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Thermoelectric conversion technology is increasingly important for sustainable energy, particularly in
transforming waste heat into electricity. In this study, we explore the thermoelectric properties of three
novel two-dimensional materials, monolayer RTeCl (with R = La, Pr, Nd), using density-functional the-
ory and semiclassical Boltzmann transport theory. These materials are stable and can be easily exfoliated
from bulk structures due to their low cleavage energy. Notably, monolayer RTeCl materials have high
power factors ((2.04–4.48) × 104 µW m−1 K−2), attributed to multiple valleys in their valence-band
maximum. Their complex crystal structures and the presence of two heavy elements contribute to an
ultralow lattice thermal conductivity ((2.42–4.58) W m−1 K−1) at room temperature. Impressively, the
figure of merit (ZT) values of monolayer RTeCl range from 0.4 to 1.2 at 300 K. Across the temperature
range of 300 to 700 K, the average ZT value and thermoelectric conversion efficiency reach 1.32–2.75
and 15.3%–22.6%, respectively. Our results indicate that monolayer RTeCl is a promising candidate for
nanoelectronics and low-dimensional thermoelectric devices, offering a new avenue for high-performance
thermoelectric materials.

DOI: 10.1103/PhysRevApplied.21.054026

I. INTRODUCTION

The rising anxiety around energy shortages and envi-
ronmental degradation underscores the significance of
advancing clean energy technologies and optimizing the
recycling of current energy resources. Here, since ther-
moelectric materials can directly convert heat energy into
electrical energy without causing environmental pollution,
these materials exhibit significant promise, particularly in
recycling industrial waste heat. For thermoelectric materi-
als, one of the most important and most relevant features
is the thermoelectric conversion efficiency η, which is
typically quantified by the dimensionless figure of merit
ZT = σS2T/(κe + κl) [1], where S, σ , T, κe, and κl denote
the Seebeck coefficient, electrical conductivity, absolute
temperature, electrical thermal conductivity, and lattice
thermal conductivity, respectively. Based on the ZT value
and the operating temperature range of the material, η can
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be roughly estimated by [2]

η = (Th − Tc)

Th

(1 + ZTavg)
1/2 − 1

(1 + ZTavg)1/2 + Tc/Th
,

where ZTavg, Th, and Tc are the average ZT values across
the temperature range, hot-end, and cold-end temperatures,
respectively. One can see that a larger ZT value means a
higher η.

Hence, in the realm of thermoelectric materials, achiev-
ing high performance usually necessitates the simultane-
ous optimization of two key factors, i.e., a higher power
factor FP = σS2 and a low thermal conductivity κ (κ =
κe + κl). However, previous studies have indicated that
a significant increase in FP is challenging due to the
strong coupling between the Seebeck coefficient and elec-
trical conductivity [3]. In contrast, a substantial decrease
in κ is comparatively more feasible. Various methods
have been proven to be effective in reducing κl, includ-
ing nanostructures [4], alloying [5], and searching for
materials with lower intrinsic κl. Notably, some materials
such as Ba2BiAu [6], MgIn2Se4 [7], NaMgAs [8], bilayer
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SnSe [9], and tetradymites [10] have achieved high ZT
values with ultralow κl.

Recently, two-dimensional (2D) materials have gar-
nered significant research interest owing to their dis-
tinctive morphology and innovative physical properties.
Besides, due to the size effect and the quantum confine-
ment effect [11], 2D materials can exhibit lower κl, which
endows them with considerable potential in thermoelectric
device applications. With the development of 2D mate-
rial preparative techniques, a series of 2D materials have
been demonstrated as exceptional thermoelectric conver-
sion properties, such as SnSe [12,13], MoS2 [14], Bi2Te3
[4], black phosphorus [15], and Mo2TiC2 [16]. In general,
materials with low intrinsic κl exhibit certain characteris-
tics: (i) the presence of relatively heavy elements in the
crystal; (ii) a crystal cell containing as many atoms as pos-
sible; and (iii) an exceedingly complex lattice structure.
These particular attributes are responsible for the height-
ened occurrence of phonon scattering, leading to lower κl.

