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ABSTRACT

More than 1000 crystalline silicide materials have been screened for thermoelectric properties using first-principles atomistic calculations
coupled with the semi-classical Boltzmann transport equation. Compounds that contain radioactive, toxic, rare, and expensive elements as
well as oxides, hydrides, carbides, nitrides, and halides have been neglected in the study. The already well-known silicides with good thermo-
electric properties, such as SiGe, Mg2Si, and MnSix, are successfully predicted to be promising compounds along with a number of other
binary and ternary silicide compositions. Some of these materials have only been scarcely studied in the literature, with no thermoelectric
properties being reported in experimental papers. These novel materials can be very interesting for thermoelectric applications provided that
they can be heavily doped to give a sufficiently high charge carrier concentration and that they can be alloyed with isoelectronic elements to
achieve adequately low phonon thermal conductivity. The study concludes with a list of the most promising silicide compounds that are
recommended for further experimental and theoretical investigations.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0008198

I. INTRODUCTION

Thermoelectric (TE) devices can be used for a variety of pur-
poses,1,2 and their potential as solid-state heat engines converting
low-quality heat into electricity has lately received much attention.3

Much of the focus has been on optimizing the TE figure of merit,

ZT ¼ α2σ

(κel þ κph)
T ,

where T is the temperature, α is the Seebeck coefficient, σ is the
electrical conductivity, and κel (κph) is the electron (phonon) con-
tribution to the thermal conductivity κ.4–6

Another important challenge is to replace the TE materials
used in present commercial TE generators, since they are based on
toxic and scarce elements such as Bi, Te, and Pb.7,8 A promising
group of alternative materials are silicides, based on silicon which
is abundant and non-toxic. A number of silicides have been investi-
gated as potential TE materials in the literature, and a recent review
listed the TE properties of 20–30 different silicide compositions.9

Almost all these are binary silicides, with Mg2Si, MnSix, and Si–Ge
being the most prominent examples. In the cases where more than
two elements are present, a solid solution of two isoelectronic ele-
ments usually replaces one element, as in the case of Mg2(Si,Sn).
This is isoelectronic to the base compound (Mg2Si), and there are
two main effects of adding the third element. One is to reduce the
phonon thermal conductivity by alloy scattering on the solid solu-
tion sublattice (the Si,Sn sublattice), thus enhancing the TE figure
of merit ZT.10 The other is to optimize the band structure by align-
ing bands contributing to the TE transport, i.e., to increase the
band degeneracy and consequently the power factor.11 So far, a few
experimental efforts have identified promising TE materials based
on silicides that are truly ternary, i.e., consisting of three chemically
different elements. None of these studies have optimized the mate-
rials extensively, which means that their true TE potential may not
yet have been revealed. An important task of the present study will
thus be to investigate the TE potential of both binary and ternary
silicides with theoretical modeling based on first-principles (FP).

Predicting ZT from FP is a challenging task. The traditional
way is to treat the TE electronic properties with the Boltzmann
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transport equation (BTE) within the electron relaxation time approx-
imation (RTA), using the electronic band structure from density
functional theory (DFT) calculations as input. Several assumptions
and approximations are necessary,5,12,13 and it is often difficult
to compare results from modeling with experimental studies.14

Nevertheless, recent development of theory and models has led to
the significantly improved quality of FP-based predictions. New
numerical techniques have made it possible to describe the electronic
band structure in a highly efficient manner,15–17 e.g., making it feasi-
ble to use high-level theoretical techniques like hybrid functionals
with the exact Fock exchange to calculate TE properties.16 New
methods have made it possible to add electron–phonon interaction
to predict the electron relaxation time from first-principles calcula-
tions, which is necessary for the electronic parts of the figure of merit
(α, σ, and κel).

12,18,19 Recently developed techniques can similarly be
used to predict lattice thermal conductivity from first-principles calcu-
lations.20,21 In some materials, the predicted TE properties including
ZT are now very close to experimental values.13,22

At the same time, the rapid growth of computational resources
has made it possible to perform FP simulations of many different
compounds in a single study. A number of recent papers have thus
reported high-throughput screening studies searching for TE mate-
rials using FP calculations.11,23–30 As an example, the pioneering
work of Madsen26 investigated 570 compounds containing Sb,
using a constant relaxation time (CRT) and constant κph as imple-
mented in the BoltzTraP code.31 A similar technique was used to
explore the TE properties of more than 48 000 inorganic com-
pounds from the Materials Project database.32

We have used the Transport for Materials (T4ME) approach
in this work, which is a new implementation of BTE that exploits
newly developed internal interpolation routines in the Vienna
ab initio simulation package (VASP)33,34 to efficiently obtain the
very high density of integration points in reciprocal space that is nec-
essary to obtain proper convergence of the transport properties.35 This
opens up the possibility to work at a theoretical level higher than the
usual DFT used in screening studies. This tool also has a number of
scattering properties integrated, making it possible to investigate the
effect of different scattering mechanisms on the electronic transport
properties. As a demonstration of the method’s versatility, it has in the
present paper been used to perform high-accuracy screening of more
than 1000 silicide systems for TE properties, based on DFT calcula-
tions based on BTE. A constant relaxation time (corresponding to
scattering from neutral impurities) and constant κph were used for the
majority of the materials to reduce the computational cost. In a final,
high-accuracy step, the electron relaxation time was calculated with
acoustic phonon (AP) scattering by the deformation potential method,
and the phonon thermal conductivity was calculated with the
temperature-dependent effective potential (TDEP) method.20 This was
only performed on a small list of promising materials. The paper con-
cludes with a list of the most promising silicides for TE applications.

