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Abstract
In this work, based on first-principles calculations and Boltzmann transport theory, we have investigated the structural, 
electronic, mechanical, and thermoelectric properties of CdSbS

3
 and CdSbSe

3
 compounds, which are two novel members 

of the MAX
3
 family. We found that these compounds are semiconductors with a narrow band gap. In addition, they are both 

mechanically, dynamically, and thermodynamically stable. The results show that their interlayer distances are wider than 
almost all transition metal dichalcogenide compounds. Furthermore, we report that the lattice thermal conductivity,�

l
 , at 

room temperature for CdSbS
3
 is 0.53 W  m−1  K−1 and 0.13 W  m−1  K−1 for CdSbSe

3
 . This latter value is similar to that of 

ZnPSe
3
 , which was found to be lower than all other 2D materials. More remarkably, the thermoelectric figure of merit of 

CdSbS
3
 reaches as high as 2.34 at 1400 K and 2.68 for CdSbSe

3
 at 850 K, which is a record high value at this temperature.

Keywords First-principles calculation · two-dimensional materials · semiconductors · thermoelectric · thermal conductivity

Introduction

Two-dimensional (2D) layered materials with weak van der 
Waals (vdW) interactions between layers are a crucial area 
of research in condensed matter and materials physics. These 
materials can be broken down into individual atomic layers, 
creating new 2D materials with unique properties and prom-
ising potential applications.1–5 Since the successful exfolia-
tion of graphene sheets, numerous 2D materials have been 
discovered or exfoliated from their parent layered materials. 

These include phosphorene, silicene, borophene, and tran-
sition metal dichalcogenide compounds.6 One important 
aspect of 2D materials is that some of their properties can 
be tuned, which is difficult or impossible to achieve in three-
dimensional (3D) materials. For the transition metal dichal-
cogenide compounds (TMDs) AX

2
 (A = W, Mo; X = S, 

Se, Te), which have been studied extensively,7–11 MoS
2
 has 

accelerated the development of 2D semiconductor devices 
driven by the successful fabrication of the single-layer field-
effect transistor.12

Recently, ternary layered materials have garnered sig-
nificant attention due to their potential for even more tun-
able properties which are extremely varied and original. 
This opens the door for the development of next-generation 
devices with specific functionalities.13–16 The typical chemi-
cal formula for these compounds is MAX

3
 , where M denotes 

a transition metal, A is an element of group IVA or VA, and 
X is a chalcogen element.17 In general, these materials are 
constructed by a layer of 2D building blocks stacked along 
the z-axis and separated by weak vdW forces. Each layer has 
strong covalent bonds within and consists of one sheet of M 
atoms sandwiched between two sheets of X and A atoms.18 
The structural and magnetic properties of a number of these 
compounds have been widely studied.19–33

Additionally, the quasi-2D structures of many MPX3 
compounds have been successfully exfoliated and 
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characterized, showing promise for sensing and energy 
applications.34–39 Recent studies have investigated the ther-
moelectric properties of these materials. Bulk FePS

3
 and 

MnPS
3
 were studied experimentally,40 while monolayers 

of CdPSe
3
 and ZnPSe

3
 were investigated theoretically.41,42 

Notably, this family of materials exhibits a small band gap. 
Furthermore, ZnPSe

3
 monolayers demonstrate exceptionally 

low thermal conductivity of ≈ 0.13 W  m−1  K−1 at room 
temperature—the lowest among all 2D materials reported.42

In this work, based on both first-principles calculations 
and the Boltzmann transport theory, we have investigated the 
structural, electronic, mechanical, transport, and thermoelec-
tric properties of quasi-2D CdSbS

3
 and CdSbSe

3
 , which are 

two novel members of the MAX
3
 family. Both compounds 

showed very promising thermoelectric applications, with 
thermoelectric figures of merit exceeding unity above room 
temperature.

Computational and Theoretical Details

First-principles calculations are performed using density 
functional theory (DFT) through the Vienna Ab initio Simu-
lation Package (VASP) code.43 The exchange and correlation 
interactions between electrons are expressed by the general-
ized gradient approximation (GGA) formulated as param-
eterized in the Perdew–Burke–Ernzerhof (PBE) functional.44 
Electron–ion interactions are described using the projector 
augmented wave (PAW) method.45,46 The kinetic energy cut-
off is set as 520 eV for expanding the electron wave func-
tions into a plane-wave fixed basis set, and a 12 × 12 × 10 
Monkhorst-Pack k-point grid is used. The lattice geometry 
and atomic positions are fully relaxed until the energy and 
forces converge to less than 10−6 eV and 0.01 eV/Å, respec-
tively. In GGA-PBE exchange–correlation PAW-based pseu-
dopotentials, the valence configurations of the constituent 
atoms were selected as Cd (5s2 4d10), Sb (5s2 5p3 ), S (3s2 
3p4), and Se (4s2 4p4). In order to take into account the weak 
vdW interaction, a modified nonlocal vdW density func-
tional (vdW-DF)47 based on the optimization of the Becke 
B88 exchange  functional48 (optB88-vdW-DF) is used.49,50

Among the different types of stability, energetic stability 
is the most widely considered. This can be confirmed by cal-
culating the formation energy, which is as defined follows:

where E
total

 is the total energy per atom of a relaxed primi-
tive cell of the CdSbS

3
 (or CdSbSe

3
 ) compound, and E

Cd
 , 

E
Sb

 , and EX are the energies per atom of Cd, Sb, and X 
in their most stable crystalline phase. The stable phases of 
cadmium, antimony, and sulfur (or selenium) used in Eq. 1 

(1)E
f
= E

total
−

E
Cd

− E
Sb

− 3EX

5
,

are hexagonal, trigonal, orthorhombic, and monoclinic, 
respectively.

