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Abstract. We compute the thermal conductivity, k, of five representative III-
V ternary alloys —namely In,Gaj_,As, GaAs;_,P,, InAs;_,Sb,, GaAs;_,N,, and
GaP1_,N,— in the whole range of compositions, and in zincblende and wurtzite crystal
phases, using a first-principles approach and solving the phonon Boltzmann transport
equation beyond the relaxation time approximation. We discuss the tunability of the
thermal conductivity with the composition of the alloy, reporting the steep decrease of
the thermal conductivity, followed by a wide plateau and a steep increase common in
systems with lattice disorder. We also test the approximation consisting in considering
impurities at small vales of = as bare mass defects, neglecting their chemical identity,
and discuss its validity.
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1. Introduction

Alloying is one of the conceptually most straightforward way to design materials with
tailor-made properties. Simply put, in a binary alloy of the kind A;_,B,, many
important properties can be tuned between those of material A and those of material
B by controlling the composition, x. If A and B have the same crystal structure,
for instance, the heuristic Vegard’s law [1,2] predicts that the lattice parameter of an
arbitrary alloy of composition z is a4, g, = (1—x)as+xap, the weighted average of the
lattice parameters of the two constituent materials, a4 and ag. Although deviation from
this ideal linear behavior can be observed [3,4], Vegard’s law remains an effective tool to
make quick and reliable predictions and, considering its empirical nature, performs well
in many cases of practical interest [5-7|. This simple linear interpolation is sometimes
slightly less accurate when it comes to electronic properties, such as the bandgap, and
a second order bowing parameter needs to be introduced in the case [8]. Nevertheless,
despite the fact that the trend is not linear, it is still true that by controlling the
composition, the properties of the alloy can be tuned to be a mixture of those of
the constituent materials. A similar reasoning can be translated to ternary alloys of
the kind A,B;_,C or AB,C;_,, where the composition of the cation or of the anion
is tuned. The capabilities of such a materials-by-design approach become virtually
endless in nanostructured semiconductors, such as nanowires [9-11], where electrical
and optical properties on-demand can be obtained by simultaneously controlling two or
more parameters among the composition, the growth direction, the diameter and, more
recently, the crystal phase [12-17].

Importantly, the control of the composition of an alloy not only permits tuning
the properties of the material itself, but can also be used to create lattice-matched
heterojunctions that would otherwise be bedeviled by multiple defects arising to allow
releasing the elastic strain that builds up at the interface. In,Ga;_,As, for instance,
which is an important material for high-speed photodetectors, can be grown epitaxially
on InP when z = 0.53 [18,19]. Similarly, while only three layers of Ge can be grown on
a Si substrate before stacking faults develop, defect-free Si/Si;_,Ge, interfaces can be
obtained [11,20].

The thermal transport properties of ternary alloys received much less attention,
if compared to electronic and structural properties, and theoretical results are scarce,
due to the difficulty to model disordered systems. Yet, alloys are expected to scatter
efficiently phonons [21,22] and can thus play an important role in the design of efficient
thermoelectrics [23]. Indeed, narrow-gap semiconductor alloys are used in applications
for both power generation and cooling, where the use of other means is not feasible
or practical [24]. Criteria have been developed to predict whether the reduction in
thermal conductivity due to alloying will be more beneficial than the ensuing reduction
of electrical conductivity, thus leading to improved thermoelectric performance [25].
Much of our current understanding of the physical principle behind alloy scattering is
due to Klemens [26], who obtained an expression for lattice thermal conductivity at high
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temperatures, when scattering point defects is the dominating scattering mechanism.
This pioneering model, nonetheless, rests on some simplifying assumptions that must
be circumvented in order to attain quantitative predictions. In particular it assumes
that point defects scatter in virtue of their mass difference and neglect their chemical
identity. First-principles calculations, like those here presented, intend to overcome this
limitation.

