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High-throughput deformation potential and electrical

transport calculations
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The deformation potential plays an important role in electrical transport properties, but in the context of high-throughput
searches requires a consistent and readily computable reference level. Here, we design a high-throughput method for
calculating the deformation potential for semiconductors in the MatHub-3d database. The deformation potential is obtained
from the volume-dependent band edge (valence band maximum and conduction band minimum) variations with respect to
the reference level. In order to adapt the calculation of reference level to a high-throughput manner, the average value of the
first valence electron energy band associated with each compound is used as the reference level. Deformation potentials for
11,993 materials are calculated using the above-mentioned method. By considering the calculated deformation potentials,
electronic structures, and bulk moduli, 9957 compounds with converged electrical transport properties are obtained. 332
promising p-type thermoelectric materials, and 321 n-type entries are then proposed. Among them, 156 compounds are
screened to having both potentially good n- and p-type thermoelectric transport properties. The band structures and chemical
bonding information for several typical compounds are further presented to reveal favorable band and bonding features for

thermoelectrics.
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INTRODUCTION

Thermoelectric (TE) materials are semiconductors that enable
direct energy conversion between heat and electricity. They
have wide application in space power, industrial waste heat
recovery, local precise temperature control, and other fields'~>.
The performance of TE materials is measured by the dimension-
less figure of merit ZT, which is defined as
ZT = (5%0T)/(ke + k), where S is the Seebeck coefficient, o is
the electrical conductivity, k. is the electronic thermal
conductivity, and k, is the lattice thermal conductivity. S%c is
the power factor (PF), which is an important parameter for
characterizing the electrical transport properties. In general,
desired TE performance requires high PF and low thermal
conductivity. Due to complex and typically counter-correlated
couplings of the different transport parameters®’, the optimi-
zation of ZT and the development of new materials with high ZT
have remained great challenges for decades.

High-throughput (HTP) computational screening has become
an emerging tool to finding promising TE materials®~'". Ricci
and Chen et al.>'3 evaluated the electrical transport properties
of 48,770 compounds with the constant relaxation time
approximation (CRTA), based on the entries from the Materials
Project'*. Wang et al."® studied several thousands of com-
pounds from AFLOW repository and analyzed the relationship
between PFs and material structure parameters. Carrete et al.'®
combined constant-mean-free-path with the BoltzTraP code'”
to estimate the ZT of 75 nanograined half-Heusler compounds.
Hong et al.’”® used data mining for the electronic structure of
3136 X,YZM, quaternary compounds to identify electronic
structure features that correlate with high S and low k.. Fan
et al.’® used first-principles calculates 127 chalcogenides and
identified 46 compounds with maximum PF larger than

10 uWem™'K2 out of 127 chalcogenides by HTP calculations.
Yang et al.?° predicted that NbFeSb is a potential p-type TE
material by a HTP study. This prediction was subsequently
conformed in an experimental study by Fu et al.2"?2, who
reported that FeNbSb is a p-type TE material, with a maximum
ZT 1.1 at 1100 K after Ti doping. Xi et al.?® proposed a new type
of high-performance TE material based on the deformation
potential method, and some of the proposed entries were
confirmed by experiments?4,

Computation of the electrical transport properties within
Boltzmann theory depends on two factors, the band structures
and the charge carrier scatterings (i.e., the relaxation times). The
electronic structures are generally available in databases and
can be readily calculated within density functional theory;
however, finding methods for obtaining relaxation times in a
sufficiently accurate and HTP fashion is the key evaluation of
electrical transport properties. The CRTA and/or the constant
mean free path approximation have been widely used to
predict electrical transport properties for HTP studies. However,
the accuracy of the CRTA is often questioned as it neglects
materials dependence for the relaxation time, while the
constant mean free path method assumes an extreme
nanostructured limit, neglecting materials dependence of the
mean free path. Therefore, it is important to explore practical
methods suited to HTP that go beyond these approximations.
This requires a balance among robustness, efficiency, and
accuracy.