II. METHODOLOGY

A. Pre-screening

The screening was based on all listed binary and ternary mate-
rials containing silicon in the MaterialsProject (MP) database.36

The MP database has been produced using DFT calculations with

VASP. This makes MP a very useful database for our purpose, since
the crystal structures are already structurally relaxed at a theoretical
level close to ours. It contained 8605 silicides at the time of search
(November 2019). These are all unique; no two entries have the
same composition and crystal structure. The MP database contains
on the other hand a number of unstable and hypothetical materials,
which may or may not be possible to synthesize.

The screening was performed in several steps, as shown in
Fig. 1. Before assessing the TE properties, the following groups of
materials were excluded:

- Oxides, hydrides, carbides, nitrides, and halides.
- Toxic elements. This was based on the Restriction of Hazardous

Substances Directive,37 avoiding Pb, Hg, and Cd.
- Radioactive elements, thus excluding U, Pm, Ac, Th, Pa, Np,

and Pu.
- Rare elements. The abundance of elements was taken from

Ref. 38, and the threshold abundance in the Earth’s crust was
selected as 0.004 pm. This excluded Os, Ru, Rh, Ir, and Te.

- Expensive elements. The price of the elements was taken from
Ref. 39, and the threshold was selected to be 12 000 USD/kg. The
excluded elements from this criterion were Rb, Sc, Yb, Cs, Tm,
Lu, Pd, Pt, and Au.

- Thermodynamically unstable compounds. Compounds with a
listed formation energy in MP higher than 0.15 eV were
excluded. The formation energy is defined as the energy of the
compound compared to that of the constituting elements.

- Chemically unstable compounds. Compounds with a listed
energy above hull in MP higher than 0.16 eV were excluded. The
energy above hull is defined as the energy of the compound
compared to that of the most stable linear combination of com-
peting compounds.

- Compounds with large bandgap. Compounds with a listed the
bandgap in MP higher than 1.0 eV were excluded. The bandgaps
in MP have been calculated at the generalized gradient approxi-
mation (GGA) level and are thus likely to be underestimated.

The result of these pre-screening steps was that the number of
systems to be studied with high-throughput transport calculations
was reduced from 8605 to 1559.

B. Transport calculations

The next step in the screening procedure was to estimate the
potential TE efficiency of the remaining materials, using transport
calculations based on FP. Two steps were employed to this end: a
high-throughput screening of all the remaining systems selected a
small number of promising systems, which were further investi-
gated with higher precision.

The transport equations were based on the electronic structure
generated with density functional theory (DFT) computations at
the generalized gradient approximation (GGA) level, using the
Perdew, Burke, and Ernzerhof (PBE) functional.40 We used the
Vienna ab initio simulation package (VASP),33,34 which is a plane
wave code employing the projector augmented wave (PAW)
method to treat the core regions.41

The electronic structure from the DFT calculations was used
as the input to the semi-classical Boltzmann transport equation

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 125105 (2020); doi: 10.1063/5.0008198 128, 125105-2

© Author(s) 2020

https://aip.scitation.org/journal/jap


(BTE) using the relaxation time approximation (RTA).4,42 A new
implementation of the BTE was employed: the Transport for
Materials (T4ME) approach.17 This has a number of advantages,
including a very efficient interpolation scheme coupled to internal
interpolation of k-points in VASP. This makes high-throughput,
high-accuracy transport calculations more viable.

The BTE calculations made use of the DFT-calculated elec-
tronic band structure ϵn(k), where the energy ϵ of band n depends
on the wave vector k. The electrical conductivity tensor σ ij can
then be calculated as follows:

σ ij ¼ e2

V

X
n

ð
τn(k) � @fn(k)

@ϵ

� �
vni v

n
j dk,

where e is the elementary charge, V is the crystal volume, τ is the
electron scattering time within the RTA, f is the Fermi–Dirac distri-
bution function, and vni is the Fermi velocity. The latter can be
obtained from the band structure by

vni ¼ 1
�h
∇kiϵn(k):

By using the χ tensor,

χij ¼
e
TV

X
n

ð
τn(k)(ϵn(k)� μ) � @fn(k)

@ϵ

� �
vni v

n
j dk,

the Seebeck coefficient is given by

αkl ¼ (σ�1)kiχil:

The integrals are converted into energy-dependent ones on
the following form:

σ ij ¼ e2
X

n

ðX0,n

ij
(ϵ) � @fn(k)

@ϵ

� �
dϵ,

where

X p,n

ij
(ϵ) ¼ 1

nk

X
k
τn(ϵ)(ϵn(k)� μ)pvni v

n
j δ(ϵ� ϵn(k)):

The χ tensor then takes the following form:

χij ¼
e
TV

ð
Σ1,n
ij (ϵ) � @fn(k)

@ϵ

� �
dϵ,

and the electronic part of the thermal conductivity κel is given by

κel
ij ¼ κ0

ij � Tχikχkj,

where

κ0
ij ¼

1
e2T

ð
Σ2,n
ij (ϵ) � @fn(k)

@ϵ

� �
dϵ:

The Lorenz function L is defined as the relationship between
σ and κel through the Wiedemann–Franz law,

L ¼ κel

σT
:

FIG. 1. The first steps of the silicide screening based on the MaterialsProject database.36 The pre-screening consisted of excluding unwanted chemistry (oxides, hydrides,
carbides, nitrides, and halides) in addition to toxic, radioactive, rare, and expensive elements. 2569 systems remained after these steps. Additionally, thermodynamically
and chemically unstable compounds (see the main text for definitions of this) were excluded, as well as materials with a GGA-calculated bandgap >1.0 eV. This brought
the number of input systems down to 1559. Those systems were used as input to the high-throughput screening using first-principles transport calculations.
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A constant relaxation time (CRT) τ ¼ τ0 was used within the
RTA for the high-throughput part of the screening, using
τ0 ¼ 10�13 s. This is in line with several previous screening studies
(e.g., Refs. 23 and 26). It is relatively optimistic, assuming that con-
tributions from impurity and acoustic phonon scattering are mod-
erate. Also, τ0 is known to be temperature dependent, and we can
expect it to be lower at higher temperature due to increased scatter-
ing. Thus, the results presented at high temperature (800 K) below
can be expected to exaggerate the TE figure of merit.

