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Abstract

A detailed thermodynamic analysis of the system Al-Ga—-In-N-C-H was performed using the Gibbs energy
minimization method. The multicomponent gaseous phase, ternary liquid alloy of A™ elements, solid solution of A™
nitrides as well as graphite and Al4C3 were included into the calculation. The influence of the initial conditions, namely
temperature, pressure and input gas phase composition, on the equilibrium composition of this system was in view. On
the basis of the concept of local equilibrium between the growing layer and the gaseous phase in its close vicinity, the
calculated results were used to optimize deposition parameters for MOVPE growth of (Al,Ga,In)N epitaxial layers.
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1. Introduction

A™ nitrides (AIN, GaN and InN) and their
solid solutions ((Al,Ga)N, (Al In)N, (Ga,In)N and
(Al,Ga,In)N) are very important materials with
many applications in optoelectronics (light emit-
ting diodes, laser diodes, photodetectors) and
electronics (high-power and high-temperature de-
vices) [1-3]. Various methods are utilized for
deposition of epitaxial layers and structures of
these materials: chloride vapor phase epitaxy
(VPE), metalorganic vapor phase epitaxy
(MOVPE), molecular beam epitaxy (MBE) or
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chemical beam epitaxy (CBE). MOVPE has some
advantages over other techniques and it became
the leading epitaxial technology in the last decade
[4-6].

Thermodynamics, fluid dynamics, and gas and
surface reactions, all play a part in the deposition
process. Thermodynamic aspects of MOVPE were
first discussed by Stringfellow [7,8] who demon-
strated usefulness of equilibrium calculations for
the optimization of deposition conditions. A
number of papers dealing with the thermodynamic
analysis of A" nitride deposition systems has been
published since: AIN [9], GaN [9-11], InN [9],
(Al,Ga)N [12-15], (ALIn)N [12,16,17], (Ga,In)N
[12,18-23] and (Al,Ga,In)N [24]. When calculating
the solid (Ga,In)N composition in the system

0022-0248/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jerysgro.2004.03.027



J. Leitner et al. | Journal of Crystal Growth 267 (2004) 8—16 9

(CH3)3Ga—(CH3)3;In-NH3-H,, Koukitu et al. [18]
introduced an empirical parameter representing
non-equilibrium decomposition of ammonia in the
gaseous phase. This kinetic restriction and the
relevant ‘“‘quasi-equilibrium” model has been
accepted by most of the investigators.

The goal of this work is the detailed thermo-
dynamic analysis of the system Al-Ga—In-N-C-H
relevant to the (Al,Ga,In)N growth by the
MOVPE. Two main topics are as follows: (1)
under which conditions the required solid (namely
(Al,Ga,In)N) is the only stable condensed phase
and (2) how the temperature, pressure and initial
gas phase composition affect the equilibrium
composition of this solid. Our calculations differ
from the previous work by Koukitu et al. [24] in
the following items: (1) no kinetic restriction is
assumed, (2) the multicomponent gaseous phase is
taken into account in the equilibrium, (3) possible
formation of a liquid alloy is considered, (4)
reliable thermodynamic data for solid GaN and
InN are used and (5) phase separation in highly
non-ideal (Al,Ga,In)N solid solution is taken into
account.

2. Calculation method

The non-stoichiometric method based on mini-
mization of the total Gibbs energy of the system
on the set of points satisfying the material balance
conditions was used for the calculation of equili-
brium composition of the above-mentioned het-
erogeneous system. The calculation algorithm and
the computer program CHEMEQ were described
elsewhere [25].

3. System description and input thermodynamic
data

As precursors of A elements, trimethyl (TM)
or triethyl (TE) derivatives are generally used.
Ammonia is frequently used as the source of
nitrogen although other compounds (e.g. tri-
methylamine, hydrazine or dimethylhydrazine)
have been utilized. Hydrogen or nitrogen are
applied as the carrier gas. Metalorganic com-

pounds are unstable at elevated temperatures and
decompose in the gas phase or at the gas—solid
interface. The decomposition, which was observed
experimentally using various analytical techniques,
leads to the formation of a number of gaseous
species. Therefore, the following gaseous sub-
stances were included into the calculation: Al,
Al,, AIH, AlH,, AlH;, AICH;, Al(CHj),,
Al(CH3);, AIN, Ga, Ga,, GaH, GaH,, GaHs,
GaCHj;, Ga(CHs),, Ga(CHj3)3, GaN, In, In,, InH,
IHHQ, IHH3, IHCH3, IH(CH3)2, IH(CH3)3, IIlN, N,
N,, N,H,, N,H,4, NH, NH,, NH3, H, H,, HCN,
CH4, C2H2, C2H4, C2H6, CN and C2N2. Ideal
behavior of the gas phase was assumed. Thermo-
dynamic data for gaseous species were taken from
various sources [26-29]. The consistent set of
thermodynamic data for the gaseous species in
the system A"™-N-C-H has been collected re-
cently [30]. There are certain differences between
these two data sets but the largest ones concern the
less-stable species. In this case the data change
does not influence significantly the calculated
results.