To calculate the transport and thermoelectric properties, 
according to the rigid band approximation with constant 
relaxation time, we have used the semiclassical Boltzmann 
transport theory as coded in the BoltzTraP2 package.51 
Moreover, we have used an 11 × 8 × 11 k-point grid for the 
calculation of thermal properties including the Seebeck coef-
ficient S, electrical conductivity � , and thermal conductivity 
�
e
.
Regarding the lattice thermal conductivity �

l
 , we have 

used the Slack equation 52,53 as follows:

Here, � is the acoustic Grüneisen parameter (dimen-
sionless), and A is given by the following relation: 
A = (2.4310−8)∕(1 − (0.514 �)+(0.228∕�2) (in W mol  g−1 
 m−2  K−3), M

a
 is the average atomic mass (in g  mol−1), �3 is 

the volume per atom (in  m3), n is the number of atoms in the 
primitive unit cell, �D is the acoustic Debye temperature (in 
K), and T is the absolute temperature (in K).52

One of the most important properties of transport is the 
carrier mobility of holes and electrons. Based on the theory 
of deformation potential (DP) proposed by Bardeen and 
Shockley,54 the effective mass approximation is suitable 
for describing the carrier mobility ( � ) for 3D materials as 
follows:55

where ℏ is the Planck constant, �
B
 is the Boltzmann constant, 

T is the temperature, andC3D is the 3D elastic constant. This 
constant is mathematically defined as the second derivative 
of the total energy E

1
 with respect to the applied uniaxial 

strain, �,

where � is the lattice deformation by the uniaxial strain, 
Δ�∕�

0
 . Here, �

0
 is the equilibrium lattice constant, and V

0
 

is the equilibrium cell volume. m∗ represents the effective 
mass in the transport direction and is calculated by

where E(k) is the energy dispersion relation of electrons as 
depicted in the band structure calculations.

E
1
 is the DP constant induced by the applied strain 

along the transport direction. This constant denotes a shift 

(2)�
l
=

AMa� ⋅ n
1∕3

�
3

D

�
2T

.

(3)�
3D =

√

8�eℏ4C3D

3(�
B
T)3∕2m∗5∕2E2

1

,

C3D =
1

V
0

�
2E

��
2
,

m∗ = ℏ
2

[

�
2E

�k2

]−1

,
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in the valence or conduction band edge. E
1
 is defined as 

ΔEi∕(Δ�∕�0
) , where ΔEi is the change in energy of the ith 

band due to lattice compression or dilation Δ�∕�
0
 along the 

transport direction (calculated with a step of 0.5% ). On the 
other hand, the carrier mobility � can be written   as

where � is the relaxation time and m∗ is the effective mass 
of electrons or holes.

Density functional perturbation theory (DFPT), as imple-
mented in the Quantum ESPRESSO (QE) code, is used to 
calculate phonon dispersion branches in order to validate the 
stability of the materials.56–59 For this purpose, first-prin-
ciples calculations are conducted as follows: Firstly, fully 
relaxed structures of both compounds are taken from the 
VASP relaxation step. Secondly, the forces are further well 
converged using the SG15 Optimized Norm-Conserving 
Vanderbilt (ONCV)  pseudopotential60–62 and vdW-DF3-opt2 
exchange–correlation  functional63–67 in the QE package. In 
these calculations, the Brillouin zone (BZ) is sampled on 
7 × 5 × 7 k-point and 4 × 4 × 4 q-point grids for self-con-
sistent charge density and phonon calculations, respectively.

Results and Discussion

Structures and Energetic Stability

CdSbX
3
 compounds (X = S and Se) are a layered material 

whose structure can be built from a close-packed stacking 
of sulfur (selenium) anions in “ABC” stacking, with the 
empty intralayer anion octahedra filled by antimony dimer. 
In Fig. 1, both top and side views of the wholly optimized 

(4)�
3D =

e�

m∗
,

structure of CdSbS
3
 or CdSbSe

3
 are shown, and the cor-

responding space group is C2∕m(C3

2h
) , which is of a mono-

clinic structure. Additionally, the Sb-Sb dimers are bonded 
to six X atoms to form an ethane-like (Sb

2
X

6
)4− unit, where 

each Sb atom is tetrahedrally coordinated with three X 
atoms. The transition metal ions are distributed around the 
(Sb

2
X

6
)4− bipyramids.

The Cd2+ metal cations bind to the [Sb
2
X

6
]4− framework, 

leading to the formation of layers weakly bonded to each 
other via vdW interactions. This means that the arrangement 
of such X-Sb-X sandwiches provides a space in which two 
adjacent layers are weakly bonded to each other via the vdW 
forces. We note that the CdSbX

3
 phases are taken as layered 

CdX
2
 crystals where an octahedrally coordinated configura-

tion can appear in which the 2/3 is filled by divalent cation 
Cd and the remaining 1/3 is occupied by Sb-Sb dimers, i.e., 
Cd

2∕3(Sb2 ) 1/3 S2.
Regarding structural changes induced by the substitu-

tion of S by Se, we observe that the lattice parameters are 
expanded by ∼ 4% (Table I) due to the larger atomic radius 
of Se atoms with respect to S. This affects the Cd–Cd dis-
tances due to the longer chemical bond between the metal 
and selenium (Cd–Se) atoms than that between the metal 
and sulfur (Cd–S) atoms by ∼ 5.5% . The interlayer spac-
ing, the sum of one layer thickness and a large vdW gap 
between two layers of CdSbS

3
 ( CdSbSe

3
 ) 6.95 Å (7.39 Å) 

are much larger than that of transition metal dichalcogenides 
MX

2
 with interlayer distances ranging from 5.60 Å to 6.50 Å 

(5.69 Å for TiS
2
 , 5.73 Å for VS

2
 , 5.89 Å for SnS

2
 , 6.15 Å for 

MoS
2
 , 6.18 Å for WS

2
 , 6.46 Å for MoSe

2
 , 6.51 Å for WSe

2
 , 

and 6.01 Å for TaS
2
).68 We note that an increase in interlayer 

spacing weakens the interlayer bonding. This, in turn, allows 
for easier decoupling of adjacent monolayers and increases 
the electrical conductivity of the material.

