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Abstract　A quasi2thermodynam ic model of M OV PE grow th of A lx Ga1- xN alloy using TM Ga,

TM A l and ammonia as sou rces has been p ropo sed. In th is imp roved model, num ber of mo les is

u sed to exp ress the m ass conservat ion constra in ts of elem en t N , H , A l and Ga. T he equ ilib ri2

um part ia l p ressu res over A lx Ga1- xN have been calcu lated. T he effect of varying grow th condi2
t ions (grow th temperatu re, reacto r p ressu re, inpu t Í öË ra t io , hydrogen fract ion in the carri2

er gas and the decompo sed fract ion of ammon ia) on the distribu tion coefficien t of A l has been

calcu lated. In the case of A lx Ga1- xN , p referen tia l inco rpo rat ion of A l is p redicted. T he calcu2
la ted relat ionsh ip betw een inpu t vapo r and depo sited so lid compo sit ion has been compared w ith

data in the literatu re. A good agreem en t betw een the calcu lated and the experim en tal compo si2
t ion show s that ou r imp roved model is su itab le fo r app lying to the A lx Ga1- xN alloy grow n by

M OV PE.

PACC: 4460, 6855

1　 In troduction

T herm odynam ic analysis fo r the grow th p rocess a lw ays p lays an im po rtan t ro le in bet2
ter understand ing of any crysta l g row th techno log ies, includ ing M OV PE. A lthough

M OV PE is an open flow p rocess, a vapo r2so lid equ ilib rium can be estab lished at the grow 2
ing in terface w hen grow th tem pera tu re is h igh enough. T herm odynam ic analysis of m any

Ë 2Í and Ê 2Î a lloys has been developed [ 1～ 11 ]. T hese m odels p rovide u s w ith u sefu l in2
fo rm at ion on the con tro l of a lloy com po sit ion, the phase d iagram of M OV PE and dop ing

p rocesses. A lthough the grow th tem pera tu re fo r the M OV PE of Ë 2n it rides is h igher than



tha t of comm on Ë 2Í and Ê 2Î sem iconducto rs, a no rm al therm odynam ic analysis m ay

lead to w rong conclu sion s w h ich canno t exp la in experim en ta l resu lts, if the slow decom po2
sit ion ra te of N H 3 and the inert behaviou r of N 2 are neglected. In ou r p reviou s paper a new

quasi2therm odynam ic m odel has been p ropo sed to ca lcu la te the phase d iagram fo r the

M OV PE grow th of GaN [ 8 ]. In tha t m odel, ra ther ca lcu la t ing the equ ilib rium decom po si2
t ion p ressu re of amm on ia, w e in troduced a fract ion of amm on ia decom po sit ion (Γ) in stead.

T he react ion of 2Ga + N 2 = 2GaN w as also been neglected. To ou r know ledge un t il now

few therm odynam ic analysis ofM OV PE grow th of A lx Ga1- xN has been repo rted, a lthough

on ly one vapo r2so lid d ist ribu t ion cu rve has been show ed in reference [ 9 ]. In th is paper w e

have developed a new m odel to ana lyze the M OV PE grow th of A lx Ga1- xN in deta il, w h ich

ex ists in a lm o st a ll op toelectron ic and electron ic GaN 2based devices. It is very im po rtan t to

estab lish boundary condit ion s to con tro l a lloy A lx Ga1- x N com po sit ion, such as grow th

tem pera tu re, reacto r p ressu re, hydrogen fract ion of a m ix tu re carrier gas, decom po sit ion

fract ion of amm on ia and Í öË ra t io s, u sing the quasi2therm odynam ic grow th m odel.

2　M odel

To analyse A lx Ga1- xN , the fo llow ing assum p tion s are u sed.

