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ABSTRACT: Chalcopyrite-structured semiconductors have prom- o C - . 1

ising potential as low-cost thermoelectric materials, but their Soon | catn | o

thermoelectric figures of merit must be increased for practical
applications. Understanding their thermal properties is important for
engineering their thermal conductivities and achieving better -
thermoelectric behavior. We present here a theoretical investigation |4  Nj
of the lattice thermal conductivities of 20 chalcopyrite semi- 853 “p/ A
conductors with an ABX, composition (I-III-VI,) (A = Cu or Ag; pd 4 A ™ Vi K | |
B = Al Ga, In, or Tl; X = S, Se, or Te). To afford accurate - g \

predictions across this large family of compounds, we solve the ~ 79 80
Boltzmann transport equation with force constants derived from ™ Au t.lg
density functional theory calculations and machine learning-based

regression algorithms, reducing by between 1 and 2 orders of

magnitude the computational cost with respect to conventional approaches of the same accuracy. The results are in good agreement
with available experimental data and allow us to rationalize the role of chemical composition, temperature, and nanostructuring in
the thermal conductivities across this important family of semiconductors.
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1. INTRODUCTION dopability, synthesize more complex solid solutions, and

The chalcopyrite structure, with the formula unit ABX, and decrease the thermal conductivity with nanostructuring

tetrahedrally coordinated A and B cations and X anions strategies.” '’ For example, high thermoelectric figures of
(Figure 1), is a versatile structure for semiconducting materials. merit (zT)lglave been found for p-type AgyosGaTe, (2T s 0.8
It can be obtained by inexpensive synthesis in a wide variety of at 850 K), * n-type AgyyCdy,InSe, (2T = 1.1 at 900 K),” and
chemical compositions, because of the ability of this structure p-type CuGaTe, (2T = 1.4 at 950 K).” Computer simulations,
to accommodate a range of cations and anions in either a I— based on density functional theory (DFT), are improving our

III-VI, (A = Cu or Ag; B = Al, Ga, In, or Tl; X = S, Se, or Te) understanding of the thermoelectric behavior of chalcopyrite
or a II-IV—-V, (A = Zn or Cd; B = Si, Ge, or Sn; X = P, As, or compounds'' ™" and are even used to predict new chalcopyrite

Sb) stoichiometry. The former can be regarded as the ternary compositions of interest for thermoelectric applications."*

analogues of the II-VI binary semiconductors (like ZnS), and The thermal conductivity (k) is important for thermoelectric
the latter as the ternary analogues of the III-V binary applications because the thermoelectric figure of merit 2T is
semiconductors (like GaP). The ternary chalcopyrite-struc- inversely proportional to k. Therefore, a systematic under-
tured semiconductors first attracted interest in the 1960s in the standing of phonon transport in chalcopyrite semiconductors,
hope of thermoelectric applications, because they are cheap, across compositions and temperatures, and of the effect of
tend to have low lattice thermal conductivities, and can be nanostructuring on the thermal conductivity, is essential for the
obtained as both p- and n-type semiconductors. Despite some design of better device components based on these materials.

of the materials exhibiting good carrier mobility, sufficiently
high thermoelectric figures of merit could not be found for any
of the pure compounds.”

In recent years, interest in this family of materials has
returned, primarily driven by their photovoltaic applications.
Chalcopyrite-based thin films are important in the solar cell
sector, with copper indium gallium selenide (CIGS)
compounds, with a CulnGaSe, composition, showing some
of the highest photovoltaic efficiencies among all thin-film
technologies.” * Interest in thermoelectric applications has
also come back, as researchers have learned to improve the

We present here a computational investigation of the thermal
conductivity of chalcopyrite semiconductors. We consider 20
experimentally reported compositions of I-III—VI, chalcopyr-
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Figure 1. Tetragonal unit cell of the chalcopyrite structure with an
ABX, composition.

ite-structured nonmagnetic semiconductors, as listed in ref 1.
They correspond to all ABX, compositions with A = Cu or Ag;
B = Al Ga, or In; and X = §, Se, or Te, and two compositions
with B = TI (CuTIS, and CuTISe,).

