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Abstract
This paper reports first-principles calculations on nanosheets of Ge–Sb–Te compounds, namely Sb

2
Te

3
 , GeSb

2
Te

4
 and 

Ge
2
Sb

2
Te

5
 under two crystalline atomic stakings S1 and S2. Sb

2
Te

3
 , GeSb

2
Te

4
 and Ge

2
Sb

2
Te

5
-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 Boltzmann transport theory together with deformation potential theory. The strain effects on their 
electronic and thermoelectric properties as well as on their dynamical properties have been investigated. A valence band 
convergence is found in the equilibrium structures, which is an efficient approach to improve the thermoelectric performance 
of materials. Sb

2
Te

3
 , GeSb

2
Te

4
 and Ge

2
Sb

2
Te

5
-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

Introduction

Thermoelectric (TE) materials that offer direct electrother-
mal energy conversion have garnered significant research 
interest in the fields of waste heat recovery,1-3 power 
generation4,5 and on-chip cooling,6 enabling a new route 

for the harvesting of green and 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 hin-
dered by the low energy conversion efficiency.7 The energy 
conversion efficiency of TE materials is characterized by the 
figure of merit zT = S2�T∕� where S is the Seebeck coef-
ficient, � is the electrical conductivity, � is the thermal con-
ductivity and T is the temperature. The thermal conductivity 
� consists of two parts: the electronic part, �e , contributed 
by the electron transport and the lattice part, �l , contributed 
by the lattice vibrations.

Two popular strategies have spurred the enhanced figure 
of merit (zT): complex structures and low-dimensional struc-
tures. It has been proposed that low-dimensional nanostruc-
tures can introduce a quantum confinement effect,8 which 
effectively increases the Seebeck coefficient and reduces the 
thermal conductivity, thereby enhancing the efficiency of 
thermoelectric devices. Nano-2D transition metal dichalco-
genides, such as MoS2,9,10 WS2,11 MoSe2,12 and WSe2,13 are 
semiconductors with large band gaps (1–2 eV), possessing 
a promising zT value ranging from 0.8 to 2.1. A nanostruc-
tured Bi2Te3/Sb2Te3 superlattice with alternative layer thick-
ness of 1 nm and 5 nm for Bi2Te3 and Sb2Te3 , respectively, 
is reported to have impressive zT values at 300 K of 2.4 and 
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1.5 for p-type and n-type,14 respectively, whereas the pure 
Sb2Te3 film exhibits a zT of 0.26 at 300 K.15

Numerous materials belonging to the IV-VI and V 2-VI3 
families exhibit high TE performance. These include lead 
chalcogenides,16 Bi2Te3-based alloys,17 and recently discov-
ered compounds such as SnSe18 and GeTe.19 Additionally, 
there exists a series of ternary compounds in the form of 
A IVBVI-AV

2
BVI
3

 systems (where A IV represents Ge, Sn or Pb; 
A V stands for Bi or Sb; and B VI indicates Te or Se). These 
ternary compounds can be conceptualized as pseudo-binary 
alloys. Notably, among these materials, Ge–Sb–Te (GST)-
based compounds, which are renowned for their outstand-
ing properties as phase-change materials used in informa-
tion storage and retrieval applications, have been shown to 
exhibit excellent TE performance, with zT values ranging 
from 0.3 to 0.71.20-23

Xu et al.24 conducted a study on a Sb2Te3 nanosheet using 
density functional theory (DFT) and the semiclassical Boltz-
mann transport theory. They identified optimal zT values at 
moderate temperatures, reaching approximately 0.782 for 
a carrier concentration of 2.0 × 1019 cm−3 at 800 K. Nota-
bly, the zT values calculated for this nanosheet far surpass 
those of Sb2Te3 nanomaterials, bulk Sb2Te3 and eutectic 
PbTe-Sb2Te3 composites. In a recent study using DFT, Fang 
et al.25 investigated 2D GeSb2Te4 , which possesses a nar-
row band gap of 0.80 eV. Considering relaxation time, they 
observed n-type power factors as high as 7.4 mW/(K m2 ). 
These findings resulted in elevated zT values, reaching 1.60 
at 300 K and further increasing to 3.80 at 700 K. This sug-
gests that low-dimensional structures indeed offer superior 
thermoelectric performance for this materials family. Most 
of the theoretical investigations on the Ge–Sb–Te-type 
nanosheets have been reported separately. Because of 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 the Ge–Sb–Te family, namely 
Sb2Te3 , GeSb2Te4 and Ge2Sb2Te5 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.

