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With ~60% of global energy lost as heat, technologies such as thermoelectric generators (TEGs) are an
important route to enhancing the efficiency of energy-intensive processes. Optimising thermoelectric
(TE) materials requires balancing a set of interdependent physical properties to meet efficiency, cost and
sustainability requirements, and is a complex materials-design challenge. In this study, we demonstrate a
fully first-principles modelling approach to calculating the properties and thermoelectric figure of merit ZT
and apply it to the orthorhombic and rhombohedral phases of GeS and GeSe. While p-doped Pnma GeS
and GeSe do not match the performance of the Sn analogues, due to a smaller electrical conductivity ¢ and
larger lattice thermal conductivity ki.w, We predict a large ZTax = 2.12 for n-doped Pnma GeSe at 900 K,
which would make it a good match for p-type SnSe in a thermoelectric couple. Moreover, with n-type
doping the ¢ is largest along the layering direction and aligns with the minimum ko, and a much larger

Received 17th August 2023, ZTmax > 3 could potentially be accessible with control over the growth direction. We also predict that

Accepted 9th October 2023 p-doped R3m GeS and GeSe can achieve an industrially-viable ZT > 1, through a high ¢ counterbalanced

DOI: 10.1039/d3tc02938g by a large thermal conductivity, and experiments indicate this can be further improved by alloying. Our
results therefore strongly motivate further study of the under-explored Ge chalcogenides as prospective TEs,

rsc.li/materials-c with a particular focus on strategies for n-doping the Pnma phases.

1 Introduction At present, around 60% of the energy consumed globally is

8,9

Energy underpins every aspect of modern human life. Despite
substantial progress in renewable energy technologies such as
wind and solar power, fossil fuels remain the leading energy
resource in many countries, and demand is still increasing.
However, fossil fuels are a finite resource, and the CO, and
other emissions from extracting and burning them have serious
impacts on the climate and on human health.” To reduce our
reliance on fossil fuels, it is critical both to develop a portfolio
of clean energy technologies and to improve the efficiency with
which we use energy.>”
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wasted as heat,”” which has led to substantial interest in
thermoelectric generators (TEGSs) to convert heat to electricity
and thereby improve the efficiency of energy-intensive processes.
TEGs are solid-state devices that extract electrical energy from a
temperature gradient and are easily scalable to a range of
applications including in the automotive, manufacturing and
power-generation industries.” The performance of a thermo-
electric material can be described by the dimensionless figure
of merit ZT:°
2r-_ 57 1 (1)
Kel + Klatt

where S is the Seekbeck coefficient, ¢ is the electrical conductivity,
$% is the power factor (PF), T is the absolute temperature, and k¢
and K, are the electronic and lattice (phonon) contributions to
the thermal conductivity. To first approximation, S, ¢ and k¢ are
interrelated through the carrier concentration 7 such that the best
balance of a large PF and minimal . is typically obtained for
heavily-doped semiconductors. On the other hand, k. is largely
independent of the electrical transport and must be minimised to
obtain a large ZT.

A wide variety of inorganic materials have been explored as
thermoelectric (TE) materials, including chalcogenides,'®™* metal
oxides,””™® clathrates,’®?* and skutterudites.”>?® The current
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industry-standard TEs are Bi,Te; (ZTax & 1 from 359-450 K) and
PbTe (ZTmax = 2.2 at 915 K).>’">° However, Pb is toxic and Te has a
low terrestrial abundance of ca. 1 ppb,*® comparable to Pt, and is
required for other technologies such as photovoltaics. This makes
it impractical to deploy TEGs based on either material at scale.’

Given that chalcogenides often show the required balance of
favourable electrical properties and low k.., much research has
focused on alternative compositions. The electrical properties
required for a high-performance TE are similar to those needed
for many other optoelectronic applications, and the Sn and Ge
monochalcogenides SnS/SnSe and GeS/GeSe have both been
widely explored as absorber materials for thin-film solar
cells.’’® SnSe has been identified as an extremely promising
TE material with an ultra-high bulk ZTy.« ~ 2.6 at 923 K,*” a
good ZT over a wide temperature range of 300-773 K,*® and an
even higher polycrystalline ZTpa ~ 3.1 at 773 K.*° SnS shows
very similar structural chemistry to SnSe, and is advantageous
due to the higher abundance and lower toxicity of S, but has yet
to demonstrate comparable TE performance.**™*?

The Ge chalcogenides exhibit similar structures and opto-
electronic properties to the Sn analogues, but their TE perfor-
mance is less well characterised. However, Ge is 1000x more
abundant than Te and less toxic than Pb,** making GeS and
GeSe attractive as prospective TEs. A small number of computa-
tional studies have predicted the orthorhombic Pnma phase of
GeSe to have a large ZT,,,x = 2.5 at 800 K, competitive with SnSe,
and Pnma GeS to attain ZT,,. = 0.73 at 700 K, close to the
industry-standard ZT = 1.***> More recently, the R3m phase of
GeSe was also reported to show a ZT > 1.%¢

In our previous work on the tin chalcogenides we developed
a workflow for calculating the four parameters in the ZT
equation (eqn (1)) from first principles, which was found to
give accurate predictions for the well-characterised Pnma SnS
and SnSe.'" In this work, we apply a similar approach to predict
the electrical and thermal transport properties of the Pnma and
R3m phases of GeS and GeSe, with good agreement to available
experimental data.””>° By considering both p- and n-type
doping, we predict that n-type Pnma GeSe has the highest
potential ZT,,,x of 2.12 at 900 K, at a realistic doping level of
6 x 10" cm®, which would make it a good partner for p-type
SnSe in a thermoelectric couple. Moreover, the n-doped material
is predicted to show the largest ¢ and lowest k. along the
layered b direction, potentially yielding a much larger ZT > 3 if
the growth direction can be controlled. We also predict that the
R3m phases can potentially attain ZT' > 1 at mid-to-high
temperature, which experiments suggest can be improved by
suppressing the ki, through alloying.

2 Computational methods

Pseudopotential plane-wave density-functional theory (DFT)
calculations were performed using the Vienna ab initio Simulation
Package (VASP) code.”

Initial crystal structures of Pnma GeS and GeSe were taken
from ref. 52, and the R3m structures of the two chalcogenides
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were derived from the GeTe structure reported in ref. 53 by
replacing the chalcogen atom. The rocksalt structure of GeSe
was taken from ref. 54, and rocksalt GeS was prepared from this
by substituting Se with S.