In the case of TE materials, electron-phonon scattering is the
most important mechanism, particularly at high temperature
for materials doped to the levels needed for optimum TE
performance. Furthermore, it is an intrinsic scattering mechan-
ism that can be fully captured by ab initio calculations®* as has

"Materials Genome Institute, Shanghai University, Shanghai 200444, China. 2School of Physics and Electronic Science, East China Normal University, Shanghai 200241, China.
3Zhejiang Laboratory, Hangzhou, Zhejiang 311100, China. *Department of Physics and Astronomy, University of Missouri, Columbia, MO 65211, USA. ®email: jiongy@t.shu.edu.cn;

lilyxi@t.shu.edu.cn

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-023-01153-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-023-01153-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-023-01153-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-023-01153-x&domain=pdf
http://orcid.org/0000-0001-7750-1485
http://orcid.org/0000-0001-7750-1485
http://orcid.org/0000-0001-7750-1485
http://orcid.org/0000-0001-7750-1485
http://orcid.org/0000-0001-7750-1485
http://orcid.org/0000-0002-5862-5981
http://orcid.org/0000-0002-5862-5981
http://orcid.org/0000-0002-5862-5981
http://orcid.org/0000-0002-5862-5981
http://orcid.org/0000-0002-5862-5981
https://doi.org/10.1038/s41524-023-01153-x
mailto:jiongy@t.shu.edu.cn
mailto:lilyxi@t.shu.edu.cn
www.nature.com/npjcompumats

npj

Y. Jin et al.

2

been reported for half-Heusler?®?”, Mg;Sb,%%2°, PbTe3%3! and
some other TE materials. However, while such calculations can
provide accurate predictions of the electronic relaxation time,
these methods are very time-consuming and not suitable for
HTP calculations. An intermediate method is the deformation
potential (DP) theory proposed in the 1950s, by Bardeen and
Shockley®2. This theory deals with electron-phonon scattering
by longitudinal acoustic (LA) phonons. In this approximation,
the electron-phonon coupling strength is simply equivalent to
Epr?/C, where Epp is the DP constant and C is Young's
modulus3. Therefore, the deformation potential approximation
(DPA) can predict the electron scattering time and further the
electrical transport properties effectively. Xi et al. 2* evaluated
the electronic transport of chalcogenides by the DPA and
proposed Cd,CuslnsTeg as a TE material. Jia et al.3* used DP
theory for 243 chalcogenides and identified 50 promising TE
materials based on the results. Guo et al.>*® used DPA and
single parabolic band model to compute the relaxation time
and predict ZT of GeTe and SnSe. Hamdaoui et al.>” predicted
the carrier mobility of Cu,ZnGe, by DPA and proposed that
Cu,ZnGeS, can be applied as a TE material. Yao et al.3® screened
the high mobility two-dimensional materials based on the DPA
applied in HTP calculations. Thus, DP can be regarded as a
reasonable approach that includes materials dependence, while
maintaining practicality for HTP calculations. However, HTP
methods work best when the underlying approaches are as
unbiased as possible. This is an issue for DP calculations,
because band structure methods use periodic boundary
condition, and the absolute position of an energy level in an
infinite periodic crystal is only defined to an unknown constant.
As such, a reference level is thus required to obtain the band
variations with respect to the volume changes that go into the
DP constant, Epp. Cardona and Christensen® assumed that the
dielectric midgap energy level can be used as a constant
reference. Wei and Zunger®® have calculated the DPs by
assuming that the energy level of deep core states are not
sensitive to the volume deformation. Wei et al.*'*? used the
supercell uniaxial stretching method to calculate the DP. These
methods are feasible for the calculation of individual systems,
but they all have certain drawbacks in HTP calculation of DP.
Here, we use the average value of the first valence electron
energy band as the reference level. This is more amenable to
HTP calculations than the use of deep core levels. This method
is robust and efficient in HTP workflows, and we find that the
accuracy is also acceptable comparing with solutions obtained
in reported non-HTP studies (see below). We used this approach
to obtain DPs and electrical transport properties for approxi-
mately 10,000 semiconducting entries in the MatHub-3d
database®®. Hundreds of new TE compounds are thus proposed.
This provides transport data and demonstrates more accurate
HTP evaluation of electrical properties than has been available
in such large sets of data.

RESULTS AND DISCUSSION

The data in this work are derived from the MatHub-3d database
website®*#4, 33,213 structural data with band structures are
selected for further calculation. Since good TE materials are
generally semiconductors, we first screen for systems with a band
gap (Eg) greater than 0.1eV. This initial screen yields 11,993
candidates. A complete sequence of magnetic test, structural
optimization, electron self-consistency, and energy band calcula-
tions was performed on these systems.