Fig. 1  Side and top views of CdSbS
3
 or CdSbSe

3
 bulk crystal structures. The Cd, Sb, and S (or Se) atoms are colored in magenta, blue, and yel-

low, respectively. A black solid cell indicates the monoclinic primitive cell (Color figure online).
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In addition, as shown in Table S1 (Supplementary Mate-
rial), the distance between the S (Se) layers, vdW gaps, of 
the CdSbX

3
 crystals is around 2.958 (3.209) Å, much wider 

than that of MX
2
 crystals. Thus, the Sb–Sb distance is found 

to shift from 2.81 Å in CdSbS
3
 to 2.84 Å in CdSbSe

3
 , and a 

good correlation is observed between the Sb–Sb bond length 
and the cation size with the change in the slab size. As to 
the (Sb

2
X
6
)4− structural modification, the nearly flat pyramid 

constituting S2− ions remains invariable but the Sb–Sb dis-
tance is somewhat elongated to accommodate the different 
metal cations.

For materials to be synthesized and used in practical 
ways, they must be stable. To do this, we have calculated the 
formation energies according to Eq. 1. Within this definition, 
a negative E

f
 indicates that a compound’s components favor 

strong bonding with each other over separation into indi-
vidual, stabilized crystalline elemental phases. This implies 
compound stability. We found that the two compounds 
CdSbS

3
 and CdSbSe

3
 possess negative formation energies −

1.461 eV and −1.402 eV, respectively. The high negative for-
mation energy indicates significant thermodynamic stability. 
This suggests that both compounds are energetically favora-
ble and possess high chemical and thermal stability, making 
them promising candidates for thermoelectric applications.

Mechanical Properties and Stability

To ensure the structural stability of the studied compounds, 
at least in the harmonic approximation, both materials must 
fulfill the mechanical and dynamic stability  requirements71,72 
in the proposed crystalline structures. Essentially, to study 
the mechanical or elastic stability for CdSbX

3
 (X = S and Se) 

in the C2/m space group, we calculated the elastic constants 
Cij as shown in Table S2. There are 13 independent elastic 
constants. Through appropriate selection of the coordinate 
axes, they can be reduced to 12, resulting in 12 relations 
necessary to satisfy the Born stability criteria.72–74

For stable structures, the elastic constants must satisfy the 
mechanical stability criteria. These criteria are grouped into 

four general necessary and sufficient elastic stability condi-
tions, as described by Mouhat and Coudert.72 The compu-
tational results of the elastic constants were post-processed 
by the VASP toolkit, vaspkit,75 to verify the mechanical sta-
bility conditions.72 In general, it is found that all calculated 
elastic constants for both materials (see Table S2 in the Sup-
plementary Material) satisfy the stability criteria,74 implying 
that the two materials are mechanically stable.

As is well known, the elastic constants C
11

 , C
22

 , and C
33

 
characterize the resistance to linear compression along the 
[100], [010], and [001] directions, respectively, correspond-
ing to the a, b, and c axes. C

44
 , C

55
 , and C

66
 are associated 

with the shear behavior along the directions vertical to the a, 
b, and c directions under uniaxial stress, respectively.

The elastic constants C
11

 and C
22

 of CdSbS
3
(or CdSbSe

3
 ) 

compounds, corresponding to the in-plane strains, are sig-
nificantly larger than the elastic constant C

33
 , inter-plane 

strain, which indicates that both compounds are softer 
along the [001] direction than the other directions, which 
also means that the bonding strength along the [100] direc-
tion is stronger than along the [001] direction. Moreover, 
the elastic constant C

44
 is smaller than the elastic constants 

C
55

 and C
66

 , indicating that both compounds are more easily 
sheared along the direction vertical to the c direction than in 
other directions. For this, we expect to obtain 2D materials 
by cutting CdSbS

3
 (or CdSbSe

3
 ) compounds from the (001) 

surface.
On the other hand, the elastic tensors can also provide 

information about the bonding nature of solids. Pois-
son’s ratio � and Pugh’s ratio G/B are sensible criteria for 
classifying materials either as ductile or as brittle. The 
values of G/B are found to be 0.408 and 0.244 and Pois-
son’s ratios are 0.298 and 0.387 for CdSbS

3
 and CdSbSe

3
 , 

respectively.76,77 Each criterion has a critical value to 
which the ratio � or G/B of the material is compared. 
The critical value for � is 0.26, while the G/B ratio has a 
commonly used critical value of 0.57. Materials with a � 
(G/B) ratio greater (smaller) than 0.26 (0.57) are ductile. 
Hence, the two materials are ductile after both criteria. 

