 AlN layer.

Finally we investigated material qualities of AlGaN main
layers. Figures 5(a) and 5(b) show XRD ω scans of ð20�24Þ
and ð10�15Þ planes of two different samples, respectively.
Sample A is the sample grown at 1150 °C, consisting of the

first 1.3 µm graded AlGaN with TMGa supply and the second
0.5 µm main AlN without TMGa supply shown in Fig. 3.
Sample B consisted of the 1.8 µm main AlN 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 µm graded AlGaN and the 0.5 µm
AlN, and the narrower peak on the right side corresponds to
the 0.5 µm AlN. The FWHMs of the peak from the AlN 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 µm AlN layer with TMGa supply (the same
as the SIMS sample in Fig. 2), taken with the reflection
of g ¼ ½11�20�. In the image, pure edge dislocations and
edge=screw-mixed dislocations are observed, and the esti-
mated dislocation density was approximately 5 × 109 cm−2,
which is comparable to that of the AlN layer grown at
1300 °C or higher.31) These results clearly suggest that Ga
supply during the AlN layer growth at less than 1200 °C is
very useful to obtain reasonably high quality AlN layer on
sapphire.

4. Conclusions

We investigated an epitaxial growth of AlN layer with Ga
supply on sapphire at relatively low growth temperature.
Smooth surfaces of the AlGaN 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
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AlN 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
surfaces contained 2–3% GaN mole fractions regardless of
the growth conditions.
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We grew GaNSb layers with H2 and N2 carrier gases by metalorganic vapor phase epitaxy. We estimated the GaSb molar fraction in a GaNSb layer
grown with H2 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 H2 and N2 at various growth temperatures. While GaSb molar
fractions in the H2 case showed a plateau at 0.8% at less than 800 °C, those in the N2 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 N2, similar to the case of GaInN
growth. © 2016 The Japan Society of Applied Physics

1. Introduction

Group-III nitride materials, such as AlN, 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 6.0 eV. 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 AlN growth by
metalorganic vapor phase epitaxy (MOVPE),1–4) In-contain-
ing nitride-based materials must be grown at less than 800 °C
to enable reasonable amounts of In to be incorporated.5–8)

Such a huge temperature difference results in poor interface
qualities of the heterostructures. Also, lattice mismatches for
AlN=GaN and InN=GaN are 2.4 and 11%, respectively.9,10)

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, GaIn(N)As multiple quantum wells (MQWs) grown
on GaAs with Sb supply showed larger critical thicknesses
and better optical qualities.11) Furthermore, GaN layers and
GaInN MQWs grown with Sb supply showed an enhance-
ment in the lateral growth and better optical qualities,
respectively.12,13) Thus, supplying Sb could be effective for
growing high-quality nitride-based materials at low growth
temperatures. Also, since AlGaInSb alloys have large lattice
constants, AlGaInNSb 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.14–17) 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).18) On the other hand, a 0.05%

GaSb molar fraction in a MOVPE-grown sample was
estimated by secondary ion mass spectroscopy (SIMS)
calibrated with an Sb-implanted Si standard sample.19) 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, H2 or N2, of GaSb molar
fractions in GaNSb layers grown at various temperatures. We
found that the use of N2 carrier gas led to some improvements
in Sb incorporations into GaNSb layers, similar to the cause
of GaInN. 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 3 µm GaN
templates prepared on c-plane sapphire substrates with the
buffer layers deposited at low temperatures by MOVPE.20)

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 NH3

were fixed at 155 µmol=min, 548 µmol=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. H2 or
N2 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 H2

and N2 carrier gases, respectively. This difference was caused
by the growth rate difference between H2 and N2 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
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by RBS. For the measurement, a 500 nm GaNSb layer
was grown on the 3 µm GaN template with H2 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 ×
1021 atoms=cm3, 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) 2θ=ω XRD
pattern and a (20�24) 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 5.196Å. Also, the c-axis lattice
constant of GaN was 5.189Å. 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

Lc ¼ 5:189 þ 0:875x: ð1Þ

Here, x is the GaSb molar fraction and Lc is the c-axis lattice
constant of GaN1−xSbx. 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) 2θ=ω XRD patterns of
the GaNSb=GaN samples grown at various growth temper-
atures with H2 and N2 carrier gases, respectively. GaNSb
peaks were clearly observed on the left side of the GaN peaks
in the samples grown with H2 carrier gas at 750 °C and higher.

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
H2.

Fig. 2. (Color online) (a) (0002) 2θ=ω XRD pattern and (b) (20�24) RSM
of the GaNSb sample grown at 800 °C with H2.

Fig. 3. (Color online) (0002) 2θ=ω XRD patterns of the GaNSb=GaN
samples grown at various temperatures with (a) H2 and (b) N2.
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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 N2 carrier gas. Even
considering the difference in the GaNSb thickness between
the cases of H2 and N2, the quality of GaNSb grown with N2

seemed to be poorer than that of GaNSb grown with H2.
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 H2 and N2 as
a function of growth temperature in Fig. 4. The GaSb molar
fraction in the case of 650 °C with H2 was measured by
SIMS. Basically, the GaSb molar fractions with H2 and N2

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 H2

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 N2 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 N2 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) H2 and (b) N2 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
spiral steps were covered on the GaNSb surfaces, resulting
in relatively smooth surfaces. Actually, considering the low

growth temperature (800 °C), the surfaces were surprisingly
smooth. Also, small grains were found on GaNSb grown with
N2 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 H2 and N2 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 N2 carrier gas at 750 °C. Also, a
relatively smooth surface of the GaNSb layer grown with
H2 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.

Acknowledgements

This study was supported by the MEXT Program for the
Strategic Research Foundation at Private Universities
(2012–2016) and the Grant-in-Aid for Challenging Explor-
atory Research (No. 15K13959), and the Foundation for
Promotion of Material Science and Technology of Japan
(MST Foundation). Sb sources were provided by Japan
Advanced Chemicals.

1) R. Miyagawa, S. Yang, H. Miyake, and K. Hiramatsu, Phys. Status Solidi C
9, 499 (2012).

2) A. V. Lobanova, E. V. Yakovlev, R. A. Talalaev, S. B. Thapa, and F.
Scholz, J. Cryst. Growth 310, 4935 (2008).

3) A. V. Lobanova, K. M. Mazaev, R. A. Talalaev, M. Leys, S. Boeykens, K.
Cheng, and S. Degroote, J. Cryst. Growth 287, 601 (2006).

4) Y. Ohba and R. Sato, J. Cryst. Growth 221, 258 (2000).
5) M. Jamil, H. Zhao, J. B. Higgins, and N. Tansu, J. Cryst. Growth 310, 4947

(2008).
6) Y. Zhang, Y. Liu, T. Kimura, M. Hirata, K. Prasertusk, S. Ji, R. Katayama,

and T. Matsuoka, Phys. Status Solidi C 8, 482 (2011).
7) Y. Huang, H. Wang, Q. Sun, J. Chen, D. Y. Li, Y. T. Wang, and H. Yang,

J. Cryst. Growth 276, 13 (2005).
8) S. Suihkonen, J. Sormunen, V. T. Rangel-Kuoppa, H. Koskenvaara, and M.

Sopanen, J. Cryst. Growth 291, 8 (2006).
9) J. Gleize, M. A. Renucci, J. Frandon, and F. Demangeot, Phys. Rev. B 60,

15985 (1999).
10) B. Damilano, N. Grandjean, S. Dalmasso, and J. Massies, Appl. Phys. Lett.

75, 3751 (1999).
11) H. Shimizu, K. Kumada, S. Uchiyama, and A. Kasukawa, Electron. Lett.

36, 1379 (2000).
12) L. Zhang, H. F. Tang, and T. F. Kuecha, Appl. Phys. Lett. 79, 3059 (2001).
13) M. Baranowski, M. Latkowska, R. Kudrawiec, M. Syperek, J. Misiewicz,

K. Giri Sadasivam, J. Shim, and J. K. Lee, Semicond. Sci. Technol. 27,
105027 (2012).

14) M. Weyers and M. Sato, Appl. Phys. Lett. 62, 1396 (1993).
15) J. F. Geisz, R. C. Reedy, B. N. Keyes, and W. K. Metzger, J. Cryst. Growth

259, 223 (2003).
16) A. Kimura, H. F. Tang, and T. F. Kuech, J. Cryst. Growth 265, 71 (2004).
17) S. Yoshida, J. Kikawa, and Y. Itoh, J. Cryst. Growth 237–239, 1037 (2002).
18) K. M. Yu, W. L. Sarney, S. V. Novikov, D. Detert, R. Zhao, and J. D.

Denlinger, Appl. Phys. Lett. 102, 102104 (2013).
19) S. H. Moon, H. A. Do, J. Park, and S. W. Ryu, J. Mater. Res. 24, 3569

(2009).
20) H. Amano, N. Sawaki, I. Akasaki, and Y. Toyoda, Appl. Phys. Lett. 48, 353

(1986).

Fig. 4. (Color online) GaSb molar fractions estimated from c-axis lattice
constants of GaNSb layers grown with H2 and N2, as a function of growth
temperature.

Fig. 5. (Color online) AFM images of GaNSb surfaces grown at 800 °C
with (a) H2 and (b) N2.

Jpn. J. Appl. Phys. 55, 05FD01 (2016) D. Komori et al.

05FD01-3 © 2016 The Japan Society of Applied Physics

http://doi.org/10.1002/pssc.201100712
http://doi.org/10.1002/pssc.201100712
http://doi.org/10.1016/j.jcrysgro.2008.07.098
http://doi.org/10.1016/j.jcrysgro.2005.10.083
http://doi.org/10.1016/S0022-0248(00)00695-3
http://doi.org/10.1016/j.jcrysgro.2008.07.122
http://doi.org/10.1016/j.jcrysgro.2008.07.122
http://doi.org/10.1002/pssc.201000464
http://doi.org/10.1016/j.jcrysgro.2004.10.152
http://doi.org/10.1016/j.jcrysgro.2006.02.022
http://doi.org/10.1103/PhysRevB.60.15985
http://doi.org/10.1103/PhysRevB.60.15985
http://doi.org/10.1063/1.125444
http://doi.org/10.1063/1.125444
http://doi.org/10.1049/el:20000976
http://doi.org/10.1049/el:20000976
http://doi.org/10.1063/1.1415774
http://doi.org/10.1088/0268-1242/27/10/105027
http://doi.org/10.1088/0268-1242/27/10/105027
http://doi.org/10.1063/1.108691
http://doi.org/10.1016/j.jcrysgro.2003.07.011
http://doi.org/10.1016/j.jcrysgro.2003.07.011
http://doi.org/10.1016/j.jcrysgro.2004.01.045
http://doi.org/10.1016/S0022-0248(01)02123-6
http://doi.org/10.1063/1.4795446
http://doi.org/10.1557/jmr.2009.0435
http://doi.org/10.1557/jmr.2009.0435
http://doi.org/10.1063/1.96549
http://doi.org/10.1063/1.96549


 

 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

p s s
current topics in solid state physics

c

s
ta

tu
s

s
o

li
d

i

www.pss-c.comp
h

y
s
ic

aPhys. Status Solidi C 11, No. 3–4, 771–774 (2014) / DOI 10.1002/pssc.201300492  

Advantages of the moth-eye  
patterned sapphire substrate for the  
high performance nitride based LEDs 
Toshiyuki Kondo*,1,2, Tsukasa Kitano1, Atsushi Suzuki1, Midori Mori1, Koichi Naniwae1, 
Satoshi Kamiyama1,2 Motoaki Iwaya2, Tetsuya Takeuchi2, and Isamu Akasaki2 
1 EL-SEED Corp., Innovative Science and Technology Building 2F, Meijo University, 2-1522 Shiogamaguchi, Tenpaku-ku, 

Nagoya 468-0073, Japan 
2 Faculty of Science and Technology, Meijo University, 1-501 Shiogamaguchi, Tenpaku-ku, Nagoya 468-8502, Japan 

Received 23 August 2013, revised 23 December 2013, accepted 20 January 2014 
Published online 21 March 2014 

Keywords moth-eye structure, sapphire, LED, nitride, light extraction, PSS 
 
* Corresponding author: e-mail toshiyuki_kondo@elseed.com 
 

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 µm showed a threading dis-
location density (TDD) of around 1.9 x 108 cm-2. Trans-
mission electron microscope observation revealed that 

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 5µm 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  

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-

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. 
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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 μm 
and 1.5 μm 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 μm compared to 5 μm on the PSS. The LED 
structures were also grown on the templates that consisted 
of 3 μm thick n-type GaN:Si layer, and a 0.15 μm thick p-
type GaN layer. The MQW active layer consists of five 
pairs of 3 nm thick GaInN wells and 12 nm thick GaN bar-
riers, respectively. Flip-chip type blue LEDs were fabricat-

ed with an area of 600 µm x 500 µm. 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 μm) 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 µm to 3 µm 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 108 cm-2 and 1.58 x 
108 cm-2, 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 108 cm-2, 2.0 x 108 cm-2 and 2.1 x 108 

cm-2, 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 
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grow more than 5 µm 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. 
 

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. 

Figure 4 Calculation of the transmissivity dependence on inci-
dent at the GaN/sapphire interface. 

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.  
 

 
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. 
 

2d = B = 2 s d , (1)s A r inπ θ θ◊ ◊ ◊  
0 2 2

90
= 2 d = 2 , (2)S r sin rπ θ θ π◊ ◊Ú  

( )22 2

1
= 1/ 2 2 dT r T r sin

θ

θ
π θ π θ θ◊ ◊ ◊Ú  

    ( )2

1
= dT sin

θ

θ
θ θ θ◊ ◊Ú . (3) 

 
r is the radius of a sphere, T is the  transmissivity of the in-
cident angle θ 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. 
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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 µm x 500 µm 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.  
 

 
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 

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 μm-thick high quality GaN 
template on the MPSS with a dislocation density of 1.9 x 
108 cm-2 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 GaInN-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, VOC, fill factor, and energy conversion efficiency
of this solar cell were 0.28mA/cm2, 3.0V, 0.5, and 0.41%, respectively, under an air mass filter of 1.5G at 1-sun irradiation and room temperature.

© 2014 The Japan Society of Applied Physics

G
roup III nitride semiconductors are widely used in
light-emitting diodes (LEDs)1–4) and laser diodes.5,6)

Since the bandgap of GaInN ternary alloys covers
a broad range of values from 0.65 to 3.43 eV,7) these alloys
are suitable for solar-cell applications.8–10) 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 cells11,12) and we have
previously succeeded in fabricating GaInN-based solar
cells.13–18) By improving the crystal quality of GaInN
through the application of GaInN superlattice (SL) struc-
tures,14,15) the conversion efficiency of GaInN-based solar
cells has been increased. Moreover, an energy-conversion
efficiency (©) of up to 4.0% for GaInN-based solar cells
under an air mass filter of 1.5G and 300 suns irradiation
has been achieved at room temperature (RT).18)

In contrast, the realization of multiple junctions in GaInN-
based solar cells remains an important challenge. Tunnel-
junction formation using crystal growth19,20) and mechanical
stack21) methods has often been used to fabricate multiple
junctions in material systems such as GaAs, Ge, and
AlGaInP. In particular, tunnel-junction fabrication by crystal
growth has achieved a high energy-conversion efficiency in
solar cells. A multijunction GaInN-based solar cell was pre-
viously fabricated by the mechanical stack method.22) 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 GaInN-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-Cp2Mg) 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 GaInN-based solar cell with two GaInN-based
SL active layers on a sapphire substrate covered with a low-
temperature buffer layer (LT-buffer layer) grown at 550 °C.23)

The device structure consisted of the LT-buffer layer, an
unintentionally doped GaN underlying layer (³3µm), a first

n-type GaN layer (³2µm) grown at 1,050 °C, a 5-pair
unintentionally doped Ga0.83In0.17N (3 nm)/GaN (10 nm) SL
first active layer grown at 780 °C, a p-type Al0.18Ga0.82N
cladding layer (20 nm) grown at 780 °C to suppress thermal
damage at a second n-type GaN layer,24) a first p-type GaN
layer (100 nm) grown at 950 °C, the tunnel junction [p++-
type Ga0.8In0.2N (3 nm) 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 Ga0.70In0.30N (2.5
nm)/GaN (12 nm) SL second active layer grown at 730 °C,
a second p-type GaN layer (80 nm) grown at 800 °C, and a
p+-type GaN contact layer (5 nm) grown at 800 °C. The Si
and Mg concentrations in the n++-type GaN and p++-type
Ga0.8In0.2N layers were set to 4 © 1020 and 1 © 1020 cm¹3,
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 GaInN-
based solar cells, the thickness of the GaInN active layer was

1st n-type GaN (2 μμm) layer

p-type Al0.18Ga0.82N (20 nm) cladding layer 

1st p-type GaN (100nm) layer

2nd n-type GaN (200 nm) layer

p++Ga0.8In0.2N  (3nm)

n++GaN (30nm)

2nd p-type GaN layer (80 nm)

2-pairs Ga0.7In0.3N (2.5 nm) /GaN (12 nm) SL 
2nd active layer

5-pairs Ga0.83In0.17N (3 nm) /GaN (10 nm) SL 
1st active layer

C-plane Sapphire Substrate

Unintentionally-doped GaN

LT-buffer layer

Tunnel junction

Fig. 1. Schematic view of the sample structure.
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required to be greater than 150 nm.13) Finally, a wide-gap
material top cell is required to fabricate a high-performance
multijunction solar cell.19,20) However, the growth conditions
to achieve a high crystallinity in a GaInN-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 GaInN-based solar cell, we
designed a structure with relatively few periods in the GaInN-
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 p+-type GaN
contact layer, with a Mg concentration of approximately
1 © 1020 cm¹3, was introduced to reduce the contact resist-
ance between the p-type electrodes.26)

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 N2 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 N2 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 GaInN-
based solar cell were 350 © 350 and 100 © 100 µm2,
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 1.5G (AM 1.5G) 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 GaInN/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) 2ª/½ scan spectra
obtained from this device and the simulation results using
design values. This figure displays clear satellite peaks from
the ¹4th to the +2nd order, indicating that the two SL active
layers are relatively well formed even in the multijunction