All six structures were fully optimized using a plane-wave
cutoff of 550 eV and tight tolerances of 10~ eV and 1072 eV A™*
on the electronic total energy and forces, respectively. The
dispersion-corrected PBEsol+D3 method>>*° was chosen to model
the electron exchange and correlation based on our previous
work.>”® Projector-augmented wave (PAW) pseudopotentials®®°
were used to model the ion cores with the following valence
configurations: Ge 3d'%4s°4p?; S 3s5°3p®; and Se 4s°4p®. I'-centred
Monkhort-Pack k-point meshes with 7 x 3 X 9,7 X 7 X 7 (7 X 7 X
2)and 10 x 10 x 10 (6 x 6 x 6) subdivisions were used to sample
the Brillouin zones of the Pnma and primitive (conventional) R3m
and rocksalt unit cells, respectively.

Supercell finite-displacement phonon calculations were per-
formed using the Phonopy package,* and the lattice thermal
conductivities were computed using the Phono3py code.®” The
second-order (harmonic) force constants were obtained using a
displacement step of 10> Awith 4 x 2 x 4,4 x 4 x 2 and 3 x
3 x 3 supercell expansions of the Pnma, R3m and rocksalt
conventional cells, respectively, containing 256, 192 and 216
atoms. The third-order (anharmonic) force constants for the
Pnma and R3m structures were obtained using a displacement
step of 3 x 107> A with 2 x 1 x 2 and 3 x 3 x 1 supercells
containing 32 and 54 atoms. (As explained below, we did not
attempt thermal-conductivity or electronic-structure calcula-
tions on the rocksalt structures due to the presence of imagin-
ary modes in the phonon spectra.) During post-processing,
transformation matrices were applied to the R3m and rocksalt
structures to transform to the primitive cells.

To evaluate the atom-projected phonon density of states
(PDoS) curves, the phonon frequencies were interpolated onto
uniform I'-centered g-point meshes with 28 x 13 x 36, 28 x
28 x 28, and 40 x 40 x 40 subdivisions for the Pnma, R3m, and
rocksalt phases, respectively. The phonon dispersion curves were
evaluated by interpolating the frequencies onto strings of g-points
passing through the high-symmetry points in the respective Bril-
louin zones. Non-analytical corrections at ¢ — I" were included to
model the splitting between the longitudinal and transverse optic
modes (ie., LO/TO splitting) using the approach in ref. 63. The
required Born effective charges Z* and high-frequency dielectric
constants &,, were computed using PBEsol+D3 and density-func-
tional perturbation theory (DFPT).** The ri, was calculated within
the single-mode relaxation-time approximation (SM-RTA) based on
modal properties calculated on I'-centered g-point meshes with
16 x 8 x 16 and 24 x 24 x 24 subdivisions for the Pnma and R3m
phases, respectively. We found that LO/TO splitting has a negligible
impact on the k., of the four systems (Fig. S1, ESIT).

Electronic-structure calculations were performed using
the HSE06 hybrid functional®® to obtain accurate electronic
bandgaps E, and were used as the basis to model the electronic
transport properties with the AMSET code.®®

Uniform band structures were calculated using PBEsol+D3
and k-point meshes with two times the number of subdivisions

This journal is © The Royal Society of Chemistry 2023
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along each reciprocal lattice vector as the meshes used for the
geometry optimisations (2.5x for R3m GeS), and a scissors
operator applied to increase the E, to the HSE06 values. Four
scattering mechanisms were considered to determine the
electronic relaxation times, viz. acoustic deformation potential
(ADP), piezoelectric (PIE), polar optical phonon (POP), and
ionized impurity (IMP) scattering. The high-frequency dielec-
tric constants &, were obtained as the real part of the energy-
dependent dielectric function &(E) = &..(E) + i&im(E) at E = 0. The
¢(E) were calculated using HSE06 within the independent-
particle approximation, from a sum over transitions between
occupied and virtual electronic states,** and with the number
of bands in the calculations increased to 2x and 3x the
defaults for the Pnma and R3m phases, respectively, to ensure
convergence. The static dielectric constants, elastic constants
and piezoelectric moduli were obtained using the finite-
difference routines in VASP with PBEsol+D3. The POP fre-
quency was obtained from the I'-point phonon frequencies
and the Z* determined using PBEsol+D3 and DFPT.** We note
that PIE scattering is only relevant for the R3m systems, since
the Pnma structure is centrosymmetric and the piezoelectric
moduli vanish by symmetry.

For the HSE06 calculations, the semi-core Ge 3d electrons
were subsumed into the pseudopotential cores, which we found
had very little impact on the electronic-structure calculations
but significantly reduced the computational cost of the hybrid
calculations. Whereas the k-point meshes used for the geometry
optimisations were sufficient to converge the E, and ¢, of the
Pnma phases, explicit testing indicated that denser sampling was
required in calculations on the R3m phases. For these systems,
we therefore employed the non-self-consistent approach docu-
mented in previous work,”” after verifying that the E, and &..
obtained using both methods and the “base” k-point meshes
gave quantitatively similar results. Convergence tests and a
comparison of the self-consistent and non-self-consistent
HSEO06 calculations can be found in Section 1 of the ESI.}

3 Results and discussion
3.1 Structures and lattice dynamics

A feature of the group IV-VI chalcogenides is the rich structural
chemistry related to the stereochemical activity of the tetrel
lone pairs.>”**%® Under ambient conditions, GeS and GeSe
both adopt the “pseudo 2D” layered Herzenbergite structure
formed by SnS and SnSe with the orthorhombic Pnma space-
group (Fig. 1(a)). Pnma GeSe is also known to transform to the
rhombohedral phase (space group R3m; Fig. 1(b)) adopted by
GeTe under low hydrostatic pressure.”® GeSe has also been
proposed to form the cubic rocksalt structure (space group
Fm3m; Fig. 1(c)) adopted by the Pb chalcogenides at elevated
temperature and under pressure.®>’® A variety of other mono-
chalcogenide phases are also reported,”"”* but we focus here
on the Pnma, R3m and rocksalt phases.

In the high-symmetry cubic Fm3m structure both the tetrel and
chalcogen atoms occupy six-fold coordinated octahedral sites.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structures of the Pnma (a), R3m (b). and rocksalt (Fm3m) (c) phases
of GeS and GeSe. Purple and yellow spheres denote the Ge and chalcogen
atoms, respectively. The R3m and Fm3m structures are shown in the
conventional cells. These figures were generated using VESTA.”*

The rhombohedral R3m structure is derived from the rocksalt
structure by a small displacement of the cations from their
ideal positions, which results in both atoms forming three
short and three long bonds. The Pnma phase can be considered
a further distortion to the rocksalt structure in which every
other unit cell along the b axis is offset, resulting in a pseudo
2D layered structure in which the Ge and S atoms each form
two short and one long bond. This structure enables the Ge**
cations to have an active 4s> lone pair, which projects into the
interlayer space and supports a van der Waals interaction
between adjacent layers.”