Table I  Lattice constants a, b, and c, in Å, and angle � , in ( ◦ ), of 
CdSbS3 and CdSbSe3 , layer thicknesses (D, in Å), formation energy 
( Ef , in eV/atom), and energy band gap ( Eg , in eV) calculated using 

the optB88-vdW method, compared with the available experimental 
results for CdPS3 and CdPSe3

a Ref. 69
b Ref. 70

Material Lattice parameters D Ef Eg

a b c �

CdSbS
3

6.61 11.44 6.95 108.70 3.981 −1.461 0.763
CdSbSe

3
6.87 11.90 7.37 108.18 4.401 −1.402 0.368

CdPS
3

6.21a 10.76a 6.86a 107.13a 3.38b – –
CdPSe

3
6.51b 11.27b – – 3.25b – –
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Moreover, CdSbS
3
 is more ionic, with a value � = 0.244 

which is very close to the perfect Poisson ratio, � = 0.25 , 
for ionic bonds. CdSbSe

3
 has higher � = 0.387, that is, 

more nondirectional bonds, corresponding to the central 
force model.78

Finally, the dynamic stability was verified by phonon 
calculation. As mentioned in Sect. 2, DFPT was used to 
calculate the phonon band structures. Figure 2 shows 
the phonon dispersion in CdSbS

3
 and CdSbSe

3
 semicon-

ductors as a function of wave vectors along the high-
symmetry directions in the monoclinic BZ.79,80 Neither 
negative branches (negative phonon frequencies) nor 
softening modes are observed for either material, which 
is another criterion of the structural stability of the stud-
ied materials. On the other hand, the striking features 
within the CdSbS

3
 and CdSbSe

3
 phonon dispersion curves 

point towards a substantial coupling between acoustic 
and optical phonon modes, especially for CdSbSe

3
 , sug-

gesting a significant influence on its thermal transport 
properties.81,82

Electronic Properties

Based on the optimized structure, we have calculated the 
electronic band structure of the CdSbS

3
 and CdSbSe

3
 com-

pounds along some high-symmetry-direction k-points in 
the Brillouin zone as illustrated in Fig. 3. As we note, both 
materials are semiconductors with an indirect gap. While 
the conduction band minimum (CBM) of the two materials 
is located at the Γ-point, the valence band maxima (VBM) 
of CdSbS

3
 and CdSbSe

3
 are near V

2
 and at A

2
 , respectively. 

The indirect band gaps of those compounds are 0.763 eV 
for CdSbS

3
 and 0.368 eV for CdSbSe

3
 , respectively. Com-

pared with the band gap of sulfide, this band gap of selenide 
is smaller due to the relative electronegativity of S and Se 
atoms. Therefore, the band gap value is closely related to the 
metal cation present in these compounds.

It can be seen from Fig. 3 that the band dispersion near 
the Fermi surface for electrons and holes is very different. 
The highest states in the valence band for both materi-
als are nearly flat. On the contrary, the dispersion of the 
electronic states at the bottom of the conduction band is 

Fig. 2  Phonon dispersions for CdSbS
3
 and CdSbSe

3
 in monoclinic structure.

Fig. 3  Band structure of CdSbS
3
 or CdSbSe

3
 compounds plotted along the high-symmetry lines of the Brillouin zones.
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well pronounced, especially in the vicinity of the Brillouin 
zone center. This difference in band dispersion is related 
to the mobility of electrons and holes: steeper dispersion 
indicates easier movement of electrons/holes, resulting in 
higher mobility.

On the other hand, the total and partial density of states 
(DOS) help us to understand the contribution of different 
states in the conduction and valence bands. The total and 
partial density of states (PDOS) of the CdSbS

3
 and CdSbSe

3
 

compounds including the s, p, and d orbitals of Cd, Sb, and 
S (Se) atoms are shown in Fig. 4. The Fermi energy ( E

F
 ), 

indicated by dotted lines, is taken as the reference energy. 
As can be seen, the VBM is mainly dominated by p (S or Se) 
states. The d states are fully occupied and show sharp peaks 
of localized states below the top of the valence band, around 
−7.5 eV, which comes from the Cd atoms. A pronounced 
structure around −12 eV is assigned to the s states of S. 
Furthermore, the conduction band consists of two sub-bands 
separated by about 0.5 eV. The upper part of the conduction 
band comprises the antibonding s and p states of all atoms, 

while the bottom of the conduction band comprises a slight 
mixing of Sb s states and S (Se) p states.

Electrical and Thermal Transport Properties

Carrier Mobility

To understand the nature of transport in CdSbX
3
 , we per-

formed charge transport calculations using Boltzmann 
transport  theory83 to estimate the carrier mobility and their 
temperature dependence. Firstly, the mobility over the tem-
perature range of 190–410 K at various electron and hole 
doping concentrations  (1015 cm−3 to  1020 cm−3 ) was calcu-
lated (see Figs. S2 and S3).

We found that the mobility decreases monotonically with 
increasing concentrations, and the change as a function of 
temperature follows a � ∼ T−� power law, where the expo-
nent � depends on the dominant scattering mechanism.84 
Furthermore, it shows a decrease by half in mobility with 
increasing temperature from 190 K to 300 K. This reduced 
mobility is a consequence of increased phonon scattering 
at higher temperatures due to a larger phonon population.

Moreover, as the electron and hole concentration reaches 
 1020cm−3

 , the mobility undergoes a transition from being 
dominated by optical phonon scattering to being dominated 
by acoustic phonon scattering. This shift is reflected in the 
characteristic exponent ( � ) associated with the scattering 
mechanism. In this case, the obtained value, � = 2 , is char-
acteristic of acoustic phonon scattering. This emphasizes the 
importance of understanding the interplay between carrier 
concentration and scattering mechanisms in determining 
mobility.