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 © 109 cm¹2) of growth pits of is apparent on the device
surface. Moreover, a root-mean-square (RMS) surface rough-
ness of approximately 2.3 nm 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. 2. XRD (0002) 2ª/½ scan spectra obtained by measurement and
simulation using the design values.
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Fig. 3. Plan-view (a) AFM and (b) SEM images of the device.
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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–V 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 ³1.8 © 104mA/cm2) 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 GaInN SL active layers, respectively.
Moreover, the emission wavelengths closely match the
wavelengths expected from each GaInN 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 10¹2mA/cm2 when a
voltage of ¹8V was applied (see Fig. 5). The value of this
reverse leakage current is normally very low in GaInN-based
solar cells17) 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 GaInN SL active layer. In addition,
the forward operated voltage for an injection current density

of 0.3mA/cm2, a value that almost equals the JSC of this
device operated in solar-cell mode with an irradiation of
1 sun, was approximately 3.8V. 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 0.3mA/cm2 in
LED mode was approximately 1.0 k³0cm2. 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.27) Therefore, it is suggested that this is caused by
insufficient activation of the p-type Al0.18Ga0.82N cladding
layer, the first p-type GaN layer, and the p++Ga0.8In0.2N 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++Ga0.8In0.2N 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 GaInN-based solar cell produced by the solar
simulator (AM 1.5G, 1 sun) at RT. Judging from this figure,
the solar cell exhibited good characteristics. The ©, VOC, fill
factor, JSC, shunt resistance (RSH), and series resistance (RS)
of this solar cell were 0.41%, 3.0V, 0.5, 0.28mA/cm2,
2.8 k³0cm2, and 0.830 k³0cm2 at 1-sun irradiation, respec-
tively. From these results, the JSC is lower than that of a
common GaInN-based solar cell owing to a thin-film active
layer in this solar cell. According to a simple calculation, the
theoretical JSC 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. 4. Cross sectional bright-field TEM image of the device.
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4.1mA/cm2, respectively. However, the active layer of this
device is not thick enough to absorb light. Because the
thicknesses of the GaInN layers are 5 and 15 nm, respec-
tively, the absorbance of each GaInN layer was only 5 and
15%, respectively, assuming the absorption coefficient of
GaInN to be 105 cm¹1. Therefore, the theoretical JSC for
each GaInN active layer under a 1-sun irradiation was 0.45
and 0.61mA/cm2, respectively. Thus, when considering the
reflection of the semiconductor surface, it is reasonable that
the resulting JSC is close to the theoretical values. In addition,
a relatively high RSH 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 GaInN solar cells. In
contrast, RS is approximately one order of magnitude higher
than that in the other GaInN-based solar cells. In addition,
this RS was almost identical to the value of the differential
resistance evaluated in LED mode. Therefore, we concluded
that RS 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 RS is high, the fill
factor of the device is low and optimization of the process
and crystal growth conditions to reduce RS is required. The
VOC of GaInN-based single-junction solar cells is approx-
imately 2V. Therefore, the VOC 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.17) We also reported that a pit density below 107 cm¹2 is
required to obtain a high VOC.17) Therefore, the reduction of
the pit density is essential for further increases in VOC.

In conclusion, we designed and characterized a two-junc-
tion GaInN-based solar cell using a tunnel junction fabricated
by crystal growth. We confirmed that the VOC 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
GaInN-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

GaInN 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 GaInN tunnel junction was

estimated to be 0.9V at 50mA 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.1,2) 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).3–5) Since
then, thermal annealing without hydrogen or ammonia
ambient was also proposed to obtain p-type conduction in
the Mg-doped GaN.6–8) Several groups have reported that
Mg acceptors are passivated with hydrogen atoms, resulting
in Mg–H bond formation.9–13) 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.14) This phenomena has been also
observed in other semiconductor materials, such as Si and
InP. Furthermore,15,16) 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 GaInN-based
LEDs using tunnel junctions was proposed in order to
avoid the poor conductivity of the p-type GaN.17,18) After
a growth of a conventional GaInN-based LED, a pþþ-
Ga(In)N/nþþ-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.

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-�m-thick undoped GaN, a 2.4-
�m-thick Si-doped GaN bottom contact layer, a multiple-
quantum well active layer consisting of five periods of
3 nm GaInN/12 nm 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
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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.
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top contact layer were successively grown on the structure.
The tunnel junction consists of a 5-nm-thick heavily Mg-
doped Ga0:8In0:2N layer and a 30-nm-thick heavily Si-doped
GaN layer. Triethylgallium (TEG), ammonia (NH3), ethyl-
bis(cyclopentadienyl)magnesium (Et-Cp2Mg), 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� 1020 cm�3 Mg and 3� 1020 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, 30min) were selected.
Our typical annealing conditions in the standard process are
525 �C and 4min. 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� 300 �m2.
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

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 30min, 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� 10�9 cm2/s from

Fig. 2. (Color online) Mg, Si, and In depth profiles at the tunnel junctions

measured by SIMS.

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.
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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.9–11)

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

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 GaInN tunnel
junction is 0.9V at 50mA 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 GaInN tunnel
junction was estimated to be 0.9 V at 50mA with the
optimized annealing condition.
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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 30min. The case of a standard LED

with a semi-transparent Ni/Au electrode is also plotted.
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We investigated dislocation density dependence on stim-
ulated emission characteristics of AlGaN/AlN multiquan-
tum wells (MQWs: emission wavelength of approxi-
mately 285 nm) on AlN templates with various disloca-
tion densities. We found that the stimulated emission 

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  

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 AlN 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/AlN multiquantum wells (MQWs) on a thick 
AlN templates with various dislocation densities by excita-

tion density dependent photoluminescence (PL) measure-
ment. 

2 Experiments and results 
2.1 MQWs on AlN 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 AlN 
with a 500 μm 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 Al0.25Ga0.75N 
(4 nm)/AlN (8 nm) MQWs. The sapphire was polished to 
less than 100 μm in thickness, and then cleavages were 
made using a diamond scriber. The samples have cleaved 
mirror facets without coating. 
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We determined the layer thickness and the AlN molar 
fraction of each AlGaN MQWs from the satellite peaks of 
the 2θ/ω scan X-ray diffraction profiles. The threading dis-
location densities of AlN underlying layers were controlled 
from 3×109 to 1×1010 cm-2 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) ω-scan 
(0002) and (10-12) diffractions with the following formula 
[17]: 

2

2
4 .35 b

N b= ,  (1) 

where N is the threading dislocation density, b is the mag-
nitude of Burgers vector, and β is the half width by meas-
uring the omega magnitude of XRC. Table 1 shows the 
dislocation density of each AlN 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- 

 

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 MQWs 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 cm2, and 
the shape was circle. Note that in these samples only the 
well layers were selectively excited. 

 
 

 

 Sample A Sample B Sample C 
Edge disloca-
tion density 

[cm-2] 
2.95×109 5.51×109 1.00×1010 

Mixed disloca-
tion density 

[cm-2] 
7.85×107 2.31×108 5.29×107 

Table 1 Dislocation density of AlN templates 

                           (a)                                                                (b)                                                                      (c)
Figure 2 PL spectra under different excitation power densities. (a) Dislocation density of 3×109 cm-2. (b) Dislocation density of 
5×109 cm-2.  (c) Dislocation density of 1×1010 cm-2. 

Figure 1 Schematic view of sample structure. 



Phys. Status Solidi C 10, No. 11 (2013) 1539 
 

www.pss-c.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Contributed

Article

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 2(a)-(c) show the measured emission spectra 

under different excitation power densities, varying from 49 
kW/cm2 to about 3.0 MW/cm2 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/cm2. 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 AlN 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/cm2 to 5 
MW/cm2 when the dislocation density changes from 3×109 
to 1×1010 cm-2. 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 AlGaN/AlN MQWs on the AlN 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- 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 GaInN/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
AlN, GaN, and InN.1) 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.2)

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,3,4) an active region
consisting of various quantum wells (QWs),5–11) and a QW
on various micro facets.12,13) 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.14) 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.5) 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.15)

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 GaInN QW active regions
separated with a Mg-doped intermediate layer. We found

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-�m-thick undoped GaN
template were grown first. Following the growth of the
GaN template, a 2.5-�m-thick n-GaN layer, a three-period
of undoped Ga0:88In0:12N/GaN QWs as an ‘‘n-side’’ violet
active region, a 45-nm-thick GaN/p-GaN/GaN intermediate
layer, a three-period of undoped Ga0:8In0:2N/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 pþ-GaN contact layer were grown. Each GaInN/GaN
3QW active region is composed by 2.5-nm-thick GaInN
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

p-GaN

n-GaN

n-side violet active

p-side blue active

Sapphire Sub.

n-electrode

p-electrode

u-GaN
Mg-doped layer

u-GaN
intermediate layer

Fig. 1. (Color online) Schematic view of the two wavelength violet/blue

LED, containing the two active regions separated with the intermediate

layer.
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amount of bis(ethylcyclopentadienyl) magnesium (Et-
Cp2Mg) 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 0 (corresponding to undoped) nm. At the same
time, the total thickness of the intermediate layers was kept
as 45 nm. After the epitaxial growth, all the samples were
fabricated by our standard LED process. A size of LEDs was
300� 300 �m2. 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-Cp2Mg flows were
fixed among the two samples, the Mg concentrations at
the intermediate layers were different in the two samples,
1� 1019 cm�3 in the sample with the 14 nm Mg-doped layer
and 5� 1018 cm�3 in the sample with the 1.6 nm Mg-doped

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� 1018 cm�3 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 GaInN well looks higher than that of
GaN barrier, but this behavior may be caused by a sensitivity
difference of Mg atoms in GaN and GaInN. At this moment
it is hard to estimate the difference in the Mg incorporation
between GaInN 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 325 nm 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 20mA were plotted in Fig. 4. Interestingly, the
spectra are very different among the samples, and also
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Fig. 2. (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

Mg-doped layer.
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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
0 nm Mg-doped layer showed only a blue emission from 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 0 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 0 nm
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 14 nm 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 4 nm 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

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

regions are indicated by the solid and dashed arrows, respectively.

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.
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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 I–V characteristics of all the samples. For
comparison, the case of our conventional GaInN/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-

ing two active regions with the intermediate layer, while that
of our conventional LED were 3.33V. The high forward
voltages for the samples with the two active regions are
presumably due to the thicker total thicknesses (135 nm
instead of 75 nm 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 20mA
were observed among the samples. The samples with the
0.8 and 1.6 nm 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 GaInN-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� 102 mA/cm2, 2.2 V, 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 AlN, GaN, InN, and their
alloys are widely used as light-emitting diodes and laser
diodes.1–4) Since the band gap of GaInN ternary alloys
covers a broad range from 0.65 to 3.43 eV,5) these alloys are
suitable for solar cell applications.6–8) Up to now, a few
studies on III–nitride solar cells have been reported.9–11) We
have previously reported the fabrication of GaInN-based
solar cells.12–16) By improving the crystal quality of GaInN
with a low InN molar fraction by applying GaInN
superlattice (SL) structures,13) 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 GaInN-based solar cells with a high open-
circuit voltage (VOC) and fill factor (FF) at 1 sun.14)

However, when GaInN-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 AlGaInP
and GaInAs have been improved by the concentration of
sunlight.17–20) Although we have reported the properties of
nitride-based solar cells under a concentrated light illumina-
tion,16) 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

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 GaInN-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 GaInN-based solar cell with a
GaInN/GaInN superlattice active layer on a sapphire
substrate covered with a low-temperature buffer layer.21)

We grew 50 pairs of unintentionally doped Ga0:83In0:17N
(3 nm)/Ga0:93In0:07N (0.6 nm) superlattice layers as active
layers on freestanding GaN substrates. Another 10 pairs
of Si-doped Ga0:90In0:10N (3 nm)/GaN (3 nm) superlattice
layers were inserted beneath the active layers. The Si
concentration in the 10 pairs of superlattice layers was
3� 1018 cm�3. The role of the additional Si-doped super-
lattice layers was to suppress the generation and growth of
V-shaped pits.22) The density of V-shaped pits in this sample
is lower than 1� 107 cm�2, which is sufficient to achieve

Fig. 1. (Color online) Schematic view of device structure.
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high-performance nitride-based solar cells with high VOC

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
(5 nm/5 nm) were deposited on a p-GaN layer by electron
beam evaporation, and rapid thermal annealing was
performed at 525 �C in oxygen for 5min. This electrode
structure is often used in typical nitride-based LEDs. In the
type II sample [Figs. 2(b) and 2(d)], Ni/Au (5 nm/5 nm)
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 10min.
An ITO electrode has commonly been used in recent blue
LEDs. Ti/Al/Ti/Au (30 nm/100 nm/20 nm/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.23) 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 (300 nm 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

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 (RSH), FF, and energy
conversion efficiency (�) at 1 and 300 suns for each sample

(a) (b)

(d)
(c)

Fig. 2. (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

area.) (d) Size of the grid electrode in detail.
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Fig. 3. (Color online) Transmittances of ITO and Ni/Au electrodes.

Table I. Characteristics of Ni/Au and ITO electrodes.

Material
Thickness

(nm)

Sheet resistance

(�/�)

Specific contact

resistance

(��cm2)

Transmittance

(400 nm)

(%)

Ni/Au

(5 nm/5 nm)
10 14 5:3� 10�4 58

ITO

(100 nm)
1:0� 102 2:9� 102 2:6� 10�3 92
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using different electrodes are summarized in Tables II and
III, respectively.

Figure 5 shows JSC and VOC 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

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 VOC, where VOC for a condenser can be
defined as follows:24)

VOC ¼ nkT

q
ln

JSC
J0

þ 1

� �

: ð1Þ

Here, J0, n, k, T , and q 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, VOC 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 � 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, � 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 RSH for each solar cell as a
function of the concentration ratio. Although RS and RSH for
all samples decrease with increasing concentration ratio, the
rate of decrease of RS in the solar cells using a Ni/Au grid

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 II. Device performance characteristics under solar simulator (AM

1.5G, 1 sun) at RT.

p-electrode
VOC

(V)

FF

(%)

JSC
(mA/cm2)

�

(%)

RS

(��cm2)

RSH

(��cm2)

Ni/Au 1.8 82 1.0 1.5 1:7� 102 3:4� 104

Ni/Au grid 2.0 82 1.2 1.9 4:9� 102 3:9� 104

ITO 1.8 82 1.5 2.2 2:1� 102 3:4� 104

Table III. Device performance characteristics under solar simulator (AM

1.5G, 300 suns) at RT.

p-electrode
VOC

(V)

FF

(%)

JSC
(mA/cm2)

�

(%)

RS

(��cm2)

RSH

(��cm2)

Ni/Au 2.1 81 4:5� 102 2.5 1.0 34

Ni/Au grid 2.2 64 3:7� 102 1.8 3.2 85

ITO 2.2 79 7:1� 102 4.0 0.8 50
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Fig. 5. (Color online) JSC and VOC as a function of concentration ratio.
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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. 8,25) the energy loss (Ploss) due to the
series resistance of the solar cell can be represented as
follows:

Ploss ¼ I2CRS; ð2Þ

where IC is the circuit current flowing to Rload. 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 GaInN-based solar cells with the p-side-up
structure. Therefore, we concluded that the ITO whole-area
electrode is suitable as an electrode for GaInN-based solar
cells with the p-side-up structure, although there is an issue
regarding the cost due to the scarcity of indium.26) We also
believe that in the future there will be a need to consider
GaInN-based solar cells with the n-side-up structure27,28)

fabricated using the laser liftoff method29,30) and other
methods. To realize high-performance GaInN-based solar
cells, it necessary to achieve good current spreading of the
p-electrode. VOC, JSC, FF, and � for the solar cell with the
ITO whole-area contacts were 2.2V, 7:1� 102 mA/cm2,
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 GaInN-based
solar cells. To realize high-performance GaInN-based solar
cells with a high VOC and FF, it is essential to realize a low
RS and high RSH. VOC and � 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 RS. As a result, we obtained � of up to 4.0%
by irradiating concentrated sunlight with a light intensity of
up to 300 suns.
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with high AlN molar fraction

Kazuki Mori1*, Kunihiro Takeda1, Toshiki Kusafuka1, Motoaki Iwaya1, Tetsuya Takeuchi1,
Satoshi Kamiyama1, Isamu Akasaki1,2, and Hiroshi Amano2,3

1Faculty of Science and Technology, Meijo University, Nagoya 468-0073, Japan
2Akasaki Research Center, Nagoya University, Nagoya 464-8603, Japan
3Graduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan

*E-mail: 143434035@ccalumni.meijo-u.ac.jp

Received December 29, 2015; accepted February 23, 2016; published online April 25, 2016

We investigated a V-based electrode for the realization of low ohmic-contact resistivity in n-type AlGaN with a high AlN molar fraction characterized
by the circular transmission line model. The contact resistivity of n-type Al0.62Ga0.38N prepared using the V/Al/Ni/Au electrode reached
1.13 ' 10%6Ω cm2. 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 100mA current injection than that
prepared using a Ti/Al/Ti/Au electrode, with a specific contact resistance of approximately 2.36 ' 10%4Ω cm2 for n-type Al0.62Ga0.38N.

© 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 280–315 nm) and UV-C
(emission wavelength: lower than 280 nm) have already been
reached.1–9) 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 (ρc) of n- and p-type layers, is important for
WPE improvement. In particular, the ρc of the n-type AlGaN
layer with a high AlN molar fraction accounts for a large
component of device resistance in these LEDs. Thus, a
reduction in ρc in the n-type AlGaN layer with a high AlN
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.10–12) 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.13,14) 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 AlN molar fraction of up to 0.5.15–19)

However, Ti-based electrodes increase specific contact
resistance, thereby increasing the AlN molar fraction. Ti-
based electrodes have high specific contact resistance to
n-type AlGaN with AlN molar fractions above 0.6.20)

Recently, France et al. reported a low specific contact
resistance of n-type AlGaN using a V=Al=V=Au electrode
with an AlN molar fraction of 0.6.21) 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-µm-thick AlN layer was grown at
1,180 °C and a 2.0-µm-thick Si-doped Al0.62Ga0.38N layer
was sequentially grown. The free-electron concentration in
Si-doped Al0.62Ga0.38N was determined to be approximately
1.9 × 1018 cm−3 at room temperature (RT) by Hall-effect
measurements using the van der Pauw method. Moreover,
the resistivity and mobility of this Al0.62Ga0.38N were 6.9 ×
10−2Ω cm and 49 cm2V−1 s−1, respectively.