In this work we study the thermal conductivity of five III-V ternary alloys
within a first-principles approach, computing the interatomic force constants from
density-functional theory and then solving the phonon Boltzmann Transport Equation
(BTE) beyond the Relaxation Time Approximation (RTA). We consider In,Ga;_,As,
GaAs;_,P,, and InAs;_,Sb, as prototypical alloys that can be synthesized throughout
the full range of compositions [5,27-31], with 0 < x < 1, and that feature a variable
mixture of the cation (In,Ga;_,As) and of the anion (GaAs;_,P, and InAs;_,Sb,).
In,Ga;_,As and InAs;_,Sb, are important materials for photodetectors [18,32], while
GaAs; P, is used in the manufacture of red, orange and yellow light-emitting
diodes [33], and is important in crystal phase engineering, where both wurtzite and
crystal phase superlattices nanowires have been reported [34,35]. Additionally, we study
GaAs;_,N, and GaP;_,N,, two diluted nitride semiconductors where spatially selective
hydrogen irradiation can be used to design site-controlled quantum dots and nanowires
and that find applications in optoelectronics and spintronics [36,37].

Our approach, as discussed in more detail below, consists in describing the alloy as a
virtual crystal with effective parameters derived from those of the constituent materials.
Therefore, our results are valid for fully random alloys, where no local ordering or
concentration gradients are important [38,39]. In this sense, they are a generalization
of the more simplified models used by Adachi [40,41], Nakwaski [42], and Szmulowicz
et al. [43] (Ref. 41 does consider ordering effects, but not for ternary semiconductors).

Despite the relatively crude approach, the description of random alloys in term of
a virtual crystal has shown to yield good results. For instance, Li et al. [44] studied
MgySi,Sny_,, taking, in full analogy with our approach, the IFCs of the alloy as the
average of those for the constituent materials and neglecting IFCs disorder. They
obtain results in good agreement with experimental results [45-48] in a wide range of
compositions. Similarly, the virtual crystal results obtained by Garg et al. [49] exhibit
a very good agreement with previous experimental results as well [50,51]. The effect
of long-range order was explicitly addressed by Mei and Knezevic [52], who studied
bulk ternary III-V arsenide alloys using molecular dynamics with an optimized Albe-
Tersoff empirical interatomic potentials and provided a complementary and important
insight on phonon scattering beyond the random-alloy assumption. Also, a conceptually
interesting approach has been followed by Arrigoni et al. [53], who considered explicitly
the disorder in the force constants and showed that in some cases, namely In,Ga;_,As
which is also discussed in this work, it is necessary to attain a good agreement
with the available experimental data. Although this method still cannot account for
concentration gradients or non uniform alloy distributions, it has the benefit of relying
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on fully first-principles data, yet going beyond the virtual crystal approximation where
only mass disorder is considered.

2. Computational Methods

We performed density-functional theory (DFT) calculations, using the VASP [54]
code with projector augmented-wave (PAW) method [55,55] and the Local Density
Approximation (LDA) for the exchange-correlation as parameterized by Perdew and
Zunger [56] to Ceperley-Alder [57]. We sample the Brillouin zone with a converged
16 x 16 x 16 shifted mesh and optimized the lattice parameter until stresses lower than
3+ 1073 GPa were attained (the forces are zero by symmetry). An additional density
functional perturbation theory (DFPT) calculation, with a doubled k-mesh, was carried
out to obtain the Born charges (Z*) and dielectric constant at high frequency (£*),
needed to calculate the non-analytic term correction for the dynamical matrix near
I'. The harmonic and third-order anharmonic interatomic force constants (IFCs) were
calculated by finite differences in a 5 x 5 x 5 and a 4 x 4 x 4 supercell, respectively, with
the PHONOPY [58] and the THIRDORDER.PY [59] codes. We considered bulk zincblende
crystals of GaP, GaAs, InAs, InSb, and GaN. The alloy is modeled as a virtual crystal
with effective parameters obtained by averages of the kind ®y¢ = >, x;®;, where z; is
the concentration of component 7 and ®; is the lattice parameter, an atomic coordinate,
a harmonic or anharmonic IFC, the dielectric tensor or a Born effective charge. The
compositional disorder of the alloy is treated as a random mass perturbation of the
reference virtual crystal, in analogy to mass disorder scattering in a single crystal in the
model due to Tamura [60] We also report results for selected alloys with the wurtzite
crystal structure. In those cases the Brillouin zone is sampled with a 16 x 16 x 12
mesh of k-points, structural relaxations are performed until all the forces are lower than
5x 107" eV/AA and we used a 4 x 4 x 3 supercell for both harmonic and anharmonic
[FCs.