To allow for a simplified treatment of electron scattering and
phonon thermal conductivity, we initially focused on two tempera-
tures during the screening: 300 and 800 K. This represents the two
most important application areas of TE devices: room temperature
applications and high-temperature waste heat harvesting.

The lattice part of the thermal conductivity κph was selected
to be fixed at 1.9 W m−1K−1 at 300 K and 1.4 W m−1K−1 at 800 K
during the high-throughput screening, similar to the lowest values
that have been obtained experimentally for compounds based on
Mg2Si.

9 These are optimistic values assuming that it is possible to
nanostructure the sample and also to reduce phonon scattering by
alloying on at least one sublattice [which, e.g., is one of the reasons
Mg2(Sn,Si) has significantly lower κph than Mg2Si

10].
In the final, high-accuracy calculations, electron–phonon cou-

pling was included by using the deformation potential method;43,44

this was used to predict the electron relaxation time from acoustic
phonon (AP) scattering in the final, high-accuracy step. The AP
electron relaxation time is given by44

1
τAP(ϵ)

¼
ffiffiffi
2

p
m3/2kBTE2

1

π�h4ρv2l
ϵ1/2,

where m is the effective mass, kB is the Boltzmann constant, E1 is
the deformation potential constant, ρ is the density, and vl is the
longitudinal sound velocity. E1 was found by calculating the varia-
tion of the valence band maximum as a function of the lattice
deformation, keeping the 1s orbital as a reference energy.45 The
longitudinal sound velocity,

vl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ 4

3
G

ρ

vuut
,

was extracted from the bulk (B) and shear (G) moduli, which, in
turn, were calculated from the elastic constants generated from the
stress–strain relationships resulting from distortions of the lattice
from equilibrium.46 This can be rewritten to define the acoustic
phonon scattering prefactor time τAP0 ,

τAP(ϵ) ¼ π�h4ρv2lffiffiffi
2

p
(mkBT)

3/2E2
1

ffiffiffiffiffiffiffiffi
kBT
ϵ

r
; τAP0

ffiffiffiffiffiffiffiffi
kBT
ϵ

r
:

The phonon thermal conductivity κph was also calculated in
the final step, using the TDEP method.20 The diagonal components

in Cartesian direction i were then found from

κph
ii ¼ 1

V

X
qs
Cqsv

2
iqsτ iqs,

where

Cqs ¼ �hωqs

@n0qs
@T

is the specific heat of the phonon mode with wave vector q
and branch index s, viqs is the phonon velocity, and τ iqs is the
phonon lifetime. Here, ωqs is the phonon frequency and n0qs is the
Bose–Einstein distribution function. The phonon lifetimes were
found by an iterative solution of the phonon Boltzmann transport
equation, using second- and third-order force constants extracted
from ab initio molecular dynamics calculations with temperature-
dependent anharmonic effective potentials.47

The doping level was optimized in all these calculations by
using the electronic chemical potential as a free parameter; this
assumes that the optimal doping level (which might be very high in
some cases) is available in experiments. This gave a predicted figure
of merit ZT0 that describes an upper, theoretical limit of the experi-
mentally achievable figure of merit ZT . We can thus expect false
positives from this screening procedure, predictions of promising
TE materials that turn out to be poor from experiments. The number
of false negatives should be minimized for the same reason, with one
important exception: the cases where GGA predicts a very small or
missing bandgap, where the material in reality is a small bandgap
semiconductor or a half-metal. To avoid this would require signif-
icantly more expensive methods and was thus excluded in the
present study.

III. RESULTS AND DISCUSSION

A. Magnesium silicide

An example of the results for one specific compound is shown
for Mg2Si at T = 300 and 800 K in Fig. 2. Two different values of
the constant relaxation time τ0 are selected: τ0 ¼ 10�13 s and
10�14 s. It is there shown how the various transport properties vary
as a function of the chemical potential μ, i.e., the position of the
Fermi level relative to the valence band edge. It is demonstrated
in Figs. 2(a) and 2(b) how the material changes from p-doped
(positive Seebeck coefficient and p . n) to n-doped at
μ ffi 0:03� 0:05 eV, depending on temperature. The charge carrier
concentration [Fig. 2(b)] is in the order of 1020 cm−3 when the
material has peak performance (around ±0.1 eV); the electrical
conductivity [Fig. 2(c)] is in the same region in the order of
105–106 S m−1, while the electronic part of the thermal conductiv-
ity [Fig. 2(d)] varies significantly (between 0.1 and more than
10W m−1K−1) in the same region, depending on the temperature
and τ. The figure of merit [Fig. 2(e)] indicates that Mg2Si in theory
can be both a good n-doped (ZT0 up to 1.6 for μ ffi �0:09 eV at
300 K) and p-doped (ZT0 up to 0.7 for μ ffi 0:14 eV at 300 K) TE
material. It can further be seen from Fig. 2(f) that the Lorenz
number varies quite dramatically around μ ¼ 0, as expected due to
bipolar contributions.48,49 However, it displays reasonable values
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between 1.7 and 2.4 × 108 W Ω K−2 in the regions with high TE
performance, as shown by the dotted line representing the theoreti-
cal Sommerfeld value L0 = 2.44 × 108 W Ω K−2.

