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Abstract

This paper reports first-principles calculations on nanosheets of Ge-Sb-Te com-
pounds, namely SbyTes, GeSby;Te, and GeySbhyTes under two crystalline atomic
stakings S1 and S2. Sby,Tes, GeSbyTe, and Gey,SbyTes-S1 are semiconductors
with a narrow band gap ranging between 0.7 and 0.74 eV as evaluated with the
HSEsol functional. The transport properties have been investigated by Boltz-
mann transport theory together with deformation potential method. The strain
effects on their electronic and thermoelectric properties as well as on their dynam-
ical properties have been investigated. A valence band convergence is found in
the equilibrium structures, which is an efficient approach to improve the thermo-
electric performance of materials. Sb,Tes, GeSb,Te, and Ge,SbyTes-S1 possess
high TE performance in a wide range of temperature and the highest values of
zT are 2.94, 2.63 and 2.27, respectively.

Keywords: Layered chalcogenide, Thermoelectricity, Boltzmann transport, density
functional theory
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1 Introduction

Thermoelectric (TE) materials that offer direct electrothermal energy conversion have
garnered significant research interest in the fields of waste heat recovery,'™ power

45 on-chip cooling,® enabling a new route for the harvesting of green and

generation,
clean energy to address the global energy crisis. Benefitting from flexible size, light
weight, high reliability, fast response, long duration and no pollutants, TE materials
have attracted remarkable attention. However, the applications of TE materials have
been hindered by the low energy conversion efficiency.” The energy conversion effi-
ciency of TE materials is characterized by the figure of merit zT = S20T/x where S is
the Seebeck coefficient, o is the electrical conductivity, « is the thermal conductivity
and T is the temperature. The thermal conductivity x consists in two parts: the elec-
tronic part k. contributed by the electron transport and the lattice one x; contributed
by the lattice vibrations.

Two popular strategies spurred the enhanced figure of merit zT: complex structures
and low-dimensional ones. It has been proposed that low-dimensional nanostructures
can introduce the quantum confinement effect,® which can effectively increases the
Seebeck coefficient, reduces the thermal conductivity, so as to enhance the efficiency of
thermoelectric devices. Nano 2D transition metal dichalcogenides, such as MoS,,%!?
WS, ' MoSe,, 12 and WSe,, 1 are semiconductors with large bandgaps (1—2 eV), pos-
sessing a promising zT value ranging from 0.8 to 2.1. A nanostructured Bi, Te;/Sb,Teq
superlattice with alternative layer thickness of 1 nm and 5 nm for Bi,Te; and Sb,Tes,
respectively, is reported to have impressive zT values at 300 K of 2.4 and 1.5 for p-
type and n-type,** respectively, whereas the pure Sb,Te, film exhibits a zT of 0.26 at
300 K. 15

Numerous materials belonging to the IV-VI and V5-VI3 families exhibit high TE

performance. These include lead chalcogenides, % Bi, Tes-based alloys, '™ and recently

discovered compounds like SnSe!® and GeTe.!'® Additionally, there exists a series of



ternary compounds in the form of ATVBVL-AYBY! systems (where AV represents Ge,
Sn, or Pb; AV stands for Bi or Sb; and BV! indicates Te or Se). These ternary com-
pounds can be conceptualized as pseudo-binary alloys. Notably, among these materials,
Ge-Sb-Te (GST)-based compounds, that are renowned for their outstanding proper-
ties as phase-change materials used in information storage and retrieval applications,
have been evidenced to exhibit excellent TE performance, with zT values ranging from
0.3 to 0.71.20°23

Xu et al.2* conducted a study on a Sb,Te; nanosheet using density functional
theory (DFT) and the semiclassical Boltzmann transport approach. They identified
optimal zT values at moderate temperatures, reaching approximately 0.782 for a car-
rier concentration of 2.0x 10" cm ™3 at 800 K. Notably, the zT values calculated for this
nanosheet far surpass those of Sb,Te; nanomaterials, bulk Sb,Tes, and eutectic PbTe-
SbyTe; composites. In a recent study using DFT theory, Fang et al.?® investigated
2D GeSb,Te,, which possesses a narrow band gap of 0.80 eV. Considering relaxation
time, they observed n-type power factors as high as 7.4 mW /(K m?). These findings
resulted in elevated zT values, reaching 1.60 at 300 K and further increasing to 3.80
at 700 K. This suggests that low-dimensional structures indeed offer superior thermo-
electric performance for this materials family. Most of the theoretical investigations on
the Ge-Sb-Te-type nanosheets have been reported separately. Due to the calculation
benchmark differences, it is difficult to compare the TE properties. In this paper, we
studied the stability, vibrational properties, and thermoelectric figure of merit of two-
dimensional materials of Ge-Sb-Te family, namely Sb,Te;, GeSb,Te, and Ge,Sb,Tey
nanosheets. We have also explored the effect of biaxial strains on their properties. We
note that, both in the cited literature and in our present work, nanosheets stand for

monolayers.