After cleaning with an organic solvent, aqua regia, and
hydrogen fluoride, the V (20 nm)=Al (80 nm)=barrier layer
(40 nm)=Au (100 nm) electrodes were deposited on this n-
type Al0.62Ga0.38N. Thus far, a Ti-based electrode has been

Sapphire substrate

AlN (2.5μm)

n-Al0.62Ga0.38N (2.0μm)

Fig. 1. Schematic structure of n-Al0.62Ga0.38N.
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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 7min under ambient N2

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.22) Figure 2 shows
the CTLM patterns obtained in this study. The electrode
intervals were 5, 10, 15, 20, 25, and 30 µm. The propagation
length (Lt) and sheet resistance (RSH) were calculated from
this measurement. Therefore, ρc was derived from

�c ¼ RSH � L2
t : ð1Þ

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-µm-thick AlN template, a
2.0-µm-thick n-type Al0.6Ga0.4N cladding layer, three pairs
of unintentionally doped Al0.45Ga0.55N=Al0.55Ga0.45N multi-

quantum wells (3QW), a 150-nm-thick p-type Al0.6Ga0.4N
cladding layer, and a 100-nm-thick p-type GaN contact layer.
These samples were annealed at 800 °C for 5min in ambient
N2 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 × 245 µm2. After the
deposition of these electrodes, they were annealed at 900 °C
for 5min in ambient N2 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 3min in ambient O2 to
induce ohmic contact to the p-type GaN layer. The size of
the p-type electrode was 500 × 140 µm2. In addition, Ti=Au
(10=200 nm) 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 (I–V) characteristics at
20 µm 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 5min,
respectively.

As shown in the figure, the V=Al=V=Au and V=Al=Mo=Au
electrodes exhibited nonlinear I–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 I–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
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Fig. 2. (Color online) Microscopy image of the electrode patterns for measurements.
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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 ρc, 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 µm.
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 ρc at
each electrode at 900 °C in ambient N2. The ρc values of the
V=Al=V=Au and V=Al=Mo=Au electrodes were higher than
2.84 × 10−2 and 2.73 × 10−2Ω cm2, respectively, even when
the annealing time was changed from 1 to 7min. This is due
to the Schottky contact. In contrast to each electrode, the ρc

values of V=Al=Ti=Au and V=Al=Ni=Au electrodes were
as low as 2.90 × 10−6 and 1.13 × 10−6Ω cm2, respectively.
We found that these two electrodes exhibit low contact
resistances for deep UV LEDs, because the ρc value of the
Ti=Al=Ti=Au electrode was 2.36 × 10−4Ω cm2 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
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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=Al=Ni=Au and V=Al=V=Au electrodes.
From these figures, although the outermost surface was Au
before thermal annealing, the V=Al=Ni=Au electrode until
a depth of 50 nm from the surface was composed almost
entirely of Al and O, i.e., the V=Al=Ni=Au electrode was
formed with an AlOx 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.23) 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 AlOx oxide layer is degraded by high-temperature
annealing. Also, the VOx oxide layer is formed by the
reaction between V and O at the barrier layer. VOx induces
the high-temperature corrosion phenomeon.24) 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-

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 300 nm with V=Al=Ni=Au as the n-type electrode, which
exhibited a ρc value of approximately 1.13 × 10−6Ω cm2 for
the n-type Al0.62Ga0.38N. We prepared the same LEDs using
a Ti=Al=Ti=Au electrode, which exhibited a ρc value of
approximately 2.36 × 10−4Ω cm2 for the n-type Al0.62-
Ga0.38N. 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
ρc in n-Al0.62Ga0.38N. We found it advantageous to fabricate
the V-based electrode with low ρc using Ni or Ti as a barrier
metal. The minimum ρc value of n-type Al0.62Ga0.38N
prepared using the V=Al=Ni=Au electrode reached 1.13 ×
10−6Ω cm2. 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 AlN layers. The growth mode of Mg-doped GaN strongly
depends on the type of carrier gas used. In H2 carrier gas, Mg-doped GaN on AlN layers is grown in the shape of an island. In contrast, in N2 carrier
gas, Mg-doped GaN on AlN 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

AlGaN ternary nitride semiconductors show great
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.1,2) There are
many studies on the increase in internal quantum efficiency
(IQE) by reducing the dislocation density3–5) such as that
using free standing AlN substrates, an epitaxial lateral
overgrowth method, and so on.6–8) 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 Ag9) or Rh10)

on the back surface of the LEDs. Furthermore, the sapphire
substrate is removed by laser lift-off (LLO)11) and flip-chip
visible LEDs are sealed with resin or silicone.12) By com-
bining these methods, the LEE of visible LEDs reached
³80%.13) Thus far, we have reported highly reflective p-type
electrodes formed by combining indium ITO and Al,14)

which are highly reflective in the UV region. We have also
reported the application of LLO to UV LEDs.15) 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-AlN-
molar-fraction p-type AlGaN layer. However, this method is
very difficult. The resistivity of the p-type AlGaN layer
increases with AlN molar fraction, because the activation
energy of the acceptor increases with the AlN molar frac-
tion.16) In addition, the contact resistivity between the p-type
AlGaN layer and the electrode also increases markedly.17)

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.18,19) In contrast, the decrease in the
thickness of the p-type GaN layer is also difficult because
GaN grown on an AlN layer shows three-dimensional
growth.20) Thus, in most DUV/UV LEDs, p-type GaN layers
with a thickness of more than 100 nm have been used,
resulting in the absorption of most light by Mg-doped p-type

GaN layers. To decrease the absorption of light by a Mg-
doped GaN layer, it is very important for GaN on AlN 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 AlN 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 AlN layers were grown on (0001) c-plane sapphire
substrates. After the growth of 2-µm-thick AlN layers at
1,250 °C, Mg-doped GaN layers were grown by a metal-
organic vapor phase epitaxial (MOVPE) reactor. Trimethyl-
aluminum (TMAl), trimethylgallium (TMGa), bis(ethylcy-
clopentadienyl)magnesium (Et-Cp2Mg), and ammonia (NH3)
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 H2 ambient at approxi-
mately 1,250 °C. Subsequently, AlN layers with a thick-
ness of approximately 2 µm were grown at a temperature
of 1,250 °C and a pressure of 30Torr using hydrogen (H2)
carrier gas. Then, the substrate temperature was decreased
to approximately 1,030 °C and the MOVPE reactor pres-
sure was increased to 200Torr. 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
H2 or N2. 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 © 1019 and 2 © 1020 cm¹3,
respectively.

~~ ~~Sapphire substrate

AlN layer (2um)

Mg-doped GaN layer (200nm)
Mg+-doped GaN layer (20nm)

Fig. 1. Schematic view of the sample structure.
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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 (­ = 650 nm) 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 1,000G
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 H2 and N2 carrier gases.
From this figure, we confirmed the significant difference
in reflectance between the samples. In H2 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 H2 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 N2

carrier gas. Therefore, it is suggested that the Mg-doped GaN
layer in N2 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 AlN
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 H2 and N2 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 H2 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 N2 carrier gas.

The thickness of Mg- and Mg+-doped GaN layers was
approximately 180 nm, 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 H2 carrier gas
and in the two-dimensional mode in N2 carrier gas. A
different growth mode was assumed during the initial growth.
The equation for the decomposition of NH3 is

NH3 , N� þ 3

2
H2: ð1Þ

From Eq. (1), the reaction of equilibrium moves to the left-
hand side easily in H2 carrier gas; thus, it is difficult to
decompose NH3. In contrast, there is no difficulty in the
decomposition of NH3 in N2 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 NH3 as the gas phase is supplied.

Hypothetical models for different growth modes are shown
in Fig. 5. In H2 carrier gas, the number of N atoms at the AlN
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 N2 carrier gas, the number of
N atoms at the AlN 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 (20�24) diffraction was obtained and is

Mg-doped GaN growth/Mg+-doped GaN growth

two-dimensional growth

three-dimensional growth

Fig. 2. In situ reflectance measurement results of Mg- and Mg+-doped
GaN layers grown on AlN layers in H2 and N2 carrier gases.

50 mµ

(a) (b)

50 mµ

Fig. 3. (Color online) Nomarski interference microscopic images of Mg-
and Mg+-doped GaN layers on AlN layers in (a) H2 and (b) N2 carrier gases.

(a)

2 mµ

(b)

1 mµ

Fig. 4. Nomarski surface and cross-sectional SEM images of Mg- and
Mg+-doped GaN layers on AlN layers in (a) H2 and (b) N2 carrier gases.
The photograph was slightly tilted in order to clarify the structure in (b).
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shown in Fig. 6. As shown in Fig. 6(a), the Mg-doped GaN
layer in H2 carrier gas was almost 100% relaxed in contrast
to that in N2 carrier gas, which was approximately 75%
relaxed as shown in Fig. 6(b). This is because Ga atoms
migrated easily in H2 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 H2 and N2 carrier gases by using
the Van der Pauw Hall effect measurement method. For the
Mg-doped GaN layer grown in H2 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 N2 carrier gas showed good electrical
properties. From the Hall measurements, the hole concen-

tration, mobility, and resistivity at RT were determined to be
approximately 5 © 1017 cm¹3, 6 cm2V¹1 s¹1, and 1.3³ cm,
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 © 1019 cm¹3, 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%.21)

From the surface morphology and electrical properties,
Mg-doped GaN growth in N2 carrier gas was considered to be
very useful for forming DUV/UV-LEDs on AlN 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.

AlN AlN 

Nucleation Three-dimensional growth

(a)

AlN 

Two-dimensional growth 

(b)

Fig. 5. (Color online) Hypothetical models for growth modes of Mg-doped GaN layers in H2 and N2 carrier gases.

(a)

(b)

Fig. 6. (Color online) XRD reciprocal space mapping around (20�24): (a) Mg- and Mg+-doped GaN layers in H2 carrier gas, and (b) Mg- and Mg+-doped
GaN layers in N2 carrier gas.
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In conclusion, we investigated the effect of carrier gas
on the growth of GaN layers on AlN underlying layers. The
growth mode of Mg-doped GaN strongly depends on the
type of carrier gas used. In H2 carrier gas, Mg-doped GaN
on AlN layers is grown in the shape of an island. In contrast,
in N2 carrier gas, Mg-doped GaN on AlN layers shows a
two-dimensional growth mode. In addition, Mg-doped GaN
grown in N2 carrier gas shows good electrical characteristics.
Therefore, the growth of Mg-doped GaN in N2 carrier gas is
very useful for forming DUV/UV LEDs on AlN from the
viewpoint of both two-dimensional growth and electrical
properties compared with the growth of Mg-doped GaN in
H2 carrier gas. These results promise an increase in the
efficiency of DUV/UV LEDs through a decrease in the
absorption of Mg-doped GaN.
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We found out the reduction of contact resistance in V-based
electrode for high AlN molar fraction n-type AlGaN by using
thin SiNx intermediate layer. The contact resistivity for n-type
Al0.70Ga0.30N with the V/Al/Ni/Au electrode using SiNx

intermediated layer reached 1.13� 10�6V cm2. Moreover,
contact resistivity using SiNx intermediated layer had been
reduced more than one order of magnitude in all AlN molar

fractions from 0.62 to 0.87. Using this electrode, we also
demonstrated UV light-emitting diodes (LEDs) on n-type
Al0.70Ga0.30N underlying layer with an emission wavelength of
approximately 283 nm. An operating LED voltage using a
V/Al/Ni/Au electrode with SiNx intermediated layer was 3.3V
lower at 100mA current injection than that without SiNx

intermediated layer.

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

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 280–315 nm) and UV-C
(emission wavelength: lower than 280 nm) 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
AlN molar fraction. Therefore, a reduction of contact
resistance in the n-type AlGaN layer with a high AlN molar
fraction is important.

Many other groups have reported the fabrication of an
electrode for n-type GaNwith 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�6Vcm2) with n-type AlGaN with
an AlN molar fraction of up to 0.4. However, Ti-based
electrodes increase specific contact resistance (rc), thereby
increasing the AlN molar fraction. In addition, Ti-based
electrodes have high rc to n-type AlGaN with AlN molar
fractions above 0.6 [16]. We reported that V/Al/Ni/Au
electrode realized low contact resistivity (�10�6Vcm2)
with n-type AlGaN with AlN molar fraction of 0.62 [17].
However, we confirmed contact resistivity for AlGaN with
AlN molar fraction of 0.7 rapidly increased to 10�3Vcm2

order. Therefore, it is essential for realization of low ohmic
contact electrode with AlN molar fraction of more than 0.7.
So far, it has achieved the reduction of rc by insertion of thin
SiNx intermediate layer in AlGaN/GaN heterostructure
field-effect-transistors [18]. However, there are no reports of
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reduction of rc in high AlN molar fraction AlGaN single
layer by using SiNx intermediate layer.

In this study, we found out the reduction of rc in
V-based electrode for high AlN molar fraction n-type
AlGaN by using thin SiNx intermediate layer. We evaluated
the contact characteristics of using thin SiNx 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 8C, an
unintentionally doped 2.5-mm-thick AlN layer was grown at
1180 8C and a 2.0-mm-thick Si-doped AlxGa1�xN layer was
sequentially grown. The free-electron concentrations in Si-
doped AlxGa1�xN were measured to be approximately
2.0� 1018 cm�3 at room temperature (RT) by Hall-effect
measurements using the van der Pauwmethod. We prepared
the AlxGa1�xN samples with different AlN molar fraction x
from 0.62 to 0.87.

After cleaning with an organic solvent, aqua regia, and
hydrogen fluoride, SiNx thin layer on this n-type
Al0.70Ga0.30N were deposited by electron beam evaporation
method, and the V (20 nm)/Al (80 nm)/Ni(40 nm)/Au
(100 nm) electrodes were deposited by electron beam
evaporation method. We also investigated the dependence
of thickness of SiNx intermediated layers. The thickness of
the SiNx 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
0.5Å s�1. In addition, we did not flow any other gases for
suppression of decompose the SiNx intermediated layer.

After electrode deposition, the samples were annealed
for 5min under ambient N2 at 900 8C. 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 30mm. The
propagation length (Lt) and sheet resistance (RSH) were
computed from this measurement. Therefore, rc was
derived from

rc ¼ RSH � Lt2: ð1Þ

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-mm-thick AlN template, a 2.0-mm-thick
n-type Al0.7Ga0.3N cladding layer, three pairs of uninten-
tionally doped Al0.4Ga0.6N/GaN multi-quantum wells
(3QW), a 150-nm-thick p-type Al0.7Ga0.4N cladding layer,
and a 100-nm-thick p-type GaN contact layer. These
samples were annealed at 800 8C for 5min in ambient N2 for
p-type activation. These samples were etched up to n-type
AlGaN by inductively coupled plasma reactive ion etching.
Then, the V (20 nm)/Al (80 nm)/Ni(40 nm)/Au (100 nm)
n-type electrodes with and without SiNx 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� 245mm2. After the deposition of these
electrodes, annealing was performed at 900 8C for 5min
under ambient N2 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 8C for 3min under ambient
O2 for inducing Ohmic contact to the p-type GaN layer. The
size of the p-type electrode was 500� 140mm2. In addition,
Ti/Au (10/200 nm) pad electrodes were formed on all
electrodes for implementation. Injection voltage–current

Figure 1 Schematic structure of n-AlxGa1�xN.

Figure 2 Schematic views of the electrode patterns for
measurements.

Figure 3 Structure of UV LEDs with an emitting peak
wavelength of 283 nm.
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(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 (I–V) characteristics at 20-mm intervals
between the V (20 nm)/Al (80 nm)/Ni (40 nm)/Au (100 nm)
electrodes on n-type Al0.7Ga0.3N inserted with different
thickness of SiNx intermediated layer. As shown in the
figure, all samples were shown to have good Ohmic-contact
characteristics. However, the slopes of the I–V character-
istics in V/Al/Ni/Au electrode inserted with 3-nm-thick
SiNx intermediated layer were larger than that in the
0-nm-thick SiNx (no insertion SiNx layer). In contrast, the
slope of I–V characteristics rapidly decreased, when
the SiNx thickness was increased to 5 nm. Therefore, it is
confirmed that the improvement of I–V characteristics when
SiNx intermediated layers were the thin films. Although the
optimum conditions of SiNx thickness is limited, the effect
of the insertion 3-nm-thick SiNx was high reproducible
result. Therefore, we evaluated the detailed contact
characteristics in SiNx thickness of 0 (no insertion sample)
and 3 nm.

For calculating the rc, 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 30mm. Since the resistance plots almost

agree with the fitting line, the rc obtained are considered
reliable in this investigation. The rc values for the V/Al/Ni/
Au electrodes with and without SiNx intermediated
layer were 1.76� 10�6 and 6.75� 10�3Vcm2, respectively.
Therefore, we succeeded the rc was reduced approximately
three order magnitudes by the insertion of the SiNx

intermediated layer between n-type Al0.7Ga0.3N and
V/Al/Ni/Au electrode. We also investigated the AlN molar
fraction dependence of the rc. Figure 6 shows the rc of each
AlN molar fraction AlGaN determined by the TLMmethod.
The rc had been reduced more than one order of magnitude
by insertion of SiNx intermediated layer in all AlN molar
fractions.

Next, we investigated the mechanism of the rc reduction
by insertion of SiNx 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, Al0.70Ga0.30N and
the electrode can be confirmed. However, the layer of SiNx

was not confirmed. Although clear diffusion into the
Al0.70Ga0.30N 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

Figure 4 I–V characteristics with different thickness of SiNx

intermediated layer at an electrode interval of 20mm.

Figure 5 Resistance at each electrode interval: (a) SiNx/V/Al/Ni/
Au, (b) V/Al/Ni/Au.

Figure 6 The rc of each AlN molar fraction AlGaN determined
by the TLM method.

Figure 7 Reaction of electrode n-Al0.70Ga0.30N 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).
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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
SiNx 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/Al/Ni/Au electrode with insertion of
3-nm-thick SiNx intermediated layer was reduced by
3.3V at 100mA current injection compared to that without
SiNx intermediated layer.

