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Binary compound semiconductor alloys such as GaAs and InAs find extensive use in our daily lives. This study predicts
the structural and thermodynamic properties such as the lattice constant, linear thermal expansion coefficient, nearest
neighbour distances and molar heat capacities at constant volume, and their variations with temperature using Monte Carlo
simulations. The Tersoff potential model is used to describe the interatomic interactions and the model is validated
by comparing the predicted properties against experimental data for GaAs. The simulation results for the GaAs alloy
show good agreement with literature data for lattice constant and bond length measurements. Linear thermal expansion
coefficients are overestimated consistently as compared to experimental data for all temperatures. Low temperature range
thermal expansion coefficient data capture qualitative behaviour but is unable to accurately predict quantitative data. The
specific heat at constant volume measured at high temperatures follows the Dulong—Petit law. Having established the validity
of the Tersoff potential in modelling III-V binary alloys, the same properties and their variance with temperature are

determined for the InAs alloy.
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1. Introduction

Gallium Arsenide (GaAs) and Indium Arsenide (InAs)
are examples of III-V compound semiconductor alloys,
which find extensive application in the manufacture of
electronic devices. GaAs crystallizes in the zinc blende
structure at 300 K with an energy band gap of 1.43 eV and
a lattice constant of 5.6534 A [1]. The aim of this study is
to predict the structural and thermodynamic properties
of GaAs and InAs, and compare the simulation results
with available literature values. In this study, we utilize
the Tersoff potential energy function (PEF) to model the
interatomic interactions in this binary alloy. Monte Carlo
simulations are conducted to determine thermo-physical
properties such as lattice constants, linear thermal
expansion coefficients (a7) and nearest neighbour (NN)
distances at different temperatures up to the melting
point. The molar heat capacity at constant volume (Cy) is
also determined at high temperatures. Considering that
some of these properties have been determined
experimentally for GaAs, a comparison of simulation
results with available experimental data will validate the

Tersoff model as a realistic model for compound
semiconductor alloy systems. This model is then applied
to determine the same properties for the InAs alloy.
Various studies based on the Tersoff PEF have calculated
the potential parameters specific to Si, Ge, C, SiC, SiGe,
BAs, GaN and AIN by fitting to experimental data [2—7].
Ashu et al. [8] have shown that, apart from binary alloys,
the Tersoff model can also be applied to ternary alloys
such as InGaAs. Nakamura ef al. [9] have attempted to
modify the Tersoff PEF, incorporating Coulumbic
contributions to account for the ionicity of the
compounds.

Experimental studies have been conducted
to investigate the behaviour of GaAs at different
temperature conditions. Novikova has investigated
the low temperature linear expansion coefficient
behaviour of GaAs in the temperature range of
28—-348 K [10]. At 300K, the lattice constant has
been determined experimentally by Driscoll et al. to be
5.65325 + 0.00002 A [1]. The normal melting point was
found to be 1513 = 1K by Lichter and Sommelet [1].
Blakemore has reported the change in length in the
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range of 200—1000K and also the value of ar in the
same temperature range. In the lower temperature range
of 120-350K, the a; values are again given by
Blakemore. The same author also shows from Lichter
and Sommlet’s values of specific heats that for high
temperatures, from 300K to the melting point of GaAs,
Cy— 3R [1]. As experimental data is available
extensively for GaAs, we have compared our simulations
for GaAs to this data and thus, test the validity of the
Tersoff PEF. We have then used this PEF to model the
behaviour of the InAs alloy. We investigated two sets of
parameters for the InAs system to determine the best
possible results by comparing with experimental data
available at 300 K.

In this paper, we report the results of structural and
thermodynamic properties of GaAs and InAs, arrived at,
through Monte Carlo simulation. These results have been
compared with literature data where available. All other
studies by other authors mentioned have been conducted
using molecular dynamics. Monte Carlo simulations have
been used to study the miscibility characteristics in the
IIT-V semiconductor alloys previously using the Valence
Force Field potential model by Adhikari and Kofke
[11,12]. The paper is organized such that, in Section II a
description of Tersoff PEF is presented. Section III
presents the simulation method. In Section IV, simulation
results and its comparison with experimental data have
been presented and prediction has been made for
properties of InAs. Finally, a general conclusion follows
in the last section.