The optimized lattice constants are compared to previous reports
in Table S3 in the ESL The lattice parameters for the Pnma phases
are in good agreement with previous measurements.>>”” The lattice
parameters for rocksalt and R3m GeSe are underestimated by 3.5%
and 2.5% compared to experiments, which we attribute to the
measurements in ref. 54 and 50 being carried out at finite tempera-
ture and therefore including an appreciable amount of thermal
expansion compared to our “athermal” DFT optimisations.’® There
are some discrepancies between our calculations on the R3m and
rocksalt phases and other theoretical work,”®”” which we attribute
primarily to the tendency of the PBE functional employed in these
studies to overestimate lattice constants and cell volumes compared
to PBEsol+D3.

The phonon dispersion and density of states (DoS) curves of
the Pnma, R3m and rocksalt phases of GeS are shown in Fig. 2.
The unit cell of Pnma phase contains n, = 8 atoms, and the
primitive cells of the R3m and rocksalt phases contain n, = 2
atoms, resulting in 3n, = 24 and 3n, = 6 branches at each
wavevector g in the respective phonon dispersions. The phonon
dispersion of Pnma GeS, with the most phonon bands, is notably
more complex than those of the R3m and rocksalt phases. The
lower symmetry of the R3m phase and consequent lower band
degeneracy also results in a more complex phonon spectrum than
for the rocksalt structure. The atom-projected DoS (PDoS) curves
for Pnma and R3m GeS show that the lower- and higher-frequency
modes are dominated by motions of heavier Ge and lighter S,
respectively. Pnma GeS also shows a clear separation between the
12 lower- and higher-frequency modes and a prominent “phonon
bandgap”. In contrast, while the PDoS of rocksalt GeS also shows
a low-frequency feature dominated by Ge motion, there is con-
siderable overlap between Ge and S at higher frequencies.
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Fig. 2 Phonon dispersion and density of states (DoS) curves of (a) Pnma,
(b) R3m, and (c) rocksalt GeS. In each DoS plot, the total DoS is shown by a
black line and the atom-projected DoS (PDoS) of the Ge and S atoms is
shown by green and red shaded curves.

The calculated phonon spectra of the three GeSe phases
(Fig. S4, ESIt) show similar features, with the notable exception
that the PDoS of Pnma and R3m GeSe shows contributions from
both atoms across the full range of phonon frequencies.
Similarly, while there is some “splitting” in the PDoS of rock-
salt GeSe, it is less prominent than in GeS. The extent of the
splitting can be attributed to both the mass differences between
Ge and S/Se, and to the nature of the bonding in the different
structure types. Comparison of the spectra of GeS and GeSe also
shows that the latter span a narrower range of frequencies,
which is primarily due to the inverse relationship between
frequency and atomic mass.

Whereas the phonon dispersion curves of both pairs of Pnma
and R3m structures show real frequencies across the Brillouin
zone, the two rocksalt structures show prominent imaginary
modes at the g = I' wavevector, indicating that the high-
symmetry cubic phase is dynamically unstable. The position of
the imaginary modes further indicates that the energy-lowering
distortion can be represented in the primitive cell, and therefore
likely corresponds to a cation off-centering to the R3m structure.
This in turn suggests that the high-temperature rocksalt
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structure observed in experiments may be a crystallographic
average over locally-distorted R3m domains. The predicted dyna-
mical stability of Pnma GeS/GeSe and R3m GeSe is consistent
with previous studies,”®”® as is the instability of rocksalt GeSe.”®

There is, however, an interesting contrast with the anala-
gous rocksalt SnS and SnSe. Rocksalt SnS is dynamically
unstable under ambient conditions, but the imaginary mode
lies at g = X rather than g = I', indicating a different type of
energy-lowering distortion.””*® In contrast to both SnS and
GeSe, rocksalt SnSe is dynamically stable.®

The calculations in ref. 76 predicted R3m GeS to be dyna-
mically unstable with a small imaginary mode along the I’ — X
and I' — L directions in the phonon dispersion. We attribute
this discrepancy to an overestimation of the unit-cell volume
with PBE, which has been shown in some cases to introduce
unphysical imaginary modes into phonon spectra.®® Neverthe-
less, to rule out possible technical issues, we tested a series of
second-order supercell expansions containing 300-648 atoms,
but did not observe imaginary modes in any of these calcula-
tions (Fig. S5, ESIY).

Given the dynamical instability of the rocksalt structures, we
focus on the Pnma and R3m phases in the remainder of this study.

3.2 Electronic transport properties

The calculated electronic band structures and density of states
(DoS) curves of Pnma and R3m GeSe are presented in Fig. 3, and
those of GeS are presented in Fig. S6 (ESIt). For both Pnma
phases the conduction band minima (CBM) and valence band
maxima (VBM) lie at different points along the I' — X direction,
resulting in indirect bandgaps of E, = 1.32 and 1.17 eV for GeS
and GeSe, respectively. The CBM and VBM of the two R3m
phases are both located at the k = L wavevector, as in the
rocksalt Pb and Sn chalcogenides,""®" resulting in a direct gap
of E; = 0.3 eV for both systems. These predictions are generally
in very good agreement with experimental measurements and
previous calculations.*>*>®> We note, however, that previous
computational studies on R3m GeS and GeSe predicted much
larger E,,””*® which we attribute to insufficiently dense k-point
meshes (¢f Table S2 and Fig. S2/S3, ESIf). The calculated
bandgaps of Pnma GeS and GeSe are larger than the 0.93 and
0.82 eV predicted for Pnma SnS and SnSe in our previous
work.'’ On the other hand, the E, of the R3m phases are
considerably smaller than the 0.6 eV we predicted for rocksalt
SnS and SnSe,"" which suggests the rhombohedral distortion in
GeS and GeSe may lead to a significant narrowing of the gap.

Having verified our calculated bandgaps, the electronic-
structure calculations were used as the basis for electronic-
transport calculations using semi-classical Boltzmann transport
theory and an approximate model of the electron relaxation
times.*>%

The transport properties are determined from the spectral
conductivity ¥ and the nth-order moments of the generalised
transport coefficients £ given by:**>%8

X, T)= Z J.éuk/ ®Q vtk (T)0 [b — bk,} dk (2)
j

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Electronic band structures and density of states (DoS) of (a) Pnma and (b) R3m GeSe obtained using the HSEO6 hybrid functional. On each band
structure, the valence and conduction bands are shown in blue and orange, respectively, the valence-band maximum and conduction-band minimum
(VBM/CBM) are marked by green and red circles, and the VBM is set to O eV.

LT = eZJE(s, T)(e —ep)" {— W} de 3)

e
The ¢y, vi; and 14 are the energies, group velocities and
relaxation times, respectively, of electrons with wavevector k
and band index j. e is the elementary charge. f°(¢,T) is the
Fermi-Dirac distribution given by:

1
S T) = expl(e — ep)/kpT]| + 1 (4)

where ¢ is the Fermi energy and kg is the Boltzmann constant.