This approximate description of the alloy has the obvious advantage that, given
the IFCs of two or more pure crystals are available, one can compute the thermal
conductivity of all the alloys that can be constructed from them and in all the
concentration range, without the need of performing additional DFT calculations.
The main limitation of this approach is that it cannot account for local structural
relaxation and that it assumes a uniform concentration. Whenever one of these factors is
important, one must resort to different numerical approaches, such as classical molecular
dynamics, where very large computational cells can be tackled and concentration
gradients and local relaxation can be explicitly accounted for [52]. Typically, however,
this means giving up on the predictive power of ab initio calculations. The assumption of
random alloy, in particular, is challenged by X-ray and transmission electron microscopy
experiments that show that, in some conditions, ternary alloys exhibit a certain order.
This is the case of Al,Ga;_,As and Al,In;_,As (see Refs 61-65), not studied here, but
also of In,Ga;_,As(see Refs. 66-68).
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Once the IFCs are obtained (either those of the pure crystal or those of the virtual
crystal, i.e. the alloy), we use them to solve self-consistently the linearized Boltzmann
Transport Equation (BTE) for phonons using the almaBTE code [69] and sampling the
Brillouin zone with a 30 x 30 x 30 and a 30 x 30 x 16 grid of g-points for the zincblende
and the wurtzite, respectively. The lattice thermal conductivity tensor (x*”) is obtained
as:

kP

1 (63
~ ST Mol + DU, (1)
A

where o and  label the Cartesian axes x, y and z; N, kg,Q,T are the number of qg-
points, the Boltzmann constant, the cell volume and the temperature, respectively. The
summation is done over all phonon modes A, which are characterized by the band label
n and their g-vector. ng is the equilibrium Bose-Einstein distribution function, 7 is the
reduced Planck constant, w) is the phonon mode frequency and v is the group velocity
of phonon mode A\ along the a direction. F/\B is the generalized mean free path of the
phonon mode along the 3 direction, and it is calculated as 7, (Uf +A§). Ty is the lifetime
of the phonon in the relaxation time approximation (RTA) and Af is a measure of how
much the population of a specific phonon mode and its associated heat current deviates
from the RTA prediction [59]. This correction is obtained iteratively starting from the
RTA (A =0).

Scattering from isotopic disorder, besides anharmonic three-phonon scattering, is
also included considering the natural isotopic distributions of the elements involved
through the model of Tamura [60].

3. Results and Discussion

Figure 1 displays the main results of our study: the thermal conductivity of the
five alloy compounds investigated throughout all the composition range and at three
representative temperatures: 100, 300, and 500 K. All of them exhibit a U-shaped
dependence of k as a function of the composition, which is common to other systems
featuring some kind of disorder in the crystal lattice, in the form of point or extended
defects, such as in binary SiGe alloys [49], isotope disorder [70] and porous Si [71, 72]
and has been reported in experimental studies of ternary alloys [40, 42,50, 73-81]. It
consists of a very steep descent at low values of z, followed by an extended plateau
and a similarly steep increase as x approaches 1. This behavior indicates that the
fluctuation of the composition results in efficient scattering, causing a reduction of the
phonon mean free path. This reduction stems from the fact that a relatively small
number of scatterers is sufficient to yield a large decrease in the thermal conductivity,
so that additional scatterers have little effect, as they cannot reduce x much further.
The interest in this kind of k(z) dependence is two-fold: (i) if one wants to design a
low thermal conductivity material for thermoelectric applications, a relatively low level
of alloying (i.e. a small concentration of impurities) is needed; (ii) in a wide range of
compositions the thermal conductivity has a weak dependence on the exact value of
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x and thus makes easier the task of designing a material with a given k. The width
of the low k central plateau is estimated in Table 1, where we assume to be in the
extreme alloying limit when the thermal conductivity is at most 10% larger than its
minimum value. Typically, this region becomes larger at higher temperature. This is a
result of the increased anharmonic scattering that tends to smooth the x(z) curves
(it has a comparatively larger effect on those compositions where disorder induced
scattering is lower). Also, Table 1 highlights the fact that s(z) is not, in general
symmetric, and the low conductivity plateau is not centered around 0.5, something
already visible in Figure 1. Because of the importance of very low N content in diluted
nitrides for applications in spintronics and optoelectronics, we show a zoomed view of
the 0 < = < 0.1 region in GaAs;_,N, and GaP;_,.N,, as insets of the corresponding
panels of Figure 1. These magnified views further emphasize the steep dependence of the
thermal conductivity on the composition, so that, for instance, a bare 2% of N content
in GaAs;_,N, at room temperature reduces « to half the value of GaAs, the reference
pure compound. This behavior is common to all five materials and is summarized in
Figure 2. As it can be seen there, less than 10% of lattice defects yields most of the total
reduction of the thermal conductivity in all cases. It is also interesting to stress again
that, in a given compound, the behavior is not symmetric. Therefore, if one focuses
on GaAs;_.P,, it is easy to see that small quantities of As are much more effective
in reducing the thermal conductivity of GaP than similar amounts of P atoms are in
reducing the thermal conductivity of GaAs (compare for instance the case of GaAsg P2
and GaAsysPgg on the left-hand side and right-hand side panel of Figure 2). Similar
observations can be made for the other materials, with the exception of In,Ga;_,As
where alloying InAs with Ga has similar effects of alloying GaAs with In.

