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The record-breaking thermoelectric performance of tin selenide (SnSe) has motivated the inves-
tigation of analogue compounds with the same structure. A promising candidate that emerged
recently is germanium selenide (GeSe). Here, using extensive first-principles calculations of the
hole-phonon and hole-impurity scattering, we investigate the thermoelectric transport properties
of the orthorhombic phase of p-doped GeSe. We predict outstanding thermoelectric performance
for GeSe over a broad range of temperatures due to its high Seebeck coefficients, extremely low
Lorenz numbers, ultralow total thermal conductivity, and relatively large band gap. In particular,
the out-of-plane direction in GeSe presents equivalent or even higher performance than SnSe for
temperatures above 500 K. By extending the analysis to 900 K, we obtained an ultrahigh value for
the thermoelectric figure of merit (zT = 3.2) at the optimal hole density of 4×1019 cm−3. Our work
provides strong motivation for continued experimental work focusing on improving the GeSe doping
efficiency in order to achieve this optimal hole density.

I. Introduction

High-efficiency thermoelectric (TE) materials have
been systematically and comprehensively investigated
during the past several decades, mainly due to their ca-
pability of functioning as all-solid-state modules for dis-
tributed spot-size refrigeration[1, 2] or electric power gen-
eration from waste heat.[3, 4] The key quantity to evalu-
ate the efficiency of TE energy conversion is the dimen-
sionless figure of merit, zT = σS2T/κtot, where σ, S, T
stand for the electrical conductivity, the Seebeck coeffi-
cient, and the absolute temperature and κtot = κlatt +κh

is the total thermal conductivity, comprised of lattice and
electronic carrier contributions, respectively. Numerous
TE materials have been discovered, and a few of them
even have zT values between 2 and 3[5–15]. However,
even those high-zT materials do not have sufficient effi-
ciency to be largely employed by industry[3, 4, 16]. In-
deed, it has been argued that materials with zT > 3
would represent a highly attractive prospect for applica-
tions, allowing TE refrigerators to compete with tradi-
tional compressor-based refrigerators[1, 17]. Such ultra-
high zT values have not been measured in bulk materi-
als until very recently.[18] Thus, TE materials have so
far only found niche applications where reliability is of
higher priority than efficiency.

The figure of merit, zT , can be enhanced either by in-
creasing the power factor (P F = σS2) or reducing the
thermal conductivity, κtot. Ultimately, the main goal
is to find TE materials that satisfy both of these con-
ditions simultaneously, which is a challenge since the
properties involved are interdependent. The maximiza-
tion of P F relies on band-structure engineering[19–21]
such as increasing band degeneracy through convergence
of bands [22, 23] or taking advantage of band structure

anisotropy[24] and non-parabolicity [25]. On the other
hand, the main strategies to minimize κtot include iden-
tifying materials with intrinsically low κlatt[26], minimiz-
ing the electronic carrier contribution, κh, through the
minimization of the Lorenz function[27, 28], or by alloy-
ing or nanostructuring procedures[22, 29–32]. Despite
the challenges, impressive achievements have been ob-
tained on the basis of such strategies [4, 12, 33–38].

The record-breaking TE performance of SnSe[13–15]
has motivated the investigation of analogue IV-VI com-
pounds with the same puckered layer structure, in order
to ascertain whether such systems also possess inherently
low κlatt and high zT . A promising candidate is germa-
nium selenide (GeSe), which, like SnSe, crystalizes in the
orthorhombic GeS-type structure shown in Fig. 1, with
a space group of D16

2h (Pnma)[39, 40].
Additional advantages that make GeSe very attrac-

tive for large applications in thermoelectrics and photo-
voltaics include chemical stability, earth-abundance, en-
vironmental compatibility and low toxicity (no lead).[41–
45] Recently, theoretical work by Ding et al.[46] put for-
ward the possibility of achieving large S and P F values
by proper p- or n-type doping of GeSe. Due to low ther-
mal conductivity and multiband effects, Hao et al.[47]
predicted an ultrahigh peak zT value of 2.5 along the
in-plane (b-axis) direction of the orthorhombic phase of
GeSe with a hole density of 6.5×1019 cm−3 at 800 K.
If this could be realized, it would outperform p-doped
SnSe. Though highly suggestive, that prediction used
the same values for relaxation times and carrier densities
as those reported for p-doped SnSe. Despite the great
potential of the orthorhombic phase of GeSe for TE ap-
plications, there are still relatively few published experi-
mental results[48].