2 Computational details

The DFT calculations presented here are based on plane-wave basis sets, using the
projector-augmented wave (PAW) method?® as implemented in the VASP code.?":2%
The revised Perdew-Burke-Ernzerhof functional for solids (PBEsol)?? within the gen-
eralized gradient approximation (GGA) is used in these calculations to describe the
exchange and correlation interactions. For all the structures studied in this work, the
plane wave cutoff energy is set to 600 eV and the Gaussian smearing is 0.01 eV. The
total energy and atomic forces convergence thresholds have been defined as 1078 eV
and 1072 eV A~ respectively. The nanosheets were cleaved from totally relaxed bulk
crystal along the (001) plane. A nanosheet slab expanded to 4 x4 x 1 supercell together
with an on-top vacuum layer was used to calculate the interatomic forces, within

the density functional perturbation theory (DFPT),3? that were further processed by

31,32 31,32

the Phonopy and Phono3py packages to obtain the phonon band structure
and lattice thermal conductivity. The Brillouin zone (BZ) has been sampled with the
Monkhorst-Pack division scheme. K-point meshes of 15x15x 3, 15x15x 3, 15x15x5
and 15 x 15 x 5 were applied to the conventional cells for bulk Sb,Te;, GeSb,Te,
and Gey,SbyTe; with stacking 1 and 2, respectively. K-point meshes of 15 x 15 x 1
and 3 x 3 x 1 were applied to the nanosheets and all supercells , respectively. The
lattice thermal conductivity has been calculated by using both a full solution of the
linearized phonon Boltzmann equation (LBTE) method as introduced in Ref.3? and

the Boltzmann transport equation within the relaxation time approximation (RTA).

The spectral representation of the dynamical thermal conductivity obtained from the

LBTE method is x; = [ dw'’ wp,(fig/, where p(w’) is the spectral density. Furthermore,
because the lattice thermal conductivity is an intensive property of bulk materials,
that of two-dimensional material should be normalized by multiplying by L, /d,3*

where L, is the lattice parameter ¢ and d is the thickness of the nanosheets.



The electron transport properties have been calculated by solving the Boltzmann
semi-classical transport equation as implemented in the BoltzTraP23? code based on
the use of a full band structure in the BZ. The program can read in energy states
at each k-point from VASP output and then rebuild the full BZ band structure. The
sampling, which is important in transport calculation, has been performed with a very
dense k-point mesh of 81 x 81 x 1 for Sb,Te;, GeSb,Te, and Ge,Sb,Tes with stacking
1 and 2. For the calculation of the electronic part k. of the thermal conductivity and
the electrical conductivity o that both depend on 7, the 7 value must be evaluated
independently. By using the deformation potential (DP) theory3¢ with the effective

mass approximation, the mobility 4 of 2D materials can be defined as:37
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where e is the electron charge, h is the reduced Planck constant, Cyp is the elastic
constant,kp is the Boltzmann constant, T is the temperature, m* is the effective mass
and E! is the deformation potential expressed as E, = 9FE/d(Aa/ag), where E is the
energy of conduction band minimum (CBM) or valence band maximum (VBM), and ag
is the equilibrium lattice constant. Then, we can evaluate 7 from 7 = (um*)/e, where
the effective mass is derived from the second derivative of E : mj ; = h*/(0*E /0ky,0k;).

Biaxial strains, both tensile and compressive ones, have been applied to the
nanosheets. The strains range between -3% (compressive) and +3% (tensile) and are
calculated as (a — ap)/ap x 100, where qag is the lattice parameter of the unstrained
structure.

To gain insight into the bonding features of the structures, several tools have been
used, namely the electron localization function,® the Bader analysis of the electron
density3® and the crystal orbital Hamiltonian population analysis.*’ The pertaining
calculations have been performed with VASP, Critic24' and Lobster,*? respectively.