The accurate prediction of the lattice thermal conductivity,
which makes the dominant contribution to k in semi-
conductors and insulators, is computationally challenging.
One of the most accurate methods available is based on
Boltzmann’s transport equation (BTE) for phonons,"® which
requires the calculation of the second-order and, at least, third-
order interatomic force constants (IFCs). Traditionally, these
IFCs are predicted by calculating atomic forces in supercells in
which one or two atoms are systematically displaced from their
equilibrium positions, using DFT.'"*"” The number of DFT
calculations required to obtain third-order IFCs is usually very
high, and thus, this step represents the bottleneck in the
prediction of kx from first principles.'® > Alternatively,
empirical expressions can be applied to efficiently estimate «,
without using IFCs,”' 7> but these methods rely on
experimental data that are not always available and suffer
from accuracy issues that make them unsuitable when
quantitative information is required, such as for the calculation
of the thermoelectric figure of merit. New algorithms have
recently become available to accelerate the calculation of IFCs,
using techniques such as compressive sensing and machine
learning (ML) to extract the necessary information from a
much smaller number of DFT calculations.””™>* These new
methods open the door to the accurate calculation of x, not
only for more complex materials but also for large families of
materials, as described below for I-III-VI, chalcopyrites.
Because of the sensitivity of k to synthetic conditions, which
control grain size and defect chemistry, any trends in thermal
conductivities extracted from experiments under different
conditions should be taken very cautiously. In contrast,
computer modeling allows a direct comparison of intrinsic
thermal conductivity behavior across compositions and
temperatures.

2834

2. METHODOLOGY

DFT Calculations. Tetragonal conventional cells (16 atoms) were
fully relaxed using the VASP code® with the projector-augmented
wave method,®" where the number of valence electrons for each atom
was selected following standards proposed by Calderon et al.*?
Energies and forces were obtained using the generalized gradient
approximation (GGA) functional proposed by Perdew, Burke, and
Ernzerhof (PBE),>> combined with Grimme’s D3 van der Waals
corrections®® and a plane-wave basis set with a cutoff of 500 eV.
Structures were relaxed until the forces acting over each atom were
<1077 eV/A. An additional support grid for the evaluation of the
augmentation charges was included to reduce noise in the forces. The
forces for obtaining the IFCs were calculated using a 4 X 4 X 2
supercell, as recently used by Park et al. for CuFeS,.** Reciprocal
space integrations were performed only at the I" point of the supercell,
but increasing the grid density to a I'-centered 2 X 2 X 2 mesh did not
have any significant effect on the results.

Force Constant Prediction and Machine Learning. We used a
machine learning-based approach implemented in the HiPhive
package28 to extract second-, third-, and fourth-order force constants
within optimized cutoff distances. Although the fourth-order force
constants do not enter into our BTE model, their inclusion leads to a
better regression for the force constant potential (FCP) model. The
force constants are determined from multilinear regression to the
DFT forces using the recursive feature elimination (RFE) algorithm.36
A more detailed description of the training of the model can be found
in the Supporting Information. The convergence of the parameters
(number of distorted structures and cutoff distances) involved in the
FCP model was tested by assessing the variation of the force errors,
the phonon frequencies, and the lattice thermal conductivity itself. We
used CuGaTe, as a representative case for these tests because of the
availability of experimental data for that composition. The comparison
with « values obtained from the “full-DFT” approach, where the IFCs
are determined directly from the displacement of one or two specific
atoms in the supercell, thus requiring many more DFT calculations, is
also presented in the case of CuGeTe,. For this composition, cutoff
distances of 11, 6.2, and 4 A for the second-, third-, and fourth-order
force constants were found to be sufficient for convergence of the
ML-based method, and these cutoffs were extrapolated to other
compositions based on coordination shells (rather than distances) for
the sake of consistency. We developed a wrapper code for the hiPhive
program that automates the distorted supercell creation, force
calculation using VASP, and the construction of the ML FCPs,
which is available for public use.’”