4 Conclusions We present novel method for realiza-
tion of low ohmic contact electrode by using thin SiNx

intermediate layer. As a result, contact resistivity are
reduced from 6.75� 10�3 to 1.76� 10�6Vcm2 by using
V-based electrode with SiNx intermediated layer for n-type
Al0.70Ga0.30N 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 SiNx intermediate
layer.
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We have investigated novel reflective electrodes by combining an indium–tin oxide (ITO) layer and a SiO2/AlN dielectric multilayer (DM) for UV-

light-emitting diodes (LEDs). The reflectance of 10 pairs of SiO2/AlN 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.1) 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.2–10) 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.11) 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.12–14) However, the reflectivities of Ag and Rh in the
UV region are very low.15) Recently, we have reported
highly reflective electrodes that are combinations of indium–
tin oxide (ITO) and Al.15) 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 SiO2/AlN 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

vapor phase epitaxy. The UV LED structure was fabricated
on low-dislocation-density Al0:20Ga0:75N grown on a
grooved Al0:25Ga0:75N/AlN template.16) The UV LED
structure was composed of a 3.5-�m-thick n-Al0:2Ga0:8N
cladding layer, three pairs of unintentionally doped GaN
(3 nm)/Si-doped Al0:1Ga0:9N (8 nm) multi-quantum wells
(MQWs) with a 4-nm-thick unintentionally doped Al0:1-
Ga0:9N last barrier, a 20-nm-thick p-Al0:4Ga0:6N electron-
blocking layer, a 50-nm-thick p-Al0:2Ga0:8N cladding layer,
and a 50-nm-thick p-GaN contact layer. The samples were
annealed at 800 �C for 5min in N2 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 30 s in N2 ambient.

Then, three samples with different p-electrodes were
prepared. In type I [Fig. 2(a)], Ni (10 nm)/Au (40 nm)
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
(10 nm)/Al (150 nm) whole-area electrodes were deposited
on p-GaN by sputtering. Details of the fabrication conditions

Sapphire

AlN(3000nm)

Si-Al0.10Ga0.90N(8nm)/GaN(3nm):3QW

n-Al0.20Ga0.80N(3500nm)

n-Al0.20Ga0.80N(800nm)

p-Al0.20Ga0.80N(50nm)
p-GaN(50nm)

Al0.25Ga0.75N

p-Al0.40Ga0.60N(20nm)
Last barrier : u-Al0.10Ga0.90N(4nm)

p-electrode

n-electrode

Al0.50Ga0.50N

Fig. 1. (Color online) Schematic diagram of the UV-LED.
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of Ni/Au and ITO/Al electrode have been reported in
Ref. 15. In type III [Figs. 2(c)–2(e)], a combination of ITO
(100 nm) and 10 pairs of SiO2 (60 nm)/AlN (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�/�. 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 (10 nm)/Au (240 nm) bilayer was
deposited by electron beam evaporation for current injection.
The size of the p-electrode was 500� 140 �m2. The number
of holes in SiO2/AlN DM was varied at 1, 5, and 18, and the
size was the fixed at 10� 10 �m2. Ratios of the area occupied
by the holes in the p-electrode are approximately 0.02, 0.08,
and 2.5%. In addition, Ti (10 nm)/Au (240 nm) 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.17–20)

3. Results and Discussion

Figure 3 shows the reflectance spectrum of the SiO2/AlN
DM film. In this figure, we have also included the simulation
results. From this figure, the reflectance of the SiO2/AlN
DM film at 350 nm was found to be approximately 98.5%.

Although there is a slight deviation between the simulation
and experimental results, the reflectance of the SiO2/AlN
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–I 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 100mA of the UV LED with the SiO2/
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Fig. 3. (Color online) Wavelength dispersion of the reflectance of the

SiO2/AlN DM film. In this figure, we have also included the simulation

results calculated by the matrix method.
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AlN 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 SiO2/AlN 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

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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Table I. Characteristics of the UV-LEDs with three different p-electrodes.

Operating current = 40mA Operating current = 80mA

p-electrode Voltage

(V)

Light output

(mW)

Voltage

(V)

Light output

(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 II. EQEs, IQEs including IE, and LEEs of the UV-LEDs with three

different p-electrodes.

p-electrode
EQE

(%)

IQEaÞ

(%)

LEE

(%)

WPE

(%)

Ni/Au 2.3 28 8 1.9

ITO/Al 2.9 29 10 2.7

ITO/DM 3.4 29 11 2.6

a) including IE.
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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, 

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  

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.  

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 Al0.25Ga0.75N grown on grooved 
Al0.5Ga0.5N/AlN/sapphire comprised a 2.8-μm-thick n-
Al0.2Ga0.8N cladding layer, three pairs of unintentionally 
doped GaN (3 nm), Si-doped Al0.1Ga0.9N (8 nm) multiple 
quantum wells (MQWs) with a 4-nm-thick unintentionally 
doped Al0.1Ga0.9N last barrier, a 20-nm-thick p-Al0.4Ga0.6N 
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electron blocking layer, a 50-nm-thick p-Al0.2Ga0.8N clad-
ding layer, and a 50-nm-thick p-GaN contact layer. The 
samples were annealed at 800 °C for 5 min in N2 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 O2 
ambient and a Ti (30 nm)/Al (100 nm)/Ti/Au n-electrode 
that was annealed at 850 °C for 30 s in N2 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 N2 ambient and a Ti (30 nm)/Al (100 nm) n-
electrode that was annealed at 850 °C for 30 s in N2 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 N2 ambient. 

Samples E and D were used to examine the effect of 
LLO and silicone sealing. We processed sample C for use 

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/cm2) 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]. 

 
 

 
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 
× 105 cm-1 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-

sapphire

n-AlGaN

ITO/Al

p-AlGaN
p-GaN

MQW
ITO/Al

n-AlGaN

ITO/Al

p-AlGaN
p-GaN

MQW
ITO/Al

Sample D Sample E

Sample A

sapphire

n-AlGaN

p-AlGaN
p-GaN

MQW
Ti/Al

Sample B
ITO/Al

sapphire

n-AlGaN

p-AlGaN
p-GaN

MQW
Ti/Al

Ni/Au

Sample C

UV light UV light UV light

UV light

UV light

Figure 1 Five types of flip-chip LEDs. 

Figure 2 Scanning electron microscopy image of AlN 
after KOH wet etching. 
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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.  

 
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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Table 1 Characteristics of flip-chip UV LEDs. 

Table 2 EQEs, IQEs including IE, and LEEs of flip-chip UV
LEDs. 

Figure 3 V-I and L-I characteristics of flip-chip UV LEDs of
samples A, B, and C. 
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We investigated the critical thickness dependence on the GaN barrier layer thickness in a GaInN/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 GaInN/GaN SL was determined by analyzing the full width at half maximum of the in situ XRD spectrum from a GaInN/
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

GaInN ternary alloys have bandgaps ranging from 0.65 to
3.43 eV, and are therefore used as active layers in violet,
blue, and green light-emitting diodes (LEDs).1–3) 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.4–10) In general, most
GaInN-based solar cells are fabricated on a GaN template
or a freestanding GaN substrate because the growth of a
thick GaInN layer is quite difficult. Many previous studies
have revealed the mechanism by which defects form via
strain relaxation in GaInN=GaN heterostructures11–15) 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.9,10,16–19) The increases in the SL
periods and InN molar fraction in the GaInN=GaN SL active
layer are required for realizing high-conversion-efficiency
GaInN-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.4,12,13) Thus, the
determination of the structure and growth conditions that
suppress the generated MDs in a GaInN=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 GaInN=GaN heterostructure by analyzing the full
width at half maximum (FWHM) of the spectrum of the
GaInN layers. Moreover, we have reported the determination

of a reliable critical thickness in GaInN=GaN heterostructures
to obtain MD-free growth.22)

In the present study, we analyzed a GaInN=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 GaInN=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 GaInN=
GaN SL depends on the GaN barrier layer for the GaInN=
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. × 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 GaInN, respectively. Hydrogen (H2) and nitrogen (N2)
were used as the carrier gases. The rotational speed of the
substrate was 5 rpm. For the sapphire substrate (∼430 µm),
the GaInN=GaN SL samples were fabricated on an ∼3-µm-
thick GaN template grown using a low-temperature buffer
layer.23) For the GaN substrate (∼330 µm), the GaInN=GaN
SL samples were fabricated after the growth of an ∼1-µm-
thick homoepitaxial GaN layer. The threading dislocation
(TD) densities of the GaN template and freestanding GaN
substrate were ∼3 × 108 cm−2 and less than 3 × 106 cm−2,
respectively. After the growth of the homoepitaxial GaN
layer at 1,050 °C on the GaN template or substrate using H2

as the carrier gas at 933 hPa, each sample was cooled to
720–750 °C and the carrier gas was changed to N2. Then,
a Ga1−xInxN (2 nm)=GaN (y nm) SL was grown on the GaN
template and GaN substrate. The InN mole fraction in the
GaInN layer was varied from 0.20 to 0.25 by adjusting the
growth temperature, and the GaN barrier thickness in the
GaN layer was varied from 3 to 11 nm by adjusting the
growth time. The thickness of the GaInN well layer was set to
2 nm for all samples. We observed the GaInN=GaN SL with
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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) 2θ=ω scan in one second during
the sample rotation without requiring the use of an analyzer
crystal. Furthermore, the 2θ 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) 2θ=ω scan at a resolution of 1 arcsec
was possible. Therefore, in this system, both the tilt com-
ponent and distribution of the lattice constant c can be
characterized from the FWHM. Furthermore, FWHMs of the
in situ XRD spectrum were analyzed by a Gaussian fitting
method. We observed the GaInN surface structure and
defects by SEM and TEM, respectively.

3. Results and discussion

The in situ XRD spectra of Ga0.80In0.20N (2 nm)=GaN (3 nm)
SL are shown in Fig. 1(a). The FWHM obtained from the
in situ XRD signal for the Ga0.80In0.20N (2 nm)=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 Ga0.80In0.20N (2 nm)=GaN (3 nm) 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 GaInN=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 GaInN=
GaN SL. To investigate this phenomenon, Ga0.80In0.20N
(2 nm)=GaN (3 nm) SL samples on GaN templates with
different periods were investigated by ex situ characterization

techniques. Plan-view SEM and TEM images for the
Ga0.80In0.20N (2 nm)=GaN (3 nm) 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 GaInN=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

(a)

(b)

Fig. 1. (Color online) (a) In situ XRD spectra of Ga0.80In0.20N (2 nm)=
GaN (3 nm) SL. (b) Typical FWHMs from the Ga0.80In0.20N=GaN SL on the
GaN template as a function of number of SL periods.

Fig. 2. (Color online) Plan-view SEM images and plan-view TEM images for Ga0.80In0.20N=GaN SL samples of different periods on GaN templates. The
v-pit density is shown below the SEM images.
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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.13) 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 GaInN
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 GaInN well layer
upon increasing the GaN 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.24) 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 7 nm
thicknesses of the GaN barrier layer, since the strain in
Ga0.80In0.20N is less than that in Ga0.85In0.25N, 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 GaInN single layer on GaN,
the critical thickness of the sum of GaInN and GaN as a
function of average InN molar fraction of GaInN=GaN SL is
shown in Fig. 4. We also plot the data of the critical thickness

of the GaInN 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 GaInN single layer
depended strongly on the TD density of the underlying GaN
layer. In contrast, 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. We compared
our results with theoretical calculations for GaInN=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 GaInN=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 GaInN=GaN SL was found to depend strongly on the

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.

Fig. 4. (Color online) Critical thickness of the sum of GaInN and GaN as
a function of average InN molar fraction of GaInN=GaN SL. The data for the
GaInN 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.

Jpn. J. Appl. Phys. 55, 05FD11 (2016) J. Osumi et al.
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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 Al0:05Ga0:95N can be used to realize an extremely low-resistivity n-type layer at room temperature. In Si-doped GaN,

a resistivity of 2:7� 10�3 � cm with a carrier concentration of 4:0� 1019 cm�3 was almost saturated. In contrast, Si-doped Al0:05Ga0:95N with a

minimum resistivity of 5:9� 10�4 � cm was produced with an electron concentration and electron mobility of 1:4� 1020 cm�3 and 70 cm2/V s,

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 Al0:05Ga0:95N. # 2013 The Japan Society of Applied Physics

G
roup-III nitride semiconductors are used as light-
emitting diodes (LEDs)1–4) and laser diodes5,6) (LDs)
having a wide wavelength range. High-brightness

GaInN-based visible LEDs are presently commercialized
worldwide,7–9) 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;10,11) 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-�) 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 � in n-
type GaN.12–16) Fritze et al.16) managed to reduce � for the Si
doping of GaN to �2:5� 10�3 � cm at room temperature
(RT). They stated that a � and free electron concentration (ne)
of less than �2:5� 10�3 � cm and higher than �1:9� 1019

cm�3, respectively, could not be achieved because 3D growth
occurs by excess Si-doping. In contrast to Si-doping, a high-
ne (�2:9� 1020 cm�3) and low-� (�6:3� 10�4 � cm) GaN
layer could be realized by Ge doping.16)

In this study, we demonstrated n-type cladding layer of
Si-doped Al0:05Ga0:95N with low-� and high-ne with smooth
surface. We improved the WPE of a violet LED by using
this Si-doped Al0:05Ga0:95N.

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.17) An unintentionally doped �3-�m-thick GaN layer
and a 1.5-�m-thick Si-doped Al0:05Ga0:95N layer or GaN
layer were then sequentially grown. Silane (SiH4, 50 ppm
diluted by H2) was used as a dopant source.18) The carrier
concentration of the Si-doped Al0:05Ga0:95N and GaN was
adjusted from 8:0� 1018 to 1:5� 1020 cm�3. We measured
the van der Pauw Hall effect to determine ne, mobility (�e),
and � of each sample at RT. The two-dimensional electron
gas at the heterointerface between Al0:05Ga0:95N 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
GaInN multiple quantum well (MQW) active layer on the

Si-doped Al0:05Ga0:95N layer. This LED structure was
composed of a 2.0-�m-thick Si-doped n-Al0:05Ga0:95N layer,
three pairs of unintentionally doped Ga0:92In0:08N (2.7 nm)/
Al0:05Ga0:95N (12 nm) MQWs, a 20-nm-thick Mg-doped
p-Al0:3Ga0:7N electron-blocking layer, a 100-nm-thick
p-Al0:05Ga0:95N 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 10min 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-Al0:05-
Ga0:95N 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
Al0:05Ga0:95N (ne ¼ 1:0� 1019 and 1:6� 1020 cm�3). The

Si-doped GaN or
Al0.05Ga0.05N (1.5 μm)

unintentionally doped GaN
(~3 μm)

LT-buffer layer

Sapphire substrate

Fig. 1. Schematic view of the sample structure.

Sapphire substrate

LT-buffer layer

Unintentionally doped GaN 

Si doped Al0.05Ga0.95N

Ga0.92In0.08N/Al0.05Ga0.95N
MQW 

p-Al0.3Ga0.7N
p-Al0.05Ga0.95N

p-GaN
Ni/Au

Cr/Ni/Au

Cr/Ni/Au
p-electrode

PAD electrode

n-electrode

350 μm

Fig. 2. Schematic structure and top view of the violet LED.
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device size of each LED was 350� 350 �m2. 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).
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 (ne ¼ 3:0� 1019 cm�3) and (b) Al0:05Ga0:95N (ne ¼
4:0� 1020 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, 1.5 �m to
several tens of micrometers). Because ne of Si-doped GaN
up to 1:0� 1019 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 Al0:05Ga0:95N despite the Si concentration being
too high; we were unable to confirm the existence of cracks
in all Al0:05Ga0:95N samples. We concluded that a smooth
surface can be obtained by the addition of AlN even though
for a high Si concentration.

Figures 4 and 5 show � as a function of ne and �e as a
function of ne, respectively, in Si-doped Al0:05Ga0:95N and
GaN. ne of the Si-doped GaN was unambiguously increased
up to 4:0� 1019 cm�3. However, � of 2:7� 10�3 � cm with
ne of 4:0� 1019 cm�3 was close to saturation because �e

rapidly decreased with deteriorating surface roughness.
These results are similar to those reported in Ref. 16. In con-
trast, In contrast, ne of Al0:05Ga0:95N continued to increase to
1019 cm�3 and further to 1:4� 1020 cm�3. The minimum �
in Si-doped Al0:05Ga0:95N was 5:9� 10�4 � cm. This � is
lower than that of GaN with Ge doping.16) ne and �e of
n-Al0:05Ga0:95N in the minimum-� sample were 1:4� 1020

cm�3 and 70 cm2/V s, respectively. Because 3D growth is
suppressed using Al0:05Ga0:95N even under high Si concen-
tration, �e of this n-Al0:05Ga0:95N did not decrease signi-
ficantly. This result shows the potential of realizing a low-�
n-type layer by using Al0:05Ga0:95N.

Figure 6 shows the measurement results of I–L and I–V
of the violet LED on different Si-doped Al0:05Ga0:95N (ne:
1:0� 1019 and 1:6� 1020 cm�3). We confirmed a significant
difference in the I–V curve of each LED. By increasing the
Si concentration (ne in n-Al0:05Ga0:95N was changed from
1:0� 1019 and 1:6� 1020 cm�3), we found that the operat-
ing voltage was reduced by �1V at 100mA current injec-
tion. Moreover, the differential resistance at 100mA current
injection (series resistance) of each LED was reduced from
14 to 7.2�. According to a simple calculation, approxi-

50um

(a)

5um

(b)

Fig. 3. Plan-view SEM image of (a) Si-doped GaN

(ne ¼ 3:0� 1019 cm�3) and (b) Si-doped AlGaN (ne ¼ 1:4� 1020 cm�3).

1018 1019 1020

10-3

10-2

 GaN
 Al

0.05
Ga

0.95
N

ρ 
[Ω

cm
]

n
e
 [cm-3]

RT

rough
surface

Fig. 4. ne dependence of � in Si-doped GaN and Al0:05Ga0:95N.

1018 1019 1020
10

100

rough
surface

 GaN
 Al

0.05
Ga

0.95
N

μ e [
cm

2 /V
s]

n
e
 [cm-3]

RT

Fig. 5. ne dependence of �e in Si-doped GaN and Al0:05Ga0:95N.

0 20 40 60 80 100
0

1

2

3

4

5
0 27 54 81 108 135

Current density [A/cm2]

V
ol

ta
ge

 [
V

]

Current [mA]

1.0 x 1019 [cm-3]

1.6 x 1020 [cm-3]

RT, DC

0

5

10

15

20

25

O
ut

pu
t p

ow
er

 [
m

W
]

Fig. 6. I–V and I–L measurements of the LED on Si-doped

Al0:05Ga0:95N.