2. Potential model

Tersoff proposed a new empirical PEF for covalently
bonded solids such as elemental semiconductors and their
mixtures [2—4]. This model is based on the fact that the
strength of a bond (i.e. bond order) depends on the local
environment (i.e. coordination number). Most predomi-
nantly covalent systems have open structures, as an atom
with fewer neighbours will form stronger bonds as
compared to a close-packed structure where an atom has
many neighbours. Tersoff states that the energy is
modelled as a sum of pair-like interactions, where,
however the coefficient of the attractive term in the
potential (which plays the role of bond order) depends on
the local environment, giving a many-body potential.
Compound semiconductors are predominantly covalent
systems showing tetrahedral arrangement of atoms.
Hence, other authors extended this PEF to model these
compound semiconductor alloys [5,6,8,13]. The III-V
alloys have some ionic characteristics [9]. For the purpose
of this study, the computational costs involved including
Coulumbic interactions far outweighs any contribution to
the accuracy of the results. Tersoff himself showed, his
PEF to be both transferable and accurate for SiC which has
ionic characteristics in the rock salt configuration as well
as the cubic form [4].

The mathematical form of the Tersoff potential model
for multi-component system [4] is as follows:

1

i#]
Vij = fe(riplagf r(ry) + by fa(ry)] (2)
Sr(rij) = Ajexp(—A;ry;) 3)
Sfa(ry) = —Bjjexp(— w;jrj) “4)
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m(rij—Ryj) .
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d;  [d? + (h; — cos 0;)°]
In equation (1), E is the total energy of the system, E; is the
i site energy and V,; is the bond energy. The repulsive
pair potential is represented by fz and is defined as in
equation (3). f, represents the attractive pair potential
associated with bonding, which is defined in equation (4).
Equation (5) shows the smooth cut-off function, f, which
assures that the cut-off dies off to zero smoothly. The bond
order parameter b;; is defined as per equation (6) and
describes the effect of neighbouring atoms (represented
by index k) on the bond-formation energy. This is the
parameter that makes the potential a many-body PEF.
Equation (7) counts the number of bonds to atom i except
the ij bond and gives the effective coordination number ;.
For the cut-off function, values of R and S are chosen such
that only the first shell of neighbours are included, the
effective coordination number tends to be the value of the
coordination number minus one. The parameter n;
quantifies the measure by which the closer neighbours
are preferred over more distant ones in the competition to
form bonds. The bond angle between bonds ij and ik is
given by 6 and the interatomic distance by r;;. Here, A,
Bjj, Aij, s Rijy Sijs Bij» nij» ¢;, d; and h; are fitting parameters
defined in table 1.

3. Simulation method and details

The Monte Carlo simulations to estimate lattice constant
and NN distance are conducted in the isothermal isobaric
(N, P, T) ensemble where the pressure P, temperature 7'and
particle number N are kept fixed and the volume V is
allowed to vary. The initial configuration is taken to be the
cubic zinc blende structure. The pressure values are held
constant at 1 bar. System sizes of N = 64 and N = 216 are
considered for a wide range of temperature values below
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Table 1. Parameters of the potential used in the simulations. All parameters are taken from Ashu ef al. (reference 1) except In—As parameters which are
taken from reference 11.

Parameter Units As—As In-Ga In—In In—-As Ga-Ga Ga-As
Ay (eV) 1571.86 1214.917 2975.54 1968.295443 993.88 2579.46
By (eV) 546.431 177.22 360.61 266.571631 136.123 317.21
A (/u%*') 2.38413 2.5621 2.6159 2.597556 2.50842 2.82805
i (A~ h 1.72872 1.58600 1.68117 1.422429 1.49082 1.72303
R;; (A) 34 34 34 3.5 34 34