Computational Details

The DFT calculations presented here are based on plane-
wave basis sets, using the projector-augmented wave (PAW) 
method26 as implemented in the VASP code.27,28 The revised 
Perdew–Burke–Ernzerhof functional for solids (PBEsol)29 
within the generalized 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 con-
vergence thresholds have been defined as 10−8 eV and 10−3 eV 
Å −1 , respectively. The nanosheets were cleaved from a totally 
relaxed bulk crystal along the (001) plane. A nanosheet slab 
expanded to a 4 × 4 × 1 supercell together with a top vacuum 
layer was used to calculate the interatomic forces, within the 
density functional perturbation theory (DFPT),30 that were 
further processed by the Phonopy31,32 and Phono3py31,32 
packages to obtain the phonon band structure and lattice ther-
mal conductivity. The Brillouin zone (BZ) has been sampled 
with the Monkhorst-Pack division scheme. K-point meshes 
of 15 × 15 × 3 , 15 × 15 × 3 , 15 × 15 × 5 and 15 × 15 × 5 were 
applied to the conventional cells for bulk Sb2Te3 , GeSb2Te4 
and Ge2Sb2Te5 with stacking 1 and 2, respectively. K-point 
meshes of 15 × 15 × 1 and 3 × 3 × 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.33 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 �l = ∫ d�� �(��)

��−i��
 , where �(��) 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 multiply-
ing by Lz∕d,34 where Lz is the lattice parameter c 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 BoltzTraP235 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 impor-
tant in transport calculation, has been performed with a very 
dense k-point mesh of 81 × 81 × 1 for Sb2Te3 , GeSb2Te4 and 
Ge2Sb2Te5 with stacking 1 and 2. For the calculation of the 
electronic part �e of the thermal conductivity and the electrical 
conductivity � that both depend on � , the � value must be eval-
uated independently. By using the deformation potential (DP) 
theory36 with the effective mass approximation, the mobility 
� of 2D materials can be defined as:37

where e is the electron charge, ℏ is the reduced Planck con-
stant, C2D is the elastic constant, kB is the Boltzmann con-
stant, T is the temperature, m∗ is the effective mass and Ed is 
the deformation potential expressed as Ed = �E∕�(Δa∕a0) , 
where E is the energy of conduction band minimum (CBM) 
or valence band maximum (VBM), and a0 is the equilibrium 
lattice constant. Then, we can evaluate � from � = (�m∗)∕e , 

(1)�2D =
2eℏ3C2D

3kBT|m∗|E2
d
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where the effective mass is derived from the second deriva-
tive of E: m∗

k,l
= ℏ2∕(�2E∕�kk�kl).

Biaxial strains, both tensile and compressive, have been 
applied to the nanosheets. The strains range between -3% 
(compressive) and +3% (tensile) and are calculated as 
(a − a0)∕a0 × 100 , where a0 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 localiza-
tion function,38 the Bader analysis of the electron density39 
and the crystal orbital Hamiltonian population analysis.40 
The pertaining calculations have been performed with 
VASP, Critic241 and Lobster,42 respectively. The visualiza-
tion of the structures has been performed with Vesta.43

Results

Structural Information

Layered structures of Sb2Te3 , GeSb2Te4 and Ge2Sb2Te5 
with stacking 1 (S1) and Ge2Sb2Te5 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, respectively (as shown in Fig. S1, see 
online supplemental material). Two stacking sequences of 
Ge2Sb2Te5 have been considered, where the in-layer ger-
manium and antimony are interchanged. The slabs are held 
together by van der Waals interactions. With an exfoliation 
energy of about 25 meV/Å2 , weak-interaction Te-based 
compounds should be exfoliable materials, which has been 
observed for the bulk Bi2Te3 and Sb2Te3.44