Boltzmann’s Transport Equation Solution. Once the FCP
model is built, lattice thermal conductivities were obtained by solving
the Boltzmann transport equation using the ShengBTE code.'” We
used the full iterative procedure to go beyond the relaxation time
approximation. Scattering times were computed, including isotopic
and three-phonon scattering. A Gaussian smearing of 0.1 eV and a
dense mesh of 20 X 20 X 10 q points were used in all of the
calculations, balancing the memory demand and the convergence of k
with the number of q points. The effects of including non-analytical
contributions (NACs) on k were tested in two compounds (CuGa$,
and AgGa$,), and only small changes (<2.5%) were found; therefore,
the results reported below do not include NACs, to avoid the extra
cost of computing Born effective charges. The scalar values reported
correspond to one-third of the trace of the thermal conductivity
tensor; small anisotropic effects will be discussed below. In what
follows, we refer to the calculated lattice thermal conductivity as ,
which we compare with the experimental total (lattice + electronic)
values, because the electronic contribution can be expected to be very
small.

3. RESULTS AND DISCUSSION

Obtaining accurate cell parameters is an important condition
for computing accurate phonon properties. The lattice
parameters of all compounds are well reproduced by our
PBE-D3 calculations, as shown in Figure 2. The mean absolute

https://doi.org/10.1021/acs.chemmater.2c00336
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description of the phonons and of the finite-temperature

6al ' ' ' ' Aginsez /] behavior.
. sl Within this family of compositions, the nature of the anion
2
62 L has the strongest effect on the cell parameters; tellurides have
agnte, T the largest and sulfides the smallest cell parameters. In
—60F E“:'STEZ* CuGaTe, - agreement with the experiment, the nature of the A cation
€ . . .
< E% AgGase; affects the a and ¢ parameters differently, with the c¢/a ratio
153 . . .
T 58 AginS CCI:STe'S” = being significantly lower for Ag-based (average c/a = 1.86)
ulnSe;
® cre B ngis, than for Cu-based (average ¢/a = 1.98) chalcopyrites. This has
Tl
ser ; 2’C il:SGaSez b been observed elsewhere and related to the fact that the Ag—
uin
7 . X—Ag bonds are softer than the Cu—X—Cu bonds.” The
54T i 7 deviation from c¢/a = 2 characterizes the structural anisotropy
2
, o CuAls; | | ] | in the system. Therefore, we can expect that Ag-based
52 54 56 53 60 62 os chalcopyrites will have s.hghtl){ more  anisotropic properties
2%(A) than Cu-based ones, which will be confirmed in terms of
b) thermal conductivities below.
13.0 { | pw— Figure 3 illustrates that the force constant potentials
obtained from the ML algorithms in HiPhive give results
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Figure 2. Comparison of DFT-calculated vs experimental cell X [ >
parameters.” The solid line in each plot represents perfect agreement, 3 £
and the green shaded area represents deviations of <2% from = 8r w
experiment in either direction. The horizontal error bars represent the = 4 2
range of values reported experimentally. o) w
0
onr <
errors are 0.025 A (average 0.42% deviation) for a and 0.170 A c >
(1.5%) for ¢, which are well below the differences in cell g 8 E
parameters across compositions, leading to the good < “é
correlations observed in Figure 2. The inclusion of dispersion < 4 e
corrections improves the prediction of cell parameters in 0 I I L i
comparison with the uncorrected PBE. For example, for 0 5 10 15 20

CuGaTe,, the PBE functional overestimates the a and c lattice
parameters by 1.51% and 2.00%, respectively, with respect to
the experiment, whereas for PBE-D3, the discrepancies are
—0.03% and 0.65%, respectively. For comparison, using the
more expensive meta-GGA functional SCAN for this
compound leads to discrepancies of —0.15% and 0.23%,
respectively. The overestimation of cell volume by PBE leads
to underestimation of phonon frequencies. By improving the
description of the dispersion interactions and correcting the
cell volume overestimation, the PBE-D3 provides an excellent
balance between the computational cost and accuracy for the
calculation of phonons (even when it does not correct for the
limitations of the GGA in the prediction of the electronic
structure). This is consistent with the conclusions of the
investigation of phonon properties in semiconductors by
Skelton et al,,*® who showed that standard GGA functionals
overestimate cell volumes and predict overly soft phonons, but
GGA-based functionals that correct the cell volumes (PBEsol,
or D2/D3-corrected PBE) tend to give a much better