T. Sugiyama et al.Appl. Phys. Express 6 (2013) 121002

121002-2 # 2013 The Japan Society of Applied Physics



mately 4� is caused by the p-type layer (contact and bulk
resistance) among the series resistance. Because � was
reduced to approximately 1/5 times by ne increases from
1:0� 1019 and 1:6� 1020 cm�3, this reduction in differential
resistance can be partially explained by the decrease in the
sheet resistance of the n-Al0:05Ga0:95N layer. Because the
light output power of each LED for the low-current injection
was almost the same, as indicated by the I–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,21) decrease
of the current injection efficiency by current over flow,22)

and droop.23) Among these, we considered the decrease
of injection efficiency and droop are irrelevant, because
structure of the p-type layer and the GaInN 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-Al0:05Ga0:95N 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-Al0:05Ga0:95N underlying layer is extremely useful
for realizing high-performance GaInN-based LEDs. In addi-
tion, because AlGaN is also useful as a UV light-emitting
device material,19,20) 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 Al0:05-
Ga0:95N with extremely low resistivity (5:9� 10�4 � cm)

can be realized at RT. In contrast, � and ne in Si-doped
n-type GaN of less than �2:5� 10�3 � cm and higher
than �1:9� 1019 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-Al0:05Ga0:95N
underlying layer is extremely useful for the realization of
high-performance GaInN-based LEDs.
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We measured drain bias stress effects and current col-
lapse in AlGaN/ GaN heterostructure field-effect transis-
tors (HFETs) 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 (Vth= -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 Vth was negatively large (Vth= -4 V).  

Current collapse in a-HFET was not large compared with 
that in conventional c-HFET on GaN. A c-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 (Vth = -1.8 V) were particularly large. Therefore, 
an a-plane device is promising for a small or positive Vth 
with small current collapse.  

 

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

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 (Vth) 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 

generation mechanisms of c-plane and a-plane HFETs 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 Al0.3Ga0.7N barrier 
of 21 nm thickness were grown. The AlGaN barrier con-
tained a Si-doped layer. As references, an Al0.3Ga0.7N  
(22 nm)/GaN HFET on a free-standing c-GaN substrate 
and conventional Al0.3Ga0.7N (10 and 23 nm)/GaN HFETs 
on c-sapphire were also grown. After the growth, the sam-
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ple was etched for mesa isolation by Cl2-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 
(LGD) of all the devices were 2 and 8 μm, respectively. The 
current collapse in all the devices was measured without 
passivation. 

 
Figure 1 Schematic view of HFETs. 
 

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-IDS) of 
4 samples with VDS = 5 V. Vth and IDS of the a-HFET and  
c-HFET (Al0.3Ga0.7N: 10 nm) were almost the same  
(Vth=-1.8 V). On the other hand, the c-HFETs with a thick 
AlGaN barrier (Al0.3Ga0.7N: 22 and 23 nm) showed high 
IDS but the Vth values were negatively large.  
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Figure 2 Transfer characteristics (VGS-IDS) with VDS=5 V. 
 

3 Results The drain stress bias was maintained for  
30 s with VGS = -8 V. The time shift of the drain current 
was measured when the gate and drain were turned on  
(VGS = 0 V, VDS = 5 V). Figure 3 shows the time shift of the 
drain current with stress bias in a-HFETs. IDS decreased 
with increasing stress bias. The IDS was not quickly recov-
ered with a very long time constant. However, the IDS 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 IDS at 10 s after the stress bias. The IDS 
and current collapses depend not on the stress time but on 
the stress voltage. This trend is the same in all HFETs. 
Thus, the following current collapse measurements were 
carried out with the stress time of 30 s. 
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Figure 4 Normalized IDS 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 
IDS at 10 s after stress off and FET turn on. The decrease in 
IDS 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 IDS in 
the c-HFET on sapphire (AlGaN: 10 nm) is very large. 
Figure 6 shows the normalized IDS at 0.1 s. The difference 
of the normalized IDS was large immediately after the 

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 IDS at 10 s for each HFET. 
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Figure 6 Normalized IDS at 0.1 s for each HFET. 
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The a-HFET with a conventional structure and without 
passivation showed a small Vth 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 c-HFET with thick barrier thickness (22 nm) on GaN 
shows small current collapse; however, Vth was negatively 
large. On the other hand, a c-HFET with a thin AlGaN bar-
rier (10 nm) on sapphire shows a small Vth 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, Vth 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 Vth. 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 Vth and small current collapse.  
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We obtained high-quality AlGaInN/GaN quantum wells (QWs) with a 385 nm emission by adding Al sources to GaInN QWs grown at a low growth

pressure of 150mbar. When AlGaInN QWs were grown at a relatively high growth pressure of 400mbar, a considerable amount of peculiar

trench-shaped defects were observed on the surface of the AlGaInN 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 AlGaInN QWs. # 2013 The Japan Society of Applied Physics

1. Introduction

AlGaInN 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.1–3)

However, it is difficult to grow the AlGaInN alloy since the
typical growth conditions of AlN and InN are very different,
such as growth temperature and pressure. A high growth
temperature and a low growth pressure are necessary for the
AlN growth to reduce parasitic reactions between Al sources
and N sources and enhance Al adatom migrations on the
surfaces.4–7) In contrast, a low growth temperature and a
high growth pressure are required for the InN growth to
incorporate In atoms into epitaxial layers.8–11) 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.12–15)

The UV-LED should have a peak wavelength of 385 nm to
excite carriers in the fluorescent SiC substrate. To obtain
385 nm emission, Ga0:95In0:05N quantum wells (QWs) are
typically used.16) 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 GaInN-based LEDs in
which the GaInN QWs contain more than 0.1 InN mole
fractions. We then proposed to use AlGaInN QWs for
385 nm emission. AlGaInN with 385 nm emission should
have relatively large (�0:1) InN and AlN 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 385 nm emission
with about 0.1 AlN mole fraction. So far, the AlGaInN
alloys with a few percent InN mole fractions have been
investigated as active regions for the emission of less than
365 nm.17–22)

In this study, AlGaInN QWs targeting high-efficiency
385 nm emission are fabricated and characterized. Our
approach to obtaining the AlGaInN QWs is to supply
additional Al sources to our typical GaInN QW growth
conditions. We found that peculiar trench-shaped defects

showing a strong correlation with nonradiative recombina-
tions were observed on the surfaces of the AlGaInN QWs.23)

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 (TMIn),
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
(A1 and A2) is for growing AlGaInN QWs on the basis of a
standard GaInN QW. Sample A1 was our standard GaInN/
GaN QWs grown at 400mbar. Then, Sample A2 was grown
under the same growth condition as Sample A1 but with an
additional TMAl flow at the wells and barriers, resulting in
AlGaInN/AlGaN QWs. The second set of three samples (B1
to B3) is for growing AlGaInN/GaN QWs with smaller
TMIn flows to observe the TMIn flow dependence of surface
morphologies. Samples B1 to B3 were grown under the

Table I. Materials of well/barrier and growth conditions at well layers.

Sample

Materials of

well/barrier

layers

Pressure

(mbar)

TMIn

(�mol/min)

TEGa

(�mol/min)

TMAl

(�mol/min)

A1 Ga0:9In0:1N/GaN 400 32 37 0

A2 AlGaInN/AlGaN 400 32 37 9

B1 AlGaInN/GaN 400 4 37 9

B2 AlGaInN/GaN 400 1 37 9

B3 Al0:07Ga0:93N/GaN 400 0 37 9

C1 Ga0:87In0:13N/GaN 150 38 46 0

C2 AlGaInN/GaN 150 38 46 9

C3 Al0:86In0:14N/GaN 150 38 0 9
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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 AlGaInN QWs on the basis of another standard
growth condition of GaInN QWs. Sample C1 was GaInN/
GaN QWs grown under a lower growth pressure of
150mbar. Samples C2 (AlGaInN/GaN) and C3 (AlInN/
GaN) were grown under the same low growth pressure but
with TMAl flows. In Sample C3, only TMIn and TMAl
flows were supplied to the wells.

For the ternary alloys, such as Samples A1, 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=ðGaþ InÞ supply ratio were the
same between A1 and C1, 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
C1 (GaInN) 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 (AlGaInN) may be similar to
those of A1 and C1 (GaInN), 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
(160–930 nm) 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 AlGaInN QW
Sample A2 showed a 385 nm peak wavelength as designed
but also a much lower PL intensity than the standard GaInN
QW Sample A1. Note that AlGaInN QW Sample A2
contains AlGaN barrier layers, as listed in Table I, for
an equivalent carrier confinement to that of GaInN QW
Sample A1. Thus, the lower PL intensity of Sample A2
could suggest a poor quality of the AlGaInN 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 GaInN Sample A1 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 A1, which are typically observed in
GaInN QWs. Also, even though some undulation in the CL
image of GaInN QW Sample A1 was observed due to the
In inhomogeneity, the CL image showed reasonably high
intensity. In contrast, AlGaInN 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

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 GaInN QWs, so the
defects should result from the additional TMAl flow.

Next, to understand the origin of the trench defects,
additional AlGaInN QW samples (B1 to B3) were grown
and characterized. In the AlGaInN samples, various TMIn
flows including zero flow were selected during the AlGaInN
QW growths. Figures 2(a)–2(c) show the surface morphol-
ogies of AlGaInN 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 150mbar. The purpose of using a lower growth pressure
is to minimize potential parasitic reactions between TMAl,
TMIn, 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 AlGaInN QW Sample C2 grown at 150mbar, respec-
tively. Clearly, AlGaInN QW Sample C2 shows almost no
trench defects on the surface. Furthermore, a bright CL
image was also obtained from AlGaInN 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 AlGaInN QW Sample C2
[Fig. 3(b)] was smaller than that of those in GaInN QW

(a) (b)

Fig. 1. (Color online) AFM, SEM, and CL images of (a) Ga0:90In0:10N

QWs (Sample A1) and (b) AlGaInN QWs (Sample A2).
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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 GaInN QW Samples A1 and C1 are plotted in
Fig. 4. AlGaInN QW Sample C2 grown at 150mbar clearly
showed a drastic improvement of PL intensity compared
with AlGaInN QW Sample A2, and almost comparable PL
intensities to those of GaInN QW Samples A1 and C1. Also,
the emission peak wavelength of AlGaInN QW Sample C2
showed a blue-shift from that of GaInN QW Sample C1,
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 150mbar.
As shown in Fig. 5, no trench defects on the surface were

observed, so the low-pressure growth is confirmed to be a
key technique for obtaining high-quality AlGaInN 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 AlGaInN QWs based on the growth
conditions of GaInN QWs under different growth pressures,
400 and 150mbar. When the AlGaInN QWs were grown
at 400mbar, a considerable amount of trench defects were

(a) (b)

Fig. 3. (Color online) AFM, SEM, and CL images of (a) Ga0:87In0:13N

QWs (Sample C1) and (b) AlGaInN QWs (Sample C2).

Fig. 4. (Color online) PL spectra of AlGaInN QWs (Samples A2 and C2)

and reference GaInN QWs (Samples A1 and C1).

Fig. 2. (Color online) AFM images of (a) AlGaInN QWs (Sample B1), (b) AlGaInN QWs (Sample B2), and (c) Al0:07Ga0:93N QWs (Sample B3).

Fig. 5. (Color online) AFM image of Al0:86In0:14N QWs (Sample C3).
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observed on the surface, which acted as nonradiative centers.
The number of trench defects decreased with the decreasing
amount of TMIn flow. When the AlGaInN QWs were grown
at 150mbar, AlGaInN 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
key technique for obtaining high-quality AlGaInN QWs by
suppressing the trench defect formation.
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We demonstrated low-resistivity GaInN-based tunnel junctions using graded GaInN 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 GaInN layer (Mg: 1 ' 1020 cm%3) and a
2nm GaN layer (Si: 7 ' 1020 cm%3) showed the lowest specific series resistance of 2.3 ' 10%4Ω cm2 at 3 kA/cm2 in our experiment. The InN mole
fraction in the 4nm both-sides graded GaInN layer was changed from 0 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

T
he first GaInN-based tunnel junction for current
injection from n-layers to p-layers was demonstrated
in 2001.1) Because the tunnel junctions made of

other III–V semiconductors have been adopted in various
devices,2–4) such a GaInN-based tunnel junction is also
expected to be utilized to improve device performance in not
just tandem solar cells5) and cascaded LEDs,6–12) but also
in micro-LEDs,13,14) their arrays,15) lasers,16,17) and vertical
cavity surface emitting lasers (VCSELs).6,18) At that time,
however, the voltage drop at the GaInN tunnel junction was
high, about 0.6V at 50A=cm2, and further reduction in tunnel
junction resistance was demanded.

In 2010, a new concept to leverage polarization charges at
the GaInN=GaN interfaces was proposed towards realizing
low-resistivity GaInN-based tunnel junctions.19) Thus, the
GaInN layer has been used in the tunnel junctions because
of not only a narrower band gap20) with a lower ionized
energy of a Mg acceptor21) but also the polarization doping.
Since then, the GaInN-based tunnel junctions have shown
marked improvements in their reverse-biased characteristics.
In particular, a GaInN tunnel junction grown by MBE
showed a very low specific series resistance of 1.2 × 10−4

Ω cm2.22) On the other hand, a GaInN tunnel junction grown
by metalorganic vapor phase epitaxy (MOVPE) showed a
resistance of 4.0 × 10−4Ω cm2 by using a very high InN mole
fraction of 0.4 and lateral Mg activation.23–25) However, a
large voltage drop at the GaInN tunnel junction of about
1V was still observed under operation with a high current
density of ∼3 kA=cm2.

In this study, we paid attention to not only a tunneling
probability component in the GaInN layer but also an energy
spike component at the GaInN=GaN interfaces in terms of the
resistance of the GaInN tunnel junction. The GaInN 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 GaInN=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.26,27) Actually, the effect of the graded AlGaN
layers in a GaN=AlN tunnel junction was theoretically inves-
tigated by Schubert.28) Here, we experimentally investigated
the impact of the graded GaInN layers on the resistance of the
GaInN tunnel junctions. Various InN mole fraction profiles in

the graded GaInN tunnel junctions were also determined.
As a result, we demonstrated a graded GaInN tunnel junction
with a very low resistivity, the specific series resistance of
which was 2.3 × 10−4Ω cm2 at 3 kA=cm2.

All the samples were grown by MOVPE on c-plane
sapphire substrates using low-temperature-deposited buffer
layers.29) As shown in Fig. 1, a sample structure consisted
of a standard blue LED structure, a GaInN-based tunnel
junction, a 400 nm top n-GaN layer, and a 10 nm n+-GaN
contact layer. We prepared four samples containing different
GaInN layers in the tunnel junctions. Figure 2 shows the
designed InN mole fraction profiles in the GaInN layers. The
first sample shown in Fig. 2(a) contained a 2 nm2 Ga0.6In0.4N
layer, which was the same layer that we previously opti-
mized.24) The other three samples contained graded GaInN
layers. The second sample shown in Fig. 2(b) had a 4 nm
p-side graded GaInN layer in which the InN mole fraction
was increased from 0 at the p-side (left) to 0.4 at the n-side
(right). The third sample included the opposite n-side graded
GaInN layer in which the InN mole fraction was decreased
from 0.4 at the p-side to 0 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 GaInN layer in which the InN mole
fraction was changed from 0 to 0.4 in a 2 nm p-side GaInN
layer and from 0.4 to 0 in a 2 nm n-side GaInN layer. In other

Fig. 1. Sample structure consisting of a standard blue LED structure,
a GaInN-based tunnel junction, a 400-nm top n-GaN layer, and a 10-nm
n+-GaN contact layer.
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words, the InN mole fraction profile of the both-sides graded
GaInN layer was “Λ”-shaped. Here, the InN mole fractions
were controlled by changing the TMIn flow rate during the
graded GaInN 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 GaInN layers in the
tunnel junctions were doped with Mg of 1 × 1020 cm−3. Then,
2 nm heavily Si-doped (7 × 1020 cm−3) GaN layers were
grown on the GaInN 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.25) After forming device mesas of 35 µm diameter,
the wafers were thermally annealed under oxygen ambient
at 725 °C for 30min. Metal layers, Ti (30 nm)=Al (100 nm)=

Ti (20 nm)=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 5 kA=cm2. 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)30) was used for the calculation. Large energy
spikes were clearly shown at the interfaces of the 2 nm2

GaInN 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 GaInN tunnel junction

(a) (b)

(c) (d)

Fig. 2. Designed InN mole fraction profiles in the GaInN tunnel junctions: (a) a 2 nm2 Ga0.6In0.4N, (b) a 4 nm p-side graded GaInN, (c) a 4 nm n-side graded
GaInN, and (d) a 4 nm both-sides graded GaInN.

(a) (b)

(c) (d)

Fig. 3. Calculated band diagrams around the GaInN tunnel junctions: (a) a 2 nm2 Ga0.6In0.4N, (b) a 4 nm p-side graded GaInN, (c) a 4 nm n-side graded
GaInN, and (d) a 4 nm both-sides graded GaInN.
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[Fig. 3(b)] and at the n-side interface in the n-side graded
GaInN tunnel junction [Fig. 3(c)] owing to the graded layers.
Interestingly, even with the very thin graded layers (2 nm)
[Fig. 3(d)], a clear reduction in the number of energy spikes
was also shown at both interfaces in the both-sides graded
GaInN tunnel junction.28)

Figure 4 shows the j–V characteristics of the four LEDs
with the square GaInN tunnel junctions or various graded
GaInN tunnel junctions. The operating voltage of the LED
with the square GaInN tunnel junction was 5.3V at 3 kA=cm2.
On the other hand, all of the LEDs with the graded GaInN
tunnel junctions showed lower operating voltages of 4.6V or
lower at 3 kA=cm2. The differential specific series resistance
of the device was also estimated to be 2.3 × 10−4Ω cm2 at
3 kA=cm2, 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.22)

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 3 kA=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 2 nm graded GaInN layer could be
too thin to eliminate the energy spike sufficiently.