DPs can be obtained by the current HTP method, as shown in
Fig. 1. The volume is changed to 98%V,, 99%V,, Vo, 101%V,, 102%
Vo (Vp is the equilibrium volume), respectively, relative to the
equilibrium structure by altering the scaling coefficients of the
lattice vector. Then the electronic self-consistent calculations are
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carried out for the five structures corresponding to the different
volumes. The k-grid used in the calculation of the self-consistent
calculation is 60/a + 1, 60/b + 1, 60/c + 1, where a, b, and ¢ are the
lattice constants of the systems. The DP can be obtained
according to the following formula334°;

d(E — Eref)
d(lnv) ~’

where V is the volume after extension and compression, E is the
corresponding energy value of the valence band maximum (VBM)
or conduction band minimum (CBM) and E,¢ is the reference level,
which is set as the average value of first valence electron energy
band. Different choices made in non-HTP studies are contrasted
with this reference level method in Supplementary Fig. 1. If the
reference level is not set and instead the bare eigenvalues from
the electronic structure code are used the results are very
approximate, in the sense of disagreement with other approaches.
The other two methods mentioned and DP calculated as in this
work are distributed near the diagonal. This shows the feasibility
of this method.

The linear fitting parameter R? > 0.95 and standard deviation of
reference energy level < 0.5 eV are used as the screening
standards for the {removal of systems with the poor linear fitting
of the DP. The results of different fitting R? are shown in
Supplementary Fig. 2. 10,148 compounds remain after this
screening. These include 7,302 non-magnetic systems and 2,846
magnetic systems. The obtained DP data are displayed in the basic
properties of MatHub-3d database website*®. In addition, a
summary table can be downloaded at MatHub-3d (http://
www.mathub3d.net/materials/about /DP.xlsx).

Figure 2a, b show distributions of DPs of nonmagnetic materials
at VBM and CBM. As seen, the overall distribution of DPs is not
symmetric around zero. From zero to the right, the distribution of
positive DPs is very steep with values extending up to 8 eV in both
(@) (b) figures. In contrast, the distribution of negative DPs
decreases gradually from zero. But the negative DPs do not have a
smooth gradient descent, especially for the VBM graph. These
negative values extend up to -15 eV for the VBM, -25 eV for CBM.
The trends of the numerical distributions are very similar in
magnetic materials (Supplementary Fig. 3). More interestingly, the
majority of the DPs at the VBM are above zero, while the DPs for
CBM shows the opposite behavior.

Figure 2¢, d show the DP data with oxides, chalcogenides, and
half-Heuslers, which are materials classes containing TE materials.
Results show that the distribution trend for oxide is similar to the
overall distribution trend (Fig. 2a, b). Compared with oxides,
chalcogenides have a smaller numerical distribution in the range
of -10 eV ~ 5eV. Half-Heusler compounds have the smallest
distribution range, from -5 eV to 5 eV. As discussed in more detail
below, low absolute values of the DP correspond to weaker
scattering, and thus larger relaxation time. Thus, low magnitudes
of the DP are favorable for TE performance. This is consistent with
the observation that chalcogenides and half-Heuslers include
many more good TE materials than oxides.

If we compress the lattice, i.e., V-Vp =4V <0, and Eygmcam)-
E.er increases (decreases), then Epp vamcam) is negative (posi-
tive). From the statistical data in Fig. 2¢, it can be seen that
Epp_vem is positive for most of typical thermoelectric materials
(oxides, chalcogenides, and half-Heusler) at VBM. That is, the
energy of the VBM decreases with volume compression. At
CBM, Epp caym is negative for most oxides and chalcogenides,
while it is positive for most half-Heusler compounds. For most
materials, VBMs of the majority materials (Fig. 2a) show
positive values, similar with the cases in thermoelectric
compounds (Fig. 2¢), and CBMs (Fig. 2b) show negative values.
Thus the band gaps will decrease when the volume increases in

m

Epp =
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most of the materials (Supplementary Fig. 4a), such it does with
normal thermal expansion. This corresponds to the Varshni
effect?. This different behavior of the DP for the VBM and CBM
leads to the fact that the majority of the band-gap DP are
negative (As seen from the data of Supplementary Fig. 4a). As
mentioned above, due to the positive value of Epp gy for half-
Heusler compounds, the absolute average band-gap DP
(Supplementary Fig. 4b) is small, 1.2 eV, smaller than that of
the general compounds in the database (Supplementary Fig. 4a
3.2eV).

The positive and negative changes in DP are related to the
formation of band gap of materials. When the energy levels of the
occupied state and the empty state form the valence and
conduction bands respectively, the energy position of VBM
decreases with increasing volume and weakening interatomic
interaction, resulting in a negative Epp ysy. Meanwhile, the Epp cgm
is positive. On the other hand, the energy band gap can also be
formed by the interaction of a series of partially occupied
electronic states. With increasing lattice constant, the interaction
weakens and the band gap decreases, resulting in a positive
Epp vem and a negative Epp gy According to our HTP calculations
of the DP, the latter case (band gap decreases with increasing
lattice constant) is more common than the former.