Various experimental and theoretical investigations
have documented the existence of materials exhibit-
ing these mentioned characteristics and ultralow κl,
examples including 2D Ag9AlSe6 [17], BaAg2Te2 [18],
Tl3VSe4 [19], and Cs2SnBr6 [20]. Moreover, numer-
ous studies have demonstrated that tellurium-based com-
pounds generally exhibit high S and low κl, resulting
in large ZT values, as seen in PbTe [21], Bi2Te3 [22],
Ag2Te [23], and CuGaTe2 [24]. Interestingly, ternary lay-
ered tellurides, such as FeNbTe2 [25], Cr2Ge2Te6 [26], and
Nb3SiTe6 [27], which have recently been shown to have
great potential in the field of voltage-controlled magneto-
electronics and topological states, have the characteristics
above associated with them. Here, a crystal library, which
reveals a series of ternary layered tellurides RTeCl with
a suitable electronic structure (except that the band gap
of CeTeCl is zero), has also been synthesized by Larres
et al. [28]. These compounds represent the first example
of rare-earth-metal telluride chlorides. They contain two
heavy elements, and their monolayers consist of multiple
atomic layers. Therefore, it could be expected that their κl
values are relatively small.

In this work, the stabilities and thermoelectric properties
of the monolayer RTeCl have been studied systematically.
The low cleavage energy and the high thermodynamic and
kinetic stabilities guarantee the possibility of experimen-
tal synthesis of monolayer RTeCl. Furthermore, owing to
their unique atomic arrangement and the inclusion of two
heavy-element components, the three monolayers demon-
strate a remarkable S value of (1–1.5) × 103 µV K−1

and significantly low κl ((2.42–4.58) W m−1 K−1).
Accordingly, their power factors FP reach (2.04–4.48) ×
104 µW m−1 K−2 and ZT values are up to 0.93, 1.06,
and 1.2 at room temperature. This exceptional performance
endows 2D RTeCl with substantial application prospects in
the realm of thermoelectricity.

II. COMPUTATIONAL METHODS

All calculations were performed using the projector
augmented-wave method in the Vienna Ab initio Simula-
tion Package (VASP) [29,30]. The plane-wave cutoff energy
was set to 520 eV. The Perdew-Burke-Ernzerhof (PBE)
version of the generalized gradient approximation (GGA)
was utilized to account for the exchange-correlation energy
[31]. For the structural optimization, the energy conver-
gence threshold between two consecutive parts was set
to 10−8 eV, and the Hellman-Feynman force convergence
threshold was set to 10−3 eV Å−1. The first Brillouin
zone (BZ) is sampled by using an 11 × 11 × 1 �-centered
k mesh. To avoid interlayer interactions caused by peri-
odic boundary conditions, a 15 Å vacuum layer was
set vertically. In addition, considering that GGA usually
underestimates the band gap of semiconductors, the hybrid
functional HSE06 was further used to calculate the elec-
tronic band structure [32].

The spin-orbit coupling (SOC) effect was also consid-
ered in electronic-structure calculations due to the presence
of the two heavier elements in the monolayer RTeCl [33].
To evaluate the thermal stability of monolayer RTeCl, ab
initio molecular dynamics (AIMD) simulations were per-
formed in a canonical ensemble using the Verlet algorithm.
A 10 ps AIMD simulation was performed with a 5 × 5 × 1
supercell at 700 K [34]. The phonon dispersion and ther-
mal transport parameters with a 4 × 4 × 1 supercell were
determined using the PHONOPY and PHONO3PY software
packages, respectively [35,36]. The HIPHIVE code, which
utilizes machine learning techniques, was employed to
extract higher-order mechanical constants [37,38]. This
approach has demonstrated its efficacy in precisely assess-
ing the κl values of many commonly encountered 2D
materials [39]. We chose the effective thicknesses (10.84,
10.88, and 10.85 Å) of monolayer RTeCl as the thicknesses
in the κl calculation. The WANNIER90 code and its accompa-
nying Boltzmann transport module were employed for the
investigation of electrical transport characteristics [40].