The ¢, and vy, are obtained from a high-quality electronic-
structure calculation. The electron relaxation times 14; in eqn (2)
are computed from four scattering processes, viz. acoustic
deformation potential (ADP), piezoelectric (PIE), polar optical
phonon (POP) and ionised impurity (IMP) scattering, according
to Matthiessen’s Rule:

1 1 1 | 1
= + + + (5)
w(T)  P(T)  N(T) oo (1) oi™(T)

kj

where we note that the inverse lifetimes are the scattering rates.
The four rates are estimated from a number of material proper-
ties, and full details are given in ref. 66.

With the X and #” defined, the three electrical properties in
eqn (1) can be calculated according to:

o= (6)
1 2!
ST @

This journal is © The Royal Society of Chemistry 2023

@) zz} )

where we have omitted the explicit temperature dependence of
the transport properties and the #” for brevity.

The electrical properties are calculated for a set of specified
temperatures and extrinsic carrier concentrations n (“‘doping
levels”), which together determine the Fermi energy & in
eqn (3) and (4). We selected a temperature range of 300-
900 K, with room temperature being the practical lower limit
for most thermoelectric applications and 900 K close to the
highest of the reported phase-transition temperatures of
Pnma GeS and GeSe (863 and 907 K, respectively).**’® A range
of doping levels between n = 10"°~10*° ¢cm™* was chosen to
bracket the intrinsic carrier concentration of 10'® cm™?
reported for GeSe®® and the n ~ 5 x 10" em ™ reported in
experiments on doped SnSe.*®*>°%°! Experiments on the Ge
and Se chalcogenides typically target p-type (hole) doping,
which is readily achieved in SnSe e.g. by substituting Sn
with Ag or Na,**?3° or by promoting Sn vacancies.’*°! However,
n-type (electron) doping has also been reported for both SnS
and SnSe,”>** and has been predicted to lead to favourable
properties in Pnma GeS.*> We therefore considered both
types of doping. We note that the n is set by adjusting the
position of the Fermi energy Er in the electronic-structure
calculations, and the calculations therefore do not consider
the practicality or potential effect of incorporating the defects
or dopants at the concentration required to achieve a target
doping level.
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Fig. 4 (a)/(b) Averaged electrical conductivity o, (c)/(d) averaged absolute Seebeck coefficient |S], (€)/(f) averaged power factor S%¢ and (g)/(h) averaged
electronic thermal conductivity ke of the four structures examined in this work. Each property is obtained with p-type (solid lines) and n-type doping
(dashed lines), both (a)/(c)/(e)/(g) as a function of carrier concentration n at a fixed T = 800 K and (b)/(d)/(f)/(h) as a function of temperature at a fixed

n=2x10Ycm™>

The o, S, and k. are 3 x 3 tensors in which the diagonal
components correspond to transport along the principal x, y
and z directions. TEGs are typically based on thin films or
pressed/sintered pellets composed of randomly-oriented crystal
grains, and we therefore focus mainly on the scalar averages of
the diagonal elements, which we denote S, ¢ and &, to distin-
guish them from the tensor quantities.

14838 | J Mater. Chem. C, 2023, 11, 14833-14847

Fig. 4 compares the averaged electrical conductivity ¢, absolute
Seebeck coefficient |S|, thermoelectric power factor S’ (PF) and
electronic thermal conductivity x,; of the four systems, for both p-
and n-type doping. We first performed an analysis of the transport
properties as a function of doping level at a fixed T = 800 K,
chosen to be slightly below the reported phase-transition tem-
peratures of Pnma GeS and GeSe."*”° At this temperature, the PFs
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3 and

of Pnma GeS and GeSe are negligible up to n ~ 10" cm™
then increase rapidly with the doping level (Fig. 4(e)). Comparison
with the Seebeck coefficient and conductivity shows that this is
due to an exponential-like increase in ¢ at large n, which com-
pensates a monotonic fall in the S from the peak values around
n =10" ecm™? (Fig. 4(a) and (c)). Interestingly, the calculations
predict that n-type doping leads to comparable or larger S and 2-
3x larger ¢ than p-type doping, resulting in a much larger PF.

The narrow bandgap of the R3m phases results in large
intrinsic p-type conductivity that dominates the electrical prop-
erties up to n ~ 107 cm™>. Above this, both the ¢ and S
increase with larger doping levels, and the increase in the
electrical conductivity results in a steep rise in the PF above
n ~ 10" em ™. Similar behaviour was also predicted for rock-
salt SnS and SnSe in our previous work.'! The S of the R3m
phases is smaller than the Pnma phases at low n but compar-
able at large n. The ¢ obtained with p-type doping is larger than
in the p-doped Pnma phases over the range of n tested, resulting
in a 3-4x larger PF at n = 10%° cm >, n-type doping produces a
smaller g, comparable to the n-doped Pnma systems, and the
balance of the smaller S and steeper dependence of the ¢ on n
results in lower PFs than predicted for the n-doped Pnma
systems at most doping levels.

The Pnma phases are predicted to have comparable and low
Kel, increasing with the conductivity to maximum values of
~0.4 and 0.8 Wm ' K™ for GeS and GeSe, respectively, at the
largest n = 10> cm ™ we tested (Fig. 4(g)). On the other hand,
the intrinsic p-type conductivity of the R3m systems results in a
much larger k., of around 3 and 3.5 W m~ ' K" for R3m GeS
and GeSe, respectively, which reduces to 1.6-2 W m ' K™ * at
large n. This indicates a somewhat complex relationship
between the carrier concentration, ¢ and k¢ in the R3m
systems, but is again similar to our previous calculations on
rocksalt SnS and SnSe.

At a fixed n=2 x 10" cm 3, which is a conservative estimate
of the achievable p-type doping levels in SnSe,**3*?*! the PFs
of p-doped Pnma GeS and GeSe show a slow decrease, while the
S%¢ of the n-doped phases peak at intermediate temperature
and fall at higher T (Fig. 4(f)). In both cases, this is a product
of a reduction in the ¢ with temperature and a rise in the S
(Fig. 4(b) and (d)). On the other hand, at this n the S of the two
R3m phases are predicted to fall with temperature, leading to a
significant drop in the PFs at higher T.

The reduction in ¢ with temperature predicted for the Pnma
phases is typical of a degenerate semiconductor, i.e. a heavily-
doped semiconductor that exhibits metallic-like behaviour, and
so one might expect the electrical thermal conductivity to
follow the Wiedemann-Franz law:

Ke1 = LoT (9)

where L is the Lorentz number. In these systems, the decrease
in ¢ counteracts the increase in T to produce a relatively flat
temperature dependence of the . (Fig. 4(h)). On the other hand,
the k¢ of the R3m phases are predicted to rise sharply above
around 500-600 K, from <1Wm 'K *to ~3.5-4.5Wm ‘K !
at T=900 K. The ¢ of the R3m phases is predicted to fall at low

This journal is © The Royal Society of Chemistry 2023
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temperature, reach a minimum at intermediate 7, and rise at
higher T, and the latter would combine with the T term in eqn (9)
to produce this behaviour.

