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StudK on initial growth mechanism of InN under high density radial irradiation
for high carrier mobility channel
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In order to clarify the growth mechanism of InN and high-In_content InGaN
under high-density radical irradiation, the crystal growth of InGaN under the irradiation of
high-density nitrogen radical by our originally developed high-density radical source, of which
density was 10 times or more higher than general plasma sources, was Investigated. A high In content

of 40 to 42% was achieved at a relatively high growth temperature of 447 to 590 . The lower the
mosaicity was obtained at the higher growth temperature, suggesting that the high-density nitrogen
radical irradiation suppresses the decomposition and desorption of InN, and that high-temperature
growth improves crystallinity. In addition, the analysis system of depth profile by the maximum
entropy method in angle-resolved X-ray photoelectron spectroscopy was established, and the change in
surface structure due to alternate irradiation of ions and radicals was clarified.

InGaN



B X C—19,. F-19—1, 2—19 (@)

1. WFZEBRAE S WD 5

BUITE, BNFEFCERHAEZ PO E Lo T —F N, R EOBAT 34 ADHFFEB% & EH
fEHEA TN D GaN (R /LF =N Ry v 7 3.4 eV), AIN ([d] 6.3 eV) K ONZ DR (AlGaN)
WL T, KRN R L X =R Ry v 7 (0.7 eV) MO TEWVEFBINELZES InNB
J O InN fAEK InGaN O\ iEEEE G T 5 BN EOEIR E | ZDEA~DRVAREN &
Do ZHUTED | EFRAMEEE CORBRRBEDWRER BT T OHL 5T, FEkOlE#E A £
UTRA A EIZET D EBBET ¥ RV OFEBRDRHFIN D, L UFEERITIE, Ml St
P3RS B R DS FTREZR Ay FfR = B % % o —ik (MBE) TH AT 3,280 em’/Vs ThH V| FfHFH
BH PRSI TN D InN OBIRHEIC 1305 < KIE72vy (L. Hsu, et al, J. Appl. Phys. 102,
073705, 2007.), F7HKFETELTH, InNIZHLEHAA, InGaN 2BV T H AT InN FH
JRSEFRPEIZBE & > T D, ZDOJRIFO—2IZ1%, InN JEMERELS (1, 100°C) ThH 5 72 9DIZ (GaN
1% 2,500°C, AIN X 2,200°C), —fXIZ@E W FERTEICAR AT R R EIRAE D EH TE 202 &35
bILD, ZOX I BRGFEITBWTL, 7T A3 ET 3L X — DS CORRMEEED 2 &
0%, LinL, 77 A~ B AW FIEICRE, B0 TH, KR InN AT 2@V BB E TS
RENTHELT., FT7AVRHERMD NT AT 4 v 720 ERERRD BN D, ZHUTKL
Tz ix, BRTDEBET P HNRE WV GaN B L InGaN DIKIRKREICEB T 5 E-EN D,
10% em® LLEDER T O A VERH T CIEbERE L EEED FL— R 7B bNn 5 Z & & A
HLTWD, bbb, ZOMRIZIEDW - AR I 257 [ & LT, ek
LHELT1 ORFLAEEFEERERT VN /VIRE TICBW T, InN RO IR RIBF & D K
AT D0y, 72 FDHRITIES K\ USHIENC X - CTEBEIE InN ORIRREHTO
HENENF[RETH D, E Vo= Z ENIEDIT B D,

2. WHEOHK

RO HEE, R EY & 10 500 EEEIE72 7 VIS ik 4, InN 38 L 0% InN
#% InGaN _(InN % : 50%L4 1) OIRKH - REY A > 7 ¢ 7@l ib PEEBEORIR - FIHIAL
RO TH O | HERITINET LW ZE( 8K OARIR AR BN O L 0 72 3 0 JARAF 5t
ENLEST b D, BARMICIE, FFEE OB Lz, IEROBEREGALT T A~ (ICP) &
PG LT 105 LA B B ERER T VNV A AR AR EHBE T O NJREFME L T, BE&
EIRER M OKRFET VNV T TO