In this study, to benefit from quantum-well effects, four 
nanosheet structures, depicted in Figs. 1 and S2, have been 
modeled. These nanosheet structures correspond to one 
slab of the corresponding bulk compound. To avoid spuri-
ous interaction between adjacent layers, Sb2Te3 , GeSb2Te4 
and Ge2Sb2Te5-S1 and -S2 nanosheets have been optimized 
with an on top vacuum thickness of 20 Å, 20 Å, 22 Å and 
22 Å, 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.45 Both the nanosheet lattice constants 
and the atomic positions therein have been fully relaxed. 
The lattice constant c of nanosheets comprises the vacuum 
height and the slab thickness. To model the nanosheets, the 
bulk structures 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 Bi2Te3 , the optimized lattice constants 
are a = 4.27 Å and c = 29.98 Å, which are in good agree-
ment with the reported experimental values ( a = 4.26 Å,46 
4.24 Å,47 and c = 30.19 Å47). Similarly, the calculated lat-
tice constants of GeSb2Te4 is close to the experimental 
value of a = 4.21 Å.46 From 3D to 2D, the lattice constant 
a of the four nanosheets is slightly contracted, while the 
thickness is expanded. Because of the absence of bonding Fig. 1   Structure of Sb

2
Te

3
 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 angström units, of bulk 
Sb

2
Te

3
 , GeSb

2
Te

4
 , Ge

2
Sb

2
Te

5

-S1 and Ge
2
Sb

2
Te

5
-S2 and 

corresponding nanosheets 
calculated with the PBEsol 
functional.

a c Slab Bond length

thickness b1 b2 b3 b4

Bulk
Sb

2
Te

3
4.27 29.98 7.32 3.00 3.15

Ge
2
Sb

2
Te

4
4.24 40.50 10.73 2.99 3.16 2.96

Ge
2
Sb

2
Te

5
-S1 4.22 16.83 14.11 2.98 3.16 2.94 2.97

Ge
2
Sb

2
Te

5
-S2 4.22 16.88 14.28 2.80 3.17 2.99 3.14

Nanosheet
Sb

2
Te

3
4.24 27.40 7.34 2.98 3.14

GeSb
2
Te

4
4.23 30.73 10.72 2.97 3.16 2.95

Ge
2
Sb

2
Te

5
-S1 4.21 34.27 14.17 2.96 3.16 2.93 2.98

Ge
2
Sb

2
Te

5
-S2 4.18 34.79 14.49 2.79 3.17 2.98 3.15
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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).48 The results are 
gathered in Table II and the evolution of the bond degree 
H∕� 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 posi-
tion of the BCPs is shown in Figs. 1, S1 and 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, � and ∇2� 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 ∇2� over the entire interaction region, 
|V|∕G < 1 and a small � . Conversely, ∇2𝜌 < 0 , |V|∕G > 2 
and a large � are expected for shared interactions (covalent 
or polar bonds).49 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 Figs. 1, 
and S2. In addition, it can be found that the |V|/G ratio of 
b1 BCPs in nanosheets is larger than that in bulk, indicat-
ing an edge effect with a stronger ionic interaction in low-
dimensional structures.