We also investigated the anisoptropy in the electronic trans-
port of the four systems (Fig. S7-5S14, ESIt). The Seebeck coeffi-
cients of the Pnma phases are predicted to be relatively isotropic
for n > 5 x 10 cm 2. On the other hand, the calculations
predict strong anisotropy in the ¢. In the p-doped systems, the in-
plane conductivity along the a and c¢ directions is up to 2-3x
higher than along the layered b direction, while, conversely, in the
n-doped systems the interlayer conductivity along the b direction
is more than 5x higher than along the in-plane directions.
This anisotropy is reflected in the power factors, and is largely
preserved across the 300-900 K temperature range with a fixed
n=2 x 10" ecm™>. In contrast to the Pnma phases, the transport in
the R3m phases is relatively isotropic. The largest discrepancies
are that the Seebeck coefficients of the p- and n-doped systems are
smaller and larger along the ¢ direction, respectively, but the
relatively small absolute values of the S mean the anisotropy in
the PFs is minimal.

Finally, we also examined the electron scattering rates for
both p- and n-type doping at n =2 x 10" em > and T = 800 K
(Fig. 5 and Fig. S15-S18, ESIt). POP scattering generally dom-
inates close to the Fermi energy, with additional contributions
from PIE scattering in the R3m phases. ADP scattering becomes
dominant at energies above the conduction-band minimum in
the n-doped Pnma phases, and also at energies below and above
the VBM/CBM in the p- and n-doped R3m phases, respectively,
while for the p-doped Pnma phases IMP scattering is predicted
to be significant at energies below the VBM.

The modelling approach employed here previously yielded
accurate predictions for SnS and SnSe.'* While the Ge chalco-
genides are not as well characterised, the present calculations
appear to show similarly good agreement with available experi-
mental measurements. The measurements on Pnma Geg 79
Agy.01SN,,Se in ref. 47 obtained S ~ 300 puv K™ ' at 300 K with
n ~ 5 x 10" em ™, and we predict the same 300 K Seebeck
coefficient with a 2x larger n = 10"° em . The measurements
on R3m (GeSe), o(AgBiTe,)o1 in ref. 49 reported S ~ 151 and
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Fig. 5 Calculated scattering rates as a function of energy for p-doped
R3m GeSe at a doping level of n = 2 x 10 cm™ and temperature
T =800 K.
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250 uV K~ ' at room temperature and 723 K, and a PF of
1.28 mW m~ ' K2 at 627 K, all with a carrier concentration of
1.1 x 10" em 3. With a comparable 7 = 10'® cm * we predict a
power factor of 1.47 mW m * K 2 at 620 K and a S = 287 and
218 pwv K™ ' at 300 and 720 K, which we again consider to be
reasonable agreement given that the experimental sample is an
alloy. (We note that our calculations predict a very similar S = 156
and 251 puv K * at the two temperatures with increased carrier
concentrations of 8 x 10" em > and 10*° cm ™, respectively).

3.3 Lattice thermal conductivity

Within the single-mode relaxation-time approximation (SM-RTA),
the macroscopic lattice thermal conductivity i, is calculated as a
sum of contributions from microscopic phonon modes 1 = gj
according to:**

Klatt :%ZKZ(T) :NLVE Ci(Tv, @v;T,(T) (10)
A 2

q and j are the phonon wavevector and band index respectively.
V is the unit-cell volume and N is the number of q included in the
summation, which is equivalent to the number of unit cells in the
crystal. The C, and v, are the modal heat capacities and group
velocities, respectively, and are calculated within the harmonic
approximation. The 7, are the phonon lifetimes, calculated as the
inverse of the phonon linewidths I';:

1

Ly (T) =

14(T) =
The T', are themselves calculated from the harmonic phonon
frequencies and displacement vectors (eigenvectors) and the
third-order force constants. Full details of this method can be
found in ref. 62.

The calculated scalar-averaged ki, of the four Ge chalco-
genides is shown in Fig. 6(a). Given that the ultra-low lattice
thermal conductivity of SnSe is a key contributor to its high
thermoelectric performance,*”**°® we also compare our pre-
dictions to similar calculations on SnS and SnSe.’” The K
span a range of 0.82-1.71 W m ™' K" at 800 K (Table 1) and fall
in the order of R3m GeSe > Pnma GeS =~ R3m GeS > Pnma
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GeSe =~ Pnma SnS > Pnma SnSe. The orthorhombic Ge
chalcogenides therefore have larger kj, than the Sn analogues,
but Pnma GeSe has a «,, comparable to SnS.

As for the electrical properties, the averaged ki, is likely to
be of most relevance to thermoelectric devices. However, Pnma
SnS and SnSe both show strongly-anisotropic thermal
transport,”” which is an important contributor to the “headline”
ZT in single-crystal SnSe,?” so we also examined the anisotropy in
the Ky, of the four systems (Table 1 and Fig. S19-S22, ESIf).
The symmetry of the R3m structure is such that x,, =k, #
and the independent x,, and k., are similar and close to the
average. For the Pnma structures, on the other hand, we predict
strong anisotropy such that the lowest x, is obtained along the
layered b axes (kyy) and the highest along the strongly-bonded ¢
axes (i,.). Indeed, the anisotropy is so large that while Pnma and
R3m GesS are predicted to have similar averaged x, of 1.23 and
1.11Wm™ " K, respectively, at 800 K, the k4 of the Pnma phase
is an average over three values that range from 0.50 W m ' K *
along the b direction to 2.35 W m ™' K " along the c axis.

Again as for the electrical properties, our predictions of the
lattice thermal conductivity are generally in good agreement
with experimental measurements and other calculations. Our
predicted 300 K k¢ = 2.18 W m~ " K~ * for Pnma GeSe compares
favourably to the measured values of 1.8-2.9 W m™* K~ 1,47493°
The axial components are also similar to reported values of 2.3,
0.64-1.11 and 48 W m ' K ' along the a, b and ¢
directions.***%°%9 At a higher T = 700 K, our predicted average
value of 0.92 W m™" K" is also comparable to the 0.85 Wm™ "K'
reported in ref. 50. We note that our calculated x,, of Pnma
GeS and GeSe are substantially larger than the minimum values
of 0.52 and 0.39 W m™ ' K ! predicted by the approximate
model in ref. 100, but the poor agreement with previous
experimental and theoretical studies on GeSe suggest this
model does not make realistic predictions. On the other hand,
the predicted xj, = 0.98 W m ™' K™ * along the b direction of
Pnma GeS at T = 700 K predicted in ref. 45 is much larger than
our predicted 0.56 W m™" K™, which we attribute to the use of
PBE and a smaller 64-atom supercell to compute the force
constants.