The DP data, as above, were used to obtain the electrical
transport properties of 10,148 compounds, and converged data
was obtained for 9957 entries. The calculated results for a
prototype compound, MatHub3d-84609 TiCoSb, are shown in
Supplementary Fig. 5, including the Seebeck coefficient,
electrical conductivity, and PF at 700K and different carrier
concentrations. The experimental results for p-type TiCoSb
show that the PF can reach 16 yWcm™'K2 at 750 K*’, consistent
with the predicted results in Figure Supplementary Fig. 5. The
original data of the 9957 compounds can be viewed on the
electrical transport properties section of MatHub-3d**. A
temperature of 700K is selected because TE materials are
usually used at high temperatures and because this is within
the important temperature range for energy applications in
waste heat recovery. According to the loffe’s criterion®, the
highest PF generally occurs when the Seebeck coefficient is
about 180 uV/K***% so we uniformly select the electrical
conductivity and PF corresponding to this Seebeck coefficient.
A summary data table can be found at MatHub-3d (http://
www.mathub3d.net/materials/about /electric_data.xlsx).

Figure 3a shows the PF distribution of 9957 materials at 700 K,
both n-type and p-type. The result shows that PFs of most systems
are within 50 pWcm™'K2, but some systems are exceptions. Figure
3b, c show the relationship between PFs and DPs for p-type and n-
type, respectively with absolute DP less than 6 eV. It can be seen
from the diagram that PF and the absolute DP have obvious
negative correlation relationship. This is expectable since strong
scattering is unfavorable for electrical conductivity as seen in Eq.
(5). Importantly, this shows that the band features that lead to
high S coefficient do not lead necessarily to high DP in contrast to
the band structure part of the conductivity, which is counter-
correlated with S. The smaller the DP, such as less than 2 eV, the
greater the PF. Supplementary Figs. 6 and 7 show the same trend
at 300 K.

In order to further screen for materials with excellent TE
properties, we design a HTP screening process. The screening
criteria are as follow: 1. PF > 50 uyWem™'K'?; 2. E4 between 0.1 eV
~ 2 eV; 3. The average atomic weight > 80; 4. PF/k. > 0.002 K.
The optimum E, for TE applications are around 10 kgT,p,, wWhere
Top is the operating temperature®®. It should be emphasized
that the Eg is chosen within the range of 0.1eV ~ 2eV
considering the uncertainties of the calculations as well as the
fact that this rule for the optimum band gap is often violated in
actual thermoelectric materials. In addition, since the average
atomic mass is directly related to the thermal conductivity, we
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use the average atomic weight larger than 80 as a condition for
rapid screening of low sound velocity and potentially low
thermal conductivity materials?3. This is important because at
the present time there is no way to accurately and sufficiently
quickly determine k; in the context of HTP. Even if the lattice
thermal conductivity is neglected, high k. material is unfavor-
able. Therefore, an additional screening condition PF/k. is
added after the initial screening. Finally, 321 n-type TE materials
and 332 p-type TE materials are identified. Among them, 156 TE
materials that are favorable for both p-type and n-type are
found. Figure 3e, f show PF/k. values of these identified
materials. Analysis shows that these compounds have lower DP
constants in the range of -4 ~4eV.

Supplementary Table 1 lists Eg, DP, electrical conductivity,
Seebeck coefficient, PF, and PF/k. for the 156 materials. Among
them, some are previously reported TE materials with desirable
properties, including Bi,Te;*'~>3, PbS>%, CoNbSn>°>, HfRhSb®¢,
GeTe’, SeSn°8, etc,, and others. To illustrate the results, we
select two typical compounds (i.e.,, MoTe, and KSbSn) among
the 156 entries to analyze their electronic structures and
bonding characters in relation to TE performance. Figure 4a
shows the band structure of MoTe,. This compound has evident
multi-valley band edges®®. At CBM there is a degeneracy of 6
between K point and I point, the other two nearest valleys have
a degeneracy of 4 at K point, H point has a degeneracy of 2, so
that the effective total degeneracy of the conduction band
edge is up to 12 depending on temperature and doping level.
There are three energy valleys at VBM. The degeneracy at K
point is 4 and the degeneracy at H point is 2. Combined with T
points, the total degeneracy is 7. Owing to this multi-valley
band feature, MoTe, has a good electrical transport perfor-
mance. The n-type PF is up to 156 pyWcm™ 'K 2 and p-type PF is
80 pWem K2,