The average mobility is reasonably high for electrons 
and holes for both CdSbS

3
 and CdSbSe

3
 , with carrier con-

centrations n
e
= 1.0 × 10

15
cm

−3 . At this concentration, we 
calculate the directional mobility as illustrated in Fig. 5. We 
find that there is considerable anisotropy: in the in-plane 
directions, the electron mobility is greater than that of the 
out-of-plane (z-direction) mobility in both CdSbS

3
 and 

CdSbSe
3
 . Moreover, the electron mobility is higher than 

that of the holes in both compounds, where we observed an 
interesting and high average mobility at room temperature 
(T = 300 K) of 185.5 cm2

V
−1

s
−1 for CdSbS

3
 and 424.4 

cm
2
V

−1
s
−1 for CdSbSe

3
 . As shown in Table S6, the car-

rier mobility for both compounds is therefore comparable 
to or even better than that of other 2D semiconductors. For 
instance, various 2D semiconductor carrier mobilities are 
as follows: PdSe

2
 (216 cm2

V
−1

s
−1),86 multilayer MoS

2
 on 

PMMA (470 cm2
V

−1
s
−1),87 1 L-MoS

2
 (200 cm2

V
−1

s
−1),88 

BC
2
 N (180 cm2

V
−1

s
−1 ), BN (487 cm2

V
−1

s
−1),89 Bi

2
O

2
 Se 

nanosheet (273 cm2
V

−1
s
−1),90 1 L-CdPSe

2
 (390 cm2

V
−1

s
−1

),42 1 L-ZnPSe
2
 (439 cm2

V
−1

s
−1).41

Fig. 4  Total and partial density of states (DOS) of CdSbS
3
 or 

CdSbSe
3
 compounds.
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Notably, Fig.  5 also presents diagonal elements of 
tensor mobility values at room temperature, obtained 
from fully first-principles phonon calculations using 
DFT+DFPT-Wannier interpolated electron–phonon cou-
pling matrix elements with the Perturbo  package85 (please 
refer to the Supplementary Material for theoretical and 
calculation details). Comparing the mobility derived from 
ab initio calculations at T = 300 K with the mobility cal-
culated using Eq. 3 demonstrates good agreement. This 
strongly supports the methodology used in this work.

Thermal Conductivity

Since acoustic modes have a great influence on heat transfer 
in semiconductors,52 the Slack  model52,53 (given by Eq.2) 

was used to determine the lattice thermal conductivity ( �
l
 ). 

Figure 6 shows the relationship between �
l
 and temperature. 

Interestingly, both CdSbS
3
 (0.53 Wm

−1
K

−1 ) and CdSbSe
3
 

(0.13 Wm
−1

K
−1 ) exhibit very low lattice thermal conduc-

tivity at 300 K. Notably,  CdSbSe3 has an exceptionally low 
�
l
 , which is among the lowest reported for any 2D mate-

rial, rivaling only 1 L-ZnPSe
3
 (0.129 Wm

−1
K

−1).41 This 
exceptional thermal insulation property makes CdSbSe

3
 a 

promising candidate for applications requiring efficient heat 
management

The lattice thermal conductivity curve of the CdSbSe
3
 

remains lower than that of CdSbS
3
 over the entire tem-

perature range studied. According to Eq.  2, the Slack 
model relates the lattice thermal conductivity value ( �

l
 ) to 

the Debye temperature ( �D ), which is an indicator of the 

Fig. 5  Calculated directional electron mobility for CdSbS
3
 

and CdSbSe
3
 compounds at electron doping concentration 

ne = 1.0 × 10
15
cm

−3 using Eq.(3). �xx , �yy , and �zz are the diagonal 

elements of the tensor mobility calculated within the fully first-prin-
ciples DFT+DFPT-Wannier interpolated dynamic matrix elements 
using the Perturbo package,85 at the same electron doping concentra-
tion n

e
= 1.0 × 10

15
cm

−3.

(a) (b)

Fig. 6  Lattice thermal conductivity as a function of temperature for 
(a) CdSbS

3
 and (b) CdSbSe

3
 compounds, evaluated using Eq. 2, the 

Slack equation (closed symbols), and full ab initio evaluation by solv-
ing the Boltzmann transport equation for phonons as implemented 
in the ShengBTE package (open symbols). Anharmonic interactions 

or third-order interatomic force constants (IFC3) used by Sheng-
BTE were calculated at 2 × 2 × 2 supercell (squares) and at 3 × 3 × 2 
supercell (diamonds), while second-order IFC2 were calculated using 
DFPT for phonons at 4 × 4 × 4 q-mesh.
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characteristic temperature at which vibrational modes sig-
nificantly contribute to a material’s heat capacity. A lower 
Debye temperature suggests weaker atomic vibrations within 
the lattice. The Debye temperature value of CdSbSe

3
 is 118.6 

K, which is lower than the temperature of CdSbS
3
 (209.1 

K) by about half. This weaker coupling between atoms in 
CdSbSe

3
 translates to less efficient heat transfer, resulting 

in the observed lower thermal conductivity compared to 
CdSbS

3
.