10 3.0 10
—— Pnma GeS (b) (c)
8 —— Pnma GeSe = 2.5 8
—— R3mGeS a
T R3m GeSe 120 _
< b —— Pnma SnS " g 6
£ £ =
= Pnma SnSe 2 1.5 S
=4 = * 4
< % 1.0
=
2 < 2
0.5
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
T [K] T[K] T[K]

Fig. 6 Lattice thermal conductivity of Pnma and R3m GeS/GeSe and Pnma SnS/SnSe: averaged lattice thermal conductivity ki (@) and constant

relaxation-time approximation (CRTA) decomposition into an averaged harmonic component kiau/t

egn (12). The data on SnS and SnSe was taken from our previous work.®’”
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CRTA (b) CRTA (C)

and averaged lifetime t as defined in
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Table1 Calculated lattice thermal conductivity i, Of the Pnma and R3m phases of GeS and GeSe at T = 800 K. The three diagonal components r,y, k,,
and k., corresponding to transport along the x, y, and z directions, respectively, are shown together with the average ... We also show the averaged

CRTA CRTA

harmonic and lifetime components k/t andt

calculated according to egn (12) and the average phonon—phonon interaction strength P, for each

model. Data for Pnma SnS and SnSe from the similar calculations in ref. 97 are also given for comparison

Kiare [W m~! Kil]

Koy Kyy Kz Kave K/‘L'CRTA [W m—l K—l ps—l] ‘L_CRTA [ps] 152 [10—8 eVZ]
GeS (Pnma) 0.85 0.50 2.35 1.23 0.68 1.80 3.06
GeSe (Pnma) 0.72 0.30 1.45 0.82 0.40 2.06 1.43
GeS (R3m) 1.15 1.15 1.03 1.11 2.76 0.40 7.37
GeSe (R3m) 1.83 1.83 1.47 1.71 1.29 1.32 1.87
SnS (Pnma)®” 0.71 0.51 1.20 0.80 0.75 1.07 2.62
SnSe (Pnma)®’ 0.61 0.35 0.81 0.59 0.38 1.56 1.10

Our predicted 300 K kg = 4.53 W m™* K ' for R3m GeSe is
similar to the 4.88 W m ' K ' obtained in previous
calculations,'®" whereas we attribute the lower values obtained
from the calculations in ref. 77 to an overestimation of the lattice
constants with PBE. We were only able to find experimental
measurements on polyctystalline R3m (GeSe)o.o(AgBiSe,)o 1,"**
which report lattice thermal conductivities of 0.74, 0.38 and
0.47 Wm ' K™' at 300, 578 and 723 K, respectively. While these
are much lower than our predicted 4.53,2.36 and 1.95Wm™ "K',
this can be attributed at least partially to the established impact of
alloying on the "%

Having shown that our predicted ki, are in good agreement
with comparable measurements, we used the analysis techni-
ques developed in our previous work'>*>®” to investigate the
origin of the differences between the systems.

We first rewrite the k), as the product of a harmonic term
and a weighted-average phonon lifetime t“*™ according to:

K}(T)
‘C,i(T)

1
Kt (T) =~ rCRTA(T) X WZ
a (12)
1
= TCRTA(T) X WXA: C/;(T)V;‘ [ 25}

Fig. 6(b) and (c) compare the harmonic components and
averaged lifetimes of the four Ge chalcogenides to SnS and
SnSe. The x/t°®™ rapidly approaches a constant value as the C;
saturate to the Dulong-Petit limit, such that above ~400 K this
function is indicative of differences in the group velocities v;.
Comparison of the x/t“%™ reveal three trends, viz. that the v,
are smaller in the Pnma phases than in the R3m phases, are
around 50% smaller for the selenides than the sulphides, and
are similar for GeS/SnS and GeSe/SnSe. The latter implies that
the tetrel atom has little impact on the group velocities.

In contrast, the t“f™ are strongly temperature dependent,
and the sharp reduction in the phonon lifetimes with tempera-
ture, due to larger phonon occupation numbers and stronger
scattering, dominates the behaviour of the &, once the K/TORTA
reach the limiting values. Pnma GeS and GeSe have similar
averaged lifetimes, so differences in the i, are due to the group
velocities. R3m GeS and GeSe both have shorter t°%™ than the
corresponding Pnma phases. The averaged lifetimes of GeS are
shorter than those of GeSe, which compensates for the higher v},
and, somewhat counter-intuitively, results in a smaller overall

This journal is © The Royal Society of Chemistry 2023

predicted k. for the sulphide than the selenide. The two Sn
chalcogenides both have shorter averaged lifetimes than the
equivalent Ge phases, resulting in smaller &, despite the similar
1/t°%™, This indicates that, while the tetrel atoms have a minimal
effect on the group velocities, they do have an impact on the &,
through the phonon lifetimes.

The ™ can be further written as the product of a set of
averaged modal (anharmonic) three-phonon interaction strengths,
P;, and a counting function N,(g,») that captures the number of
allowed energy- and (crystal) momentum-conserving scattering
pathways (termed the “scattering phase space”).'® A comparison
between systems can be made by calculating a weighted-average
interaction strength, £, and a function N, that shows the size of the
scattering phase space (average number of scattering pathways) as
a function of phonon frequency only. Full details can be found
in our previous work."*?*” The P were determined at 800 K as
described in our previous work*>®” (Fig. $23-526, ESI*). Scaled
Pand N, that can be compared between systems are provided in
Table 1 and Fig. 7 respectively. (Unscaled N, for the four
systems examined in this work, showing separate contributions
from collision and decay pathways, are shown in Fig. S27-S30
in the ESIY).

The calculated P of the Puma Ge and Sn chalcogenides range
from 1.10-3.06 x 10 ® eV>. The averaged interaction strengths
are slightly higher in the Ge chalcogenides, and around 2x
larger in the sulphides than the selenides. The calculated P of
R3m GeSe is ~30% larger than that of Pnma GeSe, but the
averaged interaction strength in rhombohedral GeS is a much
larger 2x that of Pnma GeS. Taking the P as a measure of the
intrinsic phonon anharmonicity, this analysis shows that the
sulphides are more anharmonic than the selenides, the Ge
chalcogenides are more anharmonic than the Sn analogues, and
the R3m phases are more anharmonic than the Pnma structures.