The visualization of the structures has been performed with Vesta.*3



3 Results

3.1 Structural information

Layered structures of Sb,Te;, GeSb,Te, and Ge,SbyTe; with stacking 1 (S1) and
Ge,SbyTey with stacking 2 (S2) crystallize in hexagonal cells contributed by three
5-atom-layered slabs, three 7-atom-layered slabs, and one 9-atom-layered slab, respec-
tively (as shown in Fig. S1). Two stacking sequences of Ge,Sb,Te; have been
considered, where the in-layer germanium and antimony are interchanged. The slabs
are held together by van der Waals interactions. With an exfoliation energy of about 25
meV/ A2, weak-interaction Te-based compounds should be exfoliable materials, which
has been observed for the bulk Bi,Te; and SbyTe;.44

In this study, to benefit from quantum-well effects, four nanosheets structures,
depicted in Fig. 1 and Fig. S2, have been modeled. These nanosheet structures corre-
spond to one slab of the corresponding bulk compound. To avoid spurious interaction
between adjacent layers, Sb,Te;, GeSb,Te, and GeySb,Tes-S1 and -S2 nanosheets
have been optimized with an on top vacuum thickness of 20 A, 20 A, 22 A and 22 A,
respectively.

The equilibrium lattice constants of the four nanosheets have been calculated using
the PBEsol-GGA functional without spin-orbit coupling (SOC), which shows a minor
effect on the geometry.*® Both the nanosheets lattice constants and the atomic posi-
tions therein have been fully relaxed. The lattice constant ¢ of nanosheets comprises
the vacuum height and the slab thickness. To model the nanosheets, the bulk struc-
tures need to be optimized first and the results are listed in Table I. In this table, for
the bulk, the slab thickness corresponds to the distance between the bottom atom and
the top one of the constitutive slab of the bulk (see Fig. S3). For the bulk structure
of Bi,Te;, the optimized lattice constants are a = 4.27 A and ¢ = 29.98 A, which are

in good agreement with the reported experimental values (a = 4.26 A, 16 424 A A7



(b)

Fig. 1 Structure of Sb,Te; nanosheet (monolayer). (a) Side view, (b) top view, (c) electronic

localization function (ELF).

Table I Characteristic lengths (lattice parameters, bond lengths and slab thickness), in
angstrom units, of bulk Sb,Te;, GeSb,Te,, Ge,Sb,Tes-S1 and Ge,Sb,Tes-S2, and
corresponding nanosheets calculated with the PBEsol functional.

a Slab Bond length
thickness bl b2 b3 b4
Sb,Teq 4.27  29.98 7.32 3.00 3.15
Bulk GeySbyTey 4.24  40.50 10.73 299 3.16 296
Ge,Sb,Tes-S1 4.22 16.83 14.11 298 3.16 294 297
GeySbyTeg-S2  4.22 16.88 14.28 280 3.17 299 3.14
Sb,Te, 4.24  27.40 7.34 298 3.14
Nanosheet GeSb,Te, 4.23  30.73 10.72 297 3.16 295
Ge,SbyTes-S1 4.21  34.27 14.17 296 3.16 293 2.98
GeySbyTes-S2 4.18  34.79 14.49 279 3.17 298 3.15

and ¢ = 30.19 A*7). Similarly, the calculated lattice constants of GeSh,Te, is close
to the experimental value of a = 4.21 A.46 From 3D to 2D, the lattice constant a of
the four nanosheets is slightly shrunked, while the thickness is expanded. Due to the

absence of bonding interaction on the vacuum side, the outermost bond length of the

nanosheets decreased.



To give a full picture of bonding trend of both bulk and nanosheets, we calculated
the topological properties of bond critical points (BCPs) within the approach of the
quantum theory of atoms in molecules (QTAIM). *® The results are gathered in Table I1
and the evolution of the bond degree H/p with respect to the dimensionless |V'|/G ratio
is depicted in Fig. S4. The topological properties of the bulk structures at the BCPs
are listed in Table II for comparison. The position of the BCPs is shown in Fig. 1, Fig.
S1 and Fig. S2. In Table II, r1 and r2 are the distances between the BCP and the two
corresponding bond ends, the angle is measured between the BCP and the two bond
ends, p and V2p are the electron charge density and its Laplacian at the BCPs, and G,
V and H represent the kinetic, potential and total energy densities at the BCPs. As
in the nanosheets there is no Te-Te interlayer interaction, the results obtained for this
type of bond for the bulk structures are not presented in this section. Usually, closed
shell interactions (ionic, H-bonds and vdW) have a large positive value of V2p over the
entire interaction region, |V|/G < 1 and a small p. Conversely, VZp < 0, |[V|/G > 2
and a large p are expected for shared interactions (covalent or polar bonds).*" In all
the nanosheets of interest, the bonds are neither pure ionic bonds nor pure covalent
ones. There is no electron accumulation along the bonds as evidenced by the positive
Laplacian values at the BCPs (Table II) and the electron localization function (ELF)
shown in Fig. 1, and Fig. S2. Besides, it can be found that the |V|/G ratio of bl BCPs
in nanosheets is larger than that in bulk, indicating an edge effect with a stronger
ionic interaction in low-dimension structures.