1. A ll gaseou s species is idea l.

2. TM Ga and TM A l are decom po sed irreversib ly near the vapo r2so lid in terface above

su scep to r a t u sua l grow th tem pera tu re of A lx Ga1- xN. T hu s, w e have

Ga (CH 3) 3 (g) + H 2 (g) = Ga (g) + 3CH 4 (g) (1)

A l(CH 3) 3 (g) + H 2 (g) = A l (g) + 3CH 4 (g) (2)

　　3. Based on therm odynam ic ca lcu la t ion s, N H 3 is a lm o st fu lly decom po sed to N 2 and

H 2 w hen tem pera tu re is h igher than 300℃. How ever w ithou t ca ta lyst, the decom po sit ion

ra te of amm on ia is very low. In o rder to ca lcu la te the influence of decom po sit ion of amm o2
n ia, w e in troduce a decom po sed fract ion of N H 3, Γ,

N H 3 (g) = (1 - Γ)N H 3 (g) + (Γö2)N 2 (g) + (3Γö2)H 2 (g) (3)

　　41T he react ion s betw een N 2 and the group Ë elem en ts have been igno red, since N 2

m o lecu le has a strong inert behaviou r.

A ssum p tion s 3 and 4 m ake th is m odel a quasi2equ ilib rium m odel.

5. T he chem ica l react ion s, tak ing p lace a t the sub stra te su rface to fo rm A lx Ga1- xN al2
loy, a re

Ga (g) + N H 3 (g) = GaN (alloy) + (3ö2)H 2 (g) (4)

A l (g) + N H 3 (g) = A lN (a lloy) + (3ö2)H 2 (g) (5)

w here GaN (alloy) and A lN (a lloy) stand fo r the b inary com pounds in the A lx Ga1- xN al2
loy, respect ively. A therm odynam ic equ ilib rium of the react ion s has been estab lished at

the vapo r2so lid in terface of the sub stra te.

T he fo llow ing species are cho sen as the necessary vapo r species in ana lysing the

grow th of A lx Ga1- xN : A l, Ga, N H 3, H 2, CH 4, N 2 and inert gas.
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T he equat ion s of m ass act ion fo r react ion (4) and (5) are as fo llow s:

ΑGaN P 1ö2
H 2 ö(P GaP NH 3P

1ö2
to t ) = K 1 (6)

ΑA lN P 1ö2
H 2 ö(P A lP NH 3P

1ö2
to t ) = K 2 (7)

w here P i is the equ ilib rium part ia l p ressu re of species i, P to t is the to ta l p ressu re, and K i is

the equ ilib rium con stan t of the react ion i
[ 10 ]. ΑGaN and ΑA lN are the act ivit ies of the so lid GaN

and A lN in the A lx Ga1- xN alloy and are determ ined from the regu lar so lu t ion m odel as fo l2
low s:

ΑGaN = (1 - x ) exp [x 28 öR T ] (8)

ΑA lN = x exp [ (1 - x 2) 8 öR T ] (9)

w here 8 is the in teract ion param eter of A lx Ga1- xN and is taken as 672calöm o l[ 13 ] , and x is

the m o le fract ion of A l in A lx Ga1- xN alloy.

U sually part ia l p ressu res are u sed to exp ress the m ass con serva t ion con stra in ts of the

elem en ts[ 1～ 5 ], since the change of the to ta l num ber of m o lecu les crea ted by the react ion s is

very sm all. How ever, in theM OV PE grow th of Ë 2n it rides, the part ia l p ressu re of N H 3 is

very h igh and the change of the to ta l num ber of m o lecu les crea ted by the react ion s (m ain ly

by the decom po sit ion of amm on ia) shou ld no t be neglected. In ou r im p roved m odel, in2
stead of u sing part ia l p ressu res to describe the M OV PE grow th of Ë 2n it rides[ 9, 10 ] , w e u se

num ber of m o les to exp ress the m ass con serva t ion con stra in ts of elem en t N , H , A l and

Ga:

n0
NH 3 + n0

N 2 = nalloy
GaN + nalloy

A lN + nNH 3 + 2nN 2
(10)

w here n
0
i is inpu t num ber of m o les of species i, n

alloy
GaN and n

alloy
A lN are num ber of m o les of GaN

and A lN in the a lloy, respect ively.

2n0
H 2 + 3n0

NH 3 = 3nNH 3 + 2nH 2 + 3nRH (11)

n0
TMA l = nalloy

A lN + nA l (12)

n0
TM Ga = nalloy

GaN + nGa (13)

w here nA l, nGa, nRH and nNH 3 are num ber of m o les of a lum in ium , ga llium , m ethane and am 2
m on ia in the gas phase, respect ively.

