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Influence of Lattice Constraint from Substrate on Relationship
between Input Mole Ratio and Solid Composition of InGaN
during MBE and MOVPE
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Thermodynamic analyses were performed to understand
the influence of lattice constraint from InN and GaN sub-
strates on the relationship between input mole ratio Ry, (=
P[,,O/ (PI,,°+ Pc,ao) , where P,O is the input partial pressure of
element /) and solid composition x in In,Ga, - ,N during
molecular beam epitaxy (MBE) and metalorganic vapor
phase epitaxy (MOVPE). For the both growth methods, the
calculation results suggest that a compositionally unstable
region is found at the InN-rich region for InGaN on GaN at
higher temperatures while that for InGaN on InN can be seen
at GaN-rich region due to the lattice constraint from the sub-
strate. In case of the MOVPE, it is found that growth region
of InGaN in the diagram related to V/III ratio and solid com-
position shrinks with increase of V/II ratio (increase of
input partial pressure of NH;). This is because the H, partial
pressure produced by the decomposition of NH; increase at
high V/III ratio (at high input partial pressure of NHj).
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§1 IU®HIC

MREFD Al Ga,In & VEERFD N & D&
YICH B GaN, InN 7z EDIEELYLERAEE X
N Z DRI, GaAs IKRBINAERDIM-V B
ICEPHXEE LD BIENNVY FX Yy 72EFL,

WA, HE,ENROERERET NN AL
LTHwLRTWS, RETIE, MEZEYEE

KOPTRERMICMHMET 5 InNDNF
¥y 7TLRNVX— (E) BREERBE STk
E,~1.9¢V'™ (BEX3F A~650 nm) Td 7% ¢
E;~08eVY® (A~15um) TH 2 Z L 3bd
b, MEEEEELZAVERE, RMEOR
WERET A ADEMIEN IN T2, B
fiCid, InN & GaN(E,~3.4eV, A~360nm) &
DEFETH 5 In,Ga, N IZEWT, 2D In R x
BPRELCTEZLTRERMOYERZ S EH T
AW INTWS, L L, InN OKAM-EHEE
DFEFERITEHD GaN D Z N & i L Tl TF
WZk, ¥, TAEOEFERENIRE VDM
ROFRLEIRI DB itk b, HERE—
7215 In ML D InGaN DIEBIDSHEE & 72> T 5,
InGaN DFARALEL 2 BRET 5 72D ICBNE
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Tw3, (1) ~RifTbL T 3IRE T~800°C
TOEESESMHIE ¥ X — (MOVPE ; Metal-
organic vapor phase Epitaxy) B Ti%, In FE &
Ga RO B8 E L Riy (Rw=P1a/ (P +Paa),
22T P ER OIS IE) & B O 5%
(RM-EHEER) 2B WT, 12D R, ICLT2
DL E o BEHMEESE N 2 HRAREEIR
RnMlic#fE ¥ 5. (2) iR (T~ 600°C) ThL
E#2179 & £HEBIBICE T RE-EHEBEFRIC 1
N1 DOMNEVBRLNG, s DFRIZERTD
BEZ1TH 2 & THEYE—%2E In KD InGaN
DIEMDERELE B Z 2T L T3S, Lo L,
R0, (2)IFEEAD InGaN T b b HEMRIH
(EREDEBFEAICLIYIECBICEAINGHE
FEAR) DEEH O InGaN JEFEIZ N T 2 BRI
BThHh, EEOF L ZICHG S ERHHR
DEE DK & L EERED InGaN 12D W T DR
ixfTbh Ty, AHETIE, GaNB L E
7213 InN & £ @ InGaN BEREICN T 2 %
Bz, HRAREEICKIZTERIRD
HErN Lz, AErCciE, BEFRERT > »
NED % VT RD GaN B EB LU InN B |
? InGaN HEICN T 2REZ VI L E—Z AV
5L TESMROFSEEER L. £, OF
I ¥ %> — (MBE; Molecular beam Epitaxy) i
F & MOVPE EZ W ZE NDEHA IO W TR
FENT 21T\, BREFEDE WL IZMH-EHERIC
RIETEEBIZOLTHRIL 7.