For all the structures except Ge,SbyTes-S2, bl bears the highest |V|/G value
compared with b2, b3 and b4, which should reflect a lower ionic character of bl. In
the case of Ge,Sb,Tes-S2, the highest |V|/G value is associated with b3 and is the
same as that of bl in Ge,Sb,Tes-S1. We note that, both the bl and b3 BCPs are
located at the slab edge. Indeed, in Ge,SbyTes-S2 the outermost bond ends are Te

and Ge whereas those in the other structures are Te and Sb. The lowest |V |/G value



is associated to b4 in Ge,Sb,Te;-S2 and b2 in Ge,Sb,Te;-S1. These bonds are located
in the middle of the slab. Both the |V|/G and the electron density p(r) at the bond
critical points decrease monotonically across the Ge,SbyTes-S1 and Ge,SbyTes-S2 slab
from the edge to the middle. This is in contrast with the electron density fluctuation
observed across the nanosheet of PbyBi,Te;. %"

On the other hand, bond strength also plays a pivotal role in determining the lat-
tice thermal conductivity #; of materials. Zhang®' found a strong positive correlation
between the anisotropy in lattice thermal conductivity and the anisotropy in electron
charge density. We conducted a chemical bond analysis using the crystal orbital Hamil-
ton population (COHP) method to provide insights into the bond strength within the
solids. The projected COHP (pCOHP) is shown in Fig. S5. Integrated values IpCOHP
(including bonding and antibonding contributions) were employed to evaluate bond
strength. As illustrated in Fig. S5 the calculated IpCOHP average value increases
from Ge,Sb,Tes-S1 to GeSb,Te, to SbyTey. As stronger bonds exhibit greater orbital
overlap, the Ge,Sb,Te;-S1 nanosheet bears weaker (softer) bonding interactions than
the other structures. Hence, in accordance with Slack’s theory,? the Ge,SbyTes-S1

nanosheet should bear lower ;.

3.2 Dynamic properties

Dynamic properties play an important role in low dimensional materials for structural
stability. Phonon dispersion has been determined to assess the stability of specific
materials. Fig. 2 (a) and Fig. S6 show that all four nanosheets are dynamically
stable with no imaginary modes through the whole brillouin zone. However, DFT
calculation with GGA functionals may overestimate the lattice constants, leading to

DFPT-calculated small negative modes. To give a precise description of the stability,
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we calculated the Gibbs free energy with the quasi-harmonic approximation (QHA)

approach:

GP,V)=EV)ok + Fyib(T) + Fa(T,V) + PV (2)

where E(V)ok is the 0K energy, Fii,(T) is the vibrational free energy and Fe (T, V)
is the electronic free energy at volume V' and temperature T, and P is the pressure.
The summations of the first three terms are usually named as Helmholtz free energy.

The vibrational free energy reads: >

1
Fon(T) = 3 > hw(k,v)+ kT > In (1 —exp o (3)
k,v kv

where w(k,v) is the phonon frequency of the k" vector. The Gibbs energy has been
calculated at atmospheric pressure and different temperatures by selecting the min-
imum value for each volume change (orange lines in Fig. S7). The calculated Gibbs
free energy of the four nanosheets are negative, indicating their stability.