In the present work we examine the thermoelectric per-
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Figure 1: Crystal structure of Pnma GeSe with views along each crystallographic direction: (a) perpendicular to the layer
plane, (b,c) along the layer planes. Green and gray spheres represent Ge and Se, respectively.

formance of p-doped GeSe and SnSe within the Boltz-
mann Transport equation (BTE) formalism, by explic-
itly calculating relaxation times due to hole-phonon (h-
p) and hole-impurity couplings using a comprehensive
first-principles approach. In particular, the hole-phonon
coupling was calculated by using the dual interpolation
scheme[49] of the density functional theory (DFT) band
structure[50, 51]. The phonon dispersion and h-p matrix
elements were determined by density functional pertur-
bation theory (DFPT)[52]. The carrier density for the
different axes was derived from the record-breaking trans-
port data measured in p-doped SnSe[14]. The calculated
temperature and energy dependent relaxation times al-
low for a deeper understanding of the microscopic pro-
cesses underlying the temperature-dependent transport
phenomena in p-doped GeSe and SnSe.

Our results predict a very high figure of merit for
both out-of-plane (a-axis) and in-plane (c-axis) GeSe in
a broad range of temperatures. This can be attributed
to several factors that synergistically influence the perfor-
mance: high Seebeck coefficients, extremely low Lorenz
numbers, low hole thermal conductivities, very low lattice
thermal conductivity, and a relatively large band gap. In
fact, for temperatures above 500 K, out-of-plane GeSe is
predicted to potentially have a higher zT than the record-
breaking SnSe. By extending the analysis to 900 K, we
obtain the outstanding zT values of 3.2 and 2.8 for the
out-of-plane and in-plane directions with optimal carrier
densities of 4×1019 cm−3 and 5×1019 cm−3, respectively.
We find that the total relaxation time for the out-of-plane

direction in GeSe is much higher than the corresponding
relaxation time in SnSe, demonstrating the importance
of directly calculating the relaxation times for GeSe.

II. Theoretical Approach

The hole-phonon (h-p) coupling and the scattering of
holes by ionized impurities are the microscopic processes
that determine the temperature-dependent p-type trans-
port phenomena in TE materials, such as GeSe and SnSe.
We calculate these TE transport properties from first-
principles using the many-body perturbation theory of
the h-p interaction following the Fan-Migdal approach
and the Boltzmann transport formalism. The compre-
hensive theoretical framework for the calculation of the
band (n) and momentum (k) resolved relaxation time
(RT), τn,k, is described in detail in our previous work [28]
and summarized in the Supplemental Material (SM)[53]
for easy reference. In brief, we calculate three contri-
butions to the total relaxation time. The nonpolar RT
(τnpol) comes from the short-range portion of the hole
coupling to acoustic and optical phonons, which can be
calculated using dual interpolation. The long-range por-
tion of the hole coupling with optical phonons gives rise
to the polar RT (τpol), which we determine using the
analytic Vogl formula [54–56] with the addition of Ehren-
reich screening [57]. Finally, extrinsic scattering by ion-
ized impurities (τimp) is calculated using the theory de-
veloped by Brooks and Herring (B-H) [58, 59], which
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has been extended to go beyond the parabolic band
approximation.[60]

Assuming these scattering mechanisms can be treated
independently, the total RT is determined by Math-
iessen’s rule, where the dependence of scattering times
on independent variables, including temperature (T ) and
chemical potential (µ), is shown explicitly:

1
τtot(n, k, µ, T )

=
1

τnpol(n, k, T )
+

1
τpol(n, k, µ, T )

(1)

+
1

τimp(n, k, µ, T )
.

From τtot we calculate the TE transport coefficients us-
ing the semiclassical BTE with the (non-constant) relax-
ation time approximation (RTA).[60, 61] The key quan-
tity is the momentum- and band-resolved transport dis-
tribution kernel,

Σα,β(n, k, µ, T ) = e2τn,k(µ, T )vα(n, k)vβ(n, k) , (2)

where τn,k(µ, T ) ≡ τtot is the total relaxation time and
v(n, k) is the average group velocity. The energy pro-
jected transport function can then be defined as

Σα,β(ǫ, µ, T ) =
1

Nk

∑

k

Σα,β(n, k, µ, T )
δ(ǫ − ǫn,k)

dǫ
, (3)

and is used to calculated the transport tensors in terms
of the different energy moments

I
(n)
α,β(T, µ) =

1
Ω

∫

Σα,β(ǫ, µ, T )(ǫ−µ)n

(

−
∂fµ(ǫ, T )

∂ǫ

)

dǫ .