S (A) 3.6 3.6 3.6 3.7 3.6 3.6

B 0.007488 0.70524 2.10871 0.3186402 0.23586 0.35719
n; 0.60879 3.43739 3.40223 0.7561694 3.47290 6.31747
¢ 5.27313 0.080256 0.084215 5.172421 0.076297 1.22630
di 0.75102 195.2950 19.2626 1.665967 19.7964 0.79040
h; 0.15292 7.26910 7.39228 —0.5413316 7.14591 —0.51848

the melting point. For the N = 64 system size, simulations
were carried out for 100,000 relaxation cycles and
100,000 production cycles. In the case of the larger
system, 35,000 equilibration cycles and the same number
of production cycles was found to be adequate at
temperatures above 100 K. For lower temperatures (less
than 100K), the production cycles were increased to
70,000 cycles while keeping the relaxation cycles the
same. This simulation method involves trial atom
displacement and trial volume changes with the cycle
frequency ratio being 1:1 such that, one cycle of atom
displacement moves involves N steps. The average
volumes are determined as a function of temperature in
these simulations. From the average volume data, the
lattice constant can be determined as V = (na)® where a is
the lattice constant and 7 is the number of unit cells along
the length of the simulation box. The linear thermal
expansion coefficient, is determined using the following
equation (9)

_10a

= 2o, ©)

ar
Determination of the molar heat capacity at constant
volume is done in the canonical (N, V, T) ensemble where
the volume V, temperature 7 and particle number N are
kept fixed and the pressure P is allowed to vary. In this
ensemble, the simulation method involves atom displace-
ment trials only, with volume of the simulation box at
temperature 7 set from the volume measured in the (N, P,
T) simulation previously described. The average potential
energy (U) is determined and the internal energy Ulnernal
of the system is determined as shown in equation (10)

3
Uinternal = <E> = <U> + ENkT (10)
The specific heat at constant volume is determined as

the slope of the internal energy versus temperature graph
as per equation (11)

ad Uinternal
aT

G

CV=
, oT

(1)

14

4. Results and discussion

4.1 Lattice constant

4.1.1 GaAs. The simulations in the (N, P, T) ensemble
were carried out for two temperature ranges, namely, a low
temperature range of 10—90K, and a high temperature
range from 100 to 900 K which is lower than the melting
point of the GaAs solid. Figure 1A indicates the variation
of lattice constant, a(7) measured in /ok, with temperature.
Figure 1A shows good agreement of lattice constant
values obtained by our simulations with experimental data
reviewed by Blakemore for the higher temperature range.
In the high temperature range (100—900 K), comparison
of the lattice constant values demonstrates that the
maximum deviation of simulation results from exper-
imental data is 0.55% at the highest temperature
considered, 900 K. Simulations were carried out for two
different system sizes (i.e. N = 64 and N = 216) to study
finite size effects. The simulation values for the two
system sizes were found to deviate by a maximum of
0.006% indicating that finite size effects are negligible.
The value of lattice constant determined from simulation
at 300 K is compared with literature data in table 2.

4.1.2 InAs. The same simulation method as in the case of
GaAs was used to predict the lattice constant behaviour of
InAs in a low temperature range of 10-90K, and a high
temperature range of 100-900K. Simulations were
conducted for two system sizes, namely, N = 64 atoms
and N = 216 atoms, for the temperature range 100—700 K,
and for the points thereafter only the smaller system size
was considered, as shown in figure 1B. In the low
temperature range, the maximum deviation in the values
of the lattice constants determined from simulations of the
two different system sizes is 0.001%. For the high
temperature range, the deviation is a maximum of 0.001%
at a temperature of 700 K. Thus, we can conclude that the
finite size effects are insignificant. Simulations were
conducted using two sets of parameters, one from Ashu
et al., and the other from Nordlund. Our simulations
showed a better agreement of simulation results with the
experimental data point available at 300 K (6.058 10\) [14]
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Figure 1. (A) Plot of lattice constant of GaAs as a function of
temperature. The circle shaped markers indicate the simulation results
and the square markers show the literature data from reference 1. The
values for the two system sizes (N=64 and N = 216) coincide,
leaving only the shaded markers for the N = 64 atoms system results
visible. (B) Plot of lattice constant of InAs as a function of
temperature.

