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Abstract A quasi-themodynan icmodel of M OV PE grow th of A IkGaw- <N alloy using TM Ga,
TM A | and anmonia as sources has been proposed In this mproved model, nunber of molesis
used to express themass conservation constraintsof elenentN, H, Al and Ga The equilibri-
un partial pressuresover A IxGai- N have been calculated T he effect of varying grow th condi-
tions (grow th temperature, reactor pressure, input V /111 ratio, hydrogen fraction in the carri-
er gas and the decomposed fraction of anmonia) on the distribution coefficient of A | has been
calculated In the case of A IkGau- N, preferential incorporation of A | ispredicted T he calcu-
lated relationship betw een input vapor and deposited s0lid composition has been compared w ith
data in the literature A good agreement betw een the calculated and the experimental composi-
tion show s that our mproved model is suitable for gplying to the A IxGaw- <N alloy grow n by
MOV PE

PACC: 4460, 6855

1 Introduction

Themodynam ic analysisfor the grow th process aw aysplaysan mportant role in bet-
ter understanding of any crystal growth technologies, including MOV PE A Ithough
M OV PE is an open flow process, avapor-0lid equilibrium can be established at the grow -
ing interfacew hen grow th tamperature is high enough Themodynam ic analysis of many
III-V and II-VI alloys has been developed **. Thesemodelsprovide usw ith useful in-
formation on the control of alloy composition, the phase diagran of M OV PE and doping
processes A Ithough the grow th temperature for theM OV PE of IlI-nitrides is higher than
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that of common III-Vand II-VI samiconductors, a nomal themodynam ic analysis may
lead to w rong conclusionsw hich cannot explain experimental results, if the slow decompo-
sition rate of NHs and the inert behaviour of N 2 are neglected In our previouspaper a new
quasi-thetmodynan ic model has been proposed to calculate the phase diagran for the
M OV PE grow th of GaN '®. In that model, rather calculating the equilibrium decomposi-
tion pressure of anmonia, w e introduced a fraction of anmonia decomposition (7) instead

The reaction of 2Ga+ N2= 2Ga\ was al® been neglected To our know ledge until now
fav themodynam ic analysisof M OV PE grow th of A IxGai- <N has been reported, although
only one vapor-lid distribution curve has been showed in reference!®. In thispaperwe
have developed a nev model to analyze theM OV PE grow th of A IxGas- «N in detail, w hich
existsin almost all optoelectronic and electronic Ga\ -based devices It isvery mportant to
establish boundary conditions to control alloy A kxGai- xN composition, such as grow th
tenperature, reactor pressure, hydrogen fraction of amixture carrier gas, decomposition
fraction of anmonia and V /III ratios, using the quasi-themodynam ic grow th model

2 M odel

To analyseA IkGai- xN, the follow ing assumptions are used
1 Al gaseous pecies is ideal
2 TM Gaand TM A | are decomposed irreversibly near the vapor-slid interface above
susceptor at usual grow th temperature of A IkGaw- «N. Thus, we have
Ga(CHs)a(g) + H2(g) = Ga(g) + 3CHa(g) (1)
A1(CHs)a(g) + H2(g) = Al(g) + 3CH4(9) 2
3 Based on themodynanic calculations, NHs is almost fully decomposed to N2 and
H2w hen tanperature is higher than 300 . How ever w ithout catalyst, the decomposition
rate of anmonia isvery low. Inorder to calculate the influence of decomposition of anmo-
nia, we introduce a decomposed fraction of NHs, 7]
NHs(g) = (1- MNHs(g) + (/2)N2(g) + (3/2)H:(g) 3
4. T he reactions betw een N 2 and the group III elenents have been ignored, since N 2
molecule has a strong inert behaviour.
A ssumptions 3 and 4 make thismodel a quasi-equilibrium model
5 Thechanical reactions, taking place at the substrate surface to form A IkGaw- xN al-
loy, are
Ga(g) + NHs(g) = GaN (alloy) + (3/2)H2(g) (4)
Al(g) + NHs(g) = AN (alloy) + (3/2)H2(g) (5)
w here GaN (alloy) and A IN (alloy) stand for the binary compounds in the A kGau- xN al-
loy, regectively. A themodynamic equilibrium of the reactions has been established at
the vapor-=0lid interface of the substrate
The follow ing fecies are chosen as the necessary vapor gecies in analysing the
grow th of A IkGas- N: A l, Ga, NHs, H2, CH4, N:2and inert gas
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T he equations of mass action for reaction (4) and (5) are asfollow s
OcaPH2/(PeaPrn,P ) = K1 (6)

ohnPH2/(PaiPnn,PHE) = Ko (7)

w here Pi is the equilibrium partial pressure of geciesi, Pwt isthe total pressure, and K is

19 oeaw and oan are the activitiesof the solid Ga\

the equilibrium constant of the reaction i
andA N in theA IxGax- N alloy and are detemm ined from the regular olution model asfol-
low s

(1- x)exp[x*Q/RT] (8)

xexp[ (1- x*)QRT] 9)

|[13]

OGan

Oa N
w here Q is the interaction parameter of A [.Gaw N and is taken as 672cal/mol"**, and x is
themole fraction of Al in A IxGasw N alloy.