The trends in anharmonicity are balanced by the N,, which
show that the scattering phase spaces are larger for the Sn
chalcogenides than the Ge analogues, larger for the selenides
than the sulphides, and larger for the Pnma phases than the
R3m phases, at least at low frequencies where modes typically
contribute most to the xj,. The longer averaged lifetimes of
Pnma GeSe and SnSe compared to the respective sulphides
indicate that the larger N, do not fully compensate for the
smaller P. On the other hand, the smaller P of Pnma SnS and
SnSe is more than compensated by the larger N, and results in
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Fig. 7 Calculated averaged weighted joint density of states (w-JDoS)
functions N, at 800 K for the four Ge chalcogenides examined in this
work compared to data on orthorhombic SnS and SnSe from ref. 97.

both Sn chalcogenides having shorter lifetimes than the Ge
analogues. For the R3m phases, while GeSe has a larger N, than

View Article Online

Journal of Materials Chemistry C

GeS this does not compensate for the much larger P in the
sulphide, resulting in the selenide having a ~3.2x longer %™,

3.4 Thermoelectric figure of merit

We now combine our calculated electrical properties S, ¢ and
K With the calculated ), to obtain the figure of merit ZT as a
function of doping level and temperature using eqn (1) (Fig. 8
and Fig. $31-S34, ESIY).

As in previous sections we mainly focus on the averaged ZT.
The ZTy.x for the four p- and n-doped Ge chalcogenides and
Pnma SnS/SnSe,"*” at temperatures below the reported phase
transition temperatures (GeS: 863 K, GeSe: 907 K, SnS: 878 K,
SnSe: 750 K*7*470:1967198) " are summarised in Table 2 and S4
(ESIY).

The ZT,.x of the Pnma phases are all achieved at higher
doping levels and temperatures. Higher n maximise the elec-
trical conductivity, which dominates the power factor $°s, while
the shallow temperature dependence of the power factor $%¢
and electronic thermal conductivity x.; mean that the reduction
in K. favours higher T (¢f. Fig. 4 and 6(a)). In contrast, the
ZTmax of the R3m phases occur at the largest n = 10°° cm > we
tested but at lower 7. In these systems, larger n maximises the
S, o and PF and reduces the x.j, whereas the mid-temperature

I':‘ 1 1 |
000 025 050 075 100 125 150 175  2.00
900 900
800 800
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400 400
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Fig. 8 Calculated scalar-averaged figure of merit ZT of (a) n-type Pnma GeS, (b) n-type Pnma GeSe, (c) p-type R3m GeS, and (d) p-type R3m GeSe as a

function of doping level n and temperature T.
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Table 2 Predicted maximum thermoelectric figure of merit, ZT nax Of the
phase transitions in the orthorhombic phases. Separate values are provided
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R3m and Pnma phases of GeS and GeSe for temperatures up to the reported
for both p- and n-type doping together with the corresponding temperature,

carrier concentration n and properties in eqn (1), viz. the electrical conductivity o, Seebeck coefficient S, power factor (PF) $%, electronic and lattice
contributions to the thermal conductivity ie/kiat, and total thermal conductivity kior. We also show data for Pnma SnS and SnSe from our previous study

for comparisont®”

k[Wm K]

1% S PF S

n [em ™7 T[K] ZT [Sem™] [0V K] [mW m' K?] Kel Klatt Ktot

GeS (Pnma) p-type 10%° 860 0.75 150 286 1.23 0.27 1.14 1.41
n-type 8 x 10" 860 1.33 415 —260 2.81 0.67 1.14 1.81

GeSe (Pnma) p-type 8 x 10" 900 1.33 229 260 1.55 0.32 0.73 1.05
n-type 6 x 10" 900 2.12 287 —313 2.81 0.46 0.73 1.19

GeS (R3m) p-type 10%° 760 1.29 759 247 4.65 1.57 1.16 2.73
n-type 10*° 660 1.22 605 —261 411 0.88 1.34 2.22

GeSe (R3m) p-type 10%° 740 1.20 858 253 5.49 1.55 1.85 3.40
n-type 10%° 700 0.96 612 —265 4.31 1.20 1.95 3.15

SnS (Pnma)*™®’ p-type 3.16 x 10" 860 1.39 226 279 1.76 0.34 0.75 1.09
n-type 4 x 10" 860 1.78 400 —259 2.68 0.55 0.75 1.30

SnSe (Pnma)'"*” p-type 3.16 x 10" 740 2.07 399 272 2.96 0.42 0.64 1.06
n-type 2 x 10" 740 2.39 450 —289 3.75 0.52 0.64 1.16

maximum in the PF and the opposing increase and decrease in
the k¢ and kiuy, respectively, at higher temperatures produce a
ZTmax between 650-750 K.

We predict all four n-doped Pnma phases, i.e. GeS/GeSe as
well as SnS/SnSe, to show larger ZT;,.x than can be obtained
with p-type doping. This is due to the anisotropy in the
transport properties. With p-type doping, the ¢ and PFs are
largest along the a and c¢ directions but the ZT is limited by the
larger x,c along these directions. With n-type doping, the most
facile electrical transport is along the layered b direction and is
therefore ““aligned” with the minimum in the k. This results
in a large ZTy,ax along the b direction and a larger averaged ZT
than obtained with p-type doping. We discuss the anisotropy in
the figure of merit of the Pnma phases below.

For Pnma SnS and SnSe, we predict n-type doping to lead to
28% and 15% larger ZT.x than p-type doping, whereas the
ZTmax 0f Pnma GeS and GeSe are predicted to be 77% and 59%
larger with n-type doping. Pnma GeSe and SnSe are predicted to
have superior TE performance to the corresponding sulfides
with 77% and 49% larger ZT,,x with p-type doping and 59%
and 34% larger ZT,,x with n-type doping. This is due to a
combination of a generally larger ¢ and comparable or larger S,
leading to comparable or larger PFs, and lower total thermal
conductivity.

On the other hand, p-doped R3m GeS and GeSe are predicted
to show larger ZTy.x than with n-type doping. R3m GeS is
predicted to have an 8% higher ZT,.x than R3m GeSe due to the
larger predicted x4 Of the selenide outweighing the larger PF.

The predicted n required to obtain the ZT,,.x of SnS and
SnSe are comparable to the carrier concentrations achieved in
experiments,*®3%9%%! and these studies suggest the larger n
required to optimise the ZT of the p-type Ge chalcogenides may
also be achievable. Studies on n-doped SnS for PV applications
have demonstrated n ~ 10" in halogen-doped single crystals

This journal is © The Royal Society of Chemistry 2023

and n ~ 5 x 10*® em? in Sn;_,Pb,S thin films,** while the
recent study in ref. 93 achieved n ~ 10" cm ™ in Sn,¢5Se with
1% HfCl,. We therefore tentatively suggest that the lower n
required to achieve the predicted ZT,,« in the n-doped chalco-
genides may be achievable with further optimisation.