(4)
With the experimental conditions of zero temperature
gradient (∇T = 0) and zero electric current, the trans-
port tensors yield the electrical conductivity,

σ ≡ σα,β(T, µ) = I
(0)
α,β(T, µ) , (5)

the Seebeck coefficient,

S ≡ Si,j(T, µ) = (eT )−1I
(1)
α,i(T, µ)/I

(0)
α,j(T, µ) , (6)

and the charge carrier contribution to the thermal con-
ductivity,

κh ≡ κh
i,j(T, µ) = (e2T )−1

(

I
(2)
i,j (T, µ) (7)

− I
(1)
i,α (T, µ) · I

(0)
β,α(T, µ)−1 · I

(1)
β,j(T, µ)

)

.

III. Computational details

Below are the details for calculations involving GeSe;
the details for SnSe can be found in Ref. 28. The relaxed
geometry and electronic structure of GeSe was calculated

using DFT, while the phonon dispersions and h-p matrix
elements were calculated using DFPT, both implemented
in the Quantum Espresso package[62]. We employed
fully-relativistic optimized norm-conserving Vanderbilt
pseudopotentials[63, 64] within the generalized gradient
approximation (GGA) for the exchange-correlation func-
tional according to the formulation of Perdew-Burke-
Ernzerhof (PBE)[65]. Monkhorst-Pack grids of 6×18×14
for k-point sampling and a kinetic energy cutoff of 80
Ry were employed to ensure the convergence of the to-
tal energy in DFT calculations. The energy convergence
threshold for the total energy difference between two suc-
cessive self-consistency steps was 10−11 Ry under the
Davidson-type diagonalization method. Because DFT-
GGA calculations underestimate the GeSe band gap, a
scissor operator was used to rigidly shift the conduction
bands upwards in order to attain the experimental band
gap of 1.1 eV [66, 67].

At room temperature both GeSe and SnSe crystallize
in a layered orthorhombic structure with the Pnma space
group and 8 atoms in the unit cell, shown in Fig. 1. The
melting point of GeSe occurs at 948±2 K,[68–70] but ac-
cording to Wiedemeier et al.[71], at 924K a structural
transition takes place from the orthorhombic phase to the
ideal structure of NaCl type. This is controversial since
according to Sist et al.[72] this structural phase transi-
tion occurs at the lower temperature of 907 K. For SnSe,
a second-order phase transition to the higher symmetry
Cmcm phase occurs at T∼810 K[73]. In the present work
we consider only Pnma orthorhombic structures for both
materials and thus report their transport properties for
temperatures up to 807 and 900 K for SnSe and GeSe,
respectively.

Both materials form covalently bonded layers with zig-
zag chains along the b-axis and significant corrugation
along the c-axis. Those layers are held together by much
weaker van der Waals interactions along the out-of-plane
a-axis. In order to capture such weak bonds between
layers, we employed van der Waals corrections to DFT
according to the D3 approach of Grimme et al. [74]. For
GeSe, we started from the Pnma orthorhombic config-
uration from the Materials Project[75] (mp-700) and re-
laxed the lattice parameters and atomic positions until all
atomic force components were smaller in magnitude than
1 meV/Å. The relaxed lattice constants are a = 11.02 Å,
b = 3.58 Å and c = 4.79 Å, which are in reasonable agree-
ment with the corresponding experimental values[71, 76].
Importantly, our DFT-D3 calculations accurately repro-
duce the out-of-plane lattice constant (a-axis), differing
from the experimental result at 919 K by only ∼0.1%.[71]

We used our Turbo-EPW implementation[49] to cal-
culate the RTs limited by h-p coupling, including both
contributions of nonpolar and screened polar scatter-
ings. Turbo-EPW takes advantage of the dual inter-
polation technique based on a first Wannier-Fourier
interpolation[77, 78], followed by a second interpolation
using symmetry-adapted star functions, which allows for
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Figure 2: (a) Carrier density, ncarr (green solid line), and ionized impurity concentration, nii (dashed magenta line), determined
by self-consistently matching calculations to the experimental results for a-axis p-doped SnSe reported in Zhao et al.[14]. (b)
The ratio of values in (a), nii/ncarr (blue solid line), along with the same ratio as calculated in our previous work (brown dashed
line) [28], derived from experimental results reported in Chang et al.[15] for the same axis.

efficient interpolation of h-p scattering matrix elements
onto dense meshes of electron (k) and phonon (q) wave
vectors. In the present case, the first interpolation, us-
ing maximally localized Wannier functions determined
by Wannier90[79], leads to a phonon grid of 10×40×20 q

points. The calculated electron self energy only changes
by ∼ 2% for a ninefold denser q grid, indicating that
our momentum sampling gives a well converged balance
between accuracy and computational cost. Subsequently,
M = 10 star functions per k point were used for the sec-
ond interpolation, resulting in a denser grid of 27×81×64
k points. In total this results in over 1 billion k/q pairs.