The predicted phonon thermal conductivity κph of Mg2Si is
shown as a function of temperature in Fig. 3. Three different
phonon scattering mechanisms were successively added in the cal-
culations: anharmonic three-phonon scattering, alloy scattering
with 25% Sn at the Si site (using isotope scattering and the virtual
crystal approximation to include the effect of alloying),50 and grain
boundary (GB) scattering with a grain size of 50 nm. The latter
mechanism assumes that all phonons with a mean free path larger
than the grain size will be scattered.50 The values due to only
anharmonic scattering are relatively high, and it is clear that adding

alloy scattering is crucial to bring down κph to acceptable values for
TE applications. Adding grain boundary scattering on top of this
yields values that are excellent, below 1 W m−1K−1.

We next investigate how the final, high-accuracy step influ-
ences the results of Mg2Si—this includes implementing deforma-
tion potential based acoustic phonon scattering in addition to
first-principles phonon thermal conductivity from TDEP. The
results of this are shown for n-doped Mg2Si in Fig. 4 and compared
to experimental results for three different systems: “Mg2Si,”

51

“Mg2Si0.95Ge0.05,”
52 and “Mg2Si0.3Sn0.7.”

53 The “Mg2Si” system was
n-doped with 2% Al, and 0.25% glass frit was added to enhance the
mechanical properties.51 This material was sufficiently doped to
achieve reasonable values of σ and κ, but the figure of merit was

FIG. 2. The thermoelectric properties of Mg2Si at T = 300 K (blue curves) and 800 K (red curves) as a function of the chemical potential, based on a constant relaxation
time (CRT) of τ0 ¼ 10�13 s (solid curves) and 10�14 s (dashed curves): the Seebeck coefficient α (a), the n (solid lines) and p (dotted lines) charge carrier concentration
(b), the electrical conductivity σ (c), the electrical part of the thermal conductivity kel (d), the predicted dimensionless figure of merit ZT0 (e), and the Lorenz number (f )—
the dotted, horizontal line designates the Sommerfeld value L0 = 2.44 × 10

8 W Ω K−2.
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barely passing 0.5 around T = 800 K. The “Mg2Si0.95Ge0.05” system
was n-doped with 0.23% Sb, giving a nominal carrier concentration
of 0.33 × 1020 cm−3 and features like a heavily doped semiconductor
(e.g., decreasing σ with T).52 The “Mg2Si0.3Sn0.7” system is one of

the best reported Mg2Si-based materials in the literature, with a
peak ZT around 1.33 at 700 K; this was n-doped with 0.6% Sb,
giving a charge carrier concentration of 1.7 × 1020 cm−3.53

The correspondence between the predicted properties and
experimental values gives important clues about the active
scattering mechanisms in the real samples. Starting with the
Seebeck coefficient α, it appears that the CRT scattering with
τ0 ¼ 10�14 s and n = 2.6 × 1020 cm−3 is the predicted curve that
follows the experimental ones most closely, with only slightly
too low absolute values of α. This indicates that neutral impuri-
ties may play an important role in the electron scattering of
these systems.

Turning to the electrical conductivity, however, the tempera-
ture behavior of the experiments (decreasing σ with T) is not very
well described by the CRT mechanism, as σ increases with T like in
a regular semiconductor. This is slightly less so in the case of
acoustic phonon (AP) scattering, where σ decreases slightly with
T before increasing at higher temperatures. The experimental
decrease is probably due to the impurity bands responsible for the
charge carrier concentration at low temperature being emptied as
the temperature increases. This is not accounted for by any of the
scattering models of the present study, which rely on the rigid band
approximation. Also, the theoretical predictions rely on a bandgap
that is too low, leading to significant contributions from minority
carriers at the highest temperatures in Fig. 4. Nevertheless, it is

FIG. 3. The calculated phonon thermal conductivity κph of Mg2Si with combina-
tions of three different phonon scattering regimes: Anharmonic (Anh)
three-phonon scattering (green, solid curve), alloy scattering based on 25% Sn
on the Si site added to Anh (gray, dashed curve), grain boundary (GB) scatter-
ing with a typical grain size of 50 nm added to Anh (red, dotted curve), and a
combination of all three mechanisms (orange, dashed–dotted curve).

FIG. 4. The thermoelectric properties of n-doped Mg2Si calculated using a constant relaxation time (CRT) with τ0 ¼ 10�13 s and a charge carrier concentration of
n = 0.67 × 1020 cm−3 (red dashed curves); CRT with τ0 ¼ 10�14 s and n = 2.6 × 1020 cm−3 (green dashed curves); acoustic phonon (AP) scattering with
n = 3.3 × 1020 cm−3 (blue solid curves); and AP with n = 3.1 × 1020 cm−3 (gray solid curves). The predicted values are compared with experimental data of Mg2Si (Ref. 51,
blue triangles), Mg2Si0.95Ge0.05 (Ref. 52, red circles), and Mg2Si0.3Sn0.7 (Ref. 53, gray diamonds). The panels display the Seebeck coefficient α (a), the electrical conduc-
tivity σ (b), the thermal conductivity κ including the calculated lattice part κph as the dashed–dotted orange curve (c), and the dimensionless figure of merit ZT0 (d).
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worth noting that even though σ from AP scattering was predicted
without any other adjustable parameters than the charge carrier
concentration, the correspondence with the “Mg2Si” system is quite
good, both qualitatively and quantitatively. This indicates that AP
scattering is a relevant mechanism particularly in the case without
alloy substitution on the Si site.