§2 FIEHE
21 FEFRMRT vy Y LEE

FEFRAT o 2 VEHES D IT X DR 7 GaN
JE L& & InN J§ Lo InGaN EEDRAEL V¥
L E— AH. mlnGaN/GaN’ AH mInGaN/InN 2T R — B —
& LTEBNERITICAVS Z £ T, ERPHEIR
MH-EHBERICIFTHELER L. BRETY
ZNVE—AH, BEFERT v v VEtEICk D
BoN2RDBELRLY—EZHWVS EXR
Lk RbINS,

AH,=E (x)—{xE(1.0)+(1—x)E(0.0)}, (1)
ZZT, E(x), E(1.0), E(0.O)IZZ N ZFh
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Table 1 Potential parameter values of GaN and

InN'?,
GaN InN
A (eV) 3605.5694  18035.1545
Bo 0.1724 0.8699
6 (A 3.6405 2.7653
A (A 2.0543 2.6549
a 0.5586 0.0418
B 39.6170 29.2630
y 3.2929 3.2987
n 0.7211 0.2193

In,Ga,_,N, InN, GaN DREL 2L X —TH 3.
ROBELINX—ER, BTIEAOEERE
BLEEFREAT Y v v, 2 v TRRAK
FhEzon3,

E=(112)%v, (2)
V, =Aexp{—p8 (r,—R) Hexp(—6r,)
—Boexp(—Ar,)G(n)/z°}. (3)

FRDFEFHERT o v NV, IZBEZ L X —,
BEER, A oBREEROENNEZEE L
BHETZI)ICREZINTZA By, 0, A, a, B, v, 1
ERTA—F— LT 2RTF v 2L THBY,
INSDRT VL X NI8T X —F —Dfli% Table 1
WRY. 22T, r, REF L j O,
R, \3ERBEE R RO, Z AR, G (n)

(a)  InGaN (b)

InGaN

GaN InN

Fig. 1 Schematic view of coherent growth condition for (a)
InGaN on GaN and (b) InGaN on InN. InGaN epi-
layer grown on GaN takes planar compressive stress,
because the lattice constant of epi-layer is larger than
that of GaN. On the other hand, InGaN grown on InN
takes planar tensile stress, because the lattice constant of
epi-layer is smaller than that of InN.
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R FAKEETH 5. Azt R01)-
B)ZHAVT, at—L Y FREZHETICEIT 3
GaN @ LB X U InN B £ D InGaN ERIZHNT 3
BAZVINVE—%2RD, ZIT, APETE
BL7zae—L VYV FRRFHERUTOED TH
3, () %X v L BEicB8ir 3, (0001) K
REWCFITRARAOETER an 2 ERE LS
GaN 8 & %\ iZ InN B DB FE B ag 1T —H X
¥3%, () REAADKETER c BLUKEHFD
MNBEROBEI IV —DBRIBEL LD LD
WWELEE B, Fig.1icakt—L v NRESLHF
(D, () 2#@RRT. £/, DD
FEHa, c BIVEFMEZELIETRET
FANFX—2BEHL, EREREZZITTORVED
T AD InGaN ERICH T 2 RBEL VI VE—%
K7z,

2.2 BJIERRNT

AE TIZ, MBE 8 XU MOVPE ¥:1i2 & 3
GaN B LB XU InN J& LD InGaN BRI KT 5
SAH-EBR 2 B2 Pk bk,
JFFRN %2 VEER L L% MBE I £ % InGaN
BEEXRNCEDRDINS,

In(g) + N(g) = InN(s), (4)

Ga(g) + N(g) = GaN (s). (5)
INSDORIGIINT 2 EEMRIEUT D& ) icFH
75,

Ky = amn/ (Pr Py, (6)

K> = acan/ (Pga Pn), (7)
2T, KWRPEERD, P, dSA-EHREC
B 3GE i OFEIETH 5. BT 2l
EVIDIER apn, acan FIERRAEE T LIZE DR
DEIIKRDLINS,

amn = xexp{(1—x) AH,/xRT }, (8)

acan = (1—x)exp{x AH,/(1—x)RT}, 9)
KRFD R IZEMEER, TRIEETHS, AHET
ik, &B8),9)FDORAELYIINE— AH, IZFF
METFryyLERICEYBoNAEZH VS C
LCERD S DR TR OBELER L7, £,
ROFFEEME,

LLTEDLENS, 2T, P, PV BERER
MEL LSO VERTOHBIETH Y, K(11)iF
Migs VIRTLEDHAS 1 1 1 THREBEBIBZ L
ZRLTwS, EdoRX(6)-(1)ZHWTh &
Ga DS EH Ry, (=P1n0/ (P1n0+PGaO)) & EHER
B x (= (Pl —Pr) 1 { (Pi.—Pp) + (Pg)—Pga) })
% ROFM-EHERERRL .