The calculation of τimp requires the static and high-
frequency dielectric constants, ζ0 and ζ∞. We have used
the experimental values[80, 81] ζ0 = 21.9, 30.4, 25.8 (45,
62, 42) and ζ∞ = 18.7, 21.9, 14.4 (13, 17, 16) for the a-,
b- and c-axis of GeSe (SnSe), respectively. We used the
same value of M = 10 star functions in the calculation of
τimp in order to obtain the same mesh for integration as
in h-p calculations. Mathiessen’s rule, Eq. (1), yields the
temperature and energy dependent τtot that is used in our
modified BoltzTraP code[60, 61] to carry out transport
calculations and determine all the TE properties.

IV. Results and discussion

A. Carrier density and ionized impurities

concentration

The thermoelectric (TE) transport properties of GeSe
depend on the carrier density, ncarr, and the concentra-
tion of ionized impurities, nii, both of which depend on
the nonequilibrium growth process and can vary between
samples. In order to make meaningful predictions we
need to determine experimentally relevant values for ncarr

and nii, including realistic temperature evolution. Due
to the structural and chemical similarities between GeSe
and SnSe, and the dearth of experimental data on GeSe,
we use the carrier and impurity concentrations derived
from SnSe experiments as a reasonable estimate for the
values in GeSe samples. This has the added benefit of
allowing direct comparison of TE properties of two ma-
terials that differ only in chemical composition.

Following the same procedure used in Ref. 60, we de-
termine ncarr and nii by self-consistently adjusting their
values in order to reproduce, within our computational
framework, the experimentally measured values of S and
σ in p-doped SnSe reported by Zhao et al.[14]. Even
though the carrier density of SnSe presents only weak
anisotropy, as inferred by Hall measurements on SnSe[13],
we considered different ncarr for the in-plane and the out-
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of-plane axes. We used the same temperature dependent
ncarr and nii derived for p-doped SnSe to calculate TE
transport properties of p-doped GeSe. For reasons of clar-
ity, in the main text we report the results for a- and b-axis
p-doped GeSe (referred to in the following as a-GeSe and
b-GeSe, respectively) using ncarr and nii derived from a-
axis p-doped SnSe. Results for c-axis GeSe (c-GeSe), as
well as the properties calculated with ncarr and nii de-
rived from b- or c-axis SnSe, are shown in Figures S1-S3.
For reasons of expedience, we approximated ncarr and nii

of GeSe at 800 K by the values obtained at 807 K for
SnSe.

Figure 2(a) shows the carrier and impurity concentra-
tions derived for a-axis p-doped SnSe as a function of T .
The results derived for b- and c-axis p-doped SnSe are
shown in the SM[53] (Figure S4). At 300 K ncarr is ap-
proximately 4.4×1019 cm−3, increases to 5.3×1019 cm−3

at 400 K, and then decreases almost linearly down to
1.5×1019 cm−3 at 700 K, all consistent with Hall mea-
surements [14]. Above 700 K our results indicate that
ncarr increases due to vacancy formation [28] reaching
2.4×1019 cm−3 at 807 K. Figure 2(b) shows the temper-
ature dependence of the ratio nii/ncarr compared to a
previous calculation of the same quantity[28] that was
based on the experimental data reported by Chang et

al.[15] for a different a-axis SnSe sample with the same
dopant. The similarity between the ratios determined in
this work and those reported in our previous work demon-
strates that these values of carrier and impurity concen-
trations are experimentally relevant and approximately
sample independent.

B. Thermoelectric transport properties

The calculated TE properties for p-doped out-of-plane
(a-axis) and in-plane (b-axis) GeSe and SnSe are shown
in Fig. 3, along with available experimental data[14]. All
four systems show similar behavior of their Seebeck coef-
ficients as a function of temperature, with S increasing
with T up to 700 K, reaching 332 µV/K (326 µV/K) for
a-GeSe (b-GeSe). Above that temperature the increase
in ncarr causes S to decrease to 319µV/K (311µV/K)
at 800 K. For temperatures above 600 K the calculated
GeSe Seebeck coefficients are slightly higher than those
of SnSe, in close agreement with previous theoretical find-
ings. [46, 47] As pointed out by Hao et al.[47], p-doping
in both materials induces a multiband effect that leads
to an enhancement of S.