Of all the system considered, Pnma SnSe has the highest
predicted average ZTna.x of 2.07 and 2.39 with p- and n-type
doping, respectively, while n-type GeSe is predicted to attain a
ZTmax Of 2.12 comparable to p-type SnSe. This would potentially
make n-type GeSe a good match for p-type SnSe in a thermo-
electric couple. Although the ZT,,,, of the two R3m phases are not
competitive with the Pnma systems, they are predicted to attain an
industrially-viable mid-to-high temperature ZT' > 1, which may
make them useful for some applications. It is also worth noting
that the highly-anisotropic electrical and thermal transport in the
Pnma phases means a larger ZT,, could be obtained if the
growth direction could be controlled. For p-doped GeS, the largest
ZT = 1.18 is along the layered b direction, where the i is
minimised, whereas in p-doped GeSe the largest ZT = 1.68 is
obtained along the a direction, which balances a smaller x,; with
more favourable electrical properties. For n-type doping, the
largest PF and smallest ¢ are both obtained along the layered b
direction, producing large ZT of 1.85 and 3.03.

Interestingly, the synergy between the electrical and thermal
transport with n-type doping is also predicted for the Pnma Sn
chalcogenides (Table S4, ESIt). We predict ZT .« of 2.91 and
4.32 for SnS and SnSe, respectively, along the layered b axes,
which are 60% and 80% larger than the averaged values of 1.78
and 2.39. (This may be compared with the p-type ZT ., of 1.56
and 2.29 along the c¢ directions, which are both ~10% larger
than the average values of 1.39 and 2.07.) Given that successful
n-type doping of both SnS and SnSe has been demonstrated,
and at comparable n to what we predict is needed,”® this is also
a potentially significant finding.
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We briefly discuss a key approximation made in these calcu-
lations. The electrical-transport properties are calculated under
the assumption that doping does not significantly change the
host electronic band structure, termed the “rigid-band approxi-
mation” (RBA). While the RBA is to some extent a practical
necessity, calculations on hole-doped PbTe found that the
lowering of the band degeneracy with explicit doping led to a
reduction in the calculated S on the order of 5-10%."'*° Given
the lower symmetry and band degeneracy of the Pnma and R3m
phases, we might expect a smaller effect in the systems examined
in the present study. We also note that the methodology we use
for the electrical-transport calculations has been explicitly tested
against heavily-doped systems and found to give good results.*®
A further consideration is the potential impact of doping on the
phonon spectrum and k.. While there has been little theoretical
investigation of this, experiments on single-crystal SnS and SnSe
with up to 3 at% doping, yielding hole concentrations on the
order of 5 x 10*° em ™3, suggest a small reduction in the Kt o0
The calculations would therefore overestimate the #,, which
could partially compensate a potential overestimation of the S
similar to that reported in ref. 109. Indeed, our previous work
on the Sn chalcogenides, and recent work on the bismuth
oxychalcogenides, suggests that the predicted ZT' may benefit
from a favourable cancellation of errors between the electrical
and thermal transport properties.'”''" Therefore, without explicit
calculations to confirm, or otherwise, we tentatively suggest
that the use of the RBA should not have too large an impact on
our predicted ZT.

With this in mind, our predicted ZT for GeS and GeSe are
generally a good match to previous experimental and theoretical
studies.*>*” In particular, measurements on Agg;G€o 795N, ,Se€
reported a ZT of 0.2 at 7= 700 K and n ~ 10'® cm3*” and we
obtain the same figure of merit with a similarn =2 x 10*® em ™.
The authors also predicted a significant enhancement to Z7'= 0.6
at a larger n ~ 5 x 10" em?, which is consistent with our
predicted ZT = 0.87 with n = 4 x 10" cm 3. Previous theoretical
studies have also predicted superior TE performance for n-type
doping, as found in the present study.*>*® We note, however,
that our predictions show considerable quantitative differences
to some previous calculations.***>*'? For example, the study
on Pnma GeS in ref. 45 predicted a ~2.5x larger ki, and 50%
smaller ZT at 700 K than the present calculations, while the
calculations in ref. 44 predicted a 5x larger o, smaller x.j, and 2—
4x larger ZT. However, this can be put down to the considerable
technical differences to the present calculations.

The comparison of our predictions for the R3m phases to
experiments is rather more mixed. We predict a comparable
ZT = 0.83 for GeSe at 540 K (n = 8 x 10" cm ™) to the ZT'= 0.9 at
500 K predicted in ref. 101. On the other hand, the study in
ref. 77 predicted ZT > 2 at 800 K and n ~ 10'° cm™?, whereas
we predict ZT < 1 at 800 K at a larger n =8 x 10" cm™* due to
our higher predicted ;. Compared to the measurements on
GeSe/AgBiSe, alloys in ref. 46 and 49, our calculations predict
that much larger n are required to obtain comparable ZT. This
can be attributed in part to the high thermal conductivity
predicted in these calculations, but we also find that we require
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a 4x larger n to reproduce the measured o, which suggests the
alloying may also impact the electrical properties. We note,
however, that our calculations do reproduce the ZT = 0.84 at
720 K obtained for (GeSe)o s5(AgSbSe,)o.15*° with a reasonable
n =14 x 10" em™>. We therefore suggest that further character-
isation of the R3m phases, to measure the properties of the pure
phases and to better understand the impact of alloying on the
transport properties, is warranted.

4 Conclusions

In summary, we have used a fully first-principles modelling
approach to explore the potential thermoelectric performance
of the Ge chalcogenides GeS and GeSe.

Our calculations predict that Pnma GeS and GeSe can achieve
larger ZT,a.x with n-type doping compared to the p-type doping
typically targeted in experiments. The averaged ZT . of 2.12 for
Pnma GeSe is comparable to our predicted 2.07 for p-type Pnma
SnSe and suggests n-type GeSe may make a good partner for
SnSe in a thermoelectric couple. n-type doping results in the the
maximum electrical conductivity and minimum k. being
aligned along the layered b direction, and we predict a much
larger ZT,,ax > 3 for Pnma GeSe if the growth direction can be
controlled. The same appears to be true for n-type SnSe, where
the average ZT,.x With n-doping is predicted to be 15% larger
than with p-type doping and the directional ZT along the b axis is
predicted to be 4.32. Our results therefore suggest that further
exploration of the Ge chalcogenides, and of the possibility of n-
type doping of both the Sn and Ge chalcogenides, will be a
fruitful direction for future research.

The large predicted x of the R3m phases means the pre-
dicted ZTpax are not competitive with the Pnma structures, but
p-type doping is nonetheless predicted to achieve ZT =~ 1
between 650-750 K, which is promising and which may be
useful for some applications. Given that experimental work on
alloys suggests it may be possible to mitigate the large k. and/
or to enhance the electrical properties, we also suggest these
materials may warrant further investigation.
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