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Abstract: This work presents the theoretical calculation of isotherm diagrams for quaternary alloys
of IlI-V semiconductor compounds with the form I} ,VyVi_y. In particular, the isotherm
diagrams for the AlXGal,XAsySbl,y quaternary alloy at low temperatures were calculated (500 °C,
450 °C, 400 °C, and 350 °C). The AlyGa;_xAsySb;_y quaternary alloy was formed from four binary
compounds such as GaAs, AlAs, AlSb, and GaSb, all with direct bandgaps. The regular solution
approximation was used to find the quaternary isotherm diagrams, represented in four linearly
independent equations, which were solved using Parametric Technology Corporation Mathcad
14.0 software for different arsenic and antimony atomic fractions. The results support the possible
growth of layers via liquid-phase epitaxy in a range of temperatures from 500 °C to 350 °C, where the
crystalline quality could be improved at low temperatures. These semiconductor layers could have
applications for optoelectronic devices in photonic communications, thermophotovoltaic systems,
and microwave devices with good crystalline quality.

Keywords: regular solution approximation; isotherm diagram; semiconductor compound; LPE

1. Introduction

The world is currently living a technological revolution in electronic communications,
where silicon has been a fundamental aspect of technology for a long time. However, when
the operation of a laser diode was demonstrated in 1960 [1], direct bandgap semiconductors
obtained great importance. These materials are III-V semiconductor compounds, which
can form binary, ternary, and quaternary alloys, whose structural, electric, and optical
properties have applications in devices such as light-emitting diodes, laser diodes, electro-
optical switches, photodetectors, high-mobility transistors, microwave devices, solar cells,
thermophotovoltaic systems, ultrahigh-power devices, and heterostructure devices [2—4].
GaAs, GaN, GaSb, InN, and AIN are some of the most important binary compounds,
while AlGaAs, AlGaSb, AlGaN, and InGaN are ternary compounds with applications
in photonics devices. Furthermore, InAlGaN, InGaAsSb, and InGaAsP are some of the
quaternary alloys most important to optoelectronic and thermophotovoltaic systems [5].

On the other hand, III-V semiconductor compounds have generally been obtained
using methods such as MOCVD (metal-organic chemical vapor deposition), MBE (molecu-
lar beam epitaxy), and LPE (liquid-phase epitaxy). MOCVD and MBE might have some
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disadvantages due to the use of highly toxic gases and high operating costs in their growth
systems, respectively. LPE is an easy method to operate, with low cost, and it is widely used
for the growth of heterostructure semiconductor devices [5,6]. Avalanche photodiodes of
Al Gaj_Sb alloy were obtained via LPE, which were tuned with a wavelength of 1.55 um
(0.80 eV), where the silica fibers have their lowest losses [7]. Figure 1 shows the components
and chamber of a liquid-phase epitaxy system [2]. The lower part of Figure 1a shows a
graphite boat, in which it is possible to observe the “niches” where the metallic solids that
make up the mixture are placed, while the upper part shows the cavities for substrates.
Figure 1b shows the sliding graphite boat and its manipulator on the quartz support, where
the mixture and the substrate do not have contact at the beginning of the growth. However,
when the system reaches the liquidus temperature using the quartz manipulator, the upper
rule is slipped, initiating contact between the mixture and the substrate. At this moment,
the temperature is slightly lowered to break the equilibrium of the solution and deposit the
excess solution on the substrate (depending on the growth technique). On the other hand,
Figure 1c shows the chamber of the liquid-phase epitaxy system, where the heater covered
by a layer of gold can be observed to concentrate the emitted radiation and generate a flat
area large enough to not have temperature gradients during growth. It is important to
mention that the processes in LPE growth are carried out in an ultrahigh-purity hydrogen
environment.

(b)
./" s |
= N

el (C)

Figure 1. Liquid-phase epitaxy system: (a) sliding graphite boat; (b) quartz manipulator; (c) LPE
system chamber.