The electrical conductivity, σ, of all four systems shows
the expected exponential decrease with temperature to
700 K, remaining nearly constant up to ∼800 K. Both
axes of GeSe present σ values that are intermediate to
those of a- and b-SnSe. As has been found previously,
the in-plane electrical conductivity of GeSe is much lower
than that of SnSe.[47] However, the out-of-plane σ of
GeSe is greater than its in-plane σ and much higher than
the out-of-plane conductivity in SnSe. This is a direct

consequence of the low scattering rate by ionized impuri-
ties for holes close to the valence band maximum (VBM)
of a-GeSe, as will be discussed further below.

Similarly, the thermal conductivity due to hole trans-
port, κh, also decreases with temperature up to 700 K
and increases again for both materials between 700 and
800 K. The Lorenz function, defined as Λ = κh/(σT ),
is shown in Fig. 3(e), along with a red dashed line
at the non-degenerate limit for semiconductors, Λnd =
2(kB/e)2 = 1.485×10−8V2K−2. It has been shown previ-
ously that Λ can be much smaller than Λnd when a rigor-
ous first-principles approach is used instead of simplified
band structures and scattering processes [82, 83]. Ad-
ditionally, even for simplified bands, Thesberg et al.[84]
have shown that Λ can deviate markedly from Λnd due
to multiband effects even if there is no explicit interband
scattering. Both axes of GeSe have very small values
of Λ that remain below Λnd throughout the tempera-
ture range. The Lorenz function for in-plane SnSe shows
higher (lower) values than both axes of GeSe for temper-
atures below (above) 500 K. Even though a-SnSe also
presents very low values of Λ, it is the highest of the
four systems studied. Furthermore, it shows an abrupt
enhancement above 700 K that is caused by a slight
decrease in σ accompanied by a considerable increase
in κh. Finally, the hole thermoelectric figure of merit,
zTh = S2/Λ, is shown in Fig. 3(f). zTh values are quite
similar for both materials throughout the entire temper-
ature range, except for a-SnSe that exhibits a sharp de-
crease at 800 K mirroring the increase in Λ.

C. Dominant Scattering mechanisms and

Relaxation times

In order to understand the temperature-dependent
transport phenomena in GeSe and SnSe, we extensively
analyzed their carrier scattering mechanisms. Figure 4
shows the relaxation times (RT) at 300 K due to nonpo-
lar (τnpol) and screened Fröhlich polar (τpol) scattering
arising from the hole-phonon coupling, as well as scatter-
ing by ionized impurities (τimp) and the total RT (τtot)
based on Mathiessen’s rule, Eq. 1. These RTs are cal-
culated as a function of the hole band and momentum,
but plotted as a function of the hole energy using the
following conversion:

τ(ǫ) =

∑

n,k τn,kvn,kvn,kδ(ǫ − ǫn,k)
∑

n,k vn,kvn,kδ(ǫ − ǫn,k)
. (8)

In the SM[53] we provide additional details about the
temperature dependence of the RTs as well as compar-
isons between the RTs for different systems and axes.

Due to the effectiveness of screening in these doped
systems, τpol is by far the largest RT, demonstrating that
the Fröhlich coupling does not contribute significantly
to the transport properties along either axis of p-doped
GeSe. For both axes of GeSe we observe that τimp is
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Figure 3: Calculated TE transport properties of p-doped GeSe and SnSe as functions of temperature, along with available
experimental data on p-doped SnSe reported by Zhao et al.[14]. (a) Seebeck coefficient S, (b) electrical conductivity, σ, (c)
power factor, PF, (d) thermal conductivity due to the hole transport, κh, (e) Lorenz function, Λ, with a dashed red line at Λnd

(see text), and (f) the hole figure of merit, zTh.

competitive with τnpol near the VBM at E = 0. For
energies well below the VBM τimp is quickly overtaken
by τnpol. Comparing the results for the two axes in GeSe,
we observe the total RTs are quite similar in magnitude
and present similar energetic behavior, as can also be
clearly seen in Figure S5.