III. RESULTS AND DISCUSSION

A. Crystal structure and stability

The synthesis of 2D materials has consistently been a
focal point of research at the forefront of scientific inves-
tigation. At present, mechanical stripping of monolayers
from layered bulk materials is the dominant experimen-
tal technique for producing 2D materials, with well-known
examples including graphene, SnSe, Bi2Te3, and MoS2.
Intriguingly, bulk RTeCl, a layered material yet to be
extensively explored, depicted in Fig. 1(a), was first syn-
thesized by Larres et al. [28]. Bulk RTeCl is a tetragonal
lattice and belongs to space group P4/nmm (No. 129).
Owing to its D4h symmetry, monolayer RTeCl displays
identical characteristics in both the a and b directions
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FIG. 1. (a) Side view of the structure of bulk crystalline RTeCl. (b) Top and (c) side views of corresponding monolayer RTeCl.
(d) Cleavage energies of monolayer RTeCl. (e) The 2D Brillouin zone with high-symmetry paths.

[Figs. 1(b) and 1(c)]. The lattice parameters are included
in Table I. Consequently, the following computations only
focus on one of the directions.

To assess the possibility of mechanical exfoliation of
the RTeCl monolayer, we calculate the cleavage energies
of three monolayers using the rigorous method [41], Ef =
(Eiso − Ebulk/n)/A, where Eiso and Ebulk are the energies of
the monolayer and the bulk, and n and A are the number
of layers and the in-plane area of the unit cell, respec-
tively. As illustrated in Fig. 1(c) and Table I, the calculated
cleavage energies are 0.98, 1.01, and 1.02 J m−2, respec-
tively, which are slightly higher than those for graphene
(0.33 J m−2) [42], MoS2 (0.27 J m−2) [43], and phos-
phorus (0.36 J m−2) [44] but lower than that for GeP3
(1.14 J m−2) [45], suggesting that mechanical exfoliation
would be highly experimentally practicable.

According to many previous reports on 2D materi-
als, freestanding 2D materials not only need to be eas-
ily prepared by mechanical exfoliation but also need to
have thermodynamic, kinetic, and mechanical stability
[46–49]. Firstly, we evaluate the thermodynamic stabil-
ity via AIMD simulations, as shown in Fig. S1 in the
Supplemental Material [50]. The monolayers exhibit neg-
ligible structural reconfiguration and minor total energy

TABLE I. Lattice parameter a (Å), cleavage energies (J m−2),
and different functional (PBE and HSE06) band gaps (eV)
considering SOC for the monolayer RTeCl.

Band gap

Monolayer a Ef PBE HSE06

LaTeCl 4.39 0.98 0.91 1.53
PrTeCl 4.34 1.01 0.73 1.37
NdTeCl 4.31 1.02 0.72 1.34

fluctuations after a 10-ps simulation at 700 K, indicat-
ing robust thermodynamic stability. Subsequently, phonon
dispersions are employed to assess kinetic stability. As
depicted in Figs. 2(a)–2(c), the absence of imaginary fre-
quencies across the BZ confirms the dynamic stability
of these phases. In addition, the mechanical stability is
evaluated by calculating the elastic constants, as listed in
Table II. All three monolayers satisfy the Born-Huang cri-
teria [51]: C11C22 − C2

12 > 0 and C66 > 0. On this basis,
since these three materials are tetragonal crystals, we intro-
duce a more accurate mechanical stability criterion based
on their point-group (4/mmm) characteristics [52]: C11 >

|C12| and 2C2
13 < C33(C11 + C12). They also satisfy this

criterion, illustrating their high mechanical stability. The
above results imply that these 2D materials are amenable
to experimental synthesis.

Furthermore, due to the D4h symmetry, we obtain the in-
plane Young’s modulus Y(θ) and Poisson’s ratio ν(θ) in
the following forms in polar coordinates [53,54]:

Y(θ) = �C
C11(α4 + β4) + (�C/C66 − 2C12)α2β2 , (1)

ν(θ) = − (2C11 − �C/C66)α
2β2 − C12(α

4 + β4)

C11(α4 + β4) + (�C/C66 − 2C12)α2β2 , (2)

TABLE II. Elastic constants Cij (N m−1), maximum Young’s
moduli Ymax (N m−1), and maximum Poisson’s ratios νmax.