For all the structures except Ge2Sb2Te5-S2, b1 bears the 
highest |V|/G value compared with b2, b3 and b4, which 
should reflect a lower ionic character of b1. In the case of 
Ge2Sb2Te5-S2, the highest |V|/G value is associated with b3 

and is the same as that of b1 in Ge2Sb2Te5-S1. We note that 
both the b1 and b3 BCPs are located at the slab edge. Indeed, 
in Ge2Sb2Te5-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 with b4 in Ge2Sb2Te5-S2 and 
b2 in Ge2Sb2Te5-S1. These bonds are located in the middle 
of the slab. Both the |V|/G and the electron density �(r) at 
the bond critical points decrease monotonically across the 
Ge2Sb2Te5-S1 and Ge2Sb2Te5-S2 slab from the edge to the 
middle. This is in contrast with the electron density fluctua-
tion observed across the nanosheet of Pb2Bi2Te5.50

On the other hand, bond strength also plays a pivotal role 
in determining the lattice thermal conductivity �l of materi-
als. Zhang51 found a strong positive correlation between the 
anisotropy in lattice thermal conductivity and the anisot-
ropy in electron charge density. We conducted a chemical 
bond analysis using the crystal orbital Hamilton 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 Ge2Sb2Te5-S1 to GeSb2Te4 to 
Sb2Te3 . As stronger bonds exhibit greater orbital overlap, 
the Ge2Sb2Te5-S1 nanosheet bears weaker (softer) bonding 
interactions than the other structures. Hence, in accordance 
with Slack’s theory,52 the Ge2Sb2Te5-S1 nanosheet should 
bear lower �l.

Dynamic Properties

Dynamic properties play an important role in low-dimen-
sional materials for structural stability. Phonon dispersion 
has been determined to assess the stability of specific mate-
rials. Figures 2a and S6 show that all four nanosheets are 
dynamically stable with no imaginary modes through the 

Table II   Topological properties 
at the BCPs of Sb

2
Te

3
 , 

GeSb
2
Te

4
 , Ge

2
Sb

2
Te

5
-S1 and 

Ge
2
Sb

2
Te

5
-S2 nanosheets. The 

position of the BCPs is shown 
in Figs. 1 and S2. r1 and r2 in 
Å; Angle in degrees; � and ∇2� 
in units of 10−2 e/bohr3 and 
10−2 e/bohr5 ; G, V and H in 
units of 10−2 a.u./bohr3.

BCP r1 r2 Angle � ∇2� G V H |V|/G H∕�

Sb
2
Te

3
-b1 2.930 2.703 179.26 4.682 1.286 1.960 − 3.599 − 1.639 1.836 − 0.350

Sb
2
Te

3
-b2 2.871 3.058 179.63 3.507 2.360 1.472 − 2.355 − 0.882 1.599 − 0.252

GeSb
2
Te

4
-b1 2.919 2.691 179.33 4.768 1.237 2.006 − 3.703 − 1.697 1.846 − 0.356

GeSb
2
Te

4
-b2 3.076 2.895 179.83 3.386 2.356 1.410 − 2.231 − 0.821 1.582 − 0.243

GeSb
2
Te

4
-b3 3.009 2.568 179.57 3.867 1.772 1.565 − 2.687 − 1.122 1.717 − 0.290

Ge
2
Sb

2
Te

5
-S1 b1 2.686 2.914 179.31 4.797 1.231 2.023 − 3.739 − 1.716 1.848 − 0.358

Ge
2
Sb

2
Te

5
-S1 b2 2.902 3.080 179.72 3.354 2.362 1.395 − 2.200 − 0.805 1.577 − 0.240

Ge
2
Sb

2
Te

5
-S1 b3 2.548 2.992 179.51 3.988 1.683 1.617 − 2.813 − 1.196 1.740 − 0.300

Ge
2
Sb

2
Te

5
-S1 b4 2.596 3.030 179.97 3.704 1.848 1.490 3− 2.518 − 1.028 1.690 − 0.278

Ge
2
Sb

2
Te

5
-S2 b1 2.715 2.923 179.53 4.631 1.442 1.955 − 3.550 − 1.595 1.816 − 0.344

Ge
2
Sb

2
Te

5
-S2 b2 2.889 3.066 179.87 3.446 2.331 1.436 − 2.290 − 0.853 1.594 − 0.248

Ge
2
Sb

2
Te

5
-S2 b3 2.471 2.793 178.83 5.063 1.398 2.222 − 4.095 − 1.873 1.843 − 0.370

Ge
2
Sb

2
Te

5
-S2 b4 3.163 2.830 177.29 2.632 2.442 1.076 − 1.541 − 0.465 1.432 − 0.177
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whole Brillouin zone. However, DFT calculation with GGA 
functionals may overestimate the lattice constants, leading 
to DFPT-calculated small negative modes. To give a pre-
cise description of the stability, we calculated the Gibbs 
free energy with the quasi-harmonic approximation (QHA) 
approach:

where E(V)0K is the 0K energy, Fvib(T) is the vibrational free 
energy and Fel(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 referred to as Helmholtz 
free energy. The vibrational free energy reads:53