InN 35 LUV InN #LpZ InGaN  (InN L /\100 | | i
e SO%B ) ORI A Y L (9 ig * . .
). BCEovEL kR Bl
B X BB TR CIC k> g . oL
T in-situ fiffT LC, BT L~ THS g .
PETBHOTHL, Thbb, Higy 2 1
BFZIS 1T D AR FEI RO AT it o2 - . HDRS
WA, T NETIERRE LI & [m ]‘ —RRBISICP
HBAFE L CETomBEEERT VNN 0'10 10 20 30
LA AVEISERE 7 0t 27 & N, Flow rate (sccm)

1 EEBETVINRTER LIZEZT VML

% GaN 35 X' InGaN  (InN Lk <16%)
S1F 2 s S L
DEEIE - R (MBE ) PV SRR N R



& Si R ETO GaN OfRIR - 7o' =7 L ARERN (RE-MOCVD %) Z Hifif s LT,
Z O D HFN T - BRI TH DL L EE XD,
3. WD L

AT TIE, BEBERERLOKET VHVRE TIZBIT 5 InN £ X O InN F15% InGaN
DIRIB LR BT OFENIITE T2 BB TE & LT BT 2 DDORISRIZT 4 — I A LT, KT
WRERER LUV T L=, 1 2HIE, GaN 7> 7L — |k ETO InN B L InGaN (InN 1
A% 0 50%LA 1) D RIZERIT D In ORI & RITEEE QR 1 L~ L TOMATH 5, FITHE
FEIRER T VAV In OREILHECARITIC KIET 2R A 57023 %, GaN X° InGaN D
% TH RS RS (2 DU Tk - Carnegie Mellon University @ R. M. Feenstra <Ml « ~ v 7 A5 >
7 WFGERT D D. W. Greve 72 SN2 L 2 PEEeMFFE7238 % (Phys. REV. Lett., 79, 3934-3937, 1997 %) ,
FE72 InN X GaN DR IZ OV T HEBERORIAE 7 4+ 10 O —DREFINH L1, BRTS T A~
ERAVWEREICBONTT I A~vBHEMHC 7+ — A LT, TOMRER ULMEITITEAL
U, AMFFETIE. InN EXE In MK InGaN B DTN T, BHET DU LOBENBETH
D00 FFE (Y ANOFEE) OMBETHLIONEHLNIL, ZHETI T TEE
RITTHNEORFE &N E RN EHIROMEIC 7 4 — Ry 7925 2 & & HIIZEY AH
MTZe T VAVIREHZIZHEEE OB LicmBE 7 P R (HDRS) MV, 1EROFHER
BT T A= (ICP) &l LT 10 f5LL @B E Rk - KK T VA /VIRET T TORF Rk
R A A L, EEELMER Lo E FEEM CRB 2L FTRE 2 > ¥ MLV AT L%
BAE L, REALCIL PR SIREBOZLEZ R L~ L THLNI LTz, b5 Dl Cl ZU70
Ne At ATV ORAERICE DR EE Yy F o 77t R8BI 5 IGHBROMHATH S,
Rz, AR X BOEE /0 )6E (ARXPS) TORMEFMK OGS FafElr 217 -7, ARXPS T
X IRy hrE—ik (MEM) ICR DRSS TSIy AT AL, 77 X~ RO
JRFJE L~V TR 24T o T2 ETLRAAEEIZIBWTE, & In A4 InGaN DAL % %
i L7z,

4. WFFERR

ERBEE InN F v R L ORIBRESINOMNICE T 5, BEET VIR TICET 5 InN
BELOE In fi5k InGaN (In $Ak : 50%LL 1) OPIHILEMIEOMEAZ BRI, 7 2 h VG
T COREMREZ ORBRTEOHEICEY AT, 7V NVBEHITHGES O B% L
BT VAN (HDRS) M, 1EROFEFM AT T 7 X<Ji (ICP) &g LT 10 f52h Lk
BRI SR KE T VA VIRS T CORRERREOVIIIBR LA L, 7V VIRIEE
mOBEITIX, AR b RVEMET (STM) °, HARFAK T (100Pa LLTF) TR 5§85
FIRE 7R R BR 7 v A A A BRI, A B0 X SO0 1% (ARXPS) Coimifi
FROTES T 217> 7=, ARXPS Tlit, ek hr v —ik (MEM) (X2 Jmomatr
VAT LEHEL, 7T A~ BPERBOFTE LIV TOMBRIT EZIT o7, BALEO—FET
&H5H MEM TiX, MRS MOHEIZL > TRAOT —F ZHHT20ERH D2, T—
BT 4T A4y TORRENAHET D ENRMNELIND, ZHUCE>T—RED
AT BRI  IED2ENKREN-720  AROT —# fficx L THBEIC
TAYT AT TEDLRENS D —T7, WIERT =27 4T 4 VT RRENLTNDEND
HIEDEE LV, £ 2T, Ay o TR A0 DMEE SN DS, BT VA DORRE
W&V, 74T 4077l T L EHESELHL LI, ZOME, Ar A 4L ClLTY
1V % A8 AR U= Rl ORI AT DV T, T LUV TO 7R S T MIfRNT 28 T &