Monolayer C11 C12 C66 Ymax νmax

LaTeCl 78.50 37.95 32.80 60.15 0.48
PrTeCl 80.77 41.99 34.58 58.95 0.52
NdTeCl 81.41 44.53 35.26 57.06 0.55
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FIG. 2. The orbital-resolved phonon dispersion of monolayer
RTeCl, for R = La (a), Pr (b), and Nd (c).

where C11 = C22, �C = C2
11 − C2

12, α = cos(θ), and β =
sin(θ), with angle θ being with respect to the a axis. As
displayed in Fig. S2 in the Supplemental Material [50], it
is obvious that Young’s modulus and Poisson’s ratio show
D4h symmetry, which is consistent with their crystal sym-
metry. The calculated maximum Young’s moduli Ymax are
60.15, 58.95, and 57.06 N m−1, respectively, while the cor-
responding maximum Poisson’s ratios νmax are 0.48, 0.52,
and 0.55 (see Table II). The relatively low Young’s moduli
and high Poisson’s ratios indicate the excellent flexibility
of the monolayer RTeCl, widening their potential scope
for applications. The aforementioned findings demonstrate
that the mechanical stripping method yields 2D RTeCl
materials with exceptional stability.

B. Electronic structure and transport properties

The electrical transport properties of monolayer RTeCl
are determined by its electronic structure. Firstly, we
carefully tested the magnetic properties by both high-
precision structure optimization and self-consistent cal-
culations. Then, we also tested the magnetic moments
with different Hubbard-Coulomb interaction U values.
These calculated results all consistently displayed mag-
netic moments of zero for the three materials, suggesting
that they are nonmagnetic systems. Finally, with consider-
ation of SOC, we tested the different magnetic directions
and magnetic configurations, which also basically yielded
zero-magnetic-moment results in the different directions.
Besides, as it arises from two heavy atoms (R and Te),
the SOC effect has a significant impact on both the band
gap and band dispersion, as depicted in Fig. S3 in the

� X M � � X M � � X M �

(a) (b) (c)

FIG. 3. The PBE and HSE06 electronic band structures of
monolayer RTeCl, for R = La (a), Pr (b), and Nd (c), with SOC.

Supplemental Material [50]. Therefore, in the subsequent
calculations, we mainly focus on the results with SOC.

As is well known, since the PBE method typically
underestimates the band gap of semiconductor materials,
we conduct calculations using both the PBE and HSE06
approaches, as illustrated in Figs. 3(a)–3(c). They all
exhibit a direct band gap with the valence-band maximum
(VBM) and the conduction-band minimum (CBM) located
at the � point. Their band gaps are 1.53, 1.37, and 1.34 eV
under the HSE06 approach (0.91, 0.73, and 0.72 eV with
the PBE scheme), respectively. Here, it is worth noting that
their CBMs are steeper, while the VBMs possess multival-
ley characteristics and undergo simplification, indicating
that the monolayer RTeCl exhibits a high carrier mobility
and a significant effective-mass density of states (DOS).
This predicts that monolayer RTeCl will possess a high
conductance with a large σ , enabling decoupling to some
extent. The projected density of states is shown in Fig. S4
in the Supplemental Material [50]. The results indicate that
the VBMs are primarily contributed from p orbitals of Te,
while the CBMs are mainly derived from d orbitals of the
rare-earth elements (La, Pr, and Nd).

In addition, we calculated the electronic band structures
of the bulk forms of these three materials, as shown in Figs.
S5(a)–S5(c) in the Supplemental Material [50]. The band
structure of the bulk is very similar to that of the monolayer
and shows a direct band gap, but the band gap is smaller.

To facilitate a more comprehensive investigation of the
electronic properties, we utilize deformation potential the-
ory (DPT) to assess its effective mass and carrier mobility
[55]:

μ2D = 2e�3C2D

3kBT|m∗|2(Ei
l)

2
. (3)