Substitutional defects induce a rather localized lattice distortion and thus they are
expected to scatter mostly short wavelength, high frequency phonons. For this reason,
it has been previously suggested that isotopical lattice disorder results in a low-pass
filtering effect [70,82]. Additionally, within the approach used here, defects are treated
as random mass perturbations of the reference virtual crystal and local relaxations
are neglected, i.e. the lattice distortion mentioned above has no spatial extension and
collapses at the impurity sites [60]. This means that we are probably overestimating
the cutoff frequency and, within a more realistic (but computationally unaffordable
at the first-principles level) model that accounts for local relaxations, also phonons of
somewhat lower frequencies would be scattered.

This behavior is indeed captured by the frequency resolved thermal conductivity,
k(w), shown in Figure 3. However, these results reveal a more nuanced scenario. As it
can be seen in the case of GaAs, low frequency, long wavelength acoustic phonons with
f < 1.75 THz are not affected by small contents of P or N, and the x(w) of pristine
GaAs is recovered. In agreement with the simple low-pass filter model described above,
at higher frequencies acoustic phonons start to be scattered. This happens because, due
to their fairly linear dispersion, high frequency acoustic phonons have short wavelength
and thus interact with localized lattice distortion. If we move further up in frequency,
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however, this simple rule breaks down and high frequency (4 THz < f < 6 THz) acoustic
phonons next to zone boundaries, which would be expected to be strongly scattered in
view of their short wavelength, exhibit an almost perfect transmission. Notice that
in this frequency range only longitudinal acoustic (LA) phonons are present [see the
dispersion relation of pristine GaAs in the left hand side of Figure 3(a)]. This trend
is confirmed by the results of Figure 3(b), which refer to GaP in presence of small
amounts of As or N (and where the situation is even clearer due to a well-defined
acoustic-optical gap). Also in this case, phonons with frequencies between 4 and 7 THz
suffer negligible scattering, highlighting a fundamental difference between transverse
acoustic (TA) and LA phonons. While the former obey the simple rule that only short
wavelength phonons are scattered, the latter are essentially unaffected by the alloy
disorder. The behavior of optical phonons is more subtle, as it is more difficult to draw
a connection between wavelength and frequency. For instance the lowest lying optical
phonon along the K-I' direction has a smaller frequency close to the zone boundary,
where stronger scattering is expected, than at the zone center. More in general, optical
phonons tend to have rather flat dispersion, so that the two protypical patterns outlined
above —short wavelength, strong scattering / long wavelength, low scattering— are often
mixed. Indeed, the whole optical band of GaAs seems to undergo a uniform scattering in
line with these observations (in the case of GaP the contribution of optical phonons is so
small that is difficult to say something conclusive). Therefore, differently from the most
common strategies to reduce the thermal conductivity of a material, which rely on the
increased scattering of long wavelength phonons, in alloys the decrease of x derives from
the enhanced scattering of high frequency TA phonons and optical phonons, though
the contribution of the latter is smaller. These results agree with previous reports of
isotope disorder [70,82] and binary alloys [83] and indicate that substitutional mass
defects can be used to design phonon low-pass filter that mostly suppress midrange
and high frequencies phonons. Nevertheless, our results indicate that LA phonons,
regardless of their frequency, are not scattered and can originate a mid frequency pass
band, between the TA and the optical bands.