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

Based on Slack’s theory,52 there are four criteria for find-
ing crystals with low thermal conductivity: (1) high atomic 
mass, (2) weak interatomic bonds, (3) complex crystal struc-
tures and (4) high anharmonicity. Compared with Pb-based 
chalcogenides, we have replaced the toxic heavy element Pb 
with the environmentally friendly Ge and heavy element Bi 
with the more sustainable element Sb. The lattice thermal 
conductivity is evaluated by solving the Boltzmann transport 
equation (BTE) with the LBTE and relaxation time approxi-
mation (RTA) methods. The lattice thermal conductivities 

(2)G(P,V) = E(V)0K + Fvib(T) + Fel(T ,V) + PV

(3)

Fvib(T) =
1

2

∑

k,v

ℏ�(k, v) + kbT
∑

k,v

ln

(
1 − exp

ℏ�(k, v)

kbT

)

of Ge–Sb–Te nanosheets are higher than those of Pb–Bi–Te 
ones.45 From the LBTE method, the �l in the a direction at 
room temperature of Sb2Te3 , GeSb2Te4 , Ge2Sb2Te5-S1 and 
Ge2Sb2Te5-S2 are 4.34 W m −1K−1 , 2.67 W m −1K−1 , 1.89 W 
m −1K−1 , 2.91 W m −1K−1 , respectively, and at 700 K they 
amount to 1.85 Wm−1K−1 , 1.15 W m −1K−1 , 0.81 W m −1
K−1 , 1.25 W m −1K−1 , respectively. It is noticeable that for 
Ge2Sb2Te5-S1, the lattice thermal conductivity is larger than 
that of the bulk.54 This behavior has already been observed 
in other similar materials.55 According 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. 2a) and 
the accumulated lattice thermal conductivity (Fig. S8), we 
found that the frequencies ranging from 0 to 2 Thz con-
tribute up to 81.2% to the lattice heat transport for Sb2Te3 . 
A similar situation has been found in the nanosheets of 
Ge2Sb2Te5-S2, whereas the lattice thermal conductivity of 
GeSb2Te4 and Ge2Sb2Te5-S1 shows an approximate linear 
behavior with the frequency. Both Sb2Te3 and Ge2Sb2Te5-
S2 nanosheets exhibit two common features 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 Sb2Te3 and between 2.4 and 2.5 THz for 
Ge2Sb2Te5-S2.

Several studies56,57 have pointed out that a phonon band 
gap can lead to high lattice thermal conductivity as certain 
phonon-phonon scattering processes, specifically two acous-
tic phonons merging into one optical phonon, become inef-
ficient. In this study, the largest gap value is found in Sb2Te3 , 
followed by that of GeSb2Te4 and that of Ge2Sb2Te5-S2. In 
Ge2Sb2Te5-S1, no frequency gap is observed. The gap value 

Fig. 2   Calculated dynamic properties: (a) phonon spectrum curves of 
Sb

2
Te

3
 and corresponding total DOS (light orange background) and 

projected DOS (color lines). (b) Calculated Gibbs energy as a func-

tion of temperature. (c) Lattice thermal conductivity as a function of 
temperature obtained from LBTE in the a-axis direction (Color figure 
online).
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aligns with what is described in literature regarding its cor-
relation with the lattice thermal conductivity.