Based on Slack’s theory,®? there are four criteria for finding crystals with low
thermal conductivity: (1) high atomic mass, (2) weak interatomic bonds, (3) complex
crystal structures, and (4) high anharmonicity. Compared with Pb-based chalco-
genides, we have replaced the toxic heavy element Pb with the environmentally friendly
Ge and heavy elements Bi with the more sustainable element Sb. The lattice ther-
mal conductivity is evaluated by solving the Boltzmann transport equation (BTE)
with the LBTE and relaxation time approximation (RTA) methods. The lattice ther-
mal conductivities of Ge-Sb-Te nanosheets are higher than those of Pb-Bi-Te ones.*>
From the LBTE method, the x; in the a direction at room temperature of Sb,Tes,
GeSb,Te,, GeySbyTes-S1 and Ge,SbyTes-S2 are 4.34 Wm—'K~1, 2.67 Wm 1K1,
1.89 Wm'K~', 2.91 Wm'K~!, respectively, and at 700 K they amount to 1.85
Wm K~ 1.15 Wm K=, 0.81 Wm 'K, 1.25 Wm 'K, respectively. It is notice-

able that for Ge,SbyTes-S1, the lattice thermal conductivity is larger than that of the

11
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Fig. 2 Calculated dynamic properties: (a) phonon spectrum curves of Sb,Te; and corresponding
total DOS (light orange background) and projected DOS (color lines). (b) Calculated Gibbs energy
as a function of temperature. (c) Lattice thermal conductivity as a function of temperature obtained
from LBTE in the a-axis direction.

bulk.?* This behavior has already been observed in other, similar materials.®® Accord-
ing to these authors, the increase of the lattice thermal conductivity results from the
enhancement of the in-plane phononic transport after the van der Waals interactions
disappear between neighboring layers.

From the atom-decomposed phonon DOS (Fig. 2 (a)) and the accumulated lattice
thermal conductivity (Fig. S8), we found that the frequencies ranging from 0 to 2 Thz
contribute up to 81.2% to the lattice heat transport for Sb,Tes. A similar situation
has been found in the nanosheets of Ge,SbyTes-S2 , whereas the lattice thermal con-
ductivity of GeSb,Te, and Ge,SbyTes-S1 shows an approximate linear behavior with
the frequency. Both SbyTe; and Ge,Sb,Te;-S2 nanosheets exhibit two common fea-
tures in their phonon spectra: a unique phonon band spreading the whole Brillouin
zone at around 2.2 THz and a frequency gap located between 2.2 and 2.3 THz for
Sb,Te; and between 2.4 and 2.5 THz for Ge,Sb,Te;-S2.

Several studies®®°” have pointed out that a phonon band gap can lead to high
lattice thermal conductivity as certain phonon-phonon scattering processes, specifi-
cally two acoustic phonons merging into one optical phonon, become inefficient. In

this study, the largest gap value is found in Sb,Te;, followed by that of GeSb,Te, and

12



that of GeySbyTe;-S2. In Gey,Sb,yTes-S1, no frequency gap is observed. The gap value
aligns with what is described in literature regarding its correlation with the lattice
thermal conductivity.

As materials with an energy gap are more amenable to exhibit high lattice thermal
conductivity, this type of material is probably not well suited for thermoelectric appli-
cations. For the four nanosheets of our study, the band gap is very small. A structural
deformation creates differences in rigidity between the modes below and above the
band gap, thus modifying the band gap itself.®® As a consequence, the phonon band
gap could be tuned by applying stress. This can indeed be observed in Fig. 3, Fig. S9,
Fig. S10 and Fig. S11. When the applied stress is larger than 0.5%, the phonon gap
is closed for Sb,Te;. Besides, Argaman et al.® showed that, in binary chalcogenide
compounds, the atomic mass difference increases the band gap by affecting the rela-
tive atoms motion. This explains why the frequency gap of SbyTe; is much smaller
than that of BiyTe,.5%" This criterion is however hardly applicable to our nanosheets
as we are comparing a binary compound with three ternary compounds and the latter

ones contain the same three elements.

3.3 Electronic and transport properties

From the fully optimized structures, the band structures of Sb,Te;, GeSb,Te, and
GeySb,Tes-S1 and -S2 have been calculated with the PBEsol functional®® and the
hybrid HSEsol one®® with and without SOC. The band structures are illustrated in
Fig. 4 and Fig. S12 and the calculated band gaps are gathered in Table III. As can
be seen, the effect of SOC is significant for all the compounds. To obtain a more
accurate band gap, the hybrid functional incorporating a 25% Hartree-Fock exchange
was used to calculate the band structures. This hybrid functional effectively mitigates
the issue of band gap underestimation frequently encountered with conventional GGA

functionals. Sb,Te;, GeSb,Te, and Ge,Sb,Tes-S1 nanosheets are semiconductors with

13
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Fig. 3 Phonon spectrum curves of Sb,Te; nanosheets under -1.5% (a), -1.0% (b) and -0.5% (c)
compressive strains, and 0.5% (d), 1.0% (e) and 1.5% (f) tensile strains.

indirect energy band gap of 0.707 eV, 0.767 eV and 0.739 eV, respectively. Even if
gaps are enlarged with HSEsol, the energy gap of Ge,SbyTes-S2 is nearly zero. Except
for the gap energy, the band structures calculated by the PBEsol functional follow a
similar trend to those obtained using the HSEsol one. Consequently, this enables us to
calculate the transport properties using the GGA band structure with a dense k-mesh
while benefitting from the accurate band gap provided by HSEsol.