The same type of discrepancy between experiment and theory
can be seen for the thermal conductivity κ. While the calculated
phonon part κph decreases as a function of temperature, an oppo-
site and stronger trend is seen for the electronic part κel, which
results in an overall increasing behavior. The experimental trend is
as expected from the Wiedemann–Franz law, combined with a
weakly decreasing κph.

When the transport parameters are combined in the figure of
merit, the different scattering regimes behave surprisingly well
compared to the experimental data. This is partially because dis-
crepancies in σ and κel are canceled due to the Wiedemann–Franz
law. The largest qualitative deviation between experiment and
theory is found for the CRT scattering with n = 0.67 × 1020 cm−3

and τ0 ¼ 10�13 s. The charge carrier concentration was optimized
for low temperatures in this case, which means that the perfor-
mance at high temperature is poor compared to that at room
temperature.

The best n-doped Mg2Si systems are thus quite well described
by the techniques of the present paper. To obtain optimal doping
concentrations for p-doped Mg2Si is more challenging experimen-
tally, since Mg2Si is intrinsically n-doped.54 Nevertheless, it has
been shown that a p-doping concentration of around 1020 cm−3 is
optimal at T = 700 K,55 which is very similar to what was found in
the present paper [Fig. 2(b) at μ∼−0.1 eV]. This can be achieved
with Li-doping,56 but the optimally doped samples display sig-
nificantly lower values at 300 K for the Seebeck coefficient
(∼100 μV K−1), electrical conductivity (∼5 × 10−4 S m−1), and
figure of merit (∼0.1) than is predicted in Fig. 2. This can par-
tially be explained by precipitates (micrometer-sized MgO56).
However, the heavily doped samples also experience a drop in
mobility,56 which may point to a reduced lifetime of charge carriers
due to increased impurity scattering. In other words, the choice of
τ0 ¼ 10�13 s may be too optimistic when very high doping levels are
needed to optimize the transport properties of a material.

Nevertheless, the results above show that employing a CRT
with τ0 ¼ 10�13s can give a reasonably good description of Mg2Si
as long as the charge carrier concentration is chosen according to
what is available experimentally. This gives confidence that this
setting can be used for the high-throughput screening. The
optimistic selections of parameters may be realistic in some cases
(particularly for low optimal charge carrier concentrations) but
can be expected to yield too favorable transport properties in other
cases, even when sufficiently high doping levels are available.

B. High-throughput screening

The predicted optimal figure of merit ZT0 is plotted as a
function of the optimal (n- or p-doped) carrier concentration
for all materials with ZT0 . 0:1 in Fig. 5. Most materials have
ZT0 , 0:1 and are thus not visible in the plots. Each bubble in this
plot represents a material system like Mg2Si, with the bubble size

designating the DFT-predicted bandgap of the material. (Small or
zero bandgap materials are shown as small bubbles.) At 300 K,
there is a clear correspondence between the highest ZT0 values and
the required charge carrier concentrations; around 5 × 1019 cm−3 is,
e.g., needed to obtain ZT0 ¼ 1, and the highest ZT0 values are
found around 1021 cm−3. This emphasizes the need for highly
doped systems in thermoelectricity in order to optimize the figure
of merit. Turning to T = 800 K, the correlation between ZT0 and the
carrier concentration is less clear. This is partially due to increasing
contributions from minority charge carriers, particularly for low
bandgap materials. This results in optimal charge concentrations that
are even higher than those for 300 K, but with corresponding ZT0

values that are actually lower for the highest carrier concentrations.
Almost all the best materials have relatively large bandgaps at
T = 800 K, which is beneficial at a high temperature to avoid bipolar
conduction.

The most promising compounds identified by the high-
throughput screening are summarized in Table I. ZT0 values have
been listed for T = 300 and 800 K, representing room-temperature
and high-temperature applications. Only compounds with ZT0 . 1

FIG. 5. Bubble plot of the predicted figure of merit as a function of charge
carrier concentration of the most promising compounds at T = 300 K (upper
chart) and 800 K (lower chart). p- and n-doped compounds are shown as blue
and orange bubbles. The bubble size designates the DFT-calculated bandgap,
ranging between 0.05 and 1.08 eV. Compounds with bandgaps below 0.05 eV or
0 are shown with a size corresponding to 0.05 eV.
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at either temperature have been included in the list, resulting in 18
p-doped and 7 n-doped systems. Three materials are listed as prom-
ising for both p- and n-doping: Mn4Si7, Mg2Si, and SiGe. Also
shown is the charge carrier concentration corresponding to the
optimal chemical potential, as demonstrated for Mg2Si in Fig. 2.

It is reassuring that the already well-established silicides with
good TE properties, such as Mg2Si, Mn4Si7, and SiGe, are found
among the most promising compounds. This strengthens the
assumption that important candidate materials are not overlooked
with the screening procedure. Nonetheless, to get more robust pre-
dictions of the materials in Table I, more accurate calculations were
performed for those materials, presented in Sec. III C.

C. High-accuracy calculations

The results in Table II have been produced by using the defor-
mation potential to predict electron relaxation times within the
acoustic phonon scattering mechanism. Temperature-dependent

phonon thermal conductivity has been provided for four of the
systems; for the remaining systems, the values from Mg2Si were used.