In particular, AlxGa;_xAsySby_y quaternary alloy lattice-matched to GaSb substrates
is an attractive material in optoelectronic devices such as photodetectors and thermophoto-
voltaic systems [5]. The importance of this material is due to its wide bandgap as a function
of the x=y composition (1.0-1.8 um in wavelength), which was previously grown via LPE at
605 °C [8]. In another study [9], a type p AlysGag.aAsp55bp g layer lattice-matched to GaSb
substrates was also grown via LPE at 635 °C to obtain a p—n junction. Toginho et al. reported
a study of the photoluminescence properties in undoped and Te-doped AlGaAsSb alloys
synthesized by MBE [10]. On the other hand, Hassan et al. employed density functional
theory (DFT) to study the structural, electronic, optical, and thermodynamic properties
of AlxGaj_xAsySby_y quaternary alloys [11], while Pessetto et al. calculated the phase
diagrams using the delta lattice parameter (DLP) model to grow the AlyGaj _xAsySb;_y
quaternary alloy via LPE at temperatures above 700 °C [12]. However, Ito showed that the
essence of the DLP model uses the bonding energy proportional to a~2> (a = lattice param-
eter) in semiconductors to calculate the mixing enthalpies with good results, principally
in AxB;_«C ternary alloys with x = 0.5 [13]. Then, different studies on AlxGa;_xAsySb;_y
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quaternary alloy showed growth temperatures above 500 °C, which could produce struc-
tural defects during layer deposition at high temperatures. This work presents the isotherm
diagrams obtained for AlxGa;_xAsySb _y quaternary alloy, indicating the possible growth
of layers via liquid-phase epitaxy lattice-matched to GaSb substrates at temperatures below
500 °C. The theoretical analysis of isotherm diagrams was conducted using the regular
solution approximation, which has been extensively studied and proven in quaternary
alloys such as AlGaPAs [14,15]. The possible obtention of AlGaAsSb layers at temperatures
below 500 °C could enhance the crystalline quality during the growth, thereby decreasing
structural defects. Another application of AlIGaAsSb layers with a good crystalline quality
might be in their use as substrates or buffer layers for the investigation of nitride (III)
materials via nitridation [16].

2. Theoretical Model

One of the most important thermodynamic models to calculate isotherm diagrams
for a quaternary system is the regular solution approximation proposed by Jordan and
Ilegems [14]. This thermodynamic model is based on the solid-liquid equilibrium in solid
solutions for a substitutional model, in which an atom of one type can substitute another
inside of the same sublattice; in this case, there are two sublattices (cation—anion) with
four binary compounds. The isotherm diagrams for a quaternary system can be used to
calculate the weights for layer process growth via LPE.

It is important to mention that the equations presented below were obtained from
previous studies [14,15], in which the conceptual and mathematical development was
presented. The theoretical study begins with the solid-liquid equilibrium, where the Gibbs
free energy per mole G;; of a quaternary solid in equilibrium with a quaternary liquid
phase is given by the following equation:

4 4
Gm :22xiyi :22xiy5. (1)
i=1 i=1

here y; and ;45 are the chemical potentials of elemental component i (i =1, 2, 3, 4), in the solid
and liquid phase. Furthermore, x; is the atom fraction of component i in the solid [14]. The
chemical potentials (yﬁ) can be expressed as a function of temperature and total pressure,
which is given by the following equation:

i = u? + RTIna. @)

here y?l is the standard chemical potential in the liquid (J-mol~1), R the universal gas
constant (8.314472 J-K~1-mol~1), T is the temperature (K), and ai- is the activity of each
element in the liquid.

Then, the Gibbs free energy for a quaternary solid solution according to Equation (1)
can be expressed as follows:

Gm = xp1 + (1 —x)p2 +ypz + (L — y)pa. 3)

here, in the liquid, there are four chemical potentials (y1, #2, 3, Ha), corresponding to the
four binary compounds AC, AD, BC, and BD, which, when multiplied by their respective
molar fractions x13, x14, X23, and x4, results in the following equation:

Gm = 13413 + X14M14 + X231423 + X24}i24. 4)

From the mass balance, the relationships of x, y, and Xjj can be obtained; therefore,
Equation (4) can be represented in the following form:

m=(x+y—1)(p1+u3) + (1 —y)(p1 + pa) + (1 — x)(p2 + p3)- ©)
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ae = AHM

here the chemical potentials of the four binary compounds must satisfy the following
condition:
AD + BC = AC+ BD.