In all the three compounds, SbyTe;, GeSb,Te,, Ge,SbyTe; (S1 and S2), the
conduction band minimum (CBM) is located at the I' point and the valence band
maximum (VBM) is located along the I'-M direction. Unlike a single conduction
band minimum, we observe four, four, six and two valence band maxima located
within a narrow energy range of 0.1 eV near the Fermi energy for Sb,Te;, GeSb,Te,,
GeySbyTes-S1 and GeySb,yTes-S2, respectively. Given the presence of multiple max-

ima in the valence band, as opposed to the single minimum of the conduction one, the
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Fig. 4 Electronic band structures of (a) SbyTes, (b) GeSbyTe,, (¢) GeySbyTes-S1 and (d)
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density of states is higher in the valence band. This leads us to expect a higher See-
beck coefficient for p-type materials in accordance with the Mott formula. % Achieving
a higher value of the thermopower implies the need for higher effective mass at a low
carrier concentration range. In general, the presence of highly flat bands and high
density of states near the Fermi level contributes to enhancing the thermopower. The
analysis of the partial density of states (PDOS) (see Fig. 4) reveals that Te-5p, Sb-
5s and Ge-4s orbitals dominate the valence band near the Fermi energy, while the
conduction band is dominated by Sb-5p, Ge-4p and Te-5p orbitals.

By solving the Boltzmann transport equation based on the band structures built
from a very dense mesh in the full BZ, the Seebeck coefficient S, electrical conductivity
o /7 and electronic part of the thermal conductivity x./7 can be evaluated, the latter

two being dependent on the relaxation time due to the use of the RTA approximation.
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The relaxation time 7 depends on the charge carrier concentration, the temperature
and the electron energies. To date, due to the lack of experimental values, the determi-
nation of relaxation time 7 of two-dimensional materials relies on ab initio or empirical
methods, which inherently introduce approximations. For simplicity, many studies 6!
dealing with low-dimensional materials report the use of 7 from experimental values
of the corresponding bulk structures based on the assumption that similar bonding
exists in the slab of thin films and the bulk. Another popular method to evaluate 7 is
the use of the Takagi formula (eq.(1)), based on the DP theory outcomes and charge
carriers effective mass that can be determined from ab initio calculations. The elastic
constants, effective mass and deformation potential energy of the compounds of inter-
est have been calculated and the values are reported in Table III. Using this formula,
the values of 7/T for holes for SbyTes, GeSb,Te, and Ge,Sb,Te;-S1 and Ge,Sb, Te-
S2 are 11.80 ps/K, 6.35 ps/K and 4.68 ps/K and 6.10 ps/K at 300 K, respectively,
and those for the electrons are 9.61 ps/K, 5.05 ps/K, 6.31 ps/K, 5.61 ps/K at 300 K,
respectively.

From the calculated 7/T, the evolutions of S, o and k. with respect to temperature
and doping level for both p-type and n-type carriers are depicted in Fig. S13 to Fig.
S18. Concerning Sb,Te;, GeSb,Te, and Gey,SbyTes-S1, both the n-type and p-type
nanosheets exhibit relatively high Seebeck coefficient, with an optimum area located
at low temperatures (< 400 K) and doping levels (< 109 em™3). Despite the lower
lattice thermal conductivity of Ge,SbyTe;-S2, its electronic thermal conductivity is
much higher than that of the other nanosheets as a result of its metallicity.

The figure of merit zT is depicted in Fig. 5 as a function of temperature and hole
doping level. For comparison, we have also calculated the temperature-dependent and
electron doping level-dependent zT. The results are depicted in Fig. S19. The zT values
for p-type doped nanosheets are much higher than those for n-type ones. The range

of temperatures to obtain a high zT value is very wide for Sb,Te;, GeSb,Te, and
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in a-axis direction as a function of temperature and p-type carriers doping level.