Then, we attempted a larger graded layer thickness in
the both-sides graded GaInN tunnel junction. We found that
the sample surface deteriorated when we grew an 8 nm both-
sides graded GaInN 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 GaInN and GaN.
In other words, the choice of InN mole fraction in the graded
GaInN 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 GaInN
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 GaInN layer with InN mole fractions from
0 through 0.35 to 0, as shown in Fig. 5(a). The second one

was an 8 nm both-sides graded GaInN layer with InN mole
fractions from 0 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
GaInN 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 GaInN
tunnel junctions (6 and 8 nm) as well as the 4 nm both-sides
graded GaInN tunnel junction. In this experiment, we found
that the 4 nm graded GaInN layer with the 0.4 InN mole
fraction still resulted in the lowest resistance.

Fig. 4. j–V characteristics of the four LEDs with the GaInN tunnel
junctions containing the 2 nm2 Ga0.6In0.4N, 4 nm p-side graded GaInN, 4 nm
n-side graded GaInN, or 4 nm both-sides graded GaInN.

(a)

(b)

Fig. 5. Designed InN mole fraction profiles in the graded GaInN tunnel
junctions: (a) a 6 nm both-sides graded Ga0.65In0.35N and (b) an 8 nm
both-sides graded Ga0.8In0.2N.

(a)

(b)

Fig. 6. Calculated band diagrams around the graded GaInN tunnel
junctions: (a) a 6 nm both-sides graded Ga0.65In0.35N and (b) an 8 nm
both-sides graded Ga0.8In0.2N.
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Eventually, we plotted the j–V–L characteristics of the
LED with the 4 nm both-sides graded Ga0.6In0.4N 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
GaInN layers on the resistance of the GaInN tunnel junctions
grown by MOVPE. The experimental results revealed that
the graded GaInN layers resulted in lower voltage drops at
the tunnel junctions. Our lowest specific series resistance of
the graded GaInN tunnel junction was 2.3 × 10−4Ω cm2 at
3 kA=cm2 as obtained by using the 4 nm both-sides graded
Ga0.6In0.4N layer. The value is now comparable to those of
the standard p-contact with Ni=Au and the GaInN tunnel
junction grown by MBE. Such a low-resistivity GaInN tunnel
junction grown by MOVPE could open up great possibilities
for high-performance nitride-based optoelectronic devices.
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The electrical properties of Si-doped AlGaN layers (AlN molar fractions: 0.03–0.06) with the donor concentrations (ND) from 8.8 ' 1017 to
4.5 ' 1020 cm%3 were investigated by variable-temperature Hall effect measurement using the van der Pauw method. A minimum resistivity of
3.6 ' 10%4Ω 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 AlGaN layer with ND values from 8.8 ' 1017 to 2.5 ' 1020 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 AlGaInN-based green, blue, and UV light-
emitting diodes (LEDs) are commercialized worldwide.1–5)

Nowadays, the external quantum efficiencies (EQEs) of blue
and near-UV LEDs are already more than 80%4) and 40%,5,6)

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.7) A reduction in resistivity (ρ) 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 ρ in n-type GaN.8–11) Fritze et al. realized an
n-type GaN layer with a high free electron concentration (ne)
(∼2.9 × 1020 cm−3) and low ρ (∼6.3 × 10−4Ω cm) at RT by
Ge doping.10) Since Si is often used as an n-type dopant in
nitride-based LED device manufacturing, low-ρ Si-doped
n-type layers are preferred. We have reported that high ne
(∼1.4 × 1020 cm−3) and low-ρ (∼5.9 × 10−4Ω cm) Si-doped
Al0.05Ga0.95N films have been obtained at RT with an
atomically flat surface.7) In addition, violet LEDs fabricated
using a low-ρ Si-doped n-type Al0.05Ga0.95N layer were
realized to reduce device resistance and improve WPE.7) On
the other hand, a number of studies have shown the activation
energy (ED) of the Si donor in GaN.11–13) In these studies, the
electrical conduction properties of Si-doped GaN with a Si
concentration of approximately 1019 cm−3 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 ρ of Si-doped AlGaN with a low AlN
molar fraction have not yet been elucidated.

In this study, we obtained the reduction bounds of
resistivity and ED in Si-doped AlGaN layers (AlN molar
fractions: 0.03–0.06) with donor concentrations (ND) from
8.8 × 1017 to 4.5 × 1020 cm−3 and a flat surface by variable-
temperature Hall effect measurement. Moreover, the degen-
eracy of AlGaN layers with high ND 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 (NH3) were used as the precursors of

Al, Ga, and N, respectively. Silane (SiH4) 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-µm-thick GaN underlying layer and a Si-
doped AlGaN (AlN molar fractions: 0.03–0.06) layer were
sequentially grown. The thicknesses of AlGaN layers were
from 1.2 to 1.5 µm. The AlGaN layers were grown at a
constant pressure of 150Torr. 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 ne, mobility (μe),
and ρ 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=III ratio dependence of the ne and ρ in
Si-doped AlGaN at RT. The Si-doped AlGaN layers were
grown at various Si=III ratios from 6.5 × 10−6 to 5.2 × 10−3.
The maximum ne and minimum ρ of 4.5 × 1020 cm−3 and
3.6 × 10−4Ω cm, respectively, were obtained at a Si=III ratio
of 3.9 × 10−3 and at RT. At Si=III ratios from 6.5 × 10−6 to
3.9 × 10−3, 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 × 5 µm2 measured by atomic force
microscopy (AFM). The full width at half maximum
(FWHM) values of AlGaN(0002) and the ð10�12Þ X-ray

Fig. 1. Schematic view of the sample structure.
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rocking curve (XRC) ω-scan were very much the same as
those of the GaN underlying layer. FWHMs of approximately
290 arcsec for the AlGaN(0002) ω-scan and 330 arcsec for
the AlGaNð10�12Þ XRC ω-scan were observed in these
samples. In calculating ED, the donor levels of defects and
unexpected impurities were ignored, because ne was almost
proportional to the Si=III ratio in a range from 6.5 × 10−6 to
3.9 × 10−3, as shown in Fig. 2.

In contrast, the decrease in ne and increase in ρ were
observed in Si-doped AlGaN with a Si=III ratio of
5.2 × 10−3, as shown in Fig. 2. The surface of this AlGaN
layer was quite rough and the FWHM value of AlGaNð10�12Þ
XRC ω-scan was increased. The maximum ne in Si-doped
GaN with a smooth surface has been reported to be
approximately 2 × 1019 cm−3 at RT.10) In contrast, we
obtained an n-type layer with a smooth surface and ne of
4.5 × 1020 cm−3 at RT using GaN with addition of a
small amount of AlN. Thus, we investigated the electrical
properties of samples with the ne of less than 4.5 × 1020 cm−3

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 ne. Group I showed ne that
varies with sample temperature, as shown in Fig. 3. In
contrast, Group II showed ne that did not vary with sample
temperature in the range from 300 to 70K, as shown in
Fig. 4. This electrical property suggests degeneracy.11–13)

First, we investigated the ED of the Si donor in the AlGaN
layer from the samples in Group I. In Fig. 3, the samples
with ne values of more than 6.0 × 1018 cm−3 at RT showed
a variation of ne at approximately RT and ne 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 ne.14–16) Thus,
the ED values of the samples with ne values of more than
6.0 × 1018 cm−3 at RT were obtained by fitting the temper-
ature dependence of ne at approximately RT.

From Fig. 2, ED 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, ED, ND, and NA are
related through the equation11,17–20)

neðne þ NAÞ
ND � NA � ne

¼ NC

2
exp � ED

kT

� �
; ð1Þ

NC ¼ 2
2�m�

ekT

h2

� �3=2

; ð2Þ
where NC is the effective density of states in the conduction
band, k is the Boltzmann constant, T is the temperature, m�

e is

Fig. 3. (Color online) ne in Si-doped AlGaN (AlN 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(CH3)4, respectively.

Fig. 4. (Color online) ne in Si-doped AlGaN (AlN 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(CH3)4.

Fig. 2. (Color online) Si=III ratio dependence of ne and ρ at RT.
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the electron effective mass, and h is the Planck constant. The
m�

e in AlGaN of each sample were presumed by20,21)

m�
e ¼ ðm2

e? �mekÞ1=3 �m0: ð3Þ
mek and me? were 0.20 and 0.18 in GaN, and 0.33 and 0.25
in AlN, respectively.18,21) We obtained ED by fitting using
Eq. (1). Fit parameters were ED, ND, and NA.

Götz et al. have suggested a linear function for the
acceptor activation energies (EA) in Mg-doped GaN.22) From
this case, the donor activation energy (ED) and EA should be
described as17–19,23,24)

ED,AðND,AÞ ¼ ED,Að0Þ � f
q2

4�"
N1=3
D,A; ð4Þ

where f is a geometric factor of value Γ(2=3)(4π=3)1=3, q is
the electronic charge, ε is the dielectric constant, ED(0) is an
inherent donor energy that corresponds to hydrogen-like
donors observed at very low ND,24) and NA is the acceptor
concentration. From Eq. (4), the ED,A of the impurity
semiconductor is affected by Coulomb interaction between
band carriers and ionized impurities. From this theory, ED,A is
presumed to be proportional to the 1=3 power of ND,A.
Several impurity semiconductors have been fabricated on the
basis of this theory;22,24–26) nevertheless, there has been no
report in n-type nitride semiconductors.

Figure 5 shows a summary of the ED of the Si donor in
AlGaN layers as a function of ND. ED decreased from
approximately 17.0 to 12.0meV with increasing ND from
8.8 × 1017 to 2.5 × 1020 cm−3. ED(0) was estimated to be
approximately 17.6meV by fitting in Fig. 5. From a fitting
line, the ED of Si-doped AlGaN with a low AlN molar
fraction was confirmed to vary proportionally to the 1=3
power of ND. Therefore, we concluded that the ED of Si-
doped AlGaN (AlN 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 ne values
of more than 3.3 × 1019 cm−3 at RT in Group I were grown
using SiH4 as the Si source. All the samples in Group II were

grown using Si(CH3)4 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 ne.

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 SiH4 and
Si(CH3)4, 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(CH3)4 showed that the peaks of AlGaN and
approximately 365 nm in degenerate samples with ND values
of 2.8 × 1019 and 4.5 × 1020 cm−3, despite having approx-
imately the same thickness. A particularly large change was
observed in the sample with an ND of 4.5 × 1020 cm−3. On the
other hand, as shown in Fig. 6(a), even when ND increased,
the spectral patterns of the samples grown using SiH4 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 ne of
9.0 × 1018 cm−3 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, Götz et al. have
already reported that the ne of Si-doped GaN with a Si
concentration of 2 × 1019 cm−3 does not vary with sample
temperature, indicating a doping level above the degeneracy
limit.11) From our results and the report,11) the electrical
properties of Si-doped GaN with ND of more than 9.0 ×
1018 cm−3 should change degeneracy.27)

The localization of GaN in the AlGaN layer can be
considered as the cause of degeneracy. Because the bandgap
energy of AlGaN with an AlN molar fraction of 0.03 is
higher by more than 80meV than that of GaN, the AlGaN
layer with the ND of approximately 2 × 1019 cm−3 would not
attain the degeneracy. The electrical properties of AlGaN

Fig. 5. (Color online) ED of Si-doped AlGaN (AlN molar fractions:
0.03–0.06) as a function of N1=3

D . The ED 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 17.6meV.

Fig. 6. (Color online) PL spectra from (a) AlGaN layer grown using SiH4

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.
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and GaN can be obtained when GaN forms partially in the
AlGaN layer. When GaN localizes in AlGaN, the sample
with high ND might show degeneracy in GaN, even when
nondegenerate in AlGaN. Since a peak of approximately
365 nm was observed in degenerate samples, as shown in
Fig. 6(b), this assumption is possible. From the difference in
luminescence intensity at approximately 365 nm in the PL
spectra of the ND values of 2.8 × 1019 and 4.5 × 1020 cm−3,
there is a possibility that the localization of GaN is enhanced
with the increase in Si(CH3)4 supply. The samples were
grown in two types of MOVPE reactor using Si(CH3)4.
AlGaN layers with ND values of more than 2.8 × 1019 cm−3

grown in each MOVPE reactor showed degeneracy. In
particular, the Si-doped Al0.09Ga0.91N layer with ND of 4.8 ×
1019 cm−3 in unintentionally doped AlN underlying layer
grown in the MOVPE reactor using Si(CH3)4 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)4 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 AlN
molar fraction of 0.03 and ND values of more than 2.8 ×
1019 cm−3. Therefore, further studies are needed to determine
the cause of degeneracy of samples.

4. Conclusions

We grew Si-doped AlGaN layers with ND values from
8.8 × 1017 to 4.5 × 1020 cm−3 using MOVPE reactors with
SiH4 or Si(CH3)4 as a dopant source. The minimum-ρ (3.6 ×
10−4Ω cm) was obtained at the Si-doped AlGaN layer with
the ne of 4.5 × 1020 cm−3 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 ne varies with sample temperature,
the ED of the Si donor in AlGaN layers decreased from
approximately 17.0 to 12.0meV with increasing ND from

8.8 × 1017 to 2.5 × 1020 cm−3, ED(0) was also estimated to be
approximately 17.6meV. We found that the ED of the Si
donor is affected by the Coulomb interaction in the AlGaN
layer with ND values from 8.8 × 1017 to 2.5 × 1020 cm−3. In
several AlGaN layers with high ND values, ne 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 nanocolumn 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 SiO2

selective growth mask. A SiO2 film with a thickness of 500 nm was deposited by sputtering on an AlN 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 SiO2 film. In the

second MOVPE growth, individual GaN nanocolumns coalesced into a planarized GaN layer, after thinning the SiO2 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� 108 cm�2, while that of a GaN layer

directly grown on an AlN buffer layer shows a dislocation density of 9:4� 108 cm�2. # 2013 The Japan Society of Applied Physics

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.1) Owing to this advantage,
studies of high-performance light-emitting devices with
nanocolumn structures have been focused on.2,3) Nanocol-
umn materials are also promising for the growth of a high-
quality nitride layer by nanoscale epitaxial lateral over-
growth (nano-ELO).4) 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,5–7) 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,8,9) and only a limited number
of reports on the metal–organic vapor phase epitaxial
(MOVPE) growth of nanocolumns have been pub-
lished.10–14) 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 cm2. 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.

In this study, we demonstrate a method of high-quality
GaN layer growth on SiC, which is composed of deep
through-holes in a SiO2 film, embedded GaN nanocolumns,
and a planarized GaN overlayer. The method of embedding
nanocolumns deep into SiO2 films makes it possible to show
a high structural uniformity in a wafer with a wide area of
over 2 in. In addition, the GaN layer grown on such nano-
columns with a low dislocation density of 1:3� 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 AlN buffer layer was
grown on a 2-in. SiC substrate. The AlN buffer layer is
commonly used for growing a high-quality GaN crystal
on a SiC substrate.15–17) A SiO2 film with a thickness of 30
or 550 nm 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 460 nm and a diameter of 250 nm to the
substrate. Then, dry etching by CF4 gas was carried out to
form through-holes in the SiO2 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 100mbar, which seem to be suitable for nanocolumn
growth. These growth conditions tend to form {1�101} facets.
The two substrates with patterned 30 and 550-nm-thick
SiO2 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 SiO2 film, a
typical selective growth of GaN nanocolumns can be
achieved.

The SiO2 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 SiO2 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
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case that all the SiO2 was removed before the regrowth of
GaN. However, no reduction in dislocation density was
observed. Therefore, such a process using of SiO2 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
AlN/SiC substrate. The growth conditions of a temperature
of 1050 �C, a pressure of 100mbar, and a V/III ratio of
2700 were used for the planarized growth because of the
enhancement of lateral growth.18) 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 SiO2 mask after
achieving the through-hole arrangement. Uniform through-

holes were successfully obtained by our process, although
their sidewalls were not perfectly smooth. From the images,
a period of 460 nm and a hole diameter of 200 nm were
confirmed. The etching of the SiO2 mask was accurately
terminated on the surface of the AlN 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) SiO2 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,13,14)

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
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Fig. 1. (Color online) Growth procedure of GaN nanocolumns and regrowth of planarized GaN layer.
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Fig. 2. SEM images of top and cross-sectional views of SiO2 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 SiO2 masks. For the observation

of the bird’s-eye view SEM image, the SiO2 was removed.
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SiO2 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 SiO2

mask down to 100 nm thickness. Figure 4 shows the
regrowth process of this sample. From (a) to (b), islands
of GaN are randomly growing to form {1�100} and {1�101}
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 500 nm 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 �m. 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 AlN/SiC substrate
was 9:3� 108 cm�2, and that of the GaN layer grown on

the GaN nanocolumn template was 1:3� 108 cm�2. A
significant reduction in dislocation density was realized by
nano-ELO.

The dislocation density of a commercial SiC substrate
is about 1:0� 105 cm�2. However, that of the AlN buffer
layer grown on the SiC substrate is about 1010 cm�2, owing
to lattice mismatch. The number of dislocations decreases
when a GaN layer is grown on the AlN 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 AlN buffer layer.
Furthermore, the GaN layer regrown by a lateral growth
over the SiO2 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
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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 (10min growth), and

(c) after growth (180min growth).
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Fig. 6. CL mapping images of GaN layer on flat AlN/SiC substrate and GaN nanocolumn template.
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Fig. 5. Cross-sectional SEM image of regrown GaN layer with thickness

of 4.3�m and magnified view around nanocolumn interface.
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and are eventually planarized, similarly to those in the
conventional ELO with a micron scale pattern.19–21) With the
optimization of the conditions for the regrowth of GaN,
further reduction in dislocation density can be expected.

4. Conclusions

We demonstrate a new GaN nanocolumn growth method
using deep SiO2 through-holes. This gives reproducible and
uniform GaN nanocolumn crystals under typical MOVPE
growth conditions. By applying this method, the GaN layer
regrown on the nanocolumns shows a low dislocation
density of 1:3� 108 cm�2, which is much lower than that
9:3� 108 cm�2 of the GaN layer grown on a flat AlN/SiC
substrate.
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1 General Since the band gap of GaInN 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 GaInN-based solar cells [2, 3]. By 
reducing the pit density in the GaInN active layer using 
freestanding c-plane GaN substrates and applying GaInN 
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 

GaInN-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 Ga0.83In0.17N (3 nm)/Ga0.93In0.07N (0.6 nm) 
superlattice layers as active layers on freestanding GaN 
substrates. Another 10 pairs of Si-doped Ga0.90In0.10N 
(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 × 1018 cm–3. 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  

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-

 rent density, open-circuit voltage, fill factor, and conversion
efficiency were 510 mA/cm2, 1.9 V, 70%, and 3.4%, respec-
tively, under an air mass filter of 1.5G at 200 suns and room
temperature. 
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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-  

 

 
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]  

SC
OC

0

CRln 1 ,JnkTV
q J

Ê ˆ= +Á ˜Ë ¯
 (1) 

where JSC, CR, J0, n, k, T, and q 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 
[V] 

FF 
[%] 

JSC 
[mA/cm2] 

η 
[%] 

RS 
[Ω cm2] 

RSH 
[Ω cm2]

1 sun 1.5 72 1.4 1.5 110 12000 
200 suns 1.9 70 520 3.4 0.53 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 × 107 cm–2. Therefore, a high FF was maintained up to 
200 suns. 