Then, the expression for the Gibbs free energy of mixing from four pure binary
compounds, GM, derived by Jordan and Ilegems [15], can be obtained as follows:

GM RT(nlln n+n +n41 14 )+

+ 13 In =4~ n +n + n3 In =5 nz—+ng

" +” n n14n n13n (6)
n3ng 14123 — 113124
X34 n3+ny ta ny+ny

here the mass balances denoted by 11 = ny3 + 114, 1y = ng3 + np4, 13 = 113 + nz3, and
14 = n14 + np4 are the number of moles of elemental components, whereas 113, 1114, 1123, and
14 are the number of moles of the binary compound components forming the quaternary
solid solution. Furthermore, ac = @13 + a4 — ®23 — a4, binary, and ternary interaction
parameters are derived from experimental data [8,14,17]. Then, using the partial derivatives
of Equations (2) and (6) for the ij elements, the following equation can be obtained:

oGM
al’ll’]‘

= RTIn Lll']‘. (7)

We can obtain the explicit relationships for a13, ap4, @23, and a14 through the following

equations:
RTIna;z = RTInxy + aqp(1 — x)2 + asq(1 — y)z, (8a)
RTInay = RTIn X(1 —y) 4+ aq2(1 — %)% + aza® + ac(1 — x)y, (8b)
RTInay = RTIn(1 — x)y + a1 + a34(1 — y)* + ac(1 — y)x, (8¢)
RTInay, = RTIn(1 — x)(1 — y) + a12x? + &34y + acxy. (8d)

Therefore, the explicit equations of the solid-liquid equilibrium for the form IILIII;
VyVi_y were obtained, which were used in particular for the AlxGa; _xAsySb; _y quaternary
alloy to evaluate its possible growth via LPE at low temperatures, according to the following
equations:

AHP — TAS — RTInxy + RTIndx! x5 = My 4+ app(1 — x)* + aze(1 — y)*+

)
+ac(l1-x)(1-y),
AHY — TASY — RTInx(1—y) + RTIndx ) = My (1 -0+ 0
+6¥34]/2 + (Xc(l - x)y’
AHP — TAS® — RTIn(1 — x)y + RT Indxh x} = Mby + a1ox? + aza (1 — y)*+ (1)
‘H’(cx(l 7y)f
w o 3 B Iyl — gl 2
AHg* — TASZ* — RTIn(1 — x)(1 —y) + RT In4x, x; = My, + aqpx”+ (12)

—|—1x34y2 — QAcXY.

here a. has the following form:

1
— TASF + AHE — TASP — AHP + TAS — AHE + TASH + - (ahs + ahy — as — aly ).

And.
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I _ 4l l l l l I\l Il l
Mij = [0.5 —X; (1 — x]-> — x]-(l — xl-)} + (zxikxk + tximxm> (in - 1)—|—
(ahxt +ad, ) (261 = 1) + 20, b,
ij,k,m=1,4; i#j#m#k
Moreover, a!; denotes the six interaction energies in the quaternary solid solution.

Considering that the fusion enthalpy can be written in terms of the fusion entropy
(AHp = ASpTr), Equations (9)-(12) can be written as follows:

ASB (T —T) — RTInxy + RTIn4x! xt = M, + app(1 — x)? + aga(1 — ) >+
FUF Y 1 %3 13 y

9a
+ac(1—1x), ©a)
ASH(TEH — T) — RTInx(1 —y) + RTIndx} x}, = ML, + ap(1 — x)*+ (102)
+azgy? + ac(1—x)y,
ASB (T2 —T) — RTIn(1 — x)y + RT Indxl x5 = My + w1202 + a3 (1 — y) >+ (11a)
+acx(1—y),
ASP (T2 —T) — RTIn(1 — x)(1 —y) + RT In4x}, x| = Mb, + apx®+ (122)

+a3qy? — acxy.

