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Quasi-Thermodynamic Model of MOVPE Growth of Ga:Al,Ini-x,N
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Abstract: A quasi-thermodynamic model of MOVPE growth of Ga.Al,Ini- .-, N alloys has been proposed with TM Ga,

TMAL TMIn and ammonia as sources. In this model, the effect of decomposition of ammonia has been con-sidered

and the number of moles is used to express the mass conservation constraints of element N, H, Ga, Al and In. It is

assumed that the alloy is synthesized by the reactions between ammonia and group Il elements. The influence of

growth conditions on the relationship between Ga. AL Ini-.- N lattice matched to GaN and input group III metalorganic

compounds has been calculated. Almost all the aluminum and gallium reaching the growing surface are incorporated in

the alloy. In order to enhance the incorporation of indium into Ga:ALIni-.-,N, lower growth temperature and higher

input V /11 ratio should be used and the decomposed fraction of ammonia should be reduced.
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1 Introduction

Group Ill-nitrides and their alloys as very
important semiconductor materials, are suitable for
the fabrication of green, blue and ultraviolet light
( LEDs ) and laser
(LDs)"™. In these devices, quantum well (QW)

emitting diodes diodes
structures are widely used. InN of a fairly high
percentage exists in the QWs in GalnN ternary
alloy active layers. To avoid the lattice mismatch
between the InGaN well and the AlGaN barriers, a
well with thickness about 20nm has been used. T he

high-strained and extremely thin well will shift the
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emission to the higher energy and limit the InN
content in the well. Thus, for In of high values, the
AlGaN

limitations, which can be avoided by using a more

barrier layers will cause several

versatile Ga:Aly;Ini-«-» N quaternary alloy. By
varying the composition of quaternary alloys, the
band gap and the lattice constant can be adjusted
individually so that the GaAllnN lattice-matched to
the closely lattice-matched structures is obtained.
Therefore, GarAlyIni-+-y N can be adopted as a
cladding layer to reduce the defects, without any
strains on the laser structure. It can also be used as
an ultraviolet photodetector. Compared with binary

and ternary nitrides, however, little attention has
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been paid to the alloy

For better investigation of the quaternary
alloy, it is necessary to find out the favorable
growth conditions for the epitaxial growth of
GaAlInN. A quasi-thermodynamic model has been
proposed the MOVPE of
AlGaN, InGaN and InAIN'""". The calculated and

experimental composition of AlGaN and InGaN

to analysis growth

systems are in good agreement. The goal of this
paper is to establish a quasithermodynamic model
for MOVPE growth of GacAlIni-.-, N, with
TMGa, TMAL TMIn and NHs as source materials
so as to find out the favorable growth conditions,
especially for the alloy which is lattice-matched to
GaN. The following points have been improved in
our model. Firstly, the number of moles is used to
the mass conservation constraints

express on

element N, H, Al, In and Ga, because the variation

in the total number of molecules cannot he
neglected, which is caused by the reactions,
especially by the decomposition of ammonia.

Secondly, since the low-—pressure process has
advantages over atmospheric pressure one, the
effect of reactor pressure has to be taken into

consideration.

2 Model

The analysis of GarAlIni-«-y N is on the
assumption as below, as what we did for AlGaN,
[InGaN and InAIN in References| 7—9].

(1) Ignoring the pre-reactions between group
[l and group V precursors. TMGa, TM Al and
TMIn are decomposed irreversibly near the vapor-
solid interface at a usual growth temperature.

(2) In order to calculate the influence of
of
decomposed fraction of NHs, 1.

NH:(g)= (1- M NH:(g)+ 1/2N2(g)+ 31/2H2(g)
(1

(3) Ignoring the reactions between N2 and the

decomposition ammonia, we introduce a

group III elements in the temperature range of

500—900C since the N2 molecule is inert.

Assumption (2) and (3) make this model a
quasi-equilibrium model.

(4) Quaternary alloys are formed by the
reactions between NHs and the group Il elements
and the thermodynamic equilibrium established at
the solid-vapor interface. Notice that Ga.Al;Ini- .-,
N alloy is a quasi—quaternary system and can be
written as (GaN)«(AIN),(InN) i- «- .