2835

Number of structures

Figure 3. (a) Comparison of CuGaTe, dispersion curves obtained
using the machine-learned force constant potential (ML) via HiPhive
with those from the full DFT method via Phonopy. (b) Convergence
of k with the number of distorted structures used to obtain force
constants (with a low third-order cutoff), in comparison with the full-
DFT limit. The shaded area represents deviations of <10% in either
direction. (c) Convergence of k with the number of structures but for
a higher third-order cutoff. In panels b and ¢, the points in red
represent the evolution of the root-mean-square error (RMSE) in
fitting the forces.

very similar to those obtained with the more computationally
expensive “full-DFT” method, where force constants are
determined from DFT calculations for all symmetrically
distinct displacements of individual atoms. Using CuGaTe,
as an example, Figure 3a gives the dispersion curves obtained
by the two methods, which are practically indistinguishable

https://doi.org/10.1021/acs.chemmater.2c00336
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from each other, demonstrating the equivalence between the
two sets of second-order force constants.

The third-order force constants are also very close. The
calculated lattice thermal conductivity becomes closer to the
full DFT result when the number of distorted structures used
in the ML fitting of the forces increases, and they get within
10% of each other when 16—20 structures are used (Figure
3b). This comparison was made using a relatively short cutoff
riq of 4.7 A for the third-order force constants, in such a way
that the full- DFT result could also be obtained. The full DFT
calculation with this cutoff required the evaluation of 348
distorted structures, i.e., ~20 times more DFT calculations
than when using the ML-based method. Because the DFT step
represents the bottleneck in the calculation of the lattice
thermal conductivities, the ML-based approach is almost 20
times faster (or more, depending on the cutoff) than the DFT-
based approach. This huge saving of computing effort allows
the computation of lattice thermal conductivities for the whole
family of compounds in a high-throughput fashion.

Furthermore, using the ML-based method, we can now
afford to increase the third-order cutoff, which leads to a much
better agreement between the fitted forces and the DFT forces
(provided that enough data for training are available; if a very
small number of distorted structures is used, a shorter cutoff
leads to a better result). For example, for CuGaTe,, the root-
mean-square error (RMSE) of the fitted forces went below
0.01 eV/A with an 5%, of 6.2 A when four or more distorted
structures were used (Figure 3c). Increasing the third-order
cutoff from 4.7 to 6.2 A also affects the calculated lattice
thermal conductivity, decreasing its value from 12.3 to 11.8 W
m™' K' when using forces from 18 structures for fitting,
bringing the result slightly closer to the experimental value
(10.7 W m™" K™') measured by Bodnar et al. for CuGaTe,
single crystals.”” The possibility of using larger cutoffs
constitutes another advantage of the ML-based method over
the full DFT approach, which is necessarily constrained to
small cutoffs due to the huge computational cost involved (e.g.,
>600 distorted structures would be needed for CuGaTe, when
ria = 6.2 A). We have given here the cutoff distances used for
CuGaTe,, but it should be noted that the final cutoffs were
kept consistent across different compositions by defining them
by the coordination shells rather than by distance.

The calculated average lattice thermal conductivities for all
of the chalcopyrite compositions are summarized in Table 1 at
300 and 700 K, and the full dependence with temperature is
plotted in Figure S1. We will first focus on discussing the
room-temperature bulk values before examining the effect of
temperature and/or nanostructuring. The most obvious trend
is that the lattice thermal conductivity of Ag-based
chalcopyrites is much lower than that of Cu-based ones. The
average of the nine compositions corresponding to B = Al, Ga,
or In, and X = §, Se, or Te, is ~6.5 times higher for Cu-based
(98 W m™ K') than for Agbased (1.5 W m™" K™)
compositions.

To examine the origin of this distinction, in panels a and b of
Figure 4, we have plotted the phonon density of states
corresponding to CuGaTe, and AgGaTe,, including the
contributions from the A metal atoms. Clearly, Ag contributes
modes at low frequencies, <1 THz, which does not happen in
the Cu compounds. While the group velocity distribution is
similar for both compounds (Figure 4c), the low-lying optical
modes introduced by Ag lead to higher scattering rates (W,;,)

2836

Table 1. Calculated Lattice Thermal Conductivities (k) for
20 Chalcopyrite Compositions at 300 and 700 K*