We note that the longitudinal sound velocity vl displays values
between 4.0 and 11.5 km/s, while the deformation potential constant
E1 varies between 3.4 and 12.1 eV. Since the acoustic phonon elec-
tron relaxation time τAP varies as v2l /E

2
1, this has a strong influence

on the relaxation time and thus the various transport properties.
The phonon thermal conductivity κph was calculated assum-

ing 25% Sn substituted on the Si sites and grain boundary scatter-
ing with a typical grain size of 50 nm. This led to very low values of
κph (around or below 1 W m−1K−1) in the case of Mg2Si, Li2MgSi,
and Ca2Si. However, FeSiW displays values of κph between 3 and 4
W m−1K−1 leading to a significant reduction of the optimal figure
of merit. It can be expected that this is the case also for other mate-
rials in Table II. We have nevertheless used the κph values from
Mg2Si for the other systems to give an upper estimate of ZT0 from
the present results.

This still leads to a significant reduction of ZT0 for many of
the systems. Only eight p-doped and two n-doped systems remain

TABLE I. The most promising silicides for thermoelectric applications predicted from the high-throughput transport calculations using CRT with τ0 = 10
−13 s. p-doped (n-doped)

materials are listed in the upper (lower) part of the table. The calculations have been performed at room temperature (300 K) and at T = 800 K. The predicted maximal figure of
merit ZT0 has been listed along with the correspondingly required (optimal) charge carrier concentration (pc for p-doped and nc for n-doped). Only those compounds with
ZT0 > 1.0 at T = 300 or 800 K have been listed and will be used for the high-accuracy calculations.

p-doped T = 300 K T = 800 K

Composition Space group Bandgap (eV) Max ZT0 Required pc (10
20 cm−3) Max ZT0 Required pc (10

20 cm−3)

Ca2Si Fm�3m 0.59 3.72 8.67 6.29 10.55
Ba3(SiAs2)2 C2/c 0.83 2.02 4.84 6.43 2.23
Li2MgSi F�43m 0.13 2.00 1.06 1.22 4.08
Cu2SiSe3 Cc 0.22 1.80 1.31 3.17 2.78
FeSiW F�43m 0.15 1.77 3.32 1.95 12.69
SrCaSi Pnma 0.43 1.66 2.29 3.34 3.32
Mg2Si Fm�3m 0.24 1.63 1.09 1.61 3.36
AlSiP3 Pnma 0.35 1.03 0.47 1.96 1.03
BaCaSi Pnma 0.18 1.03 0.76 1.10 4.94
Sr3(SiAs2)2 C2/c 0.92 1.00 1.40 5.29 0.90
Cu8SiSe6 Pmn21 0.36 0.80 3.14 3.16 4.54
Mn4Si7 P�4c2 0.76 0.77 6.79 3.25 5.32
SiGe P63mc 0.36 0.73 0.39 1.32 0.87
FeSi2 Cmce 0.00 0.56 3.01 3.57 2.52
Ba3(Si2P3)2 P21/m 0.43 0.44 0.78 3.22 0.71
BaSi2 Pnma 0.80 0.43 1.34 2.20 1.32
Ca3(SiAs2)2 P21/c 0.83 0.41 0.52 2.65 0.46
SiAs2 Pbam 1.08 0.28 1.12 1.95 1.09

n-doped T = 300 K T = 800 K

Composition Space group Bandgap (eV) Max ZT0 Required nc (10
20 cm−3) Max ZT0 Required nc (10

20 cm−3)

TiFe2Si Fm�3m 0.32 2.59 9.49 2.89 17.67
Mn4Si7 Pcca 0.75 1.56 7.36 3.23 14.45
Na(LiSi2)3 Pnma 0.13 1.52 1.67 1.91 3.42
Ba2LiSi3 Fddd 0.09 1.20 3.04 1.15 7.47
Mg2Si Fm�3m 0.24 0.67 0.74 1.14 1.92
WSi2 P6222 0.07 0.56 5.92 1.37 12.15
SiGe P63mc 0.36 0.30 0.20 3.84 0.79
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with ZT0 . 1 in Table II. Some of them require very high doping
levels to attain the highest figure of merit (e.g., ∼1021 cm−3 for
Mg2Si and Li2MgSi), which means that the realistic values are prob-
ably lower. This is illustrated for Mg2Si in Fig. 4, where lower
charge carrier concentrations were used to obtain reasonable corre-
spondence with experiments. Tedious defect chemistry calculations
would be required to predict the solubility of dopants and abun-
dance of intrinsic defects, thus giving realistic doping levels from
first-principles calculations.

As illustrated in Fig. 4, acoustic phonon scattering is not nec-
essarily describing the electron scattering of all the systems prop-
erly. Even if the relaxation times are predicted without fitting of
empirical parameters, other scattering mechanisms may be domi-
nating at some or all the temperatures of this study. This means
that the materials with significantly lower ZT0 values in Table II
than in Table I should not be disregarded completely; if neutral
defect scattering is the dominant mechanism, the values in Table I
may still be realistic within the limitations discussed above.
Materials from both tables will thus be included in the forthcoming
discussion.

D. Discussion

As anticipated in the discussion on Mg2Si above, the quantita-
tive correspondence between the calculated ZT0 and the maximal
experimental ZT for the known materials is not always very good.
For example, in the case of higher manganese silicides (HMS), rep-
resented by Mn4Si7, the maximum experimental p-type ZT is 0.15
and 0.6 at T = 300 and 800 K,57 while the corresponding predicted
values are 0.8 and 3.3 (CRT scattering, Table I) or 0.5 and 1.2 (AP
scattering, Table II). Like in the case for p-doped Mg2Si, this dis-
crepancy can be understood from the high optimal charge carrier
concentration (ranging up to ∼1021 cm−3 both experimentally and
theoretically), which most likely is not experimentally accessible.
Also, it is probably not compatible with the optimistic, fixed CRT.
The high intrinsic p-doping levels of HMS make it difficult to
obtain high n-doping of this system, which means that the very
high CRT-predicted ZT0 values for n-doped Mn4Si7 are not likely
to be obtained experimentally.