Depending on the initial conditions, various
condensed phases can exist in equilibrium with the
gas phase. In the system Al-Ga-In-N-C-H,
ternary metallic liquid (Al-Ga—In), solid nitride
(Al,Ga,In)N, carbide Al4C; as well as graphite
were taken into account. A liquid alloy was
described as a substitutional solution and the
Redlich-Kister equation was used to express the
excess Gibbs energy. The thermodynamic data for
pure liquid elements were taken from the SGTE
[31] and the Redlich-Kister parameters were taken
from the assessment by Ansara et al. [29]. The
solubility of nitrogen in the alloy is very low and
was neglected in the calculations.

For thermodynamic description of mixed ni-
tride, the sublattice model was used. As the mixing
occurs on one sublattice only, this description is
equivalent to the pseudoternary AIN-GaN-InN
substitutional solution model. The data for pure
solid AIN were taken from tables [27]. The data
assessed by Leitner et al. [10,21] were used for pure
solid GaN and InN. Large discrepancies exist
between the thermodynamic data for solid GaN
and InN published in the literature. The following
values of the standard molar Gibbs energy at
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temperature of 1000 K are presented for illustra-
tion: G (GaN) = —160.9kJ/mol [27,33], —173.0
[30], —176.6 [32], —207.9 [10] and G°(InN)=
—203.9kJ/mol [27], —83.0 [33], —140.5 [31],
—197.3 [21]. The recently obtained value of the
heat of formation of GaN at 298.15K,
AH?(298.15) = —156.8 +-16.0 kJ/mol [34] confirms
our assessed data [10]. One can calculate
GY(GaN) = —162.7kJ/mol  and  G%(InN) =
—83.4kJ/mol at 1000 K from the data selected by
Koukitu et al. [9]. Thus, the calculated values of
the equilibrium constant Kg; for the exchange
reaction

GaN(s) + In(g) = InN(s) + Ga(g) (R1)

at 1000K are 4.9 x 1072 and 1.3 x 10~ using our
selected data and the data accepted by Koukitu
et al. [9], respectively. Under the condition that
p(Ga) =p(In), the equilibrium constant of reaction
(R1) is equal to the ratio of equilibrium activity of
InN and GaN, a(InN)/a(GaN). The large dis-
crepancy in order of magnitude between two
values of Kgr; should cause significant differences
in the calculated equilibrium composition of the
mixed nitrides (Ga,In)N and (Al,Ga,In)N.

It has been observed [35,36] that the limited
mutual solubility region exists in the pseudobinary
GaN-InN system. As differences between the
lattice parameters of components give rise to this
phase separation, the conclusion was made that
this phenomenon will occur in other systems
containing indium, namely (AlLIn)N and
(Al,Ga,In)N. The boundary of the two-phase
region as well as the spinodal lines for (Al,Ga,In)N
were calculated by various authors on the basis of
strictly regular solution approximation [35-39].
Relevant interaction parameters were obtained
according to the Stringfellow’s DLP model
[35-38] or by the valence force field model [39].
Deviation from ideal mixing was expressed by the
Redlich-Kister equation in this work and corre-
sponding parameters were obtained on the basis of
the empirical estimation [40]. Koukitu et al. [24]
used the DLP model in their thermo-
dynamic analysis. For the pseudobinary GaN—
InN, the interaction parameter QgaN—InN =
29.3kJ/mol was used [24], which results in the
critical temperature T¢c = 1761 K at xpn = 0.5.

Our data lead to T¢ =2053K at xp,n = 0.43.
Theoretical studies on the GaN-InN system [41—
44] lead to the value of T¢ in the range 1290-
3190K at xpn = 0.39 — 0.5.

As the solid solution (Al,Ga,In)N exhibits large
positive deviations from ideal behavior and as the
homogeneous phase is unstable under the most
conditions studied, its decomposition into two
phases of different compositions was supposed.

The thermodynamic data for solid carbide
Al4C;5 and graphite were taken from tables [27].