InGaN @ MOVPE £ 12 81T 2 K HH-EHHER
OfFEN S LR L AR FiET, TRRORER, F
=, FEFGEHOTTo 7.

(RAE-EMEAmEIC BT 3 RIG)

(CH;)3 In (g) +(3/2)H, (g)

= In(g)+3CH, (g), (12)
(CH3)3 Ga(g)+(3/2)H, (g)
= Ga(g)+3CH, (g), (13)

(RERHEICB T 2 Kk)

In (g) +NH; (g) = InN (s) +(3/2) H, , (14)
Ga(g)+NH;(g) = GaN (s) +(3/2)H,, (15)
(=)

K, = (aInNPH23/2)/ (PrPym,) s (16)
K> = (acaPu,”*) 1 (PgaPrns,) (17)
(HRAE4)
Piotal =2 P, =P+ Pga + Py, + Py,
+Pcy, T PG, (18)

72, UTRATAREES A (IG) T 5KFE
DENVDIEFBLUNH, DOBR g %235 X —
F—t LTHW,

F= PHZO/ (PH20+PIGO) , (19)
NH; (g)—> (1—a )NH; (g) + (a/2) N, (g)
+ (3a/2)H, (g). (20)

AE T, RIGEOWHIR, #iEEEOHEIC
HET 5 NH; DO REE o DIEH A% InGaN
D R B S (650 ~800°C) Tl 0.20~0.30 &
BB EWERERLTa=025 L LTHEN%T-
7z,

§3 MRELUVEZE

3.1 HEWRWHE%Z 272 InGaN D
BEILVZNLE—

Pootal =3 P; = P+ Pg,+Px, (10) GaN B L X U InN E £ D InGaN EEIZ E 1T
Pn’—Pn =Py’ — Py, (11) 2BRAEIVIANE—OEHEMEBEKEN% Fig.2 1
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E o Stress-free InGaN
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k3 = InGaN on InN

L (X
EZOOO DDDDUD °® °
o) o i
£ 1500+ DD .' DD °
P .. [u]
: 1000} [a] . ° a
=, o
S 500 giemal -
£ °o® L ] H
s o Le \ . ol LI
“ 00 02 04 06 08 10

Solid composition (InN in InGaN)

Fig. 2 Calculated changes in enthalpy of mixing for stress-
free InGaN (open square) , InGaN on GaN (closed cir-
cle) and InGaN on InN (closed square) .

AT, £, HEOOERAEEZZITT0RY
EEAD InGaN DIRAZ VI LE—HRL T
%, Fig.2 25, EEAD InGaN TIRE&T V¥
WE—DRAR L % % EHEHERK x 25 x~0.50 TH 3
DI L, GaN B_E?D InGaN T3 x~0.80,
InN J8 1 InGaN EE Tl x~0.10 £ 23 Z &4
bbb, BEAEIVINLE—DERAL L 3 BEHEER
BEFIROMEIC L W BT 2EBAICO VTR
UDToEIERZTES, BTEBRDOKER
InGaN #EIV NI L TED GaN LI TFEET 2
7= & R 2 BEARTE AT 22 5 1R O FEREIG S350
b5, EMICHERZI-EBEPFTRERRY FROE
V> InN 238\ GaN & ) b ARREICR 3D T, B
BLYINVE—=DRKLE % % EHEMKE In #
BANCBEI§ 2. —F, N ICHNTERTERD
/NE 7% InGaN BEEXTED InN L BRTFEATS
I & ) R IR BRI BT A Bz B -
ROIGHBMO 5. BloR b %320 -
BOWTRAY FREDOEV GaNEWINN £ b 3
AEEBILRBDT, BAEIVINVE—DBRALE L
% EHHARAME In R BE T 5. UL
RIZERD & DB FHIHD InGaN HIE D B fy 2
NEERICHELEZDIER2RBLTED,
InGaN BEOHRALEN 2 BRI 3 Lo
ROBE»ERTZZ L IMOTCEETHL Z &
Y.