For the Si–Ge system, the highest experimental ZT is typically
∼0.5 at 300 K and ∼1.3 at 800 K, for both n-doped58 (with an
optimal charge carrier concentration of nc∼ 1020 cm−3) and
p-doped59 (pc∼ 5 × 1020 cm−3) materials. This cannot be directly
compared to the predicted numbers above; while the unit cell used
for the modeling is periodic with stoichiometry SiGe, the real mate-
rials exhibit solid solubility and an optimal composition of
Si80Ge20.

58,59 The good correspondence between experiment and
the p-doped ZT0 values of Tables I and II is thus most likely due to
a fortuitous cancellation of errors.

The list in Table I also contains materials where TE properties
are known from experiments, but where the experimental ZT is sig-
nificantly lower than predicted in the present work: Ca2Si, FeSi2,
BaSi2, and WSi2. The most promising of those in Table I is
p-doped Ca2Si. While the stable version of Ca2Si in ambient condi-
tions is orthorhombic,60 this is the cubic version of Ca2Si with a
similar crystal structure as Mg2Si. The cubic allotrope can be
obtained by straining the system and has been investigated in a few

TE studies in the literature.60–62 A recent modeling study reported
ZT0 values around one order of magnitude lower than the present
paper.62 This can be explained by their choice of a smaller electron
relaxation time (τ ¼ 10�15 s) and that their thermal conductivity
was higher, based on phonon predictions without alloying. If we
turn to the AP scattering results in Table II, however, the ZT0

values are significantly lower and require extremely high carrier
concentrations. Overall, this makes it unlikely that Ca2Si is feasible
for TE applications. Experimental results on TE properties are only
available for the orthorhombic allotrope.63

In the case of FeSi2, none of the experimental studies listed in
Ref. 9 have achieved sufficiently high charge carrier concentration
to obtain anything near the promising p-type performance in both
Tables I and II, requiring pc∼ 0.5–2.5 × 1020 cm−3. Two studies
have investigated the TE properties of BaSi2,

64,65 but they only tried
n-doped, possibly overlooking the potential of p-doped BaSi2
inferred from CRT—but the AP results are not very favorable,
casting a doubt on the promise of this material. The hexagonal
form of WSi2

66 is metastable,67,68 and only one study has reported
TE properties that have not been optimized of this material.69 This
material also shows significantly reduced ZT0 values when going
from CRT to AP scattering.

When turning to the novel materials listed in Table I, we
should keep in mind that the predicted ZT0 values are likely to
exaggerate the TE potential of many of the materials. Indeed, many
of the CRT-calculated values are significantly higher than any repro-
ducible experimental ZT values of any material in the literature. The
highest confirmed experimental ZT values are around 2–2.5,70 while
many of the listed ZT0 values are higher than 3, particularly at
800 K. This is caused by the universal, optimistic values of the CRT
and thermal conductivity that were selected to fit those known for
Mg2Si, combined with the possibility to dope any material to arbi-
trary levels.

One of the promising novel materials is the Heusler com-
pound TiFe2Si, displaying the highest performance among the
n-doped materials. This compound is included in the Materials
Project database as potentially stable,36 but its existence has so far
not been confirmed experimentally. There is a quite large difference
between the CRT- and AP-predicted ZT0 values. Also, the
CRT-required charge carrier concentration is very high, in the
order of 1021 cm−3; TiFe2Si thus has a quite high risk to be unfeasi-
ble for TE applications.

Li2MgSi has a cubic crystal structure and has been studied
somewhat in the literature as a potential Li anode material.71,72 The
optimal pc is ∼1020 cm−3 and the corresponding ZT0 is similar to
that of Mg2Si when using CRT scattering. Similar ZT0 values are
obtained with AP scattering, albeit at higher carrier concentrations.
This is a very interesting material to investigate further for TE
purposes.

Many of the promising materials listed in Table I are Zintl
compounds—intermetallic compounds where low electronegativity
elements (typically alkali or earth-alkaline metals) connect to high
electronegativity elements (e.g., post-transition metals or metal-
loids, including Si), displaying both ionic and covalent bonds.73

Zintl compounds usually display small bandgaps that are beneficial
for TE applications, but they are often brittle, which may be an
obstacle for technological usage. Most of these candidates have
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barely had their crystal structure identified, with no TE properties
determined: Ba3(SiAs2)2,

74 SrCaSi,75 BaCaSi (investigated as a topo-
logical material),76 Sr3(SiAs2)2,

77 Ba3(Si2P3)2,
78 Ca3(SiAs2)2,

77 and
Ba2LiSi3.

79 Some of these materials exhibit strongly reduced ZT0

values when moving from CRT to AP scattering, but others remain
promising from a theoretical point of view. It is unclear whether
any of them are feasible for technological application or even
testing of functional properties.

Likewise, many of the other compounds in Table I have only
been reported in the literature once or a few times, with focus on
the crystal structure determination and no reported TE properties:
the monoclinic Cu2SiSe3,

80 the Laves phase FeSiW,81 the AlSiP3
compound displaying a wurtzite-pyrite intergrowth structure,82

the tetrahedrally close-packed Cu8SiSe6,
83 the layered SiAs2

84,85

(transport properties were not possible to measure because of
unsuccessful attempts to produce a compact pellet85), and
the orthorhombic Na(LiSi2)3.

86 All of these lack experimental
information to judge their potential as TE materials, which suggests
that they may be interesting for future experimental studies.
Information from both Tables I and II should be used to guide
such efforts.