T he part ia l p ressu re of species i can be ob ta ined by:

P i = n i (P to tön to t) (14)

w here n to t is the to ta l num ber of m o les in the gas phase,

n to t = nNH 3 + nN 2 + nH 2 + nGa + nA l + nCH 4 + n IG (15)

w here n IG is the num ber of m odes of inert gas.

T he to ta l p ressu re in the reacto r is exp ressed as fo llow s:

P to t = P NH 3 + P N 2 + P H 2 + P A l + P Ga + P RH + P IG (16)

w here P IG is the part ia l p ressu re of inert gas, P RH = 3 (nTMA l+ nTM Ga) P to t.

In o rder to describe the effect of hydrogen in carrier gaseou s com po sit ion, a param eter

f is in troduced:
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f = n0
H 2ö(n0

H 2 + n0
IG) (17)

w h ich is the m o le fract ion of H 2 rela t ive to the inert gas in the carrier gas.

T he x value can be exp ressed as (on sto ich iom etry con serva t ion con stra in s) :

x = nalloy
A l ö(nalloy

A l + nalloy
Ga ) (18)

In addit ion, the inpu t Í öË ra t io , R , has been in troduced:

R = n0
NH 3ö(n0

TMA l + n0
TM Ga) (19)

By so lving eqs. (6)～ (19) , the equ ilib rium part ia l p ressu res in the gas phase and the d is2
t ribu t ion coefficien t can be ob ta ined fo r a g iven set of grow th tem pera tu re, reacto r p res2
su re, R , f , x and n

0
i.

F IG. 1　T he activit ies of A lN and GaN fo r 1000℃

as a function of the so lid compo sit ion

T he do ted lines show tho se in the case of ideal so lid

so lu tion. Fo r the calcu lation, 8 = 672calömo le.

F IG. 2　T he equ ilib rium part ia l p ressu res as a

function of the so lid compo sit ion, x , in

A lx Ga1- xN alloy
T he do tted lines show the vapo r

p ressure of pure A l and Ga m etal, P 0
A l and P 0

Ga;

T g= 1000℃, P Ë = 1×10- 5atm. P to t= 1atm , Γ= 0. 4,

f = 1 and R = 5000.

3　Results and d iscussion s

F igu re 1 show s tha t the ca lcu la ted act ivit ies of A lN and GaN in A lx Ga1- xN devia te

sligh t ly from the idea l so lu t ion, becau se the la t t ice con stan t of A lN is clo se to tha t of

GaN. T herefo re, the A lx Ga1- xN alloy can fo rm a so lid so lu t ion over the en t ire com po si2
t ion. Fu rtherm o re, the devia t ion changes w eak ly w ith tem pera tu re.

F igu re 2 show s the equ ilib rium part ia l p ressu re of gaseou s species over A lx Ga1- xN al2
loys. T he equ ilib rium part ia l p ressu res of Ga and A l change w ith the so lid com po sit ion.
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T he do t ted lines show the vapo r p ressu re of pu re m eta l A l and Ga, P
0
A l and P

0
Ga, respec2

t ively. It can be seen tha t the equ ilib rium part ia l p ressu re of A l is sign if ican t ly low er than

tha t of Ga. T he equ ilib rium con stan t of react ion (6) is sm aller than of react ion (7) , w h ich

leads to the p referen t ia l A l inco rpo ra t ion in to the A lx Ga1- xN alloy. It is w o rth w h ile to

po in t ou t tha t the equ ilib rium part ia l p ressu res of Ga o r A l are sm aller than the vapo r

p ressu re of Ga o r A l. So tha t there is no Ga o r A l drop lets depo sited on the sub stra te un2
der m o st comm on ly u sed grow th condit ion s.