Lastly, for the AlyGa;_xAsySb;_y quaternary alloy, the interaction parameters for
the binaries, fusion entropies, fusion temperatures, and interaction parameters of the
ternaries were searched in the literature, assigning the conditions Al=1, Ga=2, As =3, and
Sb =4 [14,15,17,18]. Therefore, Equations (9a)—(12a), which are linearly independent, were
solved numerically using the PTC Mathcad 14.0 software. The numerical values of the
parameters mentioned above are shown in Table 1. It is important to mention that, when
the temperatures were entered into the software, a conversion from kelvin (K) to degrees
Celsius (°C) was performed before plotting the graphs.

Table 1. Interaction parameters, fusion entropies, and fusion temperatures of binary compounds,
along with interaction parameters for the ternary compounds [8].

. . Interaction Parameters
Interaction Parameters Fusion Temperatures of

. . Fusion Entropies . for the Ternary
m (I; la(lll::illi};?se (cal'‘mol-1.K-1) Binary C(;)(I)npounds in Solid Phase
' (cal-mol—1)

a12(T)  aa1Ga(T) 104 F F
aa(T)  aa(T)  —12Tse00  DShas  ®n 15.6 T A T3 2043 AlAsSby 4200
N14 (T) XAISH ( T) 4539-9.16T ASF\ISb 514 14.74 TRISb T14 1338 GaASXSb1 —x 4000
03(T)  agaas(T)  5160-9.16T  ASE, A, 523 16.64 T As T3 1511 Al Ga;_4As 0
wg(T)  agasy(T) 4700-6T ASE o, o4 15.8 TE o Tos 985 Al Gaj_,Sb 0
a34(T)  apssp(T) 750

3. Results and Discussion

Figure 2 shows the quaternary alloy isotherm diagrams obtained at different growth
temperatures (350 °C, 400 °C, 450 °C, and 500 °C). In Figure 2, the isotherms are shown
as horizontal lines in which transformations took place between mixtures of various com-
ponents with a minimum melting point (solidification), which was lower for each of the
components in its pure state. This occurred in mixtures with high stability in the liquid state,
whose components were insoluble in the solid state. In this study, the isotherms showed a
relationship among the aluminum, arsenic, and antimony compositions in a gallium-rich
zone as a function of different temperatures (350 °C, 400 °C, 450 °C, and 500 °C. Figure 2
shows four constant atomic fractions for aluminum (0.0041 mol, 0.0035 mol, 0.0025 mol,
and 0.002 mol), whose values decreased when the growth temperature increased, as well
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as when the arsenic and antimony atomic fractions increased. It is also possible to observe
a certain correspondence between the arsenic and antimony atomic fractions. Something
very important to mention is that, when temperature increased, the aluminum atomic
fraction decreased, and the arsenic atomic fraction increased from 108 for 350 °C to 107>
for 500 °C. On the other hand, as the aluminum, arsenic, and antimony atomic fractions
were small, the quaternary alloy was in the gallium-rich region as the solvent, while the
other elements were solutes in the metallic solution. The aluminum fraction values in
Figure 2 could indicate that, upon continuing to increase the saturation temperature of
the AlxGa;_xAsySby_y quaternary alloy, the aluminum atomic fraction would continue to
decrease; accordingly, the antimony and arsenic atomic fractions would continue to increase
until reaching the GaAsSb ternary alloy. Furthermore, when the temperature decreased,
the arsenic fraction also decreased until reaching the AISbGa ternary alloy, whereas the
GaAsSb ternary alloy could be obtained upon increasing the temperature.

— C
(o]
E Al=0.002
c
9 0.01 0.01
et Al=
U 00025
m i
thﬁiv A1=00035
u Al=0.0041
E 103 M 103
o ——500°C
E —450C
[x]

a —400 C
n 350°C

1004 il I i) o (4

108 107 106 ; 104 104 103
‘xA.s

As Atomic Fraction (mol)

Figure 2. Isotherm diagrams of the AlxGa; _xAsySb;_y quaternary alloy at low temperatures indicat-
ing its possible growth via liquid-phase epitaxy.