For KSbSn, both the high p-type and n-type PFs can be
attributed to the low DPs, around 0.5 eV at both VBM and CBM.
The low DPs of this compound can be understood by the
density of energy (DOE) and its integration E,ng (divided by the
equilibrium volume) (Fig. 4d). The E,ang Vvalues are integrated
within the energy range from Eygy to Eygy — 0.5€V and from
Ecgm to Ecgm + 0.5eV. Epang is energetically resolved by the
entire band energy and measures the destabilizing or stabiliz-
ing energy contributions of the chemical bonding. Small DP
may then be attributed to the small bonding energy contribu-
tion near the band edge. The near-non-bonding state makes
the corresponding band-edge bonding immune to volume
change, resulting in a low DP. Compared with those of more
than 7000 non-magnetic systems in Supplementary Fig. 8,
KSbSn has a very small Ep,nq and DP, which compensates the
less favorable electronic structure of KSbSn, comparing to
MoTe,.

In this work, a practical HTP approach for DPs in the context
of TE materials is proposed. The CBM and VBM DPs of 11,993
compounds are calculated and analyzed. While most of DPs at
VBM are positive, most of DPs at CBM are negative, which is
closely related to the bonding characters at VBM and CBM.
Based on the DPA, the electrical transport properties of 9957
materials are evaluated. The statistics show that PF and the
absolute DP have a clear negative correlation. In addition, we
design an HTP screening process to screen out 332 p-type TE
materials and 321 n-type TE materials with good performance.
156 compounds have both p-type and n-type properties, which
can be attributed to multi-valley band structures / small DPs.
The screened systems may be potential TE material candidates,
which are worthy of further study. This work provides thus
materials with the potential for high TE performance based on
HTP screening. As such, it is expected that this will facilitate
experimental searches for high-performance TE materials and
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more rapid development of TE devices for energy and other

technologies.

METHODS

Deformation potential and electrical transport properties

calculation

All calculations are performed under the Vienna ab initio
Simulation Package (VASP)®%6" with the projector augmented

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

wave method®?®* based on the density functional theory. The
Perdew-Burke-Ernzerhof generalized gradient approximation is
used as the exchange-correlation functional®. All the self-
consistent calculations use 520 eV as the plane-wave energy
cutoff energy and 10~ eV as the energy convergence criterion.
The pseudopotential files and Hubbard U values are the same as
our previous study, where details may be found*3.

In Boltzmann transport theory, the electrical conductivity o,
Seebeck coefficient S and electronic thermal conductivity k. can
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Here, € and v, are the electronic energy and group velocity,
respectively, corresponding to band index n and reciprocal coordinate
k, and 7, is the electronic relaxation time. T, u, V, f, and e are,
respectively, the absolute temperature, the Fermi level, the volume of
the unit cell, the Fermi-Dirac distribution, and the electron charge.

The DP method is used to calculate electronic relaxation time. It
is introduced to describe the scattering from long-wave LA
phonons, and evaluated by calculating the two parameters of DP
and Young modulus32. Considering the cost of HTP calculation,
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here we use bulk modulus B instead of Young's modulus C. The
bulk modulus is generated in the process of calculating the DP,
and no additional calculation is required. The relaxation time is
calculated using the following formula®®:

1 2nmkgTE>
= 777 5 -op Zé(fnk — Emk’)'

Tk VB o

5)

All of these parameters are implanted in software TransOpt
2.0%7, which is suitable for electrical transport properties calcula-
tion by DPA.

The density of energy (DOE)® which can visualize the
interaction of the anion and cation pairs in compounds sums up
all off-site (interatomic) and on-site (atomic) contribution. It has
advantages to the traditional COHP®®7° (interatomic only)
concept. DOE is implanted in LOBSTER program’'. Negative
(positive) -DOE represent antibonding (bonding) energy contribu-
tions. The energy integral of the -DOE is introduced to measure
the weight of the bond energy contributions, which is written as:

Evem Ecam+0.5
Epband :/ - DOE(E)dE§ Eband :/
Evgm—0.5

— DOE(E)dE
Ecsm

(6)
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where Eygy and Ecgyy are the energy at VBM and CBM, respectively.
Fermi level is set as zero.
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https://github.com/yangjio4849/TransOpt.
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