As materials with an energy gap are more amenable to 
exhibit high lattice thermal conductivity, this type of mate-
rial is probably not well suited for thermoelectric applica-
tions. 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.58 As a consequence, the 
phonon band gap could be tuned by applying stress. This 
can indeed be observed in Figs. 3, S9, S10 and S11. When 
the applied stress is larger than 0.5%, the phonon gap is 
closed for Sb2Te3 . In addition, Argaman et al.58 showed that, 
in binary chalcogenide compounds, the atomic mass differ-
ence increases the band gap by affecting the relative atoms 
motion. This explains why the frequency gap of Sb2Te3 is 
much smaller than that of Bi2Te3.50 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.

Electronic and Transport Properties

From the fully optimized structures, the band structures of 
Sb2Te3 , GeSb2Te4 and Ge2Sb2Te5-S1 and -S2 have been cal-
culated with the PBEsol functional29 and the hybrid HSEsol 
functional59 with and without SOC. The band structures 
are illustrated in Figs. 4 and 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. Sb2Te3 , GeSb2Te4 and 
Ge2Sb2Te5-S1 nanosheets are semiconductors with indi-
rect 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 Ge2Sb2Te5-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 functional. Consequently, this enables us to calcu-
late 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, Sb2Te3 , GeSb2Te4 , Ge2Sb2Te5 
(S1 and S2), the conduction band minimum (CBM) is 
located at the Γ point and the valence band maximum 
(VBM) is located along the Γ -M direction. Unlike a sin-
gle 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 Sb2Te3 , 
GeSb2Te4 , Ge2Sb2Te5-S1 and Ge2Sb2Te5-S2, respectively. 
Given the presence of multiple maxima in the valence band, 
as opposed to the single minimum of the conduction one, the 
density of states is higher in the valence band. This leads us 

Fig. 3   Phonon spectrum curves of Sb
2
Te

3
 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.
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to expect a higher Seebeck coefficient for p-type materials 
in accordance with the Mott formula.60 Achieving a higher 
value of the thermopower implies the need for higher effec-
tive 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 conduc-
tion 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 �∕� and 
electronic part of the thermal conductivity �e∕� can be eval-
uated, the latter two being dependent on the relaxation time 
due to the use of the RTA approximation. The relaxation 

time � depends on the charge carrier concentration, the tem-
perature and the electron energies. To date, due to the lack of 
experimental values, the determination of relaxation time � 
of two-dimensional materials relies on ab initio or empirical 
methods, which inherently introduce approximations. For 
simplicity, many studies45,61 dealing with low-dimensional 
materials report the use of � 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 � 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 
interest have been calculated and the values are reported in 
Table III. Using this formula, the values of �∕T  for holes for 

Fig. 4   Electronic band structures of (a) Sb
2
Te

3
 , (b) GeSb

2
Te

4
 , (c) Ge

2
Sb

2
Te

5
-S1 and (d) Ge

2
Sb

2
Te

5
-S2 calculated with PBEsol functional (lines) 

and HSEsol functional (stars) with spin-orbit coupling.

Table III   Electronic parameters 
of the nanosheets Sb

2
Te

3
 , 

GeSb
2
Te

4
 , and Ge

2
Sb

2
Te

5
-S1 

and Ge
2
Sb

2
Te

5
-S2 calculated 

with the PBEsol and HSEsol 
functionals: gap energies 
(with spin-orbit coupling in 
parenthesis), deformation 
potential E

d
 , elastic constant 

C
2D

 and carriers effective mass 
m∗ in the a-axis direction.

Compounds Gap energy (eV) Carriers E
d
 (eV) C

2D
 (N/m) m∗ ( me)

PBEsol HSEsol

Sb
2
Te

3
0.674 (0.406) 0.997 (0.707) Holes 6.75 34.02 0.15

Electrons 8.80 0.11
GeSb

2
Te

4
0.680 (0.493) 0.984 (0.767) Holes 8.13 34.24 0.19

Electrons 8.83 0.21
Ge

2
Sb

2
Te

5
-S1 0.654 (0.469) 0.966 (0.739) Holes 8.21 32.02 0.24

Electrons 8.81 0.16
Ge

2
Sb

2
Te

5
-S2 0.235 (0) 0.495 (0.039) Holes 8.26 29.63 0.17

Electrons 10.28 0.12
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Sb2Te3 , GeSb2Te4 and Ge2Sb2Te5-S1 and Ge2Sb2Te5-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 and 5.61 ps/K at 300 K, respectively.