HUAT NEEBL
2o THUTEY Ar A 4 [emarmevan et
VL Cl 7VHIVDRE /

MBH 217~ 7= GaN i

IZBWT, Ar £ F 1R
W% D Ga 4| O F
RS Ar A > DT
RN X =R L TR
kT 562 L2
L7, — ). Ga ®&ED
KEAKIZED T, &
i< Cl 7 2 h ViR
§#% T Cl OF L
E—EThdZ LA
L7z, ZDnZ &b Cl
A RN S & i)
Ga &8 % BRI HEFE
s n 2 Licky, , , ,

GaN £ OWRHER & ' Deph(am) ‘

B0 EEZLN
%, I, EEEOJR &
Ty F U7, Ar
AL Cl TV NELZERINCEIT S, GaN £HHLE - #iED 2T~ F O ZELOfRYT
WZEDFLA TS, T OFER, A A =3 L F—23 116.0 5 LN 212.6eV THHGAEIZH T,
Ar A AV BHEHZ K> TSNS Garich REBEOREEINZNZE1 0.8 8LV 1.1 nm T
D Enbhrols (M2), ZAUTfEy, KEED Cl Z VNN AT » 7 IZE175 Cl 7
CANDERNRINENRTHZEE /A LI, 2ROOHAIL, JRFEmERIZHB T DA
Ty O FT V=R A ERERITRET DR TH Y | [T vt 20O RSHERE O FfE &
B fUIZB W CHEEREME L 725, 7, STM R XPS &, £k 7T A~ BRI AT AL D
M, BZORIEZ R o 7o £ £ CREHEFTREZREZE S v RV AT AMZHOWT, LY mEZZREE
TEREHIGETTRE R > ¥ MR — R F v U\ Z % L. REOEEMZ L 0 SE >R
RO Z & &AREE LT,

BRI T, SR ETOMRAE IS LT, @& In 4k InGaN Ok % Fhfi L7-, HDRS
ZHWTAER LTGRO — )72 ICP & ki LT 10 5L ERBERER T UV ORS TIC
BT, HEAEVEREIRE TH D 447~590°C T InGaN Z k& Lz, TORE., ZhbHOHE
{EFEI C In #HEE 40~42%DE In f% InGaN O E#EHR L=, - XHa v I h—7
HIEICBWT, RERE 447°C, 521CE LV 554 CHOHE D InGaN(0002) i O - fif 221§
(FWHM)iZ 3,610, 2,372 B L 12,055 arcsec TH Y . KERENEWVIIE ST A T 4 DN
TAHEMBE BN, 725, HDRS Z HWTAR L7z, kO %8972 ICP & t# LT 10
U LS BERERT VAN ORI X - T InN O E - BBEEAIE S, @iRkE & Z2hic
K DGR MEDN ENEBREETH D Z ERHLNE o7, TNHDORERITS T ¥ X
—iEMBE)Z £ % InGaN R OFERTH S5, MBE ICIRS T, (bFEAMHEREIE(CVD)R UL

Ga 3d component / Ga 3d

Ga 3d component / Ga 3d

X2 631 7 /VHDArA AR RIZIS T 5 Ga 3dRor DR S a4t
(ArAf > TR/ F— : 116.05 L 212.6 eV)



A L o— Y — HE R
(PLD) 73 & £k 72 B i
FEIZEBWTH, HDRS
ko THERIND &
BEERT O HNNVOR
WHrngRAThsZ L%
FETLHEDEBERD
o,

4000 60
<« [ J 50
g
N
8 3000 ¢ ¢ * 40
s S
E 4
= o 30 E
z . s
% 2000 20
o
x
10
1000 0

400 450 500 550 600
EMCRE (°C)