As mentioned above, the parameters for the transport calcula-
tions have been selected to minimize the number of false negatives,
i.e., reducing the risk of overlooking potentially promising systems.
This does not mean that this risk is negligible. Most importantly,
using the GGA means that bandgaps are systematically underesti-
mated in the present study. Several materials with a small bandgap
can thus have been predicted to be metallic, which reduces the
chance of predicting TE properties correctly significantly. Also, too
small bandgaps may overestimate the contribution from minority
carriers, particularly at a higher temperature. Furthermore, the
band shape predicted by GGA is not always accurate, and we
cannot disregard that systems with a high degree of band conver-
gence have been ignored by the present study.

Nevertheless, we can expect that the largest errors of this screen-
ing study can be found in the opposite direction: false positives, i.e.,
promising predictions that are not correct. The first and most obvious
source of this is as mentioned before, the constant, optimistic values of
τ0 and κph. In addition, several other assumptions have been made
that may be only partially fulfilled experimentally.

One important assumption is dopability, i.e., that the optimal
doping concentration (and thus charge carrier concentration as
seen in Fig. 2) can be reached experimentally. This is not necessar-
ily true for many materials, in which case the transport properties
would reach sub-optimal values in an experimental study.

Another presumption is that a low κph can be reached by
alloying. This was implicit in the high-throughput part but was
explicitly used to calculate κph from first-principles calculations
in the high-accuracy part. Isoelectronic substitution on one site
(alloying) can typically reduce κph to a fraction, particularly when
the pure material has a high κph.

29,50 But this can only be achieved
if the substitute is soluble in the pure material; otherwise, phase
separation will instead take place. (Phase separation can in some
cases be positive for TE properties,87 but relying on this would be
another assumption that has to be taken.)

Many of the materials listed in Table I have only been
reported in studies where the crystal structure has been determined

with powder x-ray diffraction. It is thus difficult to know whether
they are feasible to synthesize in a form with mechanical integrity
adequate for measurement of TE properties or application as func-
tional materials. Also, some of these materials may have a low
melting point, decomposition temperature, or a (unreported) phase
transformation that would hinder technological exploitation. This
can currently only be tested experimentally.

Some of the listed materials have relatively high bandgaps,
reaching up to (and even slightly beyond) 1 eV. Since these are
likely to be underestimated, some of the promising materials may
turn out to have such a high bandgap that their predicted TE prop-
erties are not available experimentally. In practice, this would man-
ifest itself as a resistance to reaching the optimal charge carrier
concentration.

Despite the various pitfalls, the ability to point out the silicides
with highest TE figure of merit among around 1000 candidates
supports the belief that other, presently unknown materials with
good TE properties can be found among the 18 new materials
systems with ZT0 . 1 listed in Table I. They may have a lower figure
of merit than what is listed in the table but could still be interesting
from a cost-benefit perspective, since many of the promising candi-
dates are based on non-toxic, abundant elements. Even if a material
turns out to be difficult to optimize completely and the optimal
carrier concentration cannot be obtained experimentally, the result-
ing TE properties can still be good enough for applications.

An extension of the present study would be to rule out more
of the candidate systems with more elaborate and expensive calcu-
lations. This could be done on a selection of systems with quite
good predicted properties, e.g., ZT0 > 0.1 (this includes 72 systems
of the present study). It would be feasible to conduct an elaborate
study on such a small subset, combining the high-accuracy methods
described above (determining the temperature-dependent electron
relaxation time from electron–phonon scattering calculations,13 a
realistic temperature-dependent phonon thermal conductivity from
phonon calculations including grain boundary and alloy scattering29)
with a test of the alloying possibility11 and dopability.88 This would
have given an even more focused recommendation of systems to
study experimentally than the present work and should be the topic
of a future investigation.

IV. CONCLUSIONS

Transport calculations based on density functional theory and
the Boltzmann transport equation were used to predict the TE
figure of merit for all known crystalline silicides except rare, expen-
sive, toxic, and radioactive ones. Oxides, hydrides, carbides, and
halides were also neglected. The screening was summarized in a list
of promising compounds with a predicted figure of merit ZT0 . 1
(Table I). This consisted of 18 p-doped and 7 n-doped materials, of
which 3 compounds were present in both lists. The TE properties
of 7 of these 22 compounds have been investigated experimentally
in the literature, but not all of them extensively. The remaining 15
of the promising compounds are only scarcely investigated in the
literature, and no experimental studies of their TE properties are
available.

The electronic relaxation time and phonon thermal conductiv-
ity were used as adjustable parameters and optimistic values were
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selected to avoid overlooking promising systems in the high-
throughput screening. This means that the predicted figure of merit
is likely to be higher than experimentally feasible for many of the
materials. Nevertheless, the methodology predicted successfully
the thermoelectric potential of the best silicide materials known
from experiments: Mg2Si, MnSix, and SiGe. This lends support to
the assumption that most promising materials will be discovered by
the technique.

The promising compounds were studied in a final, high-
accuracy step where the temperature-dependent phonon thermal
conductivity was calculated for some of the compounds and the
electron relaxation time was calculated for all of them using acous-
tic phonon scattering based on the deformation potential method.
This led to a reduced predicted ZT0 of many of the materials.
Eight p-doped and two n-doped systems remain with ZT0 . 1 at
this theoretical level. Since the electron scattering mechanism may
change between materials, both predictions should be taken into
account when deciding whether to investigate a system further.

For all the new promising compositions, it remains to be
proven that they may be doped to sufficiently high levels, that
appropriate alloying can be used to reduce phonon thermal con-
ductivity sufficiently, and that they are thermodynamically stable at
relevant temperatures. We recommend investigating this experi-
mentally and theoretically.
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