U sually partial pressures are used to exp ress themass conservation constraintsof the
elanents® °, since the change of the total number of molecules created by the reactions is
very snall However, in theM OV PE grow th of IlI-nitrides, thepartial pressureof NHzs is
very high and the change of the total number of molecules created by the reactions (mainly
by the decomposition of anmonia) should not be neglected In our mproved model, in-
stead of using partial pressures to describe theM OV PE grow th of III-nitrides®*"
number of moles to express the mass conservation constraints of elenent N, H, Al and

Ga

, Weuse

0 0 Il I
MH, + M, = Neal + MAN + Mg + 2, (10)

allo

w here n{ is input number of moles of gecies i, nd and niR’ are number of moles of GaN
and A N in the alloy, regectively.

2n32 + 3n,3H3 = 3nNH3 + 2I’]H2 + 3nru (11)
Nival = nﬁ”ﬁy + nNai (12)
Nvea= Ne&l + Nea (13)

w here nai, nea, nre and nnw, are number of molesof alum inium, gallium, methane and am-
monia in the gasphase, regectively.
The partial pressure of geciesi can be obtained by:

Pi= ni(Pot/Not) (14)
w here nwt is the total number of moles in the gas phase,
Not= MNHg+ M, + NH, + Nea+ Nal+ Nel, + Nic (15)

w here nei is the number of modes of inert gas
The total pressure in the reactor is expressed as follow s
Pot= Pnu,+ Pn,+ Pu,+ Pai+ Peat+ Pru+ P (16)

w here P . is the partial pressure of inert gas, Pri= 3(nmai+ nmca) P ot
In order to describe the effect of hydrogen in carrier gaseous composition, aparam eter
f isintroduced:
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f = nﬂz/(nﬂz+ n(I)G) (17)

w hich is themole fraction of Hz relative to the inert gas in the carrier gas
The x value can be expressed as (on stoichiometry conservation constrains):

x = nd”/(M” + n&) (18)
In addition, the input V /III ratio, R, has been introduced:
R = ngH3/(n‘(I)'MAI + n‘(I)'MGa) (19)

By wlving eqs (6) (19), the equilibrium partial pressures in the gas phase and the dis-
tribution coefficient can be obtained for a given set of grow th tamperature, reactor pres
sure, R, f, x and nf

3 Reaultsand discussions

Figure 1 show s that the calculated activities of AIN and GaN in A IxGai- <N deviate
slightly from the ideal lution, because the lattice constant of AIN is close to that of
GaN. Therefore, the A IxGai- xN alloy can form a wlid olution over the entire composi-
tion Furthemore, the deviation changesw eakly w ith temperature

Figure 2 show s the equilibrium partial pressure of gaseous geciesover A IxGa.- xN al-
loys The equilibrium partial pressures of Ga and A | change w ith the solid composition
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FIG 2 The equilibrium partial pressures as a
function of the solid composition, x, in
A kGa- xN alloy
The dotted lines show the vapor

FIG 1 The activitiesof AIN and GaN for 1000
as a function of the lid composition
The doted lines show those in the case of ideal solid

olution For the calculation, Q= 672cal/mole pressure of pureA | and Gametal, P2 and P

Tg= 1000 , Pm= 1x 10 ®am. Pwi= lam, 'F Q 4,
f=1and R= 5000
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The dotted lines show the vapor pressure of puremetal A | and Ga, PAiand P&, respec-
tively. It can be seen that the equilibrium partial pressure of A | is significantly low er than
that of Ga The equilibrium constant of reaction (6) is snaller than of reaction (7), w hich
leads to the preferential A | incorporation into the A IkGaw- xN alloy. It isworth while to
point out that the equilibrium partial pressures of Ga or A | are snaller than the vapor
pressureof GaorAl So that thereisno GaorA | droplets deposited on the substrate un-
der most commonly used grow th conditions

For the grow th of A IxGaw- <N epilayer, control of the composition of the alloy ismost
mportant Figure 3 show s the theoretical curvesof A IxGai- N 0lid composition at differ-
ent grow th temperatures as a function of the input mole ratio of [TMA 1]/ [TMA I+ T™ -
Ga] At higher temperature (> 1000 ), A | show s a stranger tendency of incorporating
into the s0lid phase than that of Ga This result isal® confimed by amuch higher partial
pressure of Ga than that of Al in the gaseous phase at elevated temperature shown in
Fig-2 The equilibrium partial pressure of Ga decreasesw ith the grow th temperature At
900 thepartial pressure of Ga is low enough that the calculated olid composition show s
an almost linear dependence on the input mole ratio of the group III metalorganic sources