From the calculated �∕T  , the evolutions of S, � and �e 
with respect to temperature and doping level for both p-type 
and n-type carriers are depicted in Figs. S13 to S18. Con-
cerning Sb2Te3 , GeSb2Te4 and Ge2Sb2Te5-S1, both the 
n-type and p-type nanosheets exhibit relatively high Seebeck 
coefficient, with an optimum area located at low tempera-
tures ( ≤ 400 K) and doping levels ( ≤ 1019 cm−3 ). Despite 
the lower lattice thermal conductivity of Ge2Sb2Te5-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 
nanosheets. The range of temperatures to obtain a high zT 
value is very wide for Sb2Te3 , GeSb2Te4 and Ge2Sb2Te5-
S1 going from 400 K to 1000 K, whereas the doping level 
range is relatively narrow spanning from 1020 h/cm3 to 

2 × 1021 h/cm3 . 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 Lz∕d (see sec-
tion 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 dop-
ing level at around 3 × 1020 cm−3 . The highest values of 
zT are 2.94, 2.63 and 2.27 for Sb2Te3 , GeSb2Te4 , and 
Ge2Sb2Te5-S1, respectively, which is obtained at tempera-
tures of 680 K, 790 K and 800 K, and at doping levels of 
2.96 × 1020 cm−3 , 3.61 × 1020 cm−3 and 3.83 × 1020 cm−3 , 
respectively.

The electronic structures of ultra-thin films are highly 
responsive to external stimuli, chemical modification, and 
mechanical deformations.62 To evidence the strain effect 
on the electronic structure, the band structures and DOS 
of the strained and unstrained nanosheets are shown in 
Fig. 6a. The energy gap decreases slightly as the applied 
strain increases although not leading to a semiconduc-
tor–metal transition. The energy difference between the 
VBM and the second to fourth highest VB of Sb2Te3 is 
30 meV, 31 meV and 46 meV for unstrained Sb2Te3 . By 

Fig. 5   Figure of merit (zT) of (a) Sb
2
Te

3
 , (b) GeSb

2
Te

4
 , (c) Ge

2
Sb

2
Te

5
-S1 and (d) Ge

2
Sb

2
Te

5
-S2 in the a-axis direction as a function of tem-

perature and p-type carriers doping level.
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applying biaxial strain, the valence bands become tun-
able. The degeneracy of VBM Nv at the Fermi level is 
6, since there are four maxima in the valence band, the 
highest degeneracy could be 24. However, this value can-
not 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 the a-axis direction, 
the degeneracy Nv reaches 18, and as expected, the value 
of the Seebeck coefficient is maximum for this strain at 
low temperature (300 K, see Fig. 6b). One can also note 
that zT reaches a maximum value at this strain for all the 
temperatures (Fig. 6c). As to the GeSb2Te4 and Ge2Sb2Te5
-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. S21a, b, c, d).

The TE performances of Sb2Te3 , GeSb2Te4 , Ge2Sb2Te5
-S1 and Ge2Sb2Te5-S2 under strain is shown in Figs. 6b, c, 
S21 and S22. Due to the change of CBM energy at the Γ 
point, the effective carrier mass, derived from single-band 
approximation, varies under applied strains. However, calcu-
lating the scattering time for each individual case would be 
computationally challenging, so we have kept the relaxation 
time � from the fully relaxed structures.

The Seebeck coefficient decreases when either compres-
sive or tensile strains are applied to the nanosheets. The deg-
radation is much more stringent under tensile strains. The 
Seebeck coefficient and electrical conductivity are known 
to evolve oppositely according to the Mott formula.60 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 conductivity 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 coefficient, potentially improv-
ing both.