300 K 700 K
Kk (Wm™K™?) Lys (nm) x (W m~! K1) Lys (nm)
CuAlS, 8.27 33§ 3.39 159
CuAlSe, 7.25 159 3.06 63
CuAlTe, 10.2 192 4.34 76
CuGaS, 15.6 278 6.33 110
CuGaSe, 9.16 192 3.86 76
CuGaTe, 11.8 192 5.03 91
CulnS, 12.3 175 5.05 76
CulnSe, 6.85 132 2.88 63
CulnTe, 6.70 101 2.85 52
CuTIS, S.12 76 2.12 52
CuTlSe, 2.52 43 1.07 17
AgAIS, 2.03 43 0.86 17
AgAlSe, 0.94 12 0.41 S
AgAlTe, 1.46 43 0.63 17
AgGaS, 223 63 0.95 25
AgGaSe, 0.77 6 0.33 3
AgGaTe, 1.43 43 0.61 17
AgInS, 2.05 30 0.88 12
AglnSe, 0.89 10 0.38 4
AgInTe, 1.69 110 0.72 43

“Los is the mean-free-path cutoff (and therefore approximate
nanostructure size) that leads to halving of kx with respect to the
bulk value.

at those frequencies, which dominate the behavior of the
thermal conductivity (Figure 4d).

On the contrary, the trend with the nature of the chalcogen
X atom is not monotonous down the group. The thermal
conductivity of selenides is lower than those of the
corresponding sulfides and tellurides. This is illustrated in
Figure Sa, by showing that the lattice thermal conductivities of
CuBX, and AgBX, (averaged over B = Al, Ga, or In) reach
minimum values when X = Se. This behavior is reminiscent of
the nonmonotonous variation of the bandgap of lead
chalcogenides (the bandgap of PbSe is lower than those of
both PbS and PbTe), which results from the delicate balance
of several electronic factors.” The three Ag-based selenide
chalcopyrites (AgAlSe,, AgGaSe, and AgInSe,) are then
predicted to have remarkably low lattice thermal conductiv-
ities, all <1 W m™" K™". The very low thermal conductivity of
AgInSe, has been recently observed experimentally and
rationalized in terms of an “avoided crossing” feature and
low-lying optical modes in the phonon dispersion.*'

The effect of the B** cation is less regular. For example,
making B = Ga leads to the lowest x among the Ag-based
selenides AgBSe, (0.77 W m™ K™ at 300 K, which is also the
lowest value obtained in this study) but also leads to the
composition with the highest x among the Ag-based sulfides,
AgBS,. In the Cu-based compounds, B = Ga always leads to
the highest k across the series of sulfides, selenides, and
tellurides. This does not mean that « is insensitive to the nature
of the B*" cation, just that trends cannot be generalized as in
the case of the ions in the A and X sites. In fact, we have also
calculated two Cu-based compounds with B = T1 (CuT1S, and
CuTIlSe,; other combinations including T1 were not considered
as they do not seem to be stable, or there is very little
experimental information about them), and the thermal
conductivities are much lower than those of the CuBS, and

https://doi.org/10.1021/acs.chemmater.2c00336
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Figure 4. Phonon density of states for (a) CuGaTe, and (b) AgGaTe,, showing the projections on the A metal
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atoms. (c) Group velocities vs

mode frequency. (d) Scattering rates vs mode frequency for the same two compounds.

CuBSe, compounds with B = Al, Ga, or In. In particular,
CuTISe, has a k value of 2.52 W m™! K™}, which is the lowest
among the Cu-based chalcopyrites, and comparable with the
Ag-based ones.

The analysis presented above is based on average values
along all directions (from the tensor trace). However, the
calculation gives the full k tensor, so the slightly anisotropic
behavior, due to the tetragonal symmetry of the structure, can
be discussed. We pointed out above that Ag compounds
present a larger structural anisotropy than Cu compounds,
with a more pronounced deviation from a ¢/a ratio of 2. This is
reflected in the anisotropy found in the thermal conductivity.
The average k,/k,, ratio for Cu-based compounds (0.91) is
closer to 1 than that for the Ag-based compounds (0.84).