Fo r the grow th of A lx Ga1- xN ep ilayer, con tro l of the com po sit ion of the a lloy is m o st

im po rtan t. F igu re 3 show s the theo ret ica l cu rves of A lx Ga1- xN so lid com po sit ion a t d iffer2
en t grow th tem pera tu res as a funct ion of the inpu t m o le ra t io of [TM A l ]ö[TM A l+ TM 2
Ga ]. A t h igher tem pera tu re (> 1000℃) , A l show s a stranger tendency of inco rpo ra t ing

in to the so lid phase than tha t of Ga. T h is resu lt is a lso confirm ed by a m uch h igher part ia l

p ressu re of Ga than tha t of A l in the gaseou s phase a t eleva ted tem pera tu re show n in

F ig12. T he equ ilib rium part ia l p ressu re of Ga decreases w ith the grow th tem pera tu re. A t

900℃ the part ia l p ressu re of Ga is low enough tha t the ca lcu la ted so lid com po sit ion show s

an alm o st linear dependence on the inpu t m o le ra t io of the group Ë m eta lo rgan ic sou rces.

F IG. 3　Calcu lat ing compo sit ion of A lx Ga1- xN

layers as a function of the inpu t m etalo rgan ic com 2
pound gas phase rat io [TM A l]ö[TM A l+ TM Ga ]

T he grow th temperature varies from 900 to 1050℃.

Fo r the calcu lation, P to t= 1atm , P Ë = 1×10- 5atm ,

R = 5000, f = 1 and Γ= 0. 4.

F IG. 4　T heo ret ical cu rves of the A lx Ga1- xN so lid

compo sit ion as a function of the inpu t mo le rat io

of the group Ë m etalo rgan ic compound

T he reacto r p ressure varies from 0. 1 to 2atm.

Fo r the calcu lation, T g= 1000℃, P Ë = 1×10- 5atm ,

R = 5000, f = 1 and Γ= 0. 4.

F igu re 4～ 7 show the theo ret ica l cu rves of a lloy A lx Ga1- xN as a funct ion of reacto r

p ressu re, inpu t Í öË ra t io , decom po sed fract ion of amm on ia and hydrogen fract ion in the

carrier gas. In a ll the cases, p referen t ia l A l inco rpo ra t ion is p red icted. F igu re 4 show s the

theo ret ica l cu rves of the A lx Ga1- xN as a funct ion of inpu t m o le ra t io of the group IIIm et2
a lo rgan ic com pounds. T he reacto r p ressu re varies from 0. 1 to 2 a tm. A linear funct ion of
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so lid com po sit ion w ith the inpu t [ TM A l ]ö[ TM A l+ TM Ga ] ra t io can be ob ta ined w hen

the reacto r p ressu re is equal to o r less than 0. 1 a tm.

F igu re 5 show s the theo ret ica l cu rves of A lx Ga1- xN as a funct ion of inpu t m o le ra t io of

the group Ë m eta lo rgan ic com pounds. Inpu t Í öË ra t io varies from 1000 to 10000. T he

inpu t Í öË ra t io , as seen in F ig. 5, p lays an im po rtan t ro le fo r the devia t ion of the a lloy

com po sit ion. A n essen t ia l linear funct ion of d ist ribu t ion coefficien t can be ob ta ined w hen

inpu t Í öË ra t io is h igher than 5000.

In F ig. 6, the so lid com po sit ion devia tes from the linear funct ion if Γ increases, since

w e assum e tha t Ë 2n it rides are syn thesised by the react ion s betw een Ë elem en ts and unde2
com po sed amm on ia. T he influence of Γon the A lx Ga1- xN system , how ever, is sm aller as

com pared w ith the InGaN system [ 9 ].

F IG. 5　T heo ret ical cu rves of A lx Ga1- xN as a

function of inpu t mo le rat io of the group Ë

m etalo rgan ic compounds. T he inpu t Í öË

ra t io varies from 1000 to 10000

Fo r the calcu lation, T g= 1000℃, P to t= 1atm ,

P Ë = 1×10- 5atm , f = 1 and Γ= 0. 4.

F IG. 6　T he theo ret ical cu rves of the A lx Ga1- xN

so lid compo sit ion as a function of the inpu t

mo le rat io of the group Ë m etalo rgan ic

compounds fo r Γ= 0, 0. 4, 0. 6

Fo r the calcu lation, T g= 1000℃, P to t= 1atm ,

P Ë = 1×10- 5atm , R = 5000 and f = 1.