Whereas both the Seebeck coefficient and electrical con-
ductivity are mostly degraded under tensile strain, the figure 
of merit is strongly decreased under compressive strains and 
less under tensile strains. This behavior can be explained by 
observing the evolution of the electronic thermal conductiv-
ity (Fig. S21) under strains. Indeed, for all the nanosheets 
except Ge2Sb2Te5-S2, which is metallic, the electronic ther-
mal conductivity monotonically decreases from -3% com-
pressive 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 signifi-
cant computing overload of calculating the lattice thermal 
conductivity under all the strains using the linearized Boltz-
mann transport equation, we did not perform these calcula-
tions. The zT values are hence calculated with the lattice 
thermal conductivity of the unstrained structures. However, 

Table IV   Transport properties 
of the Sb

2
Te

3
 , GeSb

2
Te

4
 , and 

Ge
2
Sb

2
Te

5
-S1 and Ge

2
Sb

2
Te

5

-S2 nanosheets at 300K, 500K 
and 700K and at a hole doping 
level of 3 × 1020 cm−3.

� is the relaxation time in fs, � is electrical conductivity in units of 105 Ω−1m−1 , S is the Seebeck coefficient 
in �V/K and � is the total (electronic + lattice) thermal conductivity in W m −1K−1

� � S � zT

300 500 700 300 500 700 300 500 700 300 500 700 300 500 700

Sb
2
Te

3
39.3 23.6 16.9 6.92 3.62 2.33 221.7 249.4 270.5 6.74 4.54 4.07 1.51 2.48 2.93

GeSb
2
Te

4
21.2 12.7 9.1 2.72 1.39 0.88 240.0 262.4 282.4 3.46 2.28 1.92 1.36 2.10 2.57

S1 15.6 9.4 6.7 1.73 0.81 0.50 223.9 259.2 283.6 2.46 1.57 1.29 1.06 1.74 2.18
S2 20.3 12.2 8.7 3.56 2.13 1.58 79.9 79.0 70.8 5.56 4.90 5.47 0.12 0.14 0.10

Fig. 6   Evolution of the electronic and thermoelectric properties of 
Sb

2
Te

3
 under strains: (a) band structure; (b) Seebeck coefficient and 

electrical conductivity; (c) figure of merit (zT).
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one can observe that, according to Zhang et al.63, strains 
applied to nanoribbons of graphene decrease the lattice ther-
mal conductivity, which is beneficial to the thermoelectric 
figure of merit, although graphene nanoribbons are very dif-
ferent materials from ours. Nonetheless, other investigations 
undertaken on, e.g., KAgSe64 and InSe65 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 Figs. 6 and S22 could be considered as lower bounds.

The TE performances of the nanosheets of Sb2Te3 , 
GeSb2Te4 and Ge2Sb2Te5-S1 are seemingly excellent, rang-
ing 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,45 which could be explained by the 
fact that the band alignment in the Ge–Sb–Te nanosheets is 
almost reached for the unstrained structures.

Conclusions

In this work, we have investigated the electronic structure, 
the TE properties and the stability of some Ge–Sb–Te 
nanosheets. Four structures, Sb2Te3 , GeSb2Te4 , Ge2Sb2Te5
-S1 and Ge2Sb2Te5-S2 have been considered. Sb2Te3 , 
GeSb2Te4 and Ge2Sb2Te5-S1 are narrow-gap semiconductors 
with indirect band gap and are energetically and dynamically 
stable without strain. Ge2Sb2Te5-S2 shows clearly metallic 
properties. To go beyond the relaxation time approximation, 
� has been evaluated using the effective mass approxima-
tion and the DP theory. The highest zT values of Sb2Te3 , 
GeSb2Te4 and Ge2Sb2Te5-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 
those of Pb–Bi–Te, 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 coef-
ficients of all the semi-conducting nanosheets are enhanced 
under slight compressive or tensile strains of no more than 
±1.0 %. Consequently, the nanosheets exhibit excellent TE 
properties, making them potentially promising candidates 
for TE applications.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11664-​024-​11134-5.
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