Up to this point we have related more than once alloying with isotope disorder.
The reason is that, in all the alloys considered, we have replaced a fraction of group-
IIT with a different type of group-III atom (Ga and In) or fraction of group-V with a
different type of group-V atom (As and P, As and Sb, and the diluted nitrides), so that
the bonding arrangement is preserved. Therefore, to a first approximation, one might
expect that the additional scattering comes mostly from the mass difference and that
the chemical identities of the atoms involved in the alloying play a minor role. To verify
the validity of this picture, we have calculated the thermal conductivity of InAs;_,Sb,
and GaAs;_,N, where, rather than relying on the IFCs of the virtual crystal, which are
obtained mixing those of InAs and InSb and those of GaAs and GaN, we have designed
isotope populations where a fraction x of As atoms have the mass of Sb in one case
and N in the other. In this way we treat Sb and N atoms as heavy and light As atoms,
respectively. Validating this simple approximation could be important for large-scale



Tunable thermal conductivity of ternary alloy semiconductors from first-principles 8

molecular dynamics calculations, suitable to account for non-uniform compositions or
nanostructuring, where typically classical interatomic potential of I1I-V material exist,
but are not available for the multiple possible ternary alloys. As can be seen in Figure 4,
in the case of GaAs;_,N, the predictions of the mass defect model are in reasonable
agreement with the results obtained with the virtual crystal. The differences tend to
vanish at low concentrations and high temperatures, with the latter factor playing a
more important role. These results suggest that molecular dynamics simulations —that
are normally carried out at high temperature, where the approximation of classical
atomic trajectories is justified— can be performed with a reliable interatomic potential
for GaAs, modeling N atoms as mass defects. On the other hand, the performance of
the mass defect model is significantly worse in the case of InAs;_,Sb,, where even at
room temperature the discrepancy with the virtual crystal is considerable. It would be
tempting to speculate that the different accuracy of the mass defect model stems from
the difference in mass ratios. One could expect that in the case of large mass ratios,
e.g. mas/my ~ 5, much of the scattering comes from the difference in the masses
involved and thus approximating the minority element as a mass defect should yield
reasonable results. Conversely, when masses are in the same range, e.g. ma,/mgs, ~ 0.6,
the chemical identity of the impurities will have a more important role in determining
phonon scattering and the mass defect model should not perform too well; the limiting
case would be a mass ratio of 1, where the mass defect approximation would predict
no alloy scattering. This qualitative picture, however, is only partially supported by
our data. For instance, the accuracy of the mass defect model in GaAs;_,N, is quite
different at low values of x, where small concentrations of N scatters phonons on GaAs
and at high values of x, where the situation is reversed and As impurities scatter phonons
of GaN. The mass ratio is obviously the same, but the prediction of the mass defect
model are closer to the results of the virtual crystal for low values of N content. These
results suggest that, while sometimes the simple mass defect model can perform quite
well, it is difficult to know it in advance and its accuracy should be validated case by
case.