Panels b and c of Figure S summarize the comparison of our
results, and of previous theoretical results, with room-
temperature experimental measurements. Clearly, the calcu-
lations reported in our work offer the closest agreement so far
with experimental data across the family of chalcopyrite
semiconductors. This is not surprising as we have employed a
more sophisticated model for the evaluation of k, compared to
previous work. For example, the results reported by Rincon et
al.*” have the highest mean absolute error (MAE), because
their calculations were based on a very simple (and
computationally inexpensive) analytical model, using a
modified version of Leibfried and Schlémann’s equation®” for
Kk as a function of the Debye temperature and the Griineisen
parameter, which were obtained either directly from available
experimental data or via extrapolation. Their model widely
overestimates the thermal conductivities of the Ag-based
chalcopyrites.
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More recently, Toher et al.*® used an approach not requiring
any experimental data. Thermal conductivity was calculated by
combining the Slack equation®® with the Debye temperature
and Griineisen parameter, which were both obtained from
DFT calculations by using a quasi-harmonic Debye model.
The lack of experimental parameters and the low computa-
tional cost make this method suitable for application to a large
set of materials; however, it severely underestimates the
thermal conductivity of the Cu-based chalcopyrites.

Yan et al.*® developed an approach based on the Debye—
Callaway model,”* which is predictive within 1 order of
magnitude across a large range of experimental data. Although
this approach improved results over those obtained from
Slack’s equation, it required the fitting of parameters from
experimental data. Still, the method tends to overestimate the
thermal conductivities of the Ag-based chalcopyrites, and
underestimate it for the Cu-based chalcopyrites, as shown in
Figure Sb. The approach presented in this work improves the
accuracy of the calculation (our MAE is less than half of that
from the best previous theoretical work) and does so without
relying on experimental data, and at a very low computational
cost compared with the traditional DFT-based approach to
obtain the force constants needed to solve Boltzmann’s
transport equation.

We can also compare the predicted evolution of x with
temperature with available experimental data. Figure 6a shows
typical variations of k with temperature T, using CulnSe, and
AgInSe, as examples. The lattice thermal conductivity is
dominated by phonon—phonon Umklapp scattering and
therefore exhibits a T~! dependence, which reflects the
increasing number of phonons available for scattering when
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Figure S. (a) Variation of the room-temperature lattice thermal
conductivities of CuBX, and AgBX, with the nature of the chalcogen
atom X = S, Se, or Te (Zy terms are the atomic numbers; empty
symbols represent individual compounds, and solid symbols represent
averages over B = Al, Ga, or In). (b) Comparison of the room-
temperature k values calculated in this work and in previous
theoretical work with available experimental data. Black symbols
(squares for Ag-based and circles for Cu-based systems) represent the
results from this work, whereas symbols of other colors represent
previous theoretical determinations. (c) Mean absolute error vs
experiment in this work compared to those in previous theoretical
determinations. The colors of the bars match the color of the symbols
in panel b for each previous theoretical work reference (Rincon 1995
is ref 42; Toher 2014 is ref 26; Yan 2015 is ref 25). Experimental data
from refs 9, 12, and 43—351.
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Figure 6. (a) Calculated temperature variation of « for representative
Cu-based and Ag-based chalcopyrite semiconductors (solid symbols),
in comparison with experiment (empty symbols; ref 57 for CulnSe,
and ref 9 for AgInSe,). (b) Calculated temperature variation
coefficients in comparison with available experimental data (ref S8
for AgGaSe,, ref 9 for AgInSe,, refs S, 48, and 59 for AgGaTe,, refs 9
and 48 for AgInTe,, ref 49 for CulnTe,, ref 57 for CulnS, and
CulnSe,, ref 49 for CuAlTe,, and ref 39 for CuGaTe,).

the temperature increases. The theoretical and experimental
curves are fitted using the expression

m

K=Ky+ —

T
where the parameter m characterizes the rate of decrease of the
thermal conductivity with temperature. Figure 6b shows that
our calculation gives a reasonable prediction of m values in
comparison with experiment. Part of the discrepancy between
theoretical and experimental values stems from the presence of
other scattering mechanisms such as grain boundaries or four-
phonon scattering in the actual compounds, which can modify
the T7* relationship.ss’56 For example, in the case of CulnSe,,
shown in Figure 6a, the authors of the experimental work
concluded that the scattering on the crystal lattice began to
dominate at temperatures above 400 K, giving rise to a
deviation from the T~ law.”” The thermal conductivities of
Ag-based chalcopyrites, which are already relatively low,
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decrease more slowly with temperature than those of the Cu-
based chalcopyrites.