Table 2. Comparison of property data obtained from simulation with

literature data at 300 K. Number in parenthesis indicates error in the last

decimal place. Literature data for GaAs is from reference 1. References
for literature data for InAs are given in square brackets.

Property Simulation Literature
GaAs lattice constant gk) 5.67137 (8) 5.65325 (2)
Bond length Ga—As (A) 2.45890 (4) 2.44793
GaAs linear thermal expansion 9.53E-6 5.73E-6
coefficient (K1) N
InAs lattice constant (A) 6.074 (35) 6.058[14]
Bond length In—-As (A) 2.63455 (4) 2.623[16]
InAs linear thermal expansion 8.31E-6 -

coefficient (K1)

with Norlund’s parameters for In—As interaction
(6.0744 A) as compared to that reported by Ashu et al.
(5.836 1&) The comparison of simulation data with
experimental data at 300 K is shown in table 2.

4.2 Linear thermal expansion coefficient

4.2.1 GaAs. The data for the lattice constant as a function
of temperature is fit to a polynomial expression and is
differentiated with respect to temperature as in equation
(9) to generate the values for the linear thermal expansion
coefficient, ap, for the range of temperatures considered in
the lattice constant calculations. Figure 2 indicates the
behaviour of the expansion coefficient with temperature
for the high temperature range (100—900 K). Compared to
the experimental value of expansion coefficient at 300 K,
5.73E-6 K~ ' the simulation value is 9.53E-6 K~ ' as shown
in table 2. As finite size effects can be ignored, the
simulation data shown in figure 2 is for the N = 64 system
size. The values are of the same order as for known
literature data which are also illustrated in the same figure.

At low temperatures, semiconductors show anomalous
linear thermal expansion coefficient values, as verified by
Spark and Swenson [15] and Novikova [10], through their
experimental studies. The low temperature simulation
results show a qualitatively similar behaviour, where for
the 10-60K temperature range we have a decreasing
expansion coefficient followed by an increasing upwards
slope, as illustrated in figure 3A. The Tersoff PEF is able
to capture this behaviour though the quantitative values
are not the same. Spark and Swenson have shown
experimentally that the linear thermal expansion coeffi-
cients decrease until approximately 30 K and then increase
as temperature increases. Novikova determined the ay

12x106 — . ..... GaAs Sim o
= A nAs Sim o =
E —()— GaAslLit @ 3
10 . ® 3
E. ...... Y. @ @ E
3 o AE
’.}'4 J Ahk AA =
~ 8, .- A —
o} :‘ =
6 —
i LI I LI I LI I LI I LI -

200 400 600 800

TK

Figure 2. Plot of linear thermal expansion coefficient of GaAs and InAs
as a function of temperature in the high temperature range (100—900 K).
The circle shaped shaded markers indicate the simulation results and the
circle shaped open markers show the experimental data for GaAs from
reference 1. The line is a guide to the eye. InAs simulation data are
represented by shaded triangles.
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Figure 3.  (A) Plot of linear thermal expansion coefficient of GaAs as a

function of temperature in the low temperature range. Results shown are
for N =64 atoms system size. (B) Plot of linear thermal expansion
coefficient of InAs as a function of temperature in the low temperature
range. Results shown are for N = 64 atoms system size.

values to be negative for 7 < 56 K, which is not the case for
our simulation data. Figure 3A shows simulation results
for system size of N = 64 atoms. The simulation results
consistently overestimate the value for linear thermal
expansion coefficient for the low temperature range.

4.2.2 InAs. A similar behaviour for a7 has been predicted
for InAs whereby for a temperature below 60 K the values
of aare found to show the characteristic kick, as seen in
figure 3B. Sparks and Swenson determined experimen-
tally that ar while negative for temperature between 14
and 40K, also decreases up to approximately 30 K, and
then increases [15]. Again, the Tersoff PEF is able to
capture qualitatively correct behaviour, though over-
estimating the quantitative values. The high temperature
ag behaviour in the range of 100—900K is predicted and
shown in figure 2.
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Figure 4. Plot of the NN interatomic distance between constituent
atoms as a function of temperature. Results shown are for N = 64 atoms
system size. Statistical error is smaller than the symbol size.