32 InGaN TFRIEY X —IcBIT 3
SV -EIAH B4R

FEFRRFryyYy Ltk vBonzREEeEL ¥
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W — & EEHR DB % B> T InGaN @ MBE
R BT 5 K AH-EHBE R % BT L 72, Fig. 3
(a)-(c)icZnFn, EEAD InGaN (FE LY
¥ v VEREZ¥ - InGaN), GaNB LoD
InGaN, InN JE_E® InGaN ® MBE JREICE T 3
SAH-EMBER %R, Fig.3(a) 127 InGaN @
FELES X2 v VLRI BT 3 5H-FEHEBER
2R3 L, KRB (~700°C) TIZEHE S EH & E
MR ORI BIBGRS R S 248, BE ERIC

(a) Stress-free InGaN
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Fig.3 Solid composition x as a function of input In mole
ratio during MBE: (a) for stress-free InGaN, (b)
InGaN on GaN and (c) InGaN on InN. In the shaded
area, it is possible for InGaN to have two or more solid
compositions, simultaneously, even for one input mole
ratio. Thus, bold arrows related to the shaded area indi-
cate the compositionally unstable region. Py’ =1.3 X
10"°atm, V/I=1.0.
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PV 2 O ELBIBIR S HI N, IR 890°CTIX 1 DD
BESSERIZR LT 2 DM Lo BRSNS
HBRAREHEESHE TS 2 Lbh» b, -,
Fig.3(b), (c)ZR% L, nGaNDKEZES ¥
¥ ¥ VERE TR E EE D E AL 0.4 £
EICENZDICH L, GaN B LD InGaN TldH
In #LE I, InN J8_ D InGaN T3 In AHELHIIC
BRSO ENT 5 2 LRI NS. Z O/
AL EEBOBEIIUTOEBICLIEIZLE
Z 5073, Fig.2 IZ/” T GaN @ LD InGaN DR
ALy NE—fRERSZ L, & nAHERH(x >
0.8) Tl GaN MR DOBMICEVREE L VY Y L E —
BaRBICHEmMLTED, ZNIERHED InN i
GaN BIEZhWEELW I LE2TRLTWw3, Thbb,
GaN JB L2 In D InGaN 2RI ¥ 5720
121 Fig. 3(b) IR T & 9 I Ga Dftfg T EK %
K% ¢ LT GaN DRE DS 1 2 HN I K E
(TR ENBEERS, BRELTGNEL
? InGaN B TIEE In FHARENC AR A 22 E THIE
BN S, EHMRIZ, InNE LD InGaN B E T3
& In FHERIBIC B W T InN DREDHE /12 K E
ST 2ENH D, FHREL UE In AHRMANHH
BAREEBRPHIRT % (Fig. 3(c) 2). ML
DFERD S, MBE BERIC & D& In fRD InGaN
L ERT 31 InN B2 ERE LTH
WHERWI EPBHENE RS T,

3.3 InGaN E&REXHEIESY X —
B 35 EHER

InGaN @ MOVPE & i 81T % ZAH-EIHE R
20T b i & ERRD R % 1T\, Fig.4(a)-
(IR T &I, (A) EREE (~600°C) T
BEAA 4y b & BRI EBIBA R R o s &
L, (B) BREE K ZHBRALZER LD, &
EIEY X v VEE Z €7 InGaN Tl R
iz, GaN J& L InGaN T35 In M,
InN J& D InGaN CTI3K In fEIHICEHNL S Z &
ZIBHL 7. 22T, AR TIILEZR 1.0 atm,
MG E R O 45 FE % P’ =1.0X10atm, NH;
DYER% a=0.25, PIEEA AN T B5KED
EANEER F=001 £ L7, ¥/, EBOFHT
IS B TIIE & VRO g6 5y EH (V/ITE)

50 (108)
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Fig. 4 Solid composition x as a function of input In mole
ratio during MOVPE: (a) for stress-free InGaN, (b)
InGaN on GaN and (c) InGaN on InN. In the shaded
area, it is possible for InGaN to have two or more solid
compositions, simultaneously, even for one input mole
ratio. Thus, bold arrows related to the shaded area indi-
cate the compositionally unstable region.