GeySbyTes-S1 going from 400 K to 1000 K, whereas the doping level range is relatively
narrow spanning from 102° h/cm? to 2 x 102! h/cm?®. Much like the lattice thermal
conductivity, the carrier doping level is likewise a bulk characteristic. Therefore, the
doping level of the nanosheet is obtained by multiplying the doping level of the bulk
by L./d (see section on computational details). At last, we have gathered in Table IV
the transport properties of the four nanosheets calculated at 300 K, 500 K and 700
K and for a hole doping level at around 3 x 10%° cm~3. The highest values of zT are
2.94, 2.63 and 2.27 for Sb,Te;, GeSb,Te,, and Ge,Sb,Te;-S1, respectively, which is
obtained at a temperature of 680 K, 790 K, 800 K, and at a doping level of 2.96 x 102°

cm ™3, 3.61 x 10%° cm ™3 and 3.83 x 102 cm ™3, respectively.

18



0T'0 %10 <¢ro Ly 067 99°¢ 8'0L 064 6'6L 8G'T €T'C 99€ L8 ¢¢l  €0¢ 43

8I'c ¥LT 90T 62T LST 9¥¢c 9€8¢ ¢'65¢ 6'€cc 090 180 €L'1 L9 ¥'6 96l 1S
L8'¢ 0T'c 9¢'1 ¢6'T 8¢c 9¥e ¥'e8c ¥'e9c 00¥c 880 66T LT 6 LTl Tlz TeLbqsen
€6'c 8y¢ I¢T L0V V9Y ¥L9 G0Le V6ve LIee  €€C  ¢9E 69 691 9€C  €6¢ Ea1.%qs
00L 00 00¢  00L O0¢  OOS 004 00g 00¢  00L 00¢ 00¢  00OL 00  00€

1z ] S 0 1

1= _WAA UT £}IAT}ONPUOD [BULISY) (901338 -+ OIUOIJ00[0) [830% Y3 ST ¥ pue 3/ AT Ul JUSDIPO0D F0oqeag oyy St § ‘| Ul 75 (0T
JO SHUN Ul £}IAIIONPUOD [BILIJOS[O SI O ‘S} UL SWII) UOIFRXE[DL 8} SI L *¢ WO (-0 X ¢ JO [94°] Surdop s[0Y ® je pue (0L pue

3100¢ ‘S100€ e speaysoueu gg-9a1,tqglen pue 15-81fqg%en pue Ta1tqgen ‘Farfqg ey jo serpredod jrodsuel], AT OIqEL

19



The electronic structures of ultra-thin films are highly responsive to external stim-
uli, chemical modification, and mechanical deformations.%? To evidence the strain
effect on the electronic structure, the band structures and DOS of the strained and
unstrained nanosheets are shown in Fig. 6 (a). The energy gap decreases slightly as
the applied strain increases although not leading to a semiconductor-metal transi-
tion. The energy difference between the VBM and the second to fourth highest VB
of SbyTes is 30 meV, 31 meV and 46 meV for unstrained Sb,Te;. By applying biaxial
strain, the valence bands become tunable. The degeneracy of VBM N, at the Fermi
level is 6, since there are 4 maxima in the valence band, the highest degeneracy could
be 24. However, this value cannot be reached, as V1 and V4 increase, while V2 and
V3 increase at first and then decrease with the increase of applied strain. Under -0.5%
stress in a-axis direction, the degeneracy N, reaches 18, and as expected, the value
of the Seebeck coefficient is maximum for this strain at low temperature (300 K, see
Fig. 6 (b)). One can also note that zT reaches a maximum value at this strain for all
the temperatures (Fig. 6 (c)). As to the GeSb,Te, and Ge,Sb,Te;-S1 nanosheets, the
evolution of the band structures under strains is more complex (Fig. S20). The largest
degeneracy is obtained for a tensile strain of around 0.5% to 1.0%, which coincide with
the region where both the Seebeck coefficient and zT are maximum (Fig. S21 (a-d)).

The TE performances of Sb,Te;, GeSby,Te,, Ge,SbyTes-S1 and Ge,SbyTeg-52
under strain is shown in Fig. 6 (b,c), Fig. S21 and Fig. S22. Due to the change of CBM
energy at the I' point, the effective carrier mass, derived from single-band approxima-
tion, varies under applied strains. However, calculating the scattering time for each
individual case would be computationally challenging, so we have kept the relaxation
time 7 from the fully relaxed structures.