3 Xi#o w7 h—T7HEICET 5 InGaN(0002) [ O - i
2HE(FWHM) & | In L O AR IR et



5 5 0 0

Yasuhiro Isobe, Takayuki Sakai, Naoharu Sugiyama, Ichiro Mizushima, Kyoichi Suguro, Naoto 37

Miyashita, Yi Lu, Amalraj Frank Wilson, Dhasiyan Arun Kumar, Nobuyuki lkarashi, Hiroki Kondo,

Kenji Ishikawa, Naohiro Shimizu, Osamu Oda, Makoto Sekine and Masaru Hori

Growth of high-quality crystal GaN using radical-enhanced metal organic chemical vapor 2019

deposition (REMOCVD) method with shield plates for plasma-confinement

Journal of Vacuum Science Technology B 031201-1~7
DOl

10.1116/1.5083970

Yasuhiro Isobe, Takayuki Sakai, Kyoichi Suguro, Naoto Miyashita, Amalraj Frank Wilson, Hiroki 37

Kondo, Kenji Ishikawa, Naohiro Shimizu, Osamu Oda, Makoto Sekine, and Masaru Hori

Simulation-aided designing of confinement of very-high-frequency excited nitrogen plasma using 2019

a shield plate

Journal of Vacuum Science Technology B 061215-1~6
DOl

10.1116/1.5114831

Amalraj Frank Wilson Dhasiyan Arun Kumar Lu Yi Shimizu Naohiro Oda Osamu Ishikawa Kenji 8

Kondo Hiroki Sekine Makoto Ikarashi Nobuyuki Hori Masaru

Effect of N2/H2 plasma on GaN substrate cleaning for homoepitaxial GaN growth by radical- 2018

enhanced metalorganic chemical vapor deposition (REMOCVD)

AIP Advances

115116 115116

DOl
10.1063/1.5050819

Isobe Yasuhiro Sakai Takayuki Sugiyama Naoharu Mizushima Ichiro Suguro Kyoichi Miyashita 37
Naoto Lu Yi Wilson Amalraj Frank Kumar Dhasiyan Arun lIkarashi Nobuyuki Kondo Hiroki

Ishikawa Kenji Shimizu Naohiro Oda Osamu Sekine Makoto Hori Masaru

Effects of plasma shield plate design on epitaxial GaN films grown for large-sized wafers in 2019

radical-enhanced metalorganic chemical vapor deposition

Journal of Vacuum Science & Technology B

031201 031201

DOl
10.1116/1.5083970




Hasegawa Masaki Tsutsumi Takayoshi Tanide Atsushi Nakamura Shohei Kondo Hiroki Ishikawa 38
Kenji Sekine Makoto Hori Masaru

In situ surface analysis of an ion-energy-dependent chlorination layer on GaN during cyclic 2020
etching using Ar+ ions and Cl radicals

Journal of Vacuum Science & Technology A 042602 042602

DOl
10.1116/6.0000124

18 5 12

Makoto Sekine, Yusuke Fukunaga, Takayoshi Tsutsumi, Kenji Ishikawa, Hiroki Kondo, Masaru Hori

Precisely wafer-temperature-controlled plasma etching and its application for nano-scale pattern fabrication of organic
material

24th International Symposium on Plasma Chemistry (1SPC24)

2019

Masaki Hasegawa, Takayoshi Tsutsumi, Atsushi Tanide, Hiroki Kondo, Makoto Sekine, Kenji Ishikawa, and Masaru Hori

Chlorinated surface layer of GaN in quasi atomic layer etching of cyclic processes of chlorine adsorption and ion
irradiation

AVS 19th International Conference on Atomic Layer Deposition (ALD 2019)/6th International Atomic Layer Etching Workshop (ALE
2019)

2019

Masaki Hasegawa, Takayoshi Tsutsumi, Atsushi Tanide, Hiroki Kondo, Kenji Ishikawa, Makoto Sekine, and Masaru Hori

In-situ surface analysis of Ga dangling sites and chlorination layers for determining atomic layer etching properties of GaN

12th Asian-European International Conference on Plasma Surface Engineering (AEPSE)

2019




M. Hasegawa, K. Ishikawa, T. Tsutsumi, M. Sekine, H. Kondo, A. Tanide, M. Hori

In-situ analysis of GaN surfaces irradiated by a CI2 plasma for atomic layer etching

16th Akasaki Research Center Symposium

2019

Hiroki Kondo and Masaru Hori

Effect of multiphase plasma irradiation on alcohols for functional nanographene materials