    
 

 
Figure 5 (online colour at: www.pss-rapid.com) RS and RSH as 
functions of concentration ratio (1 to 200 suns). 

 

 
Figure 6 η as a function of concentration ratio. 

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 (RSH) as functions of the concentration  
ratio. We calculated RS and RSH from the slope of the  
I–V curves [8]. RS and RSH rapidly decrease with increasing 
concentration ratio. Because the photo current of this solar 
cell is very small at low sun, RS and RSH appear larger. Thus, 
RS and RSH are rapidly reduced due to an increase in the 
photo current with high concentrated light illumination. 

Figure 6 shows the power conversion efficiency η as a 
function of concentration ratio. We also summarize the 
values of JSC, VOC, RS, RSH, FF, and η 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 η than that in VOC 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. VOC, 
JSC, and η monotonically increased from 1 to 200 suns, 
while FF decreased slightly. JSC, VOC, FF, and η were 
510 mA/cm2, 1.9 V, 70%, and 3.4%, respectively, at AM 
1.5G and 200 suns at RT. 
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Relationship between lattice relaxation and electrical properties in polarization doping

of graded AlGaN with high AlN mole fraction on AlGaN template
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We investigated polarization doping for hole generation in abrupt and graded GaN/Al0.7Ga0.3N interfaces on Al0.99Ga0.01N templates. The abrupt
interface exhibited hole generation, whereas the graded interface exhibited electron generation. In the graded AlxGa1%xN (x = 0.65–0), a graded
part with an AlN 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 ' 1013 cm%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

N
itride semiconductor-based deep-ultraviolet (DUV)
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.1–3) Among the reasons for
the low efficiency are the poor electrical properties of p-type
AlGaN with a high AlN mole fraction. Nitride semiconduc-
tors can exhibit p-type conductivity after Be, Zn, or Mg
doping.4–7) In general, Mg is mostly used to form p-type
AlGaN.8,9) However, it is almost impossible to generate
holes in AlGaN layers with high AlN mole fractions, because
acceptors such as Mg in such AlGaN layers have large
ionization energies.10,11) For instance, the resistivity of
Mg-doped Al0.7Ga0.3N exceeds 1,000Ω·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.12–18) 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.19)

The polarization charge concentration, NP_2D (cm−2), is esti-
mated as NP_2D = P=q, where P (C=cm2) is the polarization
charge density, and q (C) is the elementary charge. The polari-
zation charge density includes spontaneous and piezoelectric
polarization components.20,21) The polarization charge concen-
tration accumulates the free carrier concentration, N2D, with
opposite signs to satisfy the charge neutrality, N2D ≅ NP_2D. For
instance, two-dimensional (2D) electron gas has been accu-
mulated to the polarization positive charges at an AlGaN=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
AlxGa1−xN (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.22) For the graded structure, the three-dimensional (3D)
polarization charge concentration, NP_3D (cm−3), is estimated as

NP 3D ¼ @P

q � @d ;

where d (cm) is the thickness of the graded layer.19) Thus far,
we have shown that the hole concentrations in polarization

doping can be tuned by controlling the AlN mole fractions
in GaN=AlGaN structures up to 0.34 AlN.23) 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.24) These results
have been obtained with AlGaN on GaN templates.

Recently, polarization doping on AlN templates, which
are more suitable than GaN templates for DUV LEDs, has
been reported. Zhang et al. demonstrated hole generation
in Mg-doped graded AlxGa1−xN (x = 0.3–0).25) Li et al.
obtained a high hole concentration in Be-doped graded
AlxGa1−xN (x = 1–0.7).26) However, p-type graded AlGaN
with a substantially wider AlN 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=Al0.7Ga0.3N struc-
tures on AlN templates. We measured hole accumulations
to the polarization charges in abrupt and graded GaN=
Al0.7Ga0.3N interfaces with and without Mg doping with
respect to the measurement temperature. We found a lattice
relaxation in the graded AlGaN layer with AlN mole frac-
tions ranging from 0.2 to 0 and demonstrated that this lattice
relaxation affected the conductivity type.

All samples were prepared on AlN templates grown on
c-plane sapphire substrates by metalorganic vapor phase
epitaxy. The AlN templates were grown with the addition of
a small amount of trimethylgallium to improve the surface
morphology, resulting in a 2-µm Al0.99Ga0.01N layer on an AlN
buffer layer.27) We then prepared three different Hall samples.
The first had an abrupt interface comprising a 100-nm layer of
undoped Al0.74Ga0.26N, a 10-nm layer of undoped GaN, and a
40-nm layer of p-GaN on the Al0.99Ga0.01N template, as shown
in Fig. 1(a). The second Hall sample had a graded interface
comprising a 100-nm layer of undoped Al0.65Ga0.35N, a 100-nm
layer of undoped graded AlxGa1−xN (x = 0.65–0), and a 40-nm
layer of p-GaN on the Al0.99Ga0.01N 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 × 1019 cm−3)
graded AlxGa1−xN (x = 0.65–0) instead of the undoped
AlxGa1−xN. The 40-nm p-GaN layers were required as
p-contact layers to inject the current. For X-ray diffraction
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(XRD) measurements, another sample was prepared on the
Al0.99Ga0.01N template, comprising a 100-nm layer of undoped
Al0.65Ga0.35N and a 100-nm layer of Mg-doped graded
AlxGa1−xN (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 AlN 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 × 1013 cm−2, showing almost no temper-
ature dependence.23) 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=Al0.74-
Ga0.26N 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 × 1013 cm−2 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 × 1013 cm−2 at room temper-
ature. The 3 × 1013 cm−2 sheet hole concentration corre-
sponds to a volume hole concentration of 3 × 1018 cm−3,
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 240K.

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, 1min) 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 AlN mole
fractions in the Mg-doped graded AlGaN layer of the third
Hall sample were measured via SIMS. Figure 3 shows that
the AlN mole fractions decreased monotonically towards the
Al-polar surface side, as designed, indicating that no net
positive polarization charges were generated and thus no

electrons could be accumulated. Third, the strain and relaxa-
tion conditions of the lattices in the samples were investigated.
Figure 4(a) shows the ð20�24Þ XRD RSM of the first Hall
sample with the abrupt GaN=Al0.74Ga0.26N interface. The
results clearly indicate that the underlying Al0.74Ga0.26N was
5% relaxed and that the GaN was fully relaxed. The theoretical
polarization charge concentrations were calculated to be
3.7 × 1013 and 1.7 × 1013 cm−2 for the fully strained GaN
(to the Al0.74Ga0.26N) and fully relaxed GaN, respectively.
The measured hole concentration of 1.5 × 1013 cm−2 shown
in Fig. 2(a) is well-explained by the value (1.7 × 1013 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 AlxGa1−xN (x: 0.65–0) layer and the other
XRD sample with the Mg-doped graded AlxGa1−xN (x =
0.65–0.3) layer. Figure 4(c) indicates that the underlying
Al0.65Ga0.35N was 20% relaxed and that the graded AlGaN
with AlN mole fractions ranging from 0.65 to 0.3 was coher-
ently grown on the underlying Al0.65Ga0.35N. In contrast,
Fig. 4(b) suggests that the graded AlGaN with AlN mole
fractions ranging from 0.65 to 0 comprised the following
parts: 1) the graded AlGaN with an AlN mole fraction ranging
from 0.65 to 0.2, which was fully strained to the Al0.65Ga0.35N
layer, and 2) the graded AlGaN with AlN 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−3), NP_3D, of the graded AlGaN
layer were calculated with respect to the depth (or AlN mole
fraction) of the graded AlGaN layer, as indicated by the solid
lines in Figs. 5(a) and 5(b), respectively. For comparison, the

(a) (b)

Fig. 1. Hall-sample structures containing (a) the abrupt GaN=
Al0.74Ga0.26N heterostructure and (b) the undoped and Mg-doped graded
AlxGa1−xN (x = 0.65–0) layers.

(a)

(b)

(c)

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.
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theoretical absolute polarizations in the cases of the AlGaN
fully strained to the Al0.65Ga0.35N 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
AlN mole fractions ranging from 0.65 to 0.2 was fully
strained to the Al0.65Ga0.35N layer, the values in this part are
the same as those in the strained case. In contrast, the part
with the AlN 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 Al0.2Ga0.8N 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_3D containing
the ∂P=∂d component is plotted in Fig. 5(b). This figure
reveals that the net polarization charge concentration in the
gradually relaxed part (graded AlGaN with AlN mole frac-
tions ranging from 0.2 to 0) has the opposite sign (positive)
with a polarization charge concentration of ∼3.4 × 1018 cm−3.
This suggests that electrons— no longer holes—were accu-
mulated on the graded AlGaN with AlN mole fractions
ranging from 0.2 to 0. The measurable electron sheet concen-
tration was theoretically estimated to be 1 × 1013 cm−2 by
considering the thickness of the graded AlGaN (3.4 × 1018

cm−3 × 30 nm). This value agrees well with the measured
electron value (1 × 1013 cm−2), as shown in Fig. 2(b).

Finally, we theoretically estimated the carrier concentra-
tion of the Mg-doped graded AlGaN with an AlN 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,24) we
solved the following charge-neutrality condition using
Shockley’s graphical method:28)

n þ N�
A ¼ p þ Nþ

D þ Nþ
P ; ð1Þ

n ¼ NC exp � EC � EF

kT

� �
; ð2Þ

p ¼ NV exp � EF � EV

kT

� �
; ð3Þ

Nþ
D ¼ ND

1 þ 2 exp

�
EF � ED

kT

�; ð4Þ

N�
A ¼ NA

1 þ 4 exp

�
EA � EF

kT

�: ð5Þ

Equation (1) expresses the charge-neutrality condition, in-
cluding the positive polarization charge. Here, n and p are the
electron and hole concentrations, respectively; ND and NA are
the donor and acceptor concentrations (0 and 2 × 1019 cm−3),
respectively; Nþ

D and N�
A are the ionized-donor and ionized-

acceptor concentrations, respectively; Nþ
P is the positive

polarization charge density (3.4 × 1018 cm−3); NC and NV are
the effective density of states at the conduction and valence
bands, respectively; EA and ED are the acceptor and donor
energy levels (0.2 and 3.58 eV), respectively; EV and EC are the
valence- and conduction-band edge energy levels (0 and 3.6
eV), respectively; k is Boltzmann’s constant, and T is the tem-
perature. For simplicity, we used the average parameters for
the Mg-doped graded AlGaN layer, i.e., Al0.1Ga0.9N. 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.

(a)

(b)

(c)

Fig. 4. ð20�24Þ XRD RSM patterns of (a) the abrupt GaN=AlGaN
structure, (b) the Mg-doped graded AlxGa1−xN layer (x = 0.65–0), and (c) the
Mg-doped graded AlxGa1−xN layer (x = 0.65–0.3).

(a)

(b)

Fig. 5. (a) Theoretical absolute polarization charge concentrations (cm−2)
and (b) theoretical measurable net polarization charge concentrations (cm−3)
for the partially relaxed graded AlGaN layer.

Fig. 3. AlN mole-fraction profile for the Mg-doped graded AlGaN layer,
measured by SIMS.
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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 eV yielded the charge-neutrality condition, resulting in
p-type AlGaN with a hole concentration of 1.4 × 1016 cm−3, as
shown in Fig. 6(a). Considering that the hole concentration of
the strained graded AlGaN with an AlN mole fraction ranging
from 0.65 to 0.2 was 3.4 × 1018 cm−3, we calculated the meas-
urable hole concentration of the third Hall sample to be
2.4 × 1013 cm−2 (3.4 × 1018 cm−3 × 70nm + 1.4 × 1016 cm−3 ×
30 nm), which agrees well with the measured value (3 ×
1013 cm−2) shown in Fig. 3(c).

To elucidate the reason for the observed change in the con-
ductivity from p- to n-type around 240K, Fig. 6(b) describes
the charge-neutrality condition for the same case at 200K.
The hole concentration clearly decreased to 2 × 1014 cm−3.
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=Al0.7Ga0.3N structures on AlN templates.
The abrupt GaN=Al0.7Ga0.3N interface generated holes,
whereas the graded GaN=Al0.7Ga0.3N interface generated
electrons. The lattice relaxations drastically affected not only
the magnitude but also the type of conductivity in the graded

layers, which explains the observed electron generation in the
undoped graded AlGaN layer with a wide grading range of
AlN mole fractions. A combination of Mg doping and polari-
zation doping resulted in a high sheet carrier concentration of
3 × 1013 cm−2 (or 3 × 1018 cm−3 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� 1013

cm�2) resulted in an energy spike of more than 100meV 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

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

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 highestEQEs ofUV-A,UV-B, andUV-Care 44%at
365 nm [1], 10.4% at 278 nm [2], 0.2% at 227 nm [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 energyof
Mg acceptors in GaN is 170meV [4], that in AlN is
600meV [5]. Therefore, p-type AlGaN especially with high
AlN 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

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 toutilize thepolarization
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 interfaceswhere positive polarization charges are
generated. For instance, as the concentration of the polarization
charges at the Al0.2Ga0.8N/GaN interface is more than
1� 1013 cm�2, almost the same high number of the electrons
is built up. Furthermore, the polarization charges with the
opposite signarealsogeneratedat theother sideof 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
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graded p-AlGaN showed amuch higher 3D hole concentration
allowing vertical carrier transport [11]. Then, this concept was
provedina lightemittingdevice,anN-polarUV-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 thepolarizationchargeson theenergy-bandprofiles.Thus,we

assumed a simple uniform p-type material, Mg-doped
Al0.2Ga0.8N, containing positive and negative sheet charges,
1� 1013 cm�2, separately located, as shown in Fig. 1. The
assumedstructureallowsustosolelyestimate theinfluenceof the
charges,excluding thatofabandoffset thatmustbe formedat the
heterostructure interface. The fixed charges, 1� 1013 cm�2,
correspond to the number of polarization charges at the
Al0.2Ga0.8N/Al0.4Ga0.6N 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-Al0.2Ga0.8N

Nega�ve charges 
= 1x1013cm-2

Posi�ve charges 
= 1x1013cm-2

Figure 1 Assumed structure (putting positive and negative
charges in p-Al0.2Ga0.8N).

Figure 2 The calculated valence-band energy profile of the
assumed structure (Fig. 1). Energy spike and dip for hole is
160meV and 140meV, respectively.

graded-AlGaN
[0001]

(+)

(-)

Polariza�on 
charges

unit cell

Polariza�on 
dipolar

Net 
polariza�on 
charges (+)

(-)

Al composi�on
increase

All fixed charges 
(in p-type-
graded-AlGaN)

(+)

(-)

Posi�ve polariza�on charges

Ionized 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.

Electron blocking layer

n-Al0.2Ga0.8N

p-Al0.2Ga0.8N (100nm)
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Figure 4 Sample structures, (a) LED with polarization dilution,
(b) LED without polarization dilution (basic structure).
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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 theholes in thevalenceband.Whatwemustpayattention to
here is the heights of the energy spike and the dip, 160meVand
140meV, respectively, similar to that of the heterobarrier at the
Al0.2Ga0.8N/Al0.4Ga0.6N 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
thepolarization charges in thedevice 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� 1013 cm�2 sheet concentration is equivalent to a
2� 1020 cm�3 volume concentration, assuming that the
sheet charges are distributed in one unit-cell thickness
(0.5 nm). 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� 1013 cm�2
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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

Figure 6 Comparison of band diagram (injected current density: 1 kA/cm2), (a) LED with polarization dilution, (b) LED without
polarization dilution.
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is graded with 20 nm, the volume concentration is diluted
from 2� 1020 cm�3 to 5� 1018 cm�3, 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.

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 Al0.2Ga0.8N barrier/p-Al0.4Ga0.6N
electron blocking layer. Other than that, the layer structure
consists of a 2mm AlN, a 1.5mm n-Al0.2Ga0.8N, 3 nm GaN/
10 nm Al0.2Ga0.8N five quantum wells, the 10 nm u-AlGaN
last barrier layer, the 20 nm p-Al0.4Ga0.6N electron blocking
layer, a 100 nmp-Al0.2Ga0.8N, and a 30 nmp-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

Figure 7 Calculated LED characteristics. (a) J–V characteristic, (b) carrier injection efficiency.
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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 LEDwith
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 LEDwith 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
100meV, 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
350 nm LED also showed a lower operating voltage, while

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/AlInN/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 AlInN/GaN distributed Bragg reflector (DBR) by using high Si doped and graded layers at the
GaN/AlInN interfaces. The low-resistity n-type AlInN/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 layer1,2) and an AlInN=GaN distributed Bragg
reflector (DBR)3–5) were reported. One of the disadvantages
in growing thick AlInN had been the very low growth rate
(less than 0.2 µm=h6–8)) like GaInN alloys,9,10) but recently, a
relatively high growth rate, ∼0.5 µm, of the AlInN has been
obtained by using a combination of high growth temperature
and high In=III ratio.11) 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 (∼0.9 eV) at the AlInN=GaN
interfere in the lattice matching12) 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.13,14)

On the other hand, it is well known that large
polarization charges are induced at nitride-based hetero-
interfaces,15,16) and the lattice-matched AlInN=GaN is not
an exception.17) 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.18,19) Then, a hole accumulation to negative polari-
zation charges was observed at a GaN=AlGaN interface20)

in turn, and the AlN mole fraction dependence on the sheet
hole density was systematically investigated.21) Thus, the
hole accumulation and its mole fraction dependence should
be observed at the AlInN=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

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 AlInN=GaN (the
bottom interface of the AlInN) and for the hole accumulation
at the interface of the GaN=AlInN interface (the top interface

(a)

(b)

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.
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of the AlInN), respectively. The electron accumulation struc-
ture, the so-called two-dimensional electron gas (2DEG),
consists of a 20 nm low-temperature-deposited GaN buffer
layer (LT-GaN), a 3 µm 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 10 nm 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 2θ=ω 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 2 µm Si-
doped GaN layer on the sapphire substrate, 10 pairs of about
45 nm 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 × 1018 cm−3

in GaN and 1 × 1019 cm−3 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
AlN:Si for calibration. A graded DBR was formed by using
9 nm graded AlGaInN layers at all the top interfaces of
the AlInN in the standard DBR, as shown in Fig. 2(b). The
compositional graded AlGaInN 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 35.5 nm standard Si-doped (3 × 1018 cm−3)
GaN, a 4.5 nm highly Si-doped (1 × 1019 cm−3) GaN, a
4.5 nm highly Si-doped (5 × 1019 cm−3) AlInN, and a
35.5 nm standard Si-doped (1 × 1019 cm−3) 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 µm 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) 2θ=ω
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
Pendellösung 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.