4. Results and discussion

The equilibrium composition of the system Al-
Ga—In-N-C-H was calculated at temperatures of
700°C, 800°C, and 900°C and relative pressures
p/p° =1, 0.1 and 0.01 (p is pressure and p°,
p° = 101.325kPa, is standard pressure). Trimethyl-
aluminium (TMAI), trimethylgallium (TMGa),
trimethylindium (TMIn), ammonia, and hydrogen
or nitrogen were considered as the input gaseous
species. The calculations were performed for
various V/III input ratios (V/III =n°(NH;)/
S0 A", STrdA™) = n(TMAD4+#(TMGa) +
n’(TMIn))  using the fixed value of
SO(A™) = 105 mol for the all of them. As
common practice, only the input amount of
ammonia was considered for the V/III ratio
although the crucial portion of nitrogen is intro-
duced by the carrier gas in N, ambient. So the
calculated results for the same V/III ratio for H,
and N, carrier gases are incomparable from the
thermodynamic point of view. The relative initial
contents of A™ elements in the gaseous phase
KA (x0AM) = n0(TMA™) /S r0(AM))  were
changed in the range from 0 to 1. The total initial
amount of gases was set to 1 mol in all cases.

4.1. Deposition diagrams

The deposition diagrams show the condensed
phase(s), which is (are) stable in equilibrium with
the gaseous phase. Such a set of temperature, total
pressure and initial gas phase composition, under
which the solid nitride (Al,Ga,In)N is the only
stable condensed phase, is generally suitable for
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quality epitaxial layers growth. For correct deter-
mination of the (solid nitride)—(solid nitride+
liquid alloy) phase boundary, the phase separation
in (Al,Ga,In)N has to be taken into account. Let
us take as an example Aly3Gag sIng,N at 800°C
under the N, atmosphere. If the separation is not
considered, the decomposition of solid nitride to
liquid alloy and gaseous nitrogen occurs. In
opposite case, the phase separation in solid nitride
takes place and two solids having composition
Alo372Gage14lng014N and  Alg 006Gag.032In0.063N
occur and no liquid alloy is present in equilibrium.

The calculated deposition diagrams for the
system Al-Ga-In-N-C-H at p/p’ =1, V/III=
10000 in hydrogen ambient are shown in Fig. 1. A
large (solid +liquid) region exists at temperature
of 800°C. Nitride field expansion occurs at lower
temperatures (due to the nitride stability increase)
as well as at higher temperatures (due to the
enhanced evaporation of the liquid alloy). Influ-
ence of the total pressure at 7= 800°C and

0.0,1.0
700°C

L L L I
0.0 0.2 0.4 0.6 0.8 1.0

x(TMGa)

V/III = 10000 is demonstrated in Fig. 2. Reduction
of the total pressure leads to solid nitride field
enlargement as the evaporation of the liquid alloy
is enhanced. Decrease of the input V/III ratio
affects the solid—(solid + liquid) boundary insignif-
icantly at temperature of 800°C and atmospheric
pressure and becomes more important in case of
reduced pressure (see Fig. 3).

The situation is quite different in the nitrogen
ambient due to the suppression of the decomposi-
tion reactions

A"N(s) = A™M(s,1) + 1/2N5(2) (R2)

The solid nitride field is dominant in the
temperature range of 700-900°C under atmo-
spheric or reduced pressure and the liquid alloy
appears only in limited cases near the TMIn
corner. On the other hand graphite formation is
possible due to decomposition of methane

CHy(g) = C(s) + 2Ha(g) (R3)

/ ‘ nitride ‘ \
1.0 v v v L 0.0

0.0 0.2 0.4 0.6 0.8 1.0
x(TMGa)

) 0.0 0.2 0.4
x°(TMGa)

0.6 0.8 1.0

Fig. 1. Deposition diagrams for system Al-Ga-In-N-C-H at p/p® = 1, V/III = 10* in H, carrier gas for temperatures of 700°C, 800°C

and 900°C.
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L L L L
0.0 0.2 0.4 0.6 0.8 1.0

xA(TMGa)

x°(TMGa)

Fig. 2. Deposition diagrams for system Al-Ga-In-N-C-H at r = 800°C, V/III = 10* in H, carrier gas relative total pressures (p/p") 1,

0.1 and 0.01.

The values of the equilibrium constant Kgrs are
7.69, 21.78 and 52.06 at the temperatures of
700°C, 800°C and 900°C, respectively. One can
suppose that the methane partial pressure is equal
to triple of the sum of initial partial pressures of
trimethylcompounds of A™ elements. Thus, the
hydrogen partial pressure, which prevents from a
graphite formation should be 0.015 (700°C),
0.0256 (800°C) and 0.0395 (900°C) at S_p°(A"™) =
1073, If nitrogen is used as the carrier gas, limiting
values of the V/III input ratio can be roughly
estimated as 1012, 1704 and 2634 at the tempera-
ture of 700°C, 800°C and 900°C, respectively.