Gaseous Electronics Symposium 3

2020

Atomic Layer Process (ALP) Workshop

2019

Ar

80

2019




Ar

67

2020

Osamu Oda, Frank Wilson Amalraj, Naohiro Shimizu, Hiroki Kondo, Makoto Sekine, Yuri Tsutsumi, Kenji Ishikawa, H. Kano,
Nobuyuki lkarashi and Masaru Hori

Novel Epitaxial Growth Methods for Nitride Materials with Using Plasma Technology

Energy Materials Nanotechnology

2018

Osamu Oda, Frank Wilson Amalraj, Naohiro Shimizu, Hiroki Kondo, Makoto Sekine, Yuri Tsutsumi, Kenji Ishikawa, H. Kano,
Nobuyuki lIkarashi and Masaru Hori

Novel Epitaxial Growth Methods for Nitride Materials with Using Plasma Technology

International Meeting on Information Display

2018

Amalraj Frank Wilson, Dhasiyan Arun Kumar, Naohiro Shimizu, Osamu Oda, Hiroki Kondo, Kenji Ishikawa, Makoto Sekine and
Masaru Hori

Influence of Chamber Pressure on the Crystal Quality of Homo-Epitaxial GaN Grown by Radical-Enhanced MOCVD (REMOCVD)

Dry Process Symposium

2018




Amalraj Frank Wilson, Dhasiyan Arun Kumar, Naohiro Shimizu, Osamu Oda, Nobuyuki lkarashi, Hiroki Kondo, Kenji Ishikawa, and
Masaru Hori

Influence of N2/H2 Plasma Irradiation to GaN Substrate for Improving the Interface of the Homoepitaxial GaN Grown by Radical
Enhanced MOCVD (REMOCVD)

International Workshop on Nitride Semiconductors (IWN-2018),

2018

Amalraj Frank Wilson, Dhasiyan Arun Kumar, Naohiro Shimizu, Osamu Oda, Hiroki Kondo, Kenji Ishikawa, and Masaru Hori

Influence of RF Plasma Power on the Homo-Epitaxial GaN Crystal Quality Grown by Radical Enhanced MOCVD (REMOCVD)

International Workshop on Nitride Semiconductors (IWN-2018)

2018

Amalraj Frank Wilson, Dhasiyan Arun Kumar, Yi Lu, Naohiro Shimizu, Osamu Oda, Kenji Ishikawa, and Masaru Hori

Growth of Ultrathin AIN on Si (111) Substrate by Radical Enhanced Metalorganic Chemical Vapor Deposition (REMOCVD)

International Symposium on Advanced Plasma Sciences and its Applications for Nitrides and Nanomaterials (ISPLASMA 2019)

2019

Amalraj Frank Wilson, Dhasiyan Arun Kumar, Naohiro Shimizu, Osamu Oda, Hiroki Kondo, Kenji Ishikawa, and Masaru Hori

Surface Treatment Method of GaN Substrates for Homoepitaxial GaN Grown by REMOCVD

79th JSAP autumn meeting, 2018

2018




Masaki Hasegawa, Takayoshi Tsutsumi, Hiroki Kondo, Kenji Ishikawa, Masaru Hori

In situ Quantitative Analysis of Chlorine Adsorption on lon-irradiated GaN for Atomic Layer Etching

5th ALE Workshop

2018

M. Hasegawa, T. Tsutsumi, A. Tanide, H. Kondo, M. Sekine, K. Ishikawa, M. Hori

In situ analysis of ion-irradiated and chlorinated GaN surface during cyclic etching processes

Dry Process Symposium

2018

Hiroki Kondo, Amalraj Frank Wilson, Dhasiyan Arun Kumar, Yi Lu, Naohiro Shimizu, Osamu Oda, Kenji Ishikawa, Masaru Hori

Effects of in-situ irradiation of nitrogen-hydrogen plasma on flatness and composition of GaN surfaces before epitaxial
growth by a radical-enhanced metalorganic chemical vapor deposition

71st Annual Gaseous Electronics Conference

2018

https://ww.plasma.nagoya-u.ac.jp/
http://horilab.nuee.nagoya-u.ac.jp/

http://profs.provost.nagoya-u.ac.jp/view/html/100002054_ja.html




(Oda Osamu)

(30588695) (13901)
(Tsutsumi Takayoshi)
(50756137) (13901)