Figure 4 7 show the theoretical curves of alloy A kGai- xN as a function of reactor
pressure, input V /III ratio, decomposed fraction of anmonia and hydrogen fraction in the
carrier gas In all the cases, preferential A | incorporation ispredicted Figure 4 show s the
theoretical curvesof theA IxGa- N as a function of input mole ratio of the group Il1met-
alorganic compounds T he reactor pressure variesfrom Q 1to 2 atm. A linear function of
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FIG 3 Calculating composition of A IxGau- N FIG 4 Theoretical curvesof theA kGaw- N =lid
layers as a function of the input metalorganic com- composition as a function of the input mole ratio
pound gasphase ratio [TMA I]/[TMA I+ T™ Ga] of the group Il metalorganic compound
The grow th temperature varies from 900 to 1050 . The reactor pressure varies from Q 1 to 2atm.
For the calculation, Pwt= lam, Pm= 1x 10" Sam, For the calculation, Tg= 1000 , Pm= 1x 10" %am,

R= 5000, f=1and 'F Q 4 R= 5000, f=1and '’k Q 4
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olid composition w ith the input [TMA 1]/[TMA I+ TM Ga] ratio can be obtained w hen
the reactor pressure is equal to or less than Q 1 atm.

Figure 5 show s the theoretical curvesof A IxGai- <N asafunction of inputmole ratio of
the group IIl metalorganic compounds Input V /III ratio varies from 1000 to 1000Q The
input V /III ratio, as seen in Fig 5, playsan important role for the deviation of the alloy
composition A n essential linear function of distribution coefficient can be obtained w hen
input V /III ratio is higher than 500Q

In Fig 6, the s0lid composition deviates from the linear function if Mincreases, since
w e assum e that III-nitrides are synthesised by the reactions betw een III elenents and unde-
composed anmonia The influence of on the A kGai- N system, how ever, is snaller as
compared w ith the InGaN system ™.
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FIG 5 Theoretical curvesof A IkxGai- N as a FIG 6 The theoretical curvesof theA kGai- xN
function of input mole ratio of the group III lid composition as a function of the input
metalorganic compounds The input V /111 mole ratio of the group III metalorganic
ratio varies from 1000 to 10000 compoundsfor T 0, 0 4, Q 6
For the calculation, Tg= 1000 , Pwt= laim, For the calculation, Tg= 1000 , Pwt= latm,
Pm= 1x 10" %am, f= land = Q 4 Pm= 1x 10" Satm, R= 5000 and f = 1

Figure 7 show s the theoretical curvesof A IxGax- <N as a function of the inputmole ra-
tio of group Il metalorganic compounds T he hydrogen fraction in aH2-1G mixture carrier
gasvariesfrom Q Ol and 1 Thepredicted 0lid composition deviates slightly from the lin-
ear function if the hydrogen fraction in carrier gas increases T he increase of partial pres
sureof HzdrivesEqgs (4) and (5) to the left and therefore less gallium w ill be incorporat-
ed into the olid phase How ever, the use of inert gasor nitrogen as a carrier gas is not
mportant for the grow th of A IGa\ alloy.

Figure 8 show s the comparison betw een the theoretically predicted and the experimen-
tal composition of A IxGai- <N alloys Grow th conditions used in the calculation w ere the
same as those used by Clur et al. " (i e the grow th temperature, reactor pressure and
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V /I ratiowere 980 , Q latm. , 10000 regectively). The input pressure of column III
and the value of "were estimated to be 1x 10°atm and Q 5, repectively. The agreanent
betw een the calculated and expermental compositions is quite good It indicates that the
synthesisof A IkGai- <N inM OV PE reactor can be described mainly by the reactionsof am-
monia and group III elenents and the composition of A xGaw. N alloys grow n by M OV PE
can be easily controlled
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FIG 7 The theoretical curvesof theA IxGas- xN FIG 8 The comparion betw een the
wlid composition as a function of the input mole theoretically predicated and the expermental
ratio of the group III metalorganic compounds composition of A kGai- N alloys
T he the hydrogen fraction in carrier gas varies from The calculated conditionsw ere the same as those
Q 0lto 1 For the calculation, Tg= 1000 , Poi= lam, used by Clur et al. [*], i e the growth temperature,
Pm= 1x 10" Satm, R= 5000 and 'E Q 4 reactor pressure, V /III ratiowere 980 , Q lam. ,

10000, regectively. The input partial pressure of
column III and the value of 17
were estimated to be 1x 10°am and Q 5

4 Conclusion

A quasi-themodynam ic model theM OV PE grow th of A IxGaw- <N alloy using TM Ga,
TM A | and anmonia as ources has been proposed T he equilibrium partial pressure above
A IxGas- xN alloy surfaces has been calculated T he relationship betw een input vapor and
deposited solid composition has been calculated w ith one adjustable parameter () for the
A IxGai- N alloy. A good agreanment betw een the calculated and the experimental composi-
tion show s that our mproved model is suitable to apply to the A IxGas- <N alloy grow n by
M OV PE and the 0lid composition grow n by M OV PE is themodynan ic controlled by re-
actions (4) and (5). In the case of A kGaw N, preferential incorporation of A | ispredict-
ed However, alinear function of distribution coefficient can be achievedw hen using low er
grow th temperature, lower reactor pressure, higher input V /III ratio, lower hydrogen
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pressure fraction in the carrier gas and reducing the decomposed fraction of anmonia
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