4.2. Solid nitride composition

The calculated average solid nitride composi-
tions at V/III=10* and x°(A™) = 1/3 for various
temperatures and total pressures and N, carrier
gas are shown in Table 1. Average molar fractions
of A™N in the solid phase is calculated from

the relation
n/(AIIIN)+n//(AIIIN)

! i
Mot + Mot

x(A"'N) =

) (M

where superscripts ' and " denote the first and the
second phases of the (Al,Ga,In)N solid solution
and ny the total amount of these phases,
respectively. Equilibrium fractions of A" elements
in the gaseous phase, R(A'), calculated according
to the relation

ng(AHI)
n(AHI)

are also included. It is obvious that the rising
temperature and the decreasing pressure lead to
significant reduction of the indium content in solid
nitride. The influence of temperature can be
explained by the lower thermodynamic stability
of InN in comparison with GaN and AIN. Indium
in the gaseous phase is usually represented by In(g)
and InH(g). But it is necessary to underline that

RA™) = (@)
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Fig. 3. Deposition diagrams for system Al-Ga-In-N-C-H at ¢ = 800°C, p/p® = 0.1 in H, carrier gas for input V/III ratio 10000, 1000

and 100.

Table 1

Calculated solid nitride composition, x(A™N), and equilibrium fraction of A™ elements in the gaseous phase, R(A™), at V/IIT=10%,
X(TMAM) = 1/3, and N, carrier gas

p=1 p=0.1 p=0.01
X(A™N) RA™) (%) x(ATN) RA™) (%) x(A™ ) RA™)(%)
700°C Al 0.334 1.80E—12 0.340 1.80E—11 0.500 1.60E—10
Ga 0.334 4.90E—03 0.339 0.05 0.496 0.65
In 0.333 0.19 0.321 5.38 0.004 99.2
800°C Al 0.347 4.40E—10 0.505 420E—09 0.190 2.00E—08
Ga 0.346 0.21 0.492 2.7 0.381 38.5
In 0.307 11.4 0.003 99.4 0.000 100
900°C Al 0.513 4.30E—08 0.704 4.40E—07 0.979 3.00E—06
Ga 0.483 5.8 0.296 57.9 0.021 97.9
In 0.004 99.2 0.000 100 0.000 100

the stability of gaseous species depends signifi-
cantly on the considered reaction conditions
(temperature, pressure and initial composition).
Therefore the inclusion of many gaseous species
into the calculation is very useful because in

advance we do not know which of them will be
significant or not. The pressure dependence is not
so straightforward and is connected with different
stabilities of various A™ species in the gaseous
phase in equilibrium with solid nitride. Calculated
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results further show, that in nitrogen ambient it is
possible to reach any composition of solid nitride
when varying the input number of moles of A™
precursors at temperatures of 700-800°C under
atmospheric or slightly reduced pressure.

Similar calculations performed for H, carrier
gas revealed that the indium incorporation effi-
ciency is significantly reduced in this case and
higher indium content in solid nitride can be
obtained only at 700°C and p/p° = 1.

From the technological point of view, it is
convenient to predict the appropriate initial gas
phase composition giving rise to the required
composition of solid nitride. Fig. 4 shows the
input x°(TMA") inevitable for the composition
Ga (Al s3Ing 17);_,N, lattice matched to GaN at
t =800°C, p/p’ =1 and V/III=10000. The de-
pendence of the initial gas phase ratio x’(TMAI)/
x%(TMIn) requisite for the solid nitride composi-
tion x(AIN)/x(InN) = 0.83/0.17 is illustrated in
Fig. 5. The sudden break on this curve corresponds
to the composition Gagge(Algg3Ing17)o.14N. For
values of y<0.86, nitride is unstable and the phase
separation occurs while homogeneous solid solu-
tion exists at y > 0.86. Another curve, calculated

1.0

0.8 »

X°(TMA™)

0.4

0.2 4

0.0
0.0 0.2 0.4 0.6 0.8 1.0

y

Fig. 4. Input molar fractions of TMA™"! precursors, which give
rise the composition Ga, (Al g3Ing7);-,N, lattice matched to
GaN at ¢ = 800°C, p/po =1, V/III=10000, N, carrier gas,
(H)—TMAI (@®)—TMGa, (A)—TMIn.