4.3 Bond length

4.3.1 GaAs. The term bond length refers to the average
distance between the two neighbouring atoms of different
species, i.e. NN distance Ga-As and the distance between
nearest atoms of the same species Ga—Ga. Figure 4 shows
the behaviour of NN distance between Gallium and
Arsenide atoms in the binary alloy for the temperature
range 100-900K. At 300K, compared to the ideal NN
distance (i.e. \/§a/4 where a is the lattice constant at
300K) of 2.456 1&, the value obtained from simulations is
2.459 A, as also summarized in table 2. Figure 4 also
includes a plot of the Ga—Ga bond length and the average
distance between the Gallium atoms in the first shell is
found to be 4.0128 A at 300 K. Figure 4 shows simulation
results for N = 64 atoms only.

4.3.2 InAs. Figure 4 shows the NN distances for In—In
and the same for In—As bond lengths for the temperature
range 100-900K. The value of the In—In and In—As
distances at 300K are 4.2988 A and 2.63455 A. Figure 4
shows simulations for N = 64 atoms only.

4.4 Molar heat capacity at constant volume

4.4.1 GaAs. Figure 5 illustrates the variation of internal
energy with temperature for the range 500—900 K and for
the N =64 system size. Experimental data in this
temperature range shows that the molar heat capacity is
almost constant, Cy; and has a value of 3R where R is the
universal gas constant. Molar heat capacity at constant
volume is obtained from the slope of the straight line
equation obtained by fitting to the internal energy versus
temperature plot is estimated to be 24.991 J/mol K. This
values indicates that the Dulong—Petit law is obeyed by



17: 48 14 January 2011

Downl oaded At:

628 J. Adhikari and A. Kumar

[T T N T N N T N T O B

i o _

_300_..— . o :

5 - |

E ] - -@- Gaas :
S

é’_ —310__ ..... A ..... e __
©

5 ] |

D_ - B

_320_- .......... *_—

1 e * ........... :

_330_* ............. _

[TT T T[T T T T[T T T T[T TTT]
500 600 700 800 000
T (K)

Figure 5. Plot of the internal energy in kJ/mol as a function of
temperature in K. Results shown are for N = 64 atoms system size. The
lines are an aid to the eye. Statistical error is smaller than the symbol size.

this solid at high temperatures, where according to the law
Cy =3 X 8.314J/mol K = 24.94 J/mol K. Thus, the Ters-
off PEF is able to predict the behaviour of the GaAs solid
at high temperatures.

4.4.2 InAs. The molar heat capacity, Cy at high
temperatures, 500—900K, is determined and the value is
found to be 26.148 J/mol K which is close to the value
predicted by the Dulong—Petit law.

5. Conclusions

Comparison of data at the two system sizes investigated,
viz. N = 64 and N = 216, for GaAs and InAs have shown
that finite size effects are negligible. Table 2 gives a
comparison of literature values of the structural properties
of GaAs at 300 K with those obtained from simulations.
There is a good agreement between the two sets of values.
For low temperature range, the Tersoff PEF while unable
to predict the quantitative results accurately is able to
qualitatively capture the anomalous behaviour of the
linear thermal expansion values which initially show a
decrease with increasing temperature before returning
to expected behaviour of the « values increasing as
temperature rises beyond 100 K for both the binary alloys.
For high temperatures, the results for the lattice constant
from literature and our simulation results show a
remarkable concurrence for GaAs system. The NN Ga—
As interatomic distance at 300 K shows an insignificant
difference between our simulation result and the ideal
distance indicated in literature. The bond lengths In—In
and In—As are predicted.

The Tersoff PEF also shows that at high temperatures,
the Cy value obeys the Dulong—Petit Law which is
reflected in the experimental data for the same temperature

range. We have predicted the structural and thermodynamic
properties of GaAs alloy using Monte Carlo simulation and
compared with experimental data where available.
Thereby, we have been able to study the limitations of the
assumed PEF and we have been able to establish the
validity of the Tersoff PEF in modelling binary compound
semiconductor alloys such as GaAs. This PEF is then
used to predict the properties of the InAs system and are
reported here.
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