Ga, Al, In, NHs, H2, N2, inert gas (IG) and
CHa4 are the chosen necessary vapor species. T he
equations of mass action for synthesizing GaAllnN

are as follows:

Y(:;.xf"llf;z/( P(:;.P.\'H]P:].f?] = K, (2)
Y.\le"llf;z/( PuP xul‘P:-i?) = K: (3)
y]rnXP]If;z/( PIHPN]II‘P:;?) = K; (4)

where Piis the equilibrium partial pressure of i,
P is the total pressure, and Ki is the equilibrium
constant. ¥Ycuon, Yax and  Yux the

coefficients of the solid GaN, AIN and InN in
Gu.\'A]_\lnl—x—j' N

are activity

alloy, respectively. They are
determined from the regular solution model and
expressed as follows:
RTLn( Yex) = ( Qoav-an Yaw+ Qoanv- x Zin) ( 1-
Xeax) = ( Q- mn Y aiwZix) (5)
RTLn(Ysn) = ( Qan- can X can+ Qamv- v Zmx) ( 1-
Yam) = ( Qoean- anX canZinx) (6)
RTLn(¥Yun) = ( Quav-cav X can + Qunn- aiv Yaw) (1-
Zinn) = ( Qoax- anX can ¥ aw) (7)
Zin= 1= Xcan— YVan (8)
where Q is the interaction parameter of group IlI-
nitrides binary, and X, ¥ and Z are the mole
fraction of GaN, AIN and InN in Ga:Al;Ini-«,N
alloys, respectively'"”.
The the of
molecules, caused by the reactions, especially by
the of

neglected. In this case, instead of partial pressure,

variation in total number

decomposition ammonia, cannot be

we use number of moles to express the mass
conservation constraints on element N, H, Ga, Al
and In.

0 0 Al Allo Alloy
nyuy+ nN,= neay + AN+ nmy- + nyu,+ an, (9)
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0. . . .
where ni is the input number of moles of species i;

alloy alloy

alloy
nea , nal - and nin are the number of moles of GaN,

AIN and InN in the alloy, respectively.

2n.'|'[3+ 3n.gr|_‘= 3n.xu_‘+ 2m|3+ 3ncu, (10)
RMMGa= nea% + nGa (11)
ntwai= AN+ nai (12)

A= a+ n (13
where ncs, nat and nw are the number of moles of
Ga, Al and In in the gas phase, respectively.

The partial pressure of species i can be
obtained by:

Pi= ni(Puw/nu) (14)
where nu is the total number of moles in the gas
phase.

The total pressure of the reactor is expressed
as follows:

Puw= Pxu,+ Px,+ Pu,+ Pca+ Pu
+ Pun+ Po, + P (15)
where Pic is the partial pressure of the inert gas,
P{:HJ= 3( n'tll'.\u:-..-i- H-'(I".\I Al H-'(I".\i |n)Pm..

In order to describe the effect of carrier
composition, a parameter / is introduced:

f = ah/(nh, + nic + nk,) (16)
where f is the mole fraction of H2 in the mixed
carrier gas, relative to the inert gas and nitrogen in
the carrier gas.

The values of x and y can be expressed as (on

stoichiometry conservation constrains) :

x = nt /(s + a1 + nih”) (17)

y = f:”\”}"“'/( né&” + nl” + n'i'.l\l"") (18)

In addition, the input V/III ratio, R, is
introduced:

R = H'-QHI‘/( n'.'[|]'.\|t:-.. + ."?,'(I".\i Al + n'tl}'.\iln] ( ]9)