F igu re 7 show s the theo ret ica l cu rves of A lx Ga1- xN as a funct ion of the inpu t m o le ra2
t io of group Ë m eta lo rgan ic com pounds. T he hydrogen fract ion in a H 22IG m ix tu re carrier

gas varies from 0. 01 and 1. T he p red icted so lid com po sit ion devia tes sligh t ly from the lin2
ear funct ion if the hydrogen fract ion in carrier gas increases. T he increase of part ia l p res2
su re of H 2 drives Eqs. (4) and (5) to the left and therefo re less ga llium w ill be inco rpo ra t2
ed in to the so lid phase. How ever, the u se of inert gas o r n it rogen as a carrier gas is no t

im po rtan t fo r the grow th of A lGaN alloy.

F igu re 8 show s the com parison betw een the theo ret ica lly p red icted and the experim en2
ta l com po sit ion of A lx Ga1- xN alloys. Grow th condit ion s u sed in the ca lcu la t ion w ere the

sam e as tho se u sed by C lu r et a l. [ 14 ] ( i. e. the grow th tem pera tu re, reacto r p ressu re and
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Í öË ra t io w ere 980℃, 0. 1a tm. , 10000 respect ively). T he inpu t p ressu re of co lum n Ë

and the value of Γw ere est im ated to be 1×106a tm and 0. 5, respect ively. T he agreem en t

betw een the ca lcu la ted and experim en ta l com po sit ion s is qu ite good. It ind ica tes tha t the

syn thesis of A lx Ga1- xN in M OV PE reacto r can be described m ain ly by the react ion s of am 2
m on ia and group Ë elem en ts and the com po sit ion of A lx Ga1- xN alloys grow n by M OV PE

can be easily con tro lled.

F IG. 7　T he theo ret ical cu rves of the A lx Ga1- xN

so lid compo sit ion as a function of the inpu t mo le

rat io of the group Ë m etalo rgan ic compounds

T he the hydrogen fraction in carrier gas varies from

0. 01 to 1. Fo r the calcu lation, T g= 1000℃, P to t= 1atm ,

P Ë = 1×10- 5atm , R = 5000 and Γ= 0. 4.

F IG. 8　T he comparison betw een the

theo ret ically p redicated and the experim en tal

compo sit ion of A lx Ga1- xN alloys

T he calcu lated condit ions w ere the sam e as tho se

used by C lur et a l. [15 ], i. e. the grow th temperature,

reacto r p ressure, Í öË rat io w ere 980℃, 0. 1atm. ,

10000, respectively. T he input part ial p ressure of

co lum n Ë and the value of Γ

w ere estim ated to be 1×106 atm and 0. 5.

4　Conclusion

A quasi2therm odynam ic m odel the M OV PE grow th of A lx Ga1- xN alloy u sing TM Ga,

TM A l and amm on ia as sou rces has been p ropo sed. T he equ ilib rium part ia l p ressu re above

A lx Ga1- xN alloy su rfaces has been ca lcu la ted. T he rela t ion sh ip betw een inpu t vapo r and

depo sited so lid com po sit ion has been ca lcu la ted w ith one adju stab le param eter (Γ) fo r the

A lx Ga1- xN alloy. A good agreem en t betw een the ca lcu la ted and the experim en ta l com po si2
t ion show s tha t ou r im p roved m odel is su itab le to app ly to the A lx Ga1- xN alloy grow n by

M OV PE and the so lid com po sit ion grow n by M OV PE is therm odynam ic con tro lled by re2
act ion s (4) and (5). In the case of A lx Ga1- xN , p referen t ia l inco rpo ra t ion of A l is p red ict2
ed. How ever, a linear funct ion of d ist ribu t ion coefficien t can be ach ieved w hen u sing low er

grow th tem pera tu re, low er reacto r p ressu re, h igher inpu t Í öË ra t io , low er hydrogen
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p ressu re fract ion in the carrier gas and reducing the decom po sed fract ion of amm on ia.
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