The Seebeck coefficient decreases when either compressive or tensile strains are
applied to the nanosheets. The degradation is much more stringent under tensile

strains. The Seebeck coefficient and electrical conductivity are known to evolve
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Fig. 6 Evolution of the electronic and thermoelectric properties of Sb,Te; under strains: (a) band
structure; (b) Seebeck coefficient and electrical conductivity; (c) figure of merit zT.

oppositely according to the Mott formula.®® This behavior is well followed under
compressive strains where the electrical conductivity is improved while the Seebeck
coefficient degrades, but not under tensile strains where both the electrical conduc-
tivity and the Seebeck coefficient decrease. Hence, this result suggests that applying
strains to materials could be a route to decorrelate the electrical conductivity and the
Seebeck coeflicient, potentially improving both.

Whereas both the Seebeck coefficient and electrical conductivity are mostly
degraded under tensile strain, the figure of merit is strongly decreased under compres-

sive strains, and less under tensile strains. This behavior can be explained by observing
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the evolution of the electronic thermal conductivity (Fig. S21) under strains. Indeed,
for all the nanosheets except Ge,SbyTes-S2, which is metallic, the electronic ther-
mal conductivity monotonically decreases from -3% compressive strain to +3% tensile
strain. This trend is the same as that of the electrical conductivity, as expected from
the Wiedemann-Franz law, but seems much more stringent that in the case of the
electrical conductivity. Consequently, the high electronic thermal conductivity under
compressive strains is deleterious to ZT, but much less so under tensile strains. The
lattice thermal conductivity is also expected to play a role in the evolution of ZT but
due to the very significant computing overload of calculating the lattice thermal con-
ductivity under all the strains using the linearized Boltzmann transport equation, we
did not perform these calculations. The ZT values are hence calculated with the lat-
tice thermal conductivity of the unstrained structures. However, one can observe that,
according to Zhang et al.%3, strains applied to nanoribbons of graphene decrease the
lattice thermal conductivity, which is beneficial to the thermoelectric figure of merit,
although graphene nanoribbons are very different materials from ours. Nonetheless,
other investigations undertaken on, e.g., KAgSe% and InSe® have shown similar
results. Consequently, it seems to be a very general trend, and if one admits the same
behavior for our compounds, the lattice thermal conductivity without strains (that
we have used to calculate the ZT of the strained compounds) is an upper limit to the
values under strains, and the ZT presented in Fig. 6 and Fig. S22 could be considered
as lower bounds.

The TE performances of the nanosheets of Sb,Te;, GeSbyTe, and Ge,Sb,Tes-S1
are seemingly excellent, ranging between 1.5 and 2.5 at 500 K under slight compressive
strain (for the former nanosheet) or tensile one (for the latter two). However, the
strain effects are not as significant as that in Pb-Bi-Te nanosheets,®> which could be
explained by the fact that the band alignment in the Ge-Sb-Te nanosheets is almost

reached for the unstrained structures.
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4 Conclusions

In this work, we have investigated the electronic structure, the TE properties and
the stability of some Ge-Sb-Te nanosheets. Four structures, Sb,Tes;, GeSb,Te,,
GeySbyTes-S1 and Ge,SbyTes-S2 have been considered. Sby,Te;, GeSb,Te, and
GeySbyTes-S1 are narrow-gap semiconductors with indirect band gap and are ener-
getically and dynamically stable without strain. Ge,Sb,Te;-S2 shows clearly metallic
properties. To go beyond the relaxation time approximation, 7 has been evaluated
using the effective mass approximation and the DP theory. The highest zT values of
Sb,Te;, GeSb,Te, and Ge,Sh,Te;-S1 at 700 K with p-type doping in a-axis direction
are 2.94, 2.63 and 2.27, respectively. The strain induced effects on transport properties
for the Ge-Sb-Te nanosheets are less pronounced compared to the Pb-Bi-Te ones, as
the alignment of the valence bands maxima for the four nanosheets is almost reached
in the unstrained structures. Under small compressive strains, the phonon frequency
gap disappears which would decrease the lattice thermal conductivity. In addition, the
Seebeck coefficients of all the semi-conducting nanosheets are enhanced under slight
compressive or tensive strains of no more than +1.0%. Consequently, the nanosheets
exhibit excellent TE properties, making them potentially promising candidates for TE

applications.

Supplementary information. Electronic Supplementary Information (ESI) avail-

able at: see DOI: 00.0000/00000000.
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