Solving Eqgs. (2)—(19), we can obtain the
equilibrium partial pressures in the gas phase, and
the relationshin between the inbut molar ratio of
metal organic compounds of group III and the
deposited composition of GaAllnN at given growth

temperature, reactor pressure, R,f,x,)' and n(fl.
3 Results and Discussions

Figure 1 (a) shows the effect of temperature

on the equilibrium partial pressure of gaseous
species over the Gaos Alois Inoos N alloys. The
equilibrium partial pressures of gallium, aluminum
and indium increase with the temperature. For
comparison, the dotted lines denote the vapor
( Pi)"™. The

equilibrium partial pressures of Al and Ga are

pressures of pure In metal
pretty low, which means that almost all the input
aluminum and gallium reaching the growing
surface are incorporated into the alloy. T herefore,
it is unnecessary to take the formation of liquid
gallium or aluminum droplets into consideration.
However, the equilibrium partial pressure of In is
much higher than that of Al and Ga, due to the
different equilibrium constants (seen Eqgs. 8, 9 and
10), as influences the deviation of vapor-solid
distribution relationship. The eauilibrium partial
pressure of In is very close to Ph(in Fig. 1(a)).

Indium the growth

properly.
Figure. I(b) shows the effect of temperature on the

droplets will deposit if

conditions are not selected
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FIG. 1  Equilibrium i’artia] Pressure (a) and

Input Mole Ratio of TMGa, TMAl and TMIn
(b) as Function of Temperature in Gaos Alos
Ino.osN Alloys Puw= 0. latm, Pu= 10" *atm, f =
0.01,7= 0. 15, R= 5000.
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input molar ratio of TMGa, TM Al and TMIn. The
R (TMGa) is defined as ntwc/( ntvca + niwa+

ntun), R(TMAL) = nfwa/(ntuca+ afua+ ntun) and
R (TMIn) =

respectively.

0 0 0 0
n'r.\un/( nrMca +  nrval + o NTMIn ),

A typical composition triangle can be used to
describe the composition of the input molar ratio of
group III metal organic compounds and the solid
composition of quaternary, as is shown in figure 2,
where the first triangle, representing the
composition of input metalorganic compounds,
coincides with the second triangle, representing the

GaAllnN

relationship between the composition of input

solid composition. Therefore, the
metalorganic compounds and the solid composition
of quaternary can be described in one triangle.
Much attention has been paid to the eallium-rich
corner of the quaternary, because the GaAllnN is
usually used as a cladding layer, with the energy
gap a little higher than that of GaN or InGaN. In
addition, the growth of high content of Ga or Al
quaternary is much easier than that of high In. The
composition of the solid Gao.s25A 10 14slno.0aN lattice
matched to GaN is shown as the solid circle in Fig.

2, the of

metalorganic compounds in gas phase is as an open

while corresponding  composition
circle. The pair equilibrium solid-gas composition is
linked up with a string line (linking line). Dash

Fig. 2)

composition lattice matched to GaN. All points on

line ( in represents the quaternary
the open circle are located on the right side of the
corresponding solid one, which means that indium
are enriched in gas phase. In order to obtain the
same solid composition GaAllnN, higher TMIn is
needed when the reactor pressure is increased from
0. latm to latm, which proves that low—pressure

process is suitable for the growth of GaAllnN.

[t is important to determine the optimal
growth temperature of the GaAllnN alloy.
Aluminum-based nitrides generally require higher
growth temperatures, because of the higher

bonding energy of AIN bond and high reactivity of

aluminum with oxygen. Higher temperature is

FIG. 2
Ino.oziN and Input Mole Ratio of TMGa. TM Al and

Relationship Between Solid Gaosas Alo1as

TMIn, as Function of Reactor Pressure Pwi= latm
and 0. latm, Respectively The solid line links the
equilibrium solid and the gas phases. T.= 800C, Pu
= 10 *atm, R= 20000, f = 0.01 and 7= 0. 15. Dash

line represents the GaAllnN quaternary composition

lattice matched to GaN.

helpful in obtaining better erystalline quality and
preventing oxygen from incorporating into the
film. Lower temperature, however, are required for
indium-based compounds to increase the indium
incorporation owing to the lower bonding energy of
In—N The

therefore determine

bond. growth temperature will

if both Al and In

incorporated into the GaAllnN quaternary alloy.

can be

Figure 3 shows the theoretical input mole ratio of
the group Il metalorganic compounds as a function
of temperature in the Ga:Al;Ini- .- ;N alloys, which
is lattice matched to GaN. In order to determine the
lattice constant of the Ga:Al,Ini-.-, N alloys, we
assume that the Vagary’s low is suitable for:
alco Al N= xacan+ yaan+ (1= x— y) amy

(27)

AGaN =

the lattice constants of binaries

0.3189m, asw= 0.3112nm and awv= 0.3548nm.