When ternary III-V alloys are grown in the form of nanowires (NWs), other
structural parameters, such as the diameter or the crystallographic orientation, can
be used together with the composition to design materials with tailor-made properties.
Several reports of InAs;_,Sb, NWs have been published, both as pure wires [84-86] or as
part of axial heterojunctions [87,88], in a wide range of compositions; In,Ga;_,As NWs
have been reported as well, either as stand-alone NW [89] or as shell material in core-shell
NWs [90,91]; diluted nitrides have become available only recently in NW geometry, but
it is a field in rapid expansion for its applications in nanoscale photonics (see Ref. 92 and
references therein). Remarkably, it is possible to synthesize NWs in crystal phases that
in the bulk can only be obtained in extreme conditions of temperature and/or pressure
and this applies also to alloys, thus adding more flexibility in the design of materials
with desired properties. For instance, wurtzite In,Ga;_,As NWs [90, 93], GaAs;_,P,
NWs [34] and GaAs;_,P, crystal phase superlattices [35] —where different polytypes of
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the same material, rather than different materials are alternated in a periodic manner—
have all been reported. This is remarkable, as both InAs, GaAs, and GaP are cubic
zincblende crystal in the bulk, at room temperature and atmospheric pressure. Because
of the relevance of this so-called crystal phase engineering in NWs, we have also studied
the five alloys discussed above when they take the wurtzite crystal phase. We found
that the behavior of the thermal conductivity as a function of the composition and
the underlying physics are the same of the cubic polytypes and the existing differences
stem from the different overall anharmonicity of the constituent materials [94]. This
similarity can be appreciated in Figure 5, where we plot x(z) of wurtzite In,Ga;_,As
and GaAs;_,P,. The only noticeable difference with the zincblende is, of course, that in
the wurtzite the thermal conductivity tensor is no longer isotropic as it was in the cubic
lattice and we thus distinguish between its two independent components, k., = Ky,
and k... As it can be seen, s of the zincblende (which we plot for 7" = 100 K) is
almost indistinguishable from k., of the wurtzite at practically all the concentrations
studied. This is an important observation, because the thermal conductivity of the
pure materials do differ between the two polytypes, as discussed at length by some us
in Ref. 94. Therefore, alloying tends to erase this difference, at least concerning the
comparison of the isotropic s of the zincblende with «,, of the wurtzite. For instance,
for GaAs at 300 K we obtain a thermal conductivity of 47.2 and 39 W m~! K~! for the

zincblende and the wurtzite in the zy-plane, yielding a ratio k¢e4s28 /GadsWZ — 1 91,

Similarly, we find /4528 /gInAsWZ — 1 11 However, rlmeGar-c4s2B [gIneGar—cAsWZ

takes values between 0.99 and 1.01 for 0.4 < x < 0.9.

4. Conclusions

We have presented first-principles calculations based on a virtual crystal approach
of the thermal conductivity of five representative III-V alloys throughout the whole
concentration range, x. We found that, similar to other systems characterized by some
degree of disorder of the crystal lattice, the thermal conductivity features a strong
dependence on the composition at small and high vales of z, with a wide plateau
in the central region. The reduction of the thermal conductivity derives from the
increased scattering experienced by high frequency transverse acoustic phonons and
optical phonons. We also discussed to what extent a simple mass defect model can be
employed to yield reliable predictions, but found that its accuracy is strongly system-
dependent.
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In,Ga,_,As
T T T
100 0.40 0.70
300 0.35 0.70
500 0.35 0.70
GaAs,_,P,
T T T
100 0.30 0.60
300 0.30 0.60
500 0.30 0.60
InAs;_,Shb,
T T T
100 0.50 0.70
300 0.40 0.70
500 0.40 0.70
GaAs;_;N,
T T Tpr
100 0.40 0.60
300 0.20 0.50
500 0.20 0.50
GaP;_,N,
T T, T
100 0.30 0.60
300 0.15 0.40
500 0.15 0.40

Table 1: Lower (zn) and upper (z3s) boundaries of the extreme alloying plateau.
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Figure 1: Thermal conductivity as a function of composition at T = 100, 300, and 500
K of In,Ga;_,As, GaAs;_,P,, InAs;_,Sb,, GaAs;_,N,, GaP;_,N,. For the nitrides we
display a magnified view of the low N content region.
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Figure 2: Reduction of the thermal conductivity as a function of alloying. Values are

normalized to x(x = 0) for x < 0.5 and to x(z = 1) for z > 0.5 in order to focus on the

effect of small quantities of a lattice impurity, e.g. In for GaAs (z close to 0) and Ga

for InAs (z close to 1), in the case of In,Ga;_,As; similarly for the other materials.
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Figure 3: (a) Dispersion relation of GaAs and frequency resolved contributions to
the thermal conductivity for GaAs, GaAs;_,P, (r = 0.01 and x = 0.04), and
GaAs;_;N,(x = 0.01 and = = 0.03) at 300 K. (b) Dispersion relation of GaP and
frequency resolved contributions to the thermal conductivity for GaP, GaAs;_ P,
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Figure 4: Thermal conductivity as a function of composition at T = 100, 300, and
500 K of GaAs;_,N, and InAs;_,Sbh,, as obtained from the virtual crystal, like in Fig. 1
(continuous lines) and within the mass defect model (dashed lines), where N and Sb are
modeled as As atoms with the mass of N and Sb atoms, respectively.
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