For SnSe the scenario is more complex because τnpol ex-
hibits non-monotonic dependence on the hole energy with
a minimum around E = −0.5 eV. In this case, τimp dom-
inates the carrier scattering near the VBM for a-SnSe,
while for b-SnSe τnpol and τimp compete with each other.
τnpol becomes dominant in the range of E = −0.8 to −0.2
eV, and the two mechanisms are comparable for lower en-
ergies. This complicated energy dependence of the RTs
strongly affects the TE transport properties. In particu-
lar, it is responsible for the increase of κh at 807 K for
a-SnSe, since the enhancement of τnpol and greater impor-
tance of scattering at higher energies increases the inte-
gral that appears in the calculation of κh[28]. A detailed
comparison between the RTs for both axes in p-doped
SnSe is presented in the SM[53] (Figs. S6, S7, S8 and S9),
demonstrating that near the VBM τtot is largely deter-
mined by τimp. Thus, it is the higher τimp that causes
b-SnSe to have a larger τtot than a-SnSe throughout the
full range of temperatures studied.

By carefully comparing the total RTs of both materi-
als, we observe that GeSe presents higher RT close to
the VBM, which can be attributed mainly to the weaker
scattering of holes by ionized impurities (see Figs. S6
and S10). Since all other contributions to τimp are com-
parable in size, it must be the screening function Fimp

that appears in the denominator of Eq. (S8) which leads
to the larger RT. Hence, it is the greater effectiveness of
the screening that raises the RT for GeSe. On the ba-

sis of Figures S10-S13 the use of SnSe RTs to estimate
the thermoelectric figure of merit for GeSe cannot be
justified, since we see that the SnSe RTs are generally
smaller near the VBM. Fig. S11 clearly shows that such
an approximation would significantly underestimate the
RT for a-GeSe. In addition, the clear variations in RT
with hole energy is a strong argument against the use of
the constant relaxation time approximation, which is in
line with recent investigations on many materials.[85, 86]

D. Average hole group velocities and Transport

distribution function

The average hole group velocities as a function of en-
ergy can be derived from the calculated band structure:

v(ǫ) =

√

√

√

√

∑

n,k

∣

∣

∣

∣

∂ǫn,k

∂k

∣

∣

∣

∣

2

δ(ǫ − ǫn,k)

/

∑

n,k

δ(ǫ − ǫn,k) . (9)

The group velocities, together with the energy dependent
transport distribution function, Σ(ǫ), are shown in Fig. 5
for in-plane and out-of-plane GeSe and SnSe. Clearly, b-
SnSe has the highest velocities around the VBM resulting
in high electrical conductivity. Along the same line, the
lowest velocities in a-SnSe are responsible for its inferior
overall TE properties. Close to the VBM, GeSe presents
intermediate values for v(ǫ) and Σ(ǫ), higher than a-SnSe
and lower than b-SnSe. Since the Seebeck coefficients of
a-GeSe and b-GeSe are similar, it is the higher hole ve-
locity, which leads to higher electrical conductivity, that
results in the larger P F for a-GeSe. For GeSe, the ve-
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Figure 4: Relaxation times (RTs) at 300 K as a function of hole energy for (a) p-doped GeSe (a-axis), (b) p-doped SnSe (a-axis),
(c) p-doped GeSe (b-axis) and (d) p-doped SnSe (b-axis). Each panel includes the screened Fröhlich polar scattering of optical
phonons (τpol, blue), nonpolar scattering of acoustic and optical phonons (τnpol, green), scattering by ionized impurities (τimp,
purple), and the total RT calculated with Mathiessen’s rule (τtot, grey). The zero of the energy scale corresponds to the VBM.

locities smoothly increase as hole energy increases away
from the VBM, except for highly energetic holes in b-
GeSe. On the other hand, for b-SnSe the velocities are
high at the VBM, but they decreases with hole energy,
becoming smaller than those of GeSe for holes between
−0.3 eV to −0.6 eV. For GeSe, higher velocities at high
hole energies contribute to the increase of κh between 700
and 800 K. In general, the behavior of Σ(ǫ) follows that
of the velocities.

E. Outstanding thermoelectric performance of

GeSe

In order to calculate the TE figure of merit, zT , we
need an estimate of the total thermal conductivity, κtot.
For SnSe we use the experimental values measured by
Zhao et al.[14]. Since the necessary measurements have
not yet been made for GeSe, we rely on theoretical results
based on the Debye-Callaway theory for lattice thermal
conductivity [47], to which we add our calculated hole
thermal conductivities. The resulting total thermal con-

ductivity for both SnSe and GeSe is plotted in Fig. S14.
The thermal conductivity is nearly the same for a-axis
GeSe and SnSe, though at the highest temperatures it
is slightly lower for a-GeSe. In-plane b-GeSe exhibits
higher total thermal conductivity than out-of-plane GeSe
throughout the temperature range, but it is compara-
tively lower than b-SnSe.