Finally, we discuss the effect of nanostructuring on the
thermal conductivities, based on the decomposition of the
contributions to by the phonon mean free path.”” In this
approach, which has been widely used in the theoretical
investigation of nanostructuring effects on thermal transport in
thermoelectric materials,”' ™ the value of k corresponding to a
particular particle size L is approximated as the cumulative
contributions for all mean free paths up to L; ie., the
contributions from mean free paths longer than the particle
size are subtracted. We find that the long mean-free-path
contributions are large for the Cu-based chalcopyrites. For
example, for CuGaSe,, particle sizes on the order of
micrometers already have a significant effect on the thermal
conductivity (Figure 7a). However, the size effect is much
weaker in the low-k Ag-based chalcopyrites, which therefore do
not benefit as much from nanostructuring.
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Figure 7. (a) Cumulative lattice thermal conductivity from mean-free-
path contributions up to distance L for a Cu-based chalcopyrite,
indicating the effect that nanostructuring would have on their thermal
conductivity. Black lines at T = 300 K; red lines at T = 700 K. (b)
Correlation between Ly and k, including points at 300 and 700 K.
The solid line corresponds to a proportionality constant of 20 nm/W
m~' K™' between Ly and . The CuAlS, and AgInTe, outliers are
labeled.
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To quantify the behavior of k reduction with nano-
structuring at a given temperature, we have calculated the
particle size (or, more exactly, the mean-free-path threshold)
that leads to halving of the bulk value (Figure 7a). The values,
which we call Ly, are listed in Table 1. We observe that the
lower the bulk value of , the smaller the L, (Figure 7b). A
rule of thumb emerges from that plot. The particle size that is
needed to reduce the thermal conductivity by half is roughly
20 nm/W m™' K! of the bulk value of k, and the
proportionality is not significantly affected by temperature.
This “universal” behavior for the chalcopyrite semiconductors
is useful for designing nanostructuring strategies, and it is not
too surprising. Scaling laws and universal behaviors in the
cumulative lattice thermal conductivity have been explored and
rationalized before for semiconductors.®°® In our case, there
are some outliers, notably CuAlS, and AgInTe,, which are well
above the regression line. These are, in fact, interesting cases,
because they represent compositions at which nanostructuring
leads to a much faster reduction of the thermal conductivity
than for the average chalcopyrite, which is useful for
thermoelectric applications and deserves further investigation.

4. CONCLUSIONS

A combination of density functional theory simulations and
machine learning regression algorithms have allowed us to
calculate force constant potentials efficiently and accurately
and obtain lattice thermal conductivities for a large set of
semiconductors with the chalcopyrite structure. The computa-
tional cost linked to the calculations of the force constants was
>1 order of magnitude lower than that of traditional
approaches, which are based on systematic atomic displace-
ments. These calculations lead to several important insights
about the behavior of the thermal conductivity of I-III-VI,
chalcopyrite as a function of chemical composition, temper-
ature, and microstructure.

First, we have demonstrated that Ag-based chalcopyrites
present considerably lower values of thermal conductivity than
Cu-based chalcopyrites, and that this is mainly due to the
lower frequencies of the vibrational modes in which Ag atoms
participate. These vibrational modes overlap more effectively
with acoustic modes, increasing the scattering processes and
decreasing the scattering times. While no clear trends are
found when the B cation is substituted, the trend with the
nature of the chalcogen X atom is not monotonous down the
group. The thermal conductivity of selenides is lower than
those of the corresponding sulfides and tellurides. Moderate
anisotropy is found for k, being larger in Ag-based
chalcopyrites than in Cu-based chalcopyrites, thus mirroring
the structural anisotropy given by the c/a ratio. Room-
temperature lattice thermal conductivities are accurately
predicted, and the dependence of k on temperature is also in
good agreement with experimental data. Finally, the effects of
grain size on k have been explored by calculating the
cumulative kx value up to a certain phonon mean free path.
We showed that the particle size needed to reduce the thermal
conductivity by half is roughly 20 nm/W m™ K™ of the bulk
value of k, at all temperatures of interest. This relationship
provides a useful rule of thumb to facilitate the design of
nanostructuring strategies to reduce thermal conductivity
within this important family of semiconducting materials.
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