3 P,=1.0 atm, Py° =1.0 X 10 “atm, V/IIl =20000,
a=10.25 and F= 0.01.

ZEALZ T, HEoHE L EEMRD 10 1Sk
6T 2 REER, MG L RVERAREEEE
FUORBOREI I f L % 2 5 REE 2 BRE L
7-. Fig. 512, BREIRE 730 ClcBI 2 WEAD
ImGaN (FE L E ¥ ¥ ¥ VR E X8 7 InGaN),
GaN J8 @ InGaN, InN & _E®D InGaN BEIZ B
V7% V/IIE & BEAEMRICRT 2 20 s 3 D08
EE—FELEZRT. ZOBREE—FELPS
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FELE S ¥ v VR I InGaN Tl &M
RIS BB FEIE Ao T3 DIzt L, GaN
J& 1 InGaN, InN & L InGaN BRE T3 i
WOHEI L ) REEIRDS 2 N Z 1UE In S,
m In AR R SN 2 b3, £/, Fig.s
2R3 L, VMK (VIESE) DMLY RE
TG L T3, iz, VEEROHES
EZHEPLTIETNH:; DSRICE D ERINS
H, 23883 % 7 (14), (15) D K)EH3 InN,
GaN DER EMHAICEAB 2 2 Lz
LTEY, FEFRN %2 VEREE T 5 MBE E
CRROoNGVWERKRTHS, T74bbH, MOVPE
B2 & D E In R D InGaN HE % (ERT 3 584
IZId, InN BRAHAERE L TRV Z EicA,

-free InGaN

Un‘stable: = ‘

Growth

Etching

10

(b)InGaNo

10000 Growth
2 '
£ 1000
=
N
Etching
10 i
InGaNo
100000

Etching

10 * * . .
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Solid composition (InN in InGaN)
Fig.5 Calculated phase diagrams of (a) stress-free
InGaN, (b) InGaN on GaN and (c) InGaN on InN as
functions of V/III ratio and solid composition.

2P,= 1.0atm, Pp’=1.0X10 *atm, V/II = 20000,
a=0.25, F=0.01 and T=730 °C.
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WY VI (VIEDE) 28R 5 2 L EE
ERBIENTRREINT,

§4 EBbLDHIZ

AR TIZ, BIIFEBITIC L D ERAE D
InGaN KR IC B 1) 2 JAH-EMHEBERICRIET
HEEBRR Lz, ERAROMERZFETFRAT v
ey NEtRICE DB SN GaN B LD InGaN &
O INNBLED InGaN IZ X3 3 BEL VP L
E—Z R RX—F—L L THVwW3ZILTERL
7. WMEDREGIZ VI LE -, BETY
FNE—DRAKE %5 EMHMBKD GaN E LD
InGaN TiZ /& In #HAIH (x~0.80) 12, InNJE LD
InGaN T3 MK In FAIH (x~0.10) IR 3 Z &
DS LY, ERMIROBELEE O B2
WEEHICHEEZRIZET Z EBRENT, Bohn
RAT VI N E—% o TEIEBRTZ T,
MBE £ & U MOVPE %12 & % InGaN BE I8 1}
5 RME-FEHBER R A L 7. BT RY2 S, ]
RIGTEOEVCIEKS T, (KEEE T3S
B\ THbE R & EAEER I HBIBER SR S N
52 EDbhrot, L2L, EBREETIIRER
FORMEILEANE RO R WIRREBE s N
WIEDBHONTEY, BEEOBEA»S, k3
L BRTEREZITIDEND L LEZONS,
Thbb, HEE—REEVEONIEET TR
R EIRTHELRIT) Z L7 4 A ElIc s
WTHEHELED, £, EBORET AL AT
EWD S OBRTHROMELZZITTHIEIHK
nm 9 InGaN {EEGE)EBHV SN TV 3D T,
EBRDOBEEOERTRNEEELRRTFO—o L
5. AMIRORERD»S, REREZ2E T3 LM
RAREFESD BRI X > TREER WD T 2
23, EARHIEIC X D EEIC b BI6H (EMEIEG,
FloRDIEH) 2HIHT 22 LT, HWET 2
R (8 In SRS 3\ I2E In HARIR) 1o R B4
BMABRCTCELIENRIBINE, ¥ 72,
MOVPE R TIZERDEE, REREOR#EL
&L HITHEY e VL (VIESE) OEIR AL
ERDBIEDHL NI,
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