We can see that with the increase of growth

are:

temperature, the input mole ratio of metalorganic
compounds varies dramatically to obtain a same

solid composition. When the growth temperature
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increases, more TMIn is needed. It is difficult to
grow a wider band gap GaAllnN alloy if the
growth temperature is higher than 850°C. All the
linking lines point towards the TMIn angle, as can
also be seen in Figures 2 and 4, which indicates
that all input Ga and Al incorporate into the alloy

under the calculated conditions.

FIG. 3

Relationship Between Solid GasAlyIni-+- N
and Input Mole Ratio of TMGa, TM Al and TMIn as

Function of Growth Temperature Ranging from
750°C to 850°C 1= 0. 15, R= 20000, Pu= 0. latm,
and f = 0.002. Dash line represents the GaAllnN

quaternary composition lattice matched to GaN.

Figure 4 shows the theoretical curves of the
GaAllnN composition as a function of the input
group

compounds, when we varying the decomposition

mole ratio of the [Il  metalorganic
fraction of ammonia, 7, from 0. 1 to 0. 2. The 1 has
a dramatic inference on the incorporation of
indium. Decomposition rate of ammonia can be
affected by many factors, such as growth
temperature, total flow rate in the reactor, reactor
pressure, reactor geometry, the nature of carrier
gas and catalyst if exist. The most important thing
is to reduce the decomposition of ammonia before it
reaching the growing surface.

Figure 5 shows the theoretical curves of the
GaAllnN composition as a function of the input

V/III ratio, with R varying from 10000 to 30000. R

of high value is required, like In-content ternary

FIG. 4 Relationship Between Solid Ga: AL Ini- .-, —
N Matched to GaN and Input Mole Ratio of
TMGa, TMAl and TMIn as Function of
Decomposition Fraction of Ammonia, ™, from 0. 1 to
0.2 Growth temperature= 800C, Piu= 0. latm,
R= 20000, and 7= 0. 002. Dash line represents the

GaAllnN quaternary composition lattice matched to

GaN.

FIG. 5
and Input Mole Ratio of TMGa, TM Al and TMIn as
Function of V/III ratio R. Which Varying from
10000 to 30000 Growth temperature= 800°C, Piu=
0. latm,N= 0. 15, f = 0.002 and Pm= 10" ®atm. Dash

Relationship Between Solid GacAlyIni- .- N

line represents the GaAllnN quaternary composition

lattice matched to GaN.

alloy'™. We also calculate the influence of mole
fraction of H: in the mixed carrier gas (f ). In

Fig. 6, one can find that it is very important to
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reduce the content of H2in the H2-N: carrier gases

to increase the In content in the quaternary.

FIG. 6 Relationship Between Solid Ga:AliIni- .-y
N and Input Mole Ratio of TMGa, TM Al and TMIn
as Function of Mole Fraction of H2 in Mixed Carrier
Gas (/)
0. latm, 7= 0.10, R = 20000 and Pm= 10 atm.
Dash GaAllnN

Growth temperature = 750C, P =

line represents the quaternary

composition lattice matched to GaN.

4 Conclusions

A quasi-thermodynamic model of MOVPE
growth of Ga:AliIni-«-, N alloys with TMGa,
TMAIL TMIn and ammonia as sources has been

the

decomposition rate of ammonia has been considered

proposed. In this model, effect of low

and the number of moles is used to express the
mass conservation constraints of element N, H, Ga,
Al

synthesized by the reactions between ammonia and

and In. It is assumed that the alloy is
group Il elements. This model can be used to
calculate the relationship between the composition
of GaAllnN alloy and input molar ratio of group III

metalorganic

compounds. Almost all the aluminum and gallium
reaching the growing surface are incorporated into
the alloy. In order to enhance the incorporation of
Ga<Al,Ini-»-» N,

temperature and higher input V/III ratio should be

indium into lower growth
used and the decomposed fraction of ammonia
should be reduced. Indium droplets will deposit if

the growth conditions are not selected properly.
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