In Figure 2, it can also be observed that, when the temperature increased in the range
from 350 °C to 500 °C, the aluminum atomic fraction decreased from 0.0041 to 0.002.
However, the arsenic and antimony atomic fractions increased. A similar behavior in phase
diagrams was reported by Ilegems and Panish for the AlxGa;_yPyAs;_y quaternary alloy
(see graph 1 in their study) [15]. This behavior agrees with the results obtained in our study,
suggesting their accuracy.

Figure 3 shows the atomic fractions in solid x and y for the quaternary alloy, as a
function of the arsenic atomic fraction in the liquid (x/, ;) for the temperatures of 500 °C,
450 °C, 400 °C, and 350 °C. It is possible to observe a relationship between Figures 2 and 3,
as a function of the arsenic atomic fraction in the liquid (xiqs), where it can be related in
Figure 2 to the atomic fractions of aluminum and antimony in the liquid (qul, and xle)
for the different temperatures. Figure 3a shows that the atomic fractions in solid x and y
converged to 0.1 for the arsenic atomic fraction in the liquid with a value of 1 x 10~* mol,
along with an aluminum atomic fraction in the liquid of 0.002 mol, and an antimony atomic
fraction in the liquid of approximately 0.03 mol (in the gallium-rich region). Figure 3b
shows that the atomic fractions in solid x and y began to separate, shifting toward smaller
values of the arsenic atomic fraction in the liquid (approximately 10~°), with values for
the atomic fractions of aluminum and antimony in the liquid of 0.0025 mol and 0.01 mol
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(450 °C), respectively. Figure 3c shows a greater separation between the atomic fractions
in solid x and y, for an approximate value of 10~® mol for the arsenic atomic fraction in
the liquid, with values for the atomic fractions of aluminum and antimony of 0.0035 mol
and 0.004 mol, respectively, in the liquid at 400 °C. Lastly, Figure 3d shows the maximum
separation between the atomic fractions in solid x and y, for a value of approximately
10~7 mol for the arsenic atomic fraction in the liquid, with values for the atomic fractions
of aluminum and antimony of 0.0041 mol and approximately 0.001 mol (in the gallium-rich
region), respectively, in the liquid at 350 °C.

1 1
500 °C 450 °C
01 01 ~
X X
= o = oo )
ety y
11072 1107
(a) (b)
11074 i
110% 1107 110 1107 110t 107 MO0 1107 110° 1107 110 1107
e e
As Atomic Fraction (mol) As Atomic Fraction (mol)
1 1
c d
(c) i (d)
01 = 01 ¥
X X :
y oo = 5y 001 +
11073 i 11073
400 °C 350 °C
11074 1 1 11074 il I
110% 1107 140 1907 1104 1407 1102 1107 1100 1107 1107 1907
Xy A
As Atomic Fraction (mol) As Atomic Fraction (mol)

Figure 3. Atomic fractions in solids x and y as a function of the arsenic atomic fraction in the liquid
qus for different temperatures: (a) 500 °C, (b) 450 °C, (c) 400 °C, and (d) 350 °C.

Therefore, it was observed again that, when the temperature decreased, the arsenic
atomic fraction continued to decrease, approximating the AlGaAsSb quaternary alloy to
the AlGaSb ternary alloy, as mentioned in Figure 2.

4. Conclusions

Isotherm diagrams of the AlyGa;_yAsySby_y quaternary alloy were calculated using
a regular solution approximation for possible growth of layers at temperatures below
500 °C, via liquid-phase epitaxy. A similar behavior in AlxGa;_xPyAs;_y quaternary alloy
has been reported, agreeing with the results obtained in our study and suggesting their
accuracy. Isotherm diagrams showed that, when the temperature increased from 350 °C
to 500 °C, the aluminum atomic fraction decreased from 0.0041 mol to 0.002 mol, whereas
the arsenic and antimony atomic fractions increased. On the other hand, graphs of the
atomic fractions in solids x and y, as a function of the arsenic atomic fraction in the liquid,
showed that, at low temperatures, the x fraction increased, while the y fraction decreased.
Furthermore, the arsenic atomic fraction maintained a very small value until reaching the
AlGaSb ternary alloy.
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