Both contributions to the total thermal conductivity
are extremely low in GeSe. First, due to the relatively low
electrical conductivity in GeSe and extremely low Lorenz
numbers, carrier thermal conductivity is also very small.
Second, GeSe displays strong anharmonicity as quanti-
fied by its large Grüneisen parameters that are compa-
rable to or even larger than the Grüneisen parameters
for SnSe [47]. Such anomalously high Grüneisen parame-
ters of GeSe are a consequence of its hinge-like structure,
distorted GeSe polyhedral, and van der Waals gaps in
the out-of-plane direction that efficiently scatter phonons.
Since the measured κtot for SnSe is extremely low, we ex-
pect the lattice contribution, κlatt, to be extremely low
for GeSe also.

In view of its relatively high Seebeck coefficients and
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extremely low Lorenz numbers, coupled with an ultralow
κtot, we predict outstanding TE performance for out-of-
plane GeSe, as can be seen in Fig. 6. In particular, a-
GeSe has zT values that equal or even exceed the record-
breaking performance of b-SnSe at temperatures above
500 K. This result would be missed if we assumed that the
RTs for GeSe were the same as SnSe along the correspond-
ing crystallographic axis. Along with a-GeSe, high TE
performance has also been obtained for c-GeSe through-
out the whole temperature range, while b-GeSe has com-
paratively lower TE performance. It is important to em-
phasize that GeSe, just like SnSe, presents high zT over
a wide temperature range, which is a consequence of its
relatively large band gap.[87] Furthermore, we continue
to find a high figure of merit for out-of-plane GeSe when
using ncarr and nii derived from b- and c-SnSe data (see
Figures S15 and S16).

The figure of merit is increased for high power factors
and low thermal conductivities. It is instructive to com-
pare these contributions to zT for each of the systems
studied here. For SnSe, the out-of-plane direction has a
low power factor and a low thermal conductivity, and the
former dominates, leading to a (relatively) low zT value.

In contrast, the in-plane direction has a high power fac-
tor and a high thermal conductivity, and once again it
is the power factor that dominates, this time yielding
a high zT value. Compared to its SnSe counterpart, b-
GeSe has much lower power factor as well as a somewhat
lower thermal conductivity, producing a comparably low
zT value. The surprise, at least with reference to SnSe,
is that a-GeSe maintains a very low κlatt without the
dramatic decrease in P F shown by a-SnSe.

It is important to note that the calculation of κlatt is
very challenging. For SnSe there is a long debate about
κlatt in the experimental literature[88–91] as well as
questions regarding the comparison with first-principles
calculations[89]. Similarly, the intrinsic thermal conduc-
tivity of GeSe is likely to be the subject of intense debate.
Therefore, we re-calculated the value of zT for GeSe us-
ing values for κlatt determined by Yuan et al.[92] based
on third-order force constants. Their values of κlatt are
noticeably higher, leading to a lower prediction for zT
as shown in the SM[53] (Figure S17). Even with the
larger κlatt, a-GeSe presents reasonable TE performance,
reaching zT = 1.56 at 800 K for ncarr and nii derived
from a-SnSe. Though the approach of Yuan et al.[92]
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is more realistic than Debye-Callaway theory, the exam-
ple of chalcogenides has shown that including additional
factors such as thermal expansion, anharmonic phonon
renormalization, four-phonon scattering, and impurity
scatterings all generally serve to reduce the calculated
values of κlatt[89, 93], bringing them closer to the sim-
pler Debye-Callaway approximation. Since doped GeSe
is a strongly anharmonic material, it is not unreasonable
that the Debye-Callaway method might yield reasonable
results, as it has for other low-conductivity thermoelec-
tric compounds.[94]

Since GeSe should maintain its P nma structure at
higher temperatures than SnSe, we extend our analysis
to 900 K. At that high temperature we estimate κlatt

using a 1/T extrapolation [95] of the theoretical calcula-
tions done by Hao et al. [47] To that result we add κh

calculated within our current framework. However, due
to its phase transition, there is no SnSe transport data at
900 K that we can use to determine ncarr and nii. Instead,
we scan over a range of ncarr and the ratio nii/ncarr and
carry out transport calculations by solving the BTE for
each pair of values. The density ncarr is varied between
1×1019 cm−3 and 10×1019 cm−3 in 10 equally spaced
steps, while for each value of ncarr, nii/ncarr was varied
between 0.8 to 2.0 in steps of 0.2.