Furthermore, the lattice thermal conductivity decreases 
gradually with the increase in temperature and is nearly 
inversely proportional to the temperature, i.e., �

l
 ∼ T−1 . This 

phenomenon can be explained by the intrinsic phonon-pho-
non scattering enhancement with increasing T and reveals 
that the Umklapp scattering dominates the phonon transport 
process. In addition, the lattice thermal conductivity at room 
temperature is reduced by ∼ 70% when we go from CdSbS

3
 

to CdSbSe
3
 . The lattice thermal conductivity, �

l
 , of CdSbS

3
 

reaches 0.11 Wm
−1

K
−1 at 1400 K and 0.048 Wm

−1
K

−1 at 
850 K, respect to CdSbSe

3
 . The lattice thermal conductiv-

ity of CdSbS
3
(CdSbSe

3
 ) is much smaller than that of well-

known thermoelectric materials such as 1.2 Wm
−1

K
−1 of 

p-type Bi
2
Te

3
,91 1.6 Wm

−1
K

−192 of PbTe, 2.3 Wm
−1

K
−193 

of block-type MoSe
2
 , 1–4 Wm

−1
K

−194–96 of WSe
2
 and SnSe 

(0.62 Wm
−1

K
−1).53

To further validate the Slack equation results (Eq. 2), 
additional limited lattice thermal conductivity calculations 
were performed using ShengBTE software within a fully 
first-principles framework. As illustrated in Fig. 6, the cal-
culated �L values from ShengBTE and the Slack equation are 
in good concordance. It is important to emphasize that the 
ShengBTE results have not yet reached full convergence; for 
more information and computational details, please refer to 
the Supplementary Material.

To assess the potential of the CdSbS
3
 and CdSbSe

3
 com-

pounds for thermoelectric applications, we calculated the 
electronic transport coefficients including the Seebeck coef-
ficient (S), electrical conductivity ( � ), electronic thermal 
conductivity ( �e ), and power factor (ZT), using semiclas-
sical Boltzmann transport theory as a function of tempera-
ture. The Seebeck coefficient can be determined indepen-
dently of relaxation time ( � ), while calculating the electrical 
and electronic thermal conductivity requires knowledge of 
� . We note that the relaxation time used in these calcula-
tions is � = 1.58 × 10

−14 s (1.87 ×  10-14 s) which was cal-
culated from the carrier mobility using Eq. 4. These values 
are closely comparable to the inverse scattering rates used 
in fully ab initio tensor mobility calculations, as shown in 
Fig. S5 of the Supplementary Material.

Figures 7a and 8a illustrate the electronic thermal con-
ductivity ( �

e
 ) as a function of temperature for the CdSbS

3
 

and CdSbSe
3
 compounds, respectively. �

e
 increases with 

increasing temperature, reaching values of 3.7Wm
−1

K
−1 

and 6 Wm
−1

K
−1 at 1200 K for CdSbS

3
 and CdSbSe

3
 , 

respectively. Notably, the contribution of electronic ther-
mal conductivity ( �

e
 ) to the total thermal conductivity is 

greater than that of lattice thermal conductivity ( �
l
).

Figures 7b and 8b show the variation in the Seebeck 
coefficient (S) as a function of temperature for the CdSbS

3
 

and CdSbSe
3
 compounds. Both exhibit positive Seebeck 

coefficients, indicating that these compounds are p-type 
semiconductors with holes as the majority carriers. The 
Seebeck coefficient values increase with temperature, 
reaching maxima of 171 �VK

−1 and 198 �VK
−1 at 1250 

K and 500 K, respectively. This increase is attributed to 
the low concentration of holes. At higher temperatures, 
the increasing concentration of thermally excited electrons 
contributes to a decrease in the Seebeck coefficient.

In addition, we find that the replacement of the S atom 
by Se affects the density of states around the Fermi energy, 
leading to a reduced energy difference at the valence 
band edge, which contributes to an enhanced Seebeck 
coefficient.

Figures 7c and 8c depict the electrical conductivity ( � ) of 
CdSbS

3
 and CdSbSe

3
 , respectively. Both compounds exhibit 

a marked increase in � with temperature, ranging from 100 
K to 1200 K for CdSbS

3
 and 100 K to 1600 K for CdSbSe

3
 . 

This behavior is characteristic of semiconductors. While the 
detailed mechanism underlying the conductivity increase is 
complex, factors such as increased carrier concentration 
and mobility are potentially influenced by the valence band 
structure. Thus, the high density of states in the valence band 
near the Fermi level (as shown in Fig. 4) may play a crucial 
role. Furthermore, the temperature dependence can be fit-
ted well by linear functions of type �(T) = �

0
+ (��∕�T)T .

Figures 7d and 8d illustrate the temperature dependence 
of the power factor for CdSbS

3
 and CdSbSe

3
 . The simultane-

ous increase in electrical conductivity ( � ) and the Seebeck 
coefficient (S) results in an enhanced power factor ( S2� ), 
where a high power factor ( S2� ) is an additional measure 
of high-efficiency thermoelectric materials. At 300 K, the 
power factor exceeds 3.5 × 10

−3 Wm
−1

K
−2 for CdSbS

3
 and 

2. × 10
−3 Wm

−1
K

−2 for CdSbSe
3
 , and they reach 6 × 10

−3 
Wm

−1
K

−2 for CdSbS
3
 and 3 × 10

−3 Wm
−1

K
−2 CdSbSe

3
 at 

400 K, respectively.
Compared to other state-of-the-art thermoelectric mate-

rials with intrinsically low thermal conductivity, such as 
PbTe,97 the power factors of  CdSbS3 and  CdSbSe3 are sig-
nificantly higher, demonstrating their potential for efficient 
thermoelectric energy conversion. This superior perfor-
mance is attributed to the optimized Seebeck coefficients 
and improved electrical conductivity.

The efficiency of thermoelectric devices is character-
ized by the dimensionless figure of merit, ZT, defined as
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(a) (b)

(c) (d)

Fig. 7  Temperature dependence of (a) electronic thermal conductivity, �
e
 , (b) Seebeck coefficient, S, (c) electrical conductivity, � , and (d) power 

factor, PF = S2� , for the CdSbS
3
 compound.