5.0

x° (TMAI)/x° (TMIn)

OO 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

y

Fig. 5. Initial x°(TMAIl)/x°(TMIn) ratio requisite for the
composition Ga,(Algs3Ing ;7);-,N, lattice matched to GaN at
t=1800°C, p/p’=1, V/III=10000, N, carrier gas (full
square—non-restricted equilibrium calculation, open square—
solid nitride separation and liquid phase formation are
suppressed).

under the conditions when the solid nitride
separation as well as the liquid phase formation
are suppressed, is shown for comparison. The
results demonstrate that increase of xX’(TMGa) in
the input gaseous phase leads to decrease of
indium incorporation efficiency and lower values
of x’(TMAI)/x°(TMIn) are necessary to achieve
the desired nitride composition.

Several studies dealing with the (AL Ga,In)N
epitaxial growth were published in literature [45—
49]. The quality layers were prepared at tempera-
tures 700-875°C under atmospheric or reduced
pressure at V/III>10% in nitrogen ambient using
various A" elements metalorganic precursors.
The indium content (x(InN)) in the prepared
layers was up to 0.38 at 700°C, up to 0.20 at
750-800°C and up to 0.10 at 875°C. These results
generally correspond with our thermodynamic
calculations.

Phase separation or composition fluctuations
were observed in (ALIn)N [46,50], (Ga,In)N [51-
53] and recently in (AlGa,In)N quaternary
systems [54]. Limited miscibility of solid nitrides
AIN, GaN and InN is also predicted by our
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thermodynamic calculations. This phenomenon is
caused by the practically immiscible ternary
system (Al,In)N.

As for the liquid phase formation, it was not
reported for (Al,Ga,In)N growth till now. In case
of (Ga,In)N, the In-rich metallic droplets were
found on solid nitride surface at high input mole
fraction of indium precursor and low values of
V/III input ratio if the hydrogen was used as the
carrier gas [55-57]. The In-N bond is relatively
weak (in comparison with other A™ nitrides)
which causes low stability of solid InN. As the
vapor pressure of indium is very low at tempera-
tures 750-850°C and no stable indium containing
gaseous species exist in this system a liquid
phase can be formed. The liquid phase formation
is pronounced in the hydrogen atmosphere,
presence of nitrogen suppresses the InN decom-
position.

No systematic study on indium incorporation
into solid (Al,Ga,In)N has been carried out yet
and the indium content in the solid was fixed by
the input mole fraction of indium precursor. On
the other hand, this phenomenon has been studied
in detail for the (Ga,In)N growth. In general,
higher indium content in solid nitride can be
achieved in nitrogen at lower temperatures
(700°C). These experimental findings are also in
qualitative agreement with our calculated results.

It is interesting to compare our results with
those obtained by Koukitu at al. [24]. As there are
large differences between our thermodynamic
model and their quasi-thermodynamic treatment,
the large disparity of the results exists, too. We
believe that our approach is more reliable because
it is possible to predict such phenomena as liquid
droplets formation or composition fluctuations,
which were observed experimentally during the
epitaxial growth of indium containing A™ mixed
nitrides. Moreover, the significant reduction of the
number of gaseous phase components is baseless
as a number of experimental as well as theoretical
works exist, in which existence of various A
gaseous substances was demonstrated. Some of the
results of Koukitu et al. [24] are surprising and
they should be discussed in more details. Un-
stability of aluminum-rich nitrides at higher
temperatures and ambiguity of the solid nitride

composition for the given input TMA™ mole
fractions represent these cases in particular.

5. Conclusions

A detailed thermodynamic analysis was per-
formed to predict suitable conditions for epitaxial
growth of quaternary solid nitride (Al Ga,In)N.
As the quality of deposited layers is significantly
influenced by liquid droplets formation, the
operating temperature should be set at 700-
850°C and nitrogen should be used as the carrier
gas because no liquid phase is created under these
conditions. There are large areas of coexistence of
solid nitride and the liquid alloy in hydrogen
ambient with the exception of the low temperature
region (near 700°C). Indium incorporation is
affected by the nature of the carrier gas, too.
Sufficiently high content of indium in solid nitride
can be achieved only in nitrogen at temperatures
700-800°C under atmospheric or slightly reduced
pressures (p/p® = 0.1). Indium incorporation effi-
ciency decreases with increasing temperature and
decreasing pressure. As it was already mentioned
our thermodynamic calculations are in qualitative
agreement with majority of the experimental
findings on (ALGa,In)N, (ALIn)N and (Ga,In)N
epitaxial growth. On the other hand, there are
significant differences between the presented re-
sults and results from quasi-equilibrium calcula-
tions by Koukitu et al. [24].
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