The calculated zT values along all three crystallo-
graphic axes of GeSe at 900 K are shown as a function of
ncarr and nii/ncarr in Fig. 7. The out-of-plane direction
presents the highest performance in comparison to the
other axes, reaching the ultrahigh value of zT = 3.2 at
optimal ncarr = nii = 4×1019 cm−3. It is important to
note that zT remains very high even if the ratio nii/ncarr

increases. For example, zT = 3.06 when nii/ncarr = 2,
indicating a high performance with zT larger than 3 even
if nii is doubled. Horizontal line cuts at fixed ratios are
shown in Fig. S18, clearly demonstrating that a tenfold
increase in the ratio nii/ncarr can still lead to great perfor-
mance provided ncarr is correspondingly increased. For

example, with nii/ncarr = 10, an optimal value of ncarr =
6×1019 cm−3 yields zT = 2.7. Fig. S18 also shows the
robustness of the high zT values as ncarr is varied. For
instance, zT ≥ 3 for ncarr between 3×1019 cm−3 and
6×1019 cm−3 when nii/ncarr = 1. Though not as im-
pressive as the out-of-plane direction, the two in-plane
directions still exhibit relatively high zT values at 900 K,
namely, zT = 2.0 (2.8) for the optimal ratio ncarr = nii =
5×1019 cm−3 for the b-axis (c-axis).

V. Conclusions

In summary, we applied extensive first-principles cal-
culations within the BTE framework to throughly inves-
tigate the temperature dependence of the TE transport
properties of the orthorhombic Pnma phase of p-doped
GeSe and SnSe. These calculations were done for values
of the carrier density that yielded the record-breaking
TE performance of p-doped SnSe.[14] We explicitly cal-
culated the RTs due to nonpolar and screened Fröhlich
polar h-p scattering, as well as the RT associated with
the scattering by ionized impurities. The obtained tem-
perature and hole-energy dependent RTs provide insight
into the microscopic origin of the transport properties in
p-doped GeSe and SnSe.

Our results indicate that the calculated GeSe Seebeck
coefficients, S, are slightly higher than those of SnSe
at temperatures above 600 K, while both axes of GeSe
present electrical conductivity values that are intermedi-
ate between those of a- and b-SnSe. Importantly, both
axes of GeSe exhibit Lorenz numbers below the non-
degenerate limit of semiconductors. In-plane SnSe also
has very low values for the Lorenz function Λ, and at tem-
peratures above 500 K they are the same or even smaller
than those of in-plane GeSe. On the other hand, a-SnSe
possesses the highest Λ among all studied systems. Those
results for Λ are directly correlated with TE performance,
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in which a low Λ plays a beneficial role in obtaining a high
zTh.

All axes of GeSe have quite low thermal conductiv-
ity κtot, which is a consequence of relatively low σ that
yields low hole thermal conductivity, and high anhar-
monicity [47] that leads to predictions of low κlatt. Com-
bined with the high Seebeck coefficients, extremely low
Lorenz numbers, and a relatively large band gap, our
calculations predict an outstanding TE performance for
both out-of-plane (a-axis) and in-plane (b- and c-axis)
GeSe throughout a wide range of temperatures. Above
500 K the out-of-plane direction has zT values equal to
or greater than the record-breaking performance of b-
SnSe. By extending the analysis of the TE performance
of GeSe to 900 K, we find that the out-of-plane direc-
tion still presents the highest performance compared to
other axes, reaching an ultrahigh zT = 3.2 at the opti-
mal carrier density of 4×1019 cm−3. In addition, the two
in-plane axes also have impressive figures of merit, with
zT = 2.0 (2.8) for the b-axis (c-axis) with optimal carrier
density of 5×1019 cm−3. It is important to point out that
the total RTs of out-of-plane GeSe are much higher than
those of a-SnSe. Thus our results for the out-of-plane
direction could not be anticipated by calculations using
the same RTs as those for SnSe. [47]

Finally, it is also important to point out that intrinsic
GeSe possesses low carrier density. To date Ge substitu-
tion by Ag is the most effective method of doping, en-
abling a hole density up to ∼ 1018 cm−3 and zT ≈ 0.2 at
700 K for polycrystalline GeSe. [48] This experimental re-
sult is far below our highest theoretically predicted value
of zT = 3.2 at 900 K, which can be attributed to the
low carrier density that is far below our predicted opti-

mal carrier density of ∼ 1019 cm−3. Our results indicate
that there is enormous room for further improvement in
the TE performance of GeSe by increasing the doping to
optimal carrier density.

Supplemental Material

Extra data and analyses are provided in the Supple-
mental Material.
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