(a) (b)

(c) (d)

Fig. 8  Temperature dependence of (a) electronic thermal conductivity, �
e
 , (b) Seebeck coefficient, S, (c) electrical conductivity, � , and (d) power 

factor, PF = S2� , for the CdSbSe
3
 compound.
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where S is the Seebeck coefficient, � is the electrical conduc-
tivity, T is absolute temperature, and �

l
 is the total thermal 

conductivity, which can be decomposed into lattice ( �
l
 ) and 

electronic ( �
e
 ) contributions: � = �

l
 + �

e
 . For both com-

pounds studied, ZT increases significantly with temperature. 
Consequently, their superior thermoelectric performance is 
attributed to a combination of high power factors and low 
lattice thermal conductivity.

As shown in Fig. 9, the enhanced electrical conductiv-
ity ( � ) and Seebeck coefficient (S), coupled with reduced 
lattice thermal conductivity ( � ), result in high thermo-
electric figure of merit (ZT) values for both compounds. 
CdSbS

3
 achieves a maximum ZT of 2.34 at 1400 K. Nota-

bly, CdSbSe
3
 exhibits a ZT exceeding unity above 300 

K, reaching a peak value of 2.68 at 850 K. Our results 
are consistent with previous findings that increasing 
the gap shifts the ZT peak to a higher temperature.98–100 
Furthermore, these exceptional ZT values surpass those 
of leading thermoelectric materials and are compara-
ble to recently reported promising nanoscale materials 
such as SnSe nanosheets (0.25),101 single-layer Bi

2
Se

3
 

(0.45),102 and tellurium nanofilms (0.63),103 as well as 
various nanostructures including Si nanowires ( ≈ 1),104 
Bi

2
Te

3
/Sb

2
Te

3
 superlattices (2.4),105 bulk SnSe (2.6),3 and 

microscale Ge-alloyed SnSe ( ≈2.1).106 These findings 
establish CdSbS

3
 and CdSbSe

3
 as promising candidates 

for high-performance thermoelectric applications.

Conclusion

In this work, using first-principles calculations based on 
DFT and with an empirical vdW correction, we studied 
the structural, electronic, mechanical, and thermoelectric 

(5)ZT =
S2�T

�
l
+ �

e

,
properties of the layered compounds CdSbS

3
 and CdSbSe

3
 . 

The structural stability was investigated by the formation 
energy. We showed that these compounds are thermodynam-
ically stable. We also examined the independent elastic con-
stants, together with the shear modulus, Young’s modulus, 
and Poisson’s ratio. Our results show that these 2D mate-
rials have a semiconductor nature with narrow band gaps. 
Electronic structural analysis indicates that the character of 
the valence band maximum mainly originates from the p 
states of S and Se atoms. Moreover, we were also interested 
in investigating the thermoelectric properties in this work. 
Thus, by a combination of first-principles calculations and 
the semiclassical Boltzmann transport theory, we discussed 
in detail the temperature effect on the thermoelectric prop-
erties including the carrier mobility, thermal conductivity, 
the Seebeck coefficient, electrical conductivity, the figure of 
merit, and the power factor.

The positive Seebeck coefficients of both compounds 
indicate that holes are the majority charge carriers. The 
higher absolute values of S are likely due to an increased 
density of states near the top of the valence band, allowing 
for more efficient carrier movement. Notably, the thermal 
conductivity is extremely low compared to state-of-the-art 
thermoelectric materials, with an estimated room-temper-
ature lattice thermal conductivity of only 0.13 W  cm−1 
 K−1. This combination of a high Seebeck coefficient and 
exceptionally low thermal conductivity leads to high ther-
moelectric figures of merit (ZT) above 400 K. Importantly, 
a maximum ZT of about 2.68 was achieved in the CdSbSe

3
 

compound at 850 K, which is larger than unity and the high-
est known value at this temperature, which means that it is 
considered good for thermoelectric materials.

Fig. 9  The variation in the figure of merit, ZT, with temperature for the CdSbS
3
 and CdSbSe

3
 compounds.
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This supplementary materials document contains additional figures and tables. These items
are numbered with a capital letter “S” to identify them as supplementary (To distinguish them
from the tables and figures of the main article).

1. TABLES AND FIGURES

Table S1. Bond lengths (Å) and bond angles (deg) for CdSbS3 and CdSbSe3 with the available
results of MAX3 (M = Cd, Zn; A= Sb, P; X = S, Se) calculated by optB88-vdW method. ((x2)
means we have two atoms, in two different positions, with the same distance)

Bond lengths CdSbS3 CdSbSe3 CdPS3
1 CdPSe3

3 ZnPS3
1 2 ZnPSe3

4

M-X1(x2) 2.726 2.875 2.708 - 2.5412 2.5671 2.680

M-X2(x2) 2.769 2.884 2.710 - 2.5652 2.5671 2.680

M-X3(x2) 2.836 2.925 2.740 - 2.5792 2.5741 2.687

<M-X> 2.777 2.895 2.719 2.84 2.5612 2.5691 -

<A-X> 2.392 2.536 2.030 - 2.0301 2.189

<A-A> 2.815 2.844 2.223 - 2.2162 2.1861 2.20

∠ XAA 99.66° 100.89° - - 106.5°2 -

1 : Ref.[1] 2 : Ref.[2] 3 : Ref.[3] 4 : Ref.[4]

Table S2. the calculated elastic constants Cij of CdSbS3 and CdSbSe3 calculated by optB88-
vdW method.

Cij C11 C12 C13 C15 C22 C23 C25 C33 C35 C44 C46 C55 C66

S 76.876 28.177 20.410 1.230 71.729 18.486 -3.954 32.371 1.520 8.683 -5.220 14.004 23.027

Se 63.447 23.002 12.696 2.289 62.059 12.752 -2.204 30.367 0.121 3.475 -6.853 8.128 13.952

Table S3. The calculated Bulk (B) and Young’s (E) modulus of CdSbS3 and CdSbSe3 com-
pounds.