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

(a)

(b)

(c)

(d)

Fig. 2. (Color online) One pair of layer structures in the Si-doped AlInN=
GaN DBRs. (a) Standard DBR uniformly doped with Si (3 × 1018 cm−3 in
GaN and 1 × 1019 cm−3 in AlInN), (b) graded DBR formed with a 9 nm
graded AlGaInN 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.
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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 σ was calculated using the
following equation:22)

� ¼ Psp þ Ppz

¼ Psp þ 2 e31 � c13
c33

e33

� �
� as � ae

ae
; ð1Þ

where Psp and Ppz are the spontaneous and piezoelectric
polarization charge densities, e31 and e33 are the piezoelectric
constants, c13 and c33 are the elastic constants, and ae 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).

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

(a)

(b)

Fig. 3. (Color online) XRD patterns of (0002) 2θ=ω 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.
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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.

Table I. Material parameters used in the calculations.16,23)

GaN AlN InN AlInN

Lattice constant (Å)

a 3.189 3.112 3.548 3.112x + 3.548(1 − x)

c 5.185 4.982 5.76 4.982x + 5.760(1 − x)

Spontaneous polarization (C=m2)

Psp −0.029 −0.081 −0.032 −0.081x − 0.032(1 − x)

Piezoelectric constant (C=m2)

e31 −0.49 −0.6 −0.57 −0.6x − 0.57(1 − x)

e33 0.73 1.46 0.97 1.46x + 0.97(1 − x)

Elastic constant (GPa)

c13 100 127 108 127x + 108(1 − x)

c33 392 382 399 382x + 399(1 − x)
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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,24) so the amount of Si doping should be close to that
of the polarization charge. For instance, the polarization sheet
charge density at the Al0.83In0.17N=GaN is calculated and
measured to be about 3 × 1013 cm−2, which corresponds to
3 × 1019 cm−3 volume concentrations in a 10 nm layer. Thus,
the 10 nm 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

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 I–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 16Ω, 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 16Ω. 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

(a)

0.12 0.16 0.20 0.24

0

1x1013

2x1013

3x1013

4x1013

5x1013

sh
ee

t h
ol

e 
co

nc
en

tr
at

io
n[

cm
-2
]

InN mole fraction 

 calculation
 measurement

(b)

4 6 8 10 12 14
1012

1013

1014

sh
ee

t h
ol

e 
co

nc
en

tr
at

io
n[

cm
-2
]

1000/T

 InN : 0.17
 InN : 0.20

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.

Fig. 6. (Color online) Band diagram of undoped GaN=AlInN=GaN.

Fig. 7. (Color online) Conduction band profiles of one pair in the
standard DBR, the graded DBR, the modulation-doped DBR, and the
graded=modulation-doped DBR.

Fig. 8. (Color online) I–V characteristics of the standard DBR, the graded
DBR, the modulation-doped DBR, and the graded=modulation-doped DBR.
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were reported,25–27) 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.28)

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 AlGaN/AlN heterostructure-field-effect-transistor-type (HFET) photosensors with a p-type GaN
optical gate and detection wavelengths that are restricted to 220–280nm. These photosensors employ a two-dimensional electron gas induced
at the hetero-interface between Al0.6Ga0.4N and Al0.5Ga0.5N 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 ' 103A/W and an externally low dark current density of
approximately 5 ' 10%10A/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 AlN 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)1–4) and laser diodes.5,6) Since the
band gap of AlGaN ternary alloys covers a broad range from
3.39 to 6.2 eV at room temperature,7,8) these alloys are
suitable as UV emitters and in photosensor applications.9–13)

Recently, high-performance UV LEDs with an external
quantum efficiency close to 10% have been developed for
sterilization and medical applications.14–18) 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 280 nm peak is
separated from sunlight.19)

Until now, photomultiplier tubes (PMTs) or Si-based
photodiodes with a visible light cut-off filter have been used
as UV sensors.20,21) 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.22,23) 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 105A=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

control the detection wavelength by changing the AlN molar
fraction of the AlGaN channel layer.

In this study, we employed an Al0.5Ga0.5N channel layer
because a band gap of 4.5 eV 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 NH3.24) 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.25) An
AlN substrate or an AlN 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. AlN
substrate could be obtained and the crystallinity of an AlN
template substrate is worse than that of a GaN template
substrate.26,27)

For the above reasons, until Akita et al. reported an
Al0.51Ga0.49N-based HEMT, there were only a few reports
of AlGaN=AlGaN-HEMT and the AlN molar fraction x of
AlxGa1−xN was lower than 0.4.28)

In this study, we fabricated high-performance AlGaN=
AlGaN HFET photosensors with a p-GaN optical gate on
high-quality AlN template substrates for the detection of
wavelengths that are restricted to 220–280 nm. We will also
show that the AlN 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 AlN template
was based on a previous report.29) After the growth of a 1.8-
µm AlN layer, a 320-nm unintentionally doped Al0.5Ga0.5N
layer, a 35-nm unintentionally doped Al0.6Ga0.4N barrier
layer, and a 100-nm Mg-doped p-GaN layer with a Mg
concentration of 2 × 1019 cm−3 was grown. The Al molar
fraction x of AlxGa1−xNwas determined using 2θ=ω scans and
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reciprocal space mapping measurements with X-ray diffrac-
tion. The Mg acceptors were activated by annealing at 850 °C
for 5min in N2. Mesa isolation was performed using Cl2
inductively coupled plasma (ICP) etching. The p-type GaN
optical gate was etched using ICP etching, except in the light-
detection area. Then, Ti (30 nm)=Al (100 nm)=Ti (20 nm)=
Au (150 nm) was deposited as the source and drain electrodes
on the u-Al0.6Ga0.4N barrier layer and annealed at 810 °C in
N2. The length and width of the p-GaN optical gate were 2 and
100 µm, respectively, and the interval between the source and
drain electrodes was 8 µm. 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 45 µW=cm2 and a
light-detection area of 200 µm2. 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.

3. Results and Discussion

Figure 2 shows the ISD–VSD 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 µW=cm2) and the dark current at RT
were measured. An extremely low dark current of 5 × 10−10

A=mm was obtained using the HFET in the presence of an
optical p-GaN gate when VSD 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 × 10−6 A=mm was observed when
using HFET photosensors without an optical p-GaN gate
when VSD 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 × 10−10A=mm under room lighting
conditions and 1.1 × 10−9A=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
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Fig. 1. (Color online) Schematic views of the device structure: (a) cross-
sectional view and (b) plan view.

0.0 1.0 2.0 3.0

P
ho

to
cu

rr
en

t,
I p

(A
/m

m
)

Source-Drain voltage, VSD (V)

P
ho

to
cu

rr
en

t,
I p

(A
/m

m
)

1 x 10-5

1 x 10-6

1 x 10-7

1 x 10-8

1 x 10-9

1 x 10-10

λ=250 nm

Photocurrent, Ip

Dark current, Id

Under 1sun (AM 1.5G)  

Photocurrent, Ip

Dark current, Id

(a)

(b)

Under room lighting 

1 x 10-5

1 x 10-6

1 x 10-7

1 x 10-8

1 x 10-9

1 x 10-10

Fig. 2. (Color online) ISD–VSD characteristics of the Al0.6Ga0.4N=
Al0.5Ga0.5N HFET photosensors at RT in the VSD range from 0 to 3V with
and without irradiation from a UV lamp (λ = 250 nm, irradiation density =
45 µW=cm2). (a) With and (b) without an optical p-type GaN gate.
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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 Al0.6Ga0.4N=Al0.5Ga0.5N-
HFET (with an operating voltage of 3V between the source
and the drain) obtained using a Xe lamp and a spectrometer.
The photosensors can achieve a high external photosensi-
tivity exceeding 103A=W. The inset in Fig. 3 is focused
between 200 and 500 nm. 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 104.

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 Al0.2Ga0.8N=
GaN-HFET obtained at VSD = 5V.22) The absorption edge
and peak photosensitivity wavelengths of the photosensors
were approximately 410 and 300 nm, respectively. The
photocurrent and dark current are higher compared with
those of Al0.6Ga0.4N=Al0.5Ga0.5N-HFET. From simulation
results (SiLENSe), we determined the sheet carrier density
of Al0.6Ga0.4N=Al0.5Ga0.5N-HFET to be 1 × 106 cm−2, while
it was 3 × 1012 cm−2 for Al0.2Ga0.8N=GaN. Therefore, we

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 AlN molar fraction of the
AlGaN channel layer. In addition, the photocurrent and dark
current is probably adjustable by altering the AlN 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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Fig. 3. (Color online) Relationship between the photosensitivity with a
VSD of 3V and the wavelength of irradiating light. The inset is focused
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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
(nm)

Photosensitivity
(A=W)

This work 250 3 × 103

Si UV sensor 254 3 × 10−2

Photoelectric tube 254 2 × 10−2

GaN photodiode 254 6 × 10−2

Photomultiplier tube 400 2 × 105
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Fig. 4. (Color online) ISD–VSD characteristics of the Al0.6Ga0.4N=
Al0.5Ga0.5N-HFET photosensors at RT under a VSD that varied from 0 to 3V
with flame irradiation from a Bunsen burner.
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to noise (S=N) of over 102 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 Al0.6Ga0.4N=Al0.5Ga0.5N-
HFET-type photosensors on AlN for the detection of 220
to 280 nm wavelengths. It was shown that the AlN molar
fraction of the AlGaN channel layer is the key to controlling
the detection wavelength. The measured photosensitivity of
3.4 × 103A=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).
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We investigated the correlation between the device performance and defects, such as V-shaped pits and threading dislocations, in GaInN-based

solar cells. To realize high-performance GaInN-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

N
itride semiconductor material systems including
AlN, GaN, InN, and their alloys are widely used
as light-emitting diodes (LEDs) and laser diodes.

Since the bandgap of GaInN ternary alloys covers a broad
range from 0.65 to 3.43 eV, these alloys are suitable for solar
cell applications.1) Using a combination of GaInN 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.2)

So far, we have succeeded in fabricating GaInN-based
solar cells.3–7) By improving the crystal quality of GaInN
using freestanding c-plane GaN substrates3) and applying
GaInN superlattice (SL) structures,4) the conversion effi-
ciency has been improved.

In general, GaN films on sapphire substrates covered
with a low-temperature buffer layer8,9) have a high density
of threading dislocations ranging from 108 to 1010 cm�2. In
contrast, GaN substrates grown by hydride vapor phase
epitaxy10) with a low dislocation density of 105 to 107 cm�2

are commercially available. In addition, GaInN 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.11) There have been many
reports discussing the correlation between device perfor-
mance and crystal defects in GaInN-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.12,13) In addition, it has been
reported that dislocations have a strong impact on the device
lifetime of violet laser diodes.14) The impact of V-shaped
pits and misfit dislocations on the performances of LEDs and
laser diodes have also been reported.15,16)

In contrast, we reported that the leakage current in GaInN-
based solar cells increases with increasing density of V-
shaped pits in the devices.3) 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 GaInN-based solar cells. Understanding the
factors limiting the performance of such devices is essential
for realizing high-performance GaInN-based solar cells.
In this study, we investigated the correlation between
the device performance and defects in GaInN-based solar
cells.

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� 108 and less than 107 cm�2, respectively. Trimethylin-
dium, trimethylaluminum, trimethylgallium, triethylgallium,
and ammoniawere 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 GaInN
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,17) we used thick
GaInN-based SLs as the active region instead of GaInN SLs
(underlying SLs). Table I summarizes the detailed structure
of the GaInN 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 GaInN active layer were determined by X-ray diffraction
2�=! scans of (0002) and (20�24) 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� 105 to 8:8� 108 cm�2 as
shown in Table I. The threading dislocation density also
ranged over two orders of magnitude from 107 to 109 cm�2.

Semitransparent Ni (5 nm)/Au (5 nm) 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 155mW/cm2). All measurements
were carried out at room temperature (RT).

(a) (b) (c)

Fig. 1. Schematic view of the sample structures of nitride-based solar

cells: (a) type I, (b) type II, and (c) type III.

�E-mail address: 113434038@ccalumni.meijo-u.ac.jp
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Figures 2(a)–2(c) show the open-circuit voltage (VOC), fill
factor (FF), and short-circuit current density (JSC) of the
GaInN-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
(Jleak) at a reverse bias voltage of �3V, the shunt resistance
(RSH), and the series resistance (RS), respectively, of each
sample as a function of pit density. We calculated RS and
RSH from the slope of the I–V curves.18) From these results,
Jleak and RSH were found to be strongly dependent on the pit
density. In Fig. 3(a), the results for Jleak are fitted to the
formula

Jleak ¼ 4� 10�8
ffiffiffiffiffiffi

Dp

p

; ð1Þ
where Dp and 4� 10�8 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.19,20) In this experiment,

Jleak exhibits sublinear dependence on the pit density and is
almost proportional to the square root of Dp. Because RSH

should be expressed as the reverse bias voltage divided
by Jleak, in Fig. 3(b) we inserted the theoretical line (blue
dotted line) given by

RSH ¼ VR

Jleak
¼ VR

4� 10�8
ffiffiffiffiffiffi

Dp

p : ð2Þ

In this case, VR is the reverse bias voltage of �3V. In this
figure, the fitting curve closely matches the experimental
results. From Figs. 2(a), 2(b), and 3(b), RSH should exceed
104 � cm2 and Dp should be less than 107 cm�2 to obtain
suitable values of VOC and FF.

Next, we compared these results with the solar cell char-
acteristics of other material systems. Table II summarizes
RSH, VOC, and the bandgap of each material in refs. 21–23.
According to this table, to realize a high VOC in a GaInN-
based solar cell, RSH should be one to two orders of mag-
nitude higher than that in the other material systems.

Note that VOC is defined by the formula24)

VOC ¼ nkBT

q
ln

Iph � ðVOC=RSHÞ
I0

þ 1

� �

; ð3Þ

where n, kB, T , Iph, and I0 are the nonideality factor,
Boltzmann constant, absolute temperature, photocurrent, and
reverse saturation current, respectively. From this formula,
VOC is significantly dependent onRSH. In contrast, therewas no
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Fig. 2. (a) VOC of GaInN-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.

Table I. Device structure parameters of GaInN-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)

1 GaN None
Ga0:88In0:12N single layer

(200 nm)
8:0� 108

2 GaN None
50 pairs Ga0:83In0:17N (3 nm)

/Ga0:93In0:07N (0.6 nm) SLs
8:7� 108

3 GaN None
50 pairs Ga0:83In0:17N (3 nm)

/Ga0:93In0:07N (3 nm) SLs
1:5� 107

4 GaN
10 pairs Ga0:90In0:10N: Si (3 nm)

/GaN: Si (3 nm) SLs

50 pairs Ga0:83In0:17N (3 nm)

/Ga0:93In0:07N (0.6 nm) SLs
1:0� 106

5 Sapphire
10 pairs Ga0:92In0:08N: Si (1.8 nm)

/GaN: Si (2.2 nm) SLs

30 pairs Ga0:90In0:10N (3 nm)

/Ga0:90In0:10N (0.6 nm) SLs
3:2� 105

6 Sapphire

10 pairs Ga0:90In0:10N: Si (2.2 nm)

/Ga0:95In0:05N: Si (2.2 nm) SLs

+

10 pairs Ga0:94In0:06N: Si (1.8 nm)

/GaN: Si (2.2 nm) SLs

50 pairs Ga0:82In0:18N (3 nm)

/Ga0:88In0:12N (0.6 nm) SLs
1:7� 108

7 Sapphire
10 pairs Ga0:94In0:06N: Si (2.2 nm)

/GaN: Si (1.8 nm) SLs

30 pairs Ga0:88In0:12N (3 nm)

/Ga0:93In0:07N (0.6 nm) SLs
1:1� 105
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correlation betweenRS andpit density as shown inFig. 3(c). In
general, considering the equivalent circuit model of a solar cell
under illumination, the resistive component is expressed as22)

I ¼ Iph � I0 exp
qðV þ RSIÞ

nkBT

� �

� 1

� �

� V þ RSI

RSH
; ð4Þ

where I0 is the reverse saturation current. Equation (4) shows
that JSC was strongly affected by the value of RS. Therefore,
JSC is independent of the pit density.

In conclusion, we investigated the correlation between the
device performance and defects in GaInN-based solar cells.
To realize high-performance GaInN-based solar cells with
a high VOC and FF, it is essential to realize a low Dp and
high RSH, which should be lower than 107 cm�2 and exceed
104 � cm2, respectively. In contrast, no significant correla-
tion could be confirmed between these device performances
and the threading dislocation density in the GaN underlying
layer. Therefore, reduction of the pit density is essential for
the realization of high-performance GaInN-based solar cells.
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Fig. 3. (a) Jleak of GaInN-based solar cells at a reverse bias voltage of �3V as a function of pit density. (b) RSH as a function of pit density. (c) RS as a
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Table II. RSH, VOC, and bandgap of each material in this study and in

refs. 21–23.

Material system
Bandgap energy

(eV)

RSH

(� cm2)

VOC

(V)

Si21) 1.12 6:7� 102 0.56

GaInP22) 1.96 1:1� 102 1.33

CdS/CdTe23) 1.4 1� 103 0.84

2.8 7� 105 1.95

GaInN 2.8 1� 104 1.8

2.8 2:15� 103 0.93
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