Bulk modulus B (GPa) Young’s modulus E (GPa)

Voigt Reuss Hill Voigt Reuss Hill

CdSbS3 35.01 28.564 31.789 43.31 33.816 38.565

CdSbSe3 28.09 23.853 25.970 32.14 1.267 17.611

2. THEORETICAL AND CALCULATION DETAILS OF MOBILITY BY PERTURBO SOFT-
WARE :

For the calculation of mobility, we tested two software packages, EPW [5–7] and Perturbo [8],
both of which start from QE calculations, to determine mobility using a fully first-principles ap-



Table S4. The calculated Shear Modulus and Poisson’s ratios of CdSbS3 and CdSbSe3 com-
pounds

Shear Modulus G (GPa) Poisson’s Ratio (GPa)

Voigt Reuss Hill Voigt Reuss Hill

CdSbS3 16.740 12.979 14.858 0.290 0.303 0.298

CdSbSe3 12.270 0.425 6.349 0.310 0.491 0.387

Table S5. The calculated Pugh’s Ratio, Average wave velocity and Debye temperature of
CdSbS3 and CdSbSe3 compounds

Pugh’s Ratio (B/G) Average wave velocity (m/s) Debye temperature (K)

CdSbS3 2.140 2050.403 209.1

CdSbSe3 4.090 1220.070 118.6

proach. The calculations are based on the mechanism of elastic electron-phonon (e-ph) scattering,
described by the e-ph coupling matrix elements Snm [9]:

Snm(k, q) =< m k + q|∆V|nk > (S1)

where ∆V is the electronic perturbation applied to the initial state |nk > that scatters into the final
state |m k + q >, indexed by electron-band quantum numbers n, m, k, and phonon wave vector q.
Thus, the scattering rate of the electron, or the inverse of the relaxation time τ−1, between the
initial |nk > state with energy ϵnk and the final state with energy ϵm k+q is given by [9]:

τ−1
nk,m k+q =

2π

h̄
|Snm(k, q)|2 δ

(
ϵnk − ϵmk+q

)
(S2)

e-ph matrix elements were obtained via DFT+DFPT-Wannier interpolation from coarse k (for
DFT electron-band structure) and q (for DFPT phonon-band dispersion) meshes to a fine k and
q meshes. However, the coarse meshes must provide a good starting estimation to construct
the electronic maximally localized Wannier functions used in the interpolation of e-ph matrix
elements. We used a 4 × 4 × 4 mesh for both k and q. While the EPW package applies the
perturbation to the electron wave functions, Perturbo applies it via the electronic potential [8, 9].
In our case, the EPW code is more susceptible to convergence issues and requires larger meshes,
whereas Perturbo yields coherent results at a comparable level. We used 12 bands (including two
conduction bands) to construct the maximally localized Wannier functions.

3. SHENGBTE LATTICE THERMAL CONDUCTIVITTY CALCULATION DETAILS:

ShengBTE [10] is employed to compute lattice thermal conductivity at various temperatures. To
achieve this, ShengBTE requires second-order interatomic force constants (IFC2) and third-order
interatomic force constants (IFC3), evaluated for an n1 × n2 × n3 supercell of a unitcell duplicated
n1, n2 and n3 along along the three crystallographic lattice vectors a1, a2, and a3, respectively.
While IFC2 are already determined from phonon dispersion DFPT calculations, IFC3 must be
computed through self-consistent calculations using a supercell technique. The deformed atomic
positions in each supercell, used to calculate IFC3, were generated by the thirdorder package [10].
Subsequently, the forces were calculated self-consistently using the QE package.

We employed 2 × 2 × 2 and 3 × 3 × 2 supercells, yielding 80 atoms per supercell (SC) with
over 280 configuration files, and 180 atoms per SC with over 340 configuration files, respectively.
Verifying the convergence of our results for CdSbS3 and CdSbSe3 systems proved challenging
due to the increasing number of sites required with increasing supercell size. For instance, refer
to the Supplementary Material in Ref.[11] for converged results of a similar system with reduced
dimensionality. Although larger supercells are required for CdSbSe3 to achieve a reasonable
agreement between the two methods, comparable results were obtained using moderately sized
supercells, see Fig. 6.
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Table S6. Calculated mobility of Electrons (µe) and Holes (µh ) in CdSbS3 and CdSbSe3 at 300
K under Electron and hole concentration of 1.0×1015 cm−3 respectively.

CdSbS3 CdSbSe3

µe x 234.64 705.64

y 217.91 373.88

z 103.87 193.75

avg 185.5 424.40

µh x 17.84 25.96

y 4.40 13.50

z 42.37 5.89

avg 21.5 15.10

Table S7. Atomic positions of CdSbS3 and CdSbSe3 compounds in units of lattice parameter a.

x y z

Cd 0.5000 0.0000 -0.29058

Sb 0.6605 0.8026 0.0000

S1 -0.0004 0.7366 0.0000

S2 0.1703 0.2604 0.29332

S3 0.6633 0.2602 0.00000

Cd 0.15020 0.9981 0.2902

Sb 0.6490 0.8106 0.0000

Se1 -0.0061 0.7324 0.0000

Se2 0.1600 0.2410 0.2986

Se3 0.6421 0.2405 0.00000
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Fig. S2. mobility of Electrons CdSbS3 and CdSbSe3 as a function of concentration.
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Fig. S3. Mobility of holes CdSbS3 and CdSbSe3 as a function of concentration.
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