Here μ2D, �, kB, and T represent the carrier mobility,
reduced Planck’s constant, Boltzmann constant, and tem-
perature, respectively; C2D is the plane stiffness; and Ei

l
represents the deformation potential constant, Ei

l = �Ei/ξ ,
where �Ei denotes the energy changes of the ith band
at small strains and ξ denotes the degree of strain, ξ =
�l/l0 (where l0 is the lattice constant in the transport
direction and �l is the deformation of l0). Finally, m∗
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FIG. 4. Electron transport properties of monolayer RTeCl, for R = La (top row), Pr (middle row), and Nd (bottom row): (a),(e),(i)
Seebeck coefficients S, (b),(f),(j) electrical conductivities σ , (c),(g),(k) electron thermal conductivities κe, and (d),(h),(l) power factors
FP, all at 300, 500, and 700 K.

represents the carrier effective mass and is expressed as
m∗ = �2/(∂2E/∂2k), where E and k are the energy and
wave vector [56]. The results are shown in Table S1 in the
Supplemental Material [50]. Monolayer RTeCl features a
small electronic effective mass (0.36–0.37), leading to very
high electronic mobility μe

2D, which is consistent with the
steep dispersion distribution of the CBM.

The aforementioned electronic characteristics collec-
tively illustrate the exceptional electrical transport prop-
erties. Furthermore, we have derived a set of transport
properties by solving the Boltzmann transport equation,
including S, σ , κe, and FP, as shown in Figs. 4(a)–4(l).
First of all, the Seebeck coefficient can be expressed as

S = 8π2k2
BTm∗

d

3e�2

( π

3n

)2/3
, (4)

where m∗
d and n represent the DOS effective mass and the

carrier concentration, respectively [57]. The value of S is

obviously proportional to m∗
d. The multivalley energy-band

feature at the VBM leads to a better distribution of the DOS
effective mass, which is shown by the remarkably steep
DOS distribution at the VBM. With a sharper DOS distri-
bution at the band edge, a higher S can be achieved. As
predicted, the three monolayers demonstrate large S val-
ues ((1–1.5) × 103 µV K−1) at room temperature, which
are larger than those of some of the high-performance
thermoelectric materials, such as functionalized monolayer
Sc2C (372–1036 µV K−1), Cu2S (250–300 µV K−1), and
M2CO2 (M = Ti, Zr, and Hf) (1100 µV K−1).

According to Eq. (S1) in the Supplemental Mate-
rial [50], the σ and κe values are directly related to
the carrier relaxation time τ . Hence, we calculated τ

using the currently common DPT for different temper-
atures and different carrier types [58]: τ = m∗μ/e. The
results are shown in Table S1 in the Supplemental Mate-
rial [50]. The relaxation times of electrons and holes at
300 K are (22.2–52.1) × 10−14 and (3.2–14.2) × 10−14 s,
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FIG. 5. (a)–(c) Group velocities, (d)–(f) phonon lifetimes, and (g)–(i) Grüneisen parameters of monolayer RTeCl, for R = La (left
column), Pr (middle column), and Nd (right column), where the red, green, blue, and pink dots correspond to ZA, TA, LA, and optical
phonons, respectively.

respectively. Additionally, for the semiconductors, higher
carrier mobility μ also tends to result in higher σ [59],
i.e., σ = nμe. The σ values of monolayer RTeCl are as
high as (106–107) �−1 m−1. The FP values also reach
(2.04–4.48) × 104 µW m−1 K−2, which is comparable to
those of some excellent thermoelectric materials, such as
PbTe (∼2.0 × 103 µW m−1 K−2) [22] and Bi2Te3 (∼4.5 ×
103 µW m−1 K−2) [11].

C. Phonon thermal transport

Upon predicting the exceptional electrical transport
properties, we further evaluated the thermal transport
properties of these monolayers. Here, the three lowest
acoustic modes are the out-of-plane acoustic branch (ZA),
the transverse acoustic branch (TA), and the longitudinal
acoustic branch (LA), respectively [see Figs. 2(a)–2(c)].
Macroscopically, the acoustic and low-frequency optical
modes are contributed by the heavier rare-earth elements
R (La, Pr, and Nd) and Te, whereas the lighter element Cl
contributes to the high-frequency optical modes. Owing to
the two heavier elements, the phonon vibrational frequen-
cies are notably low, with a maximum frequency of merely

8–9 THz, suggesting a potential for low κl. Here, κl can
be expressed as κl = ∑

λ cphλν
2
αλτλ, where cphλ, ναλ, and

τλ are the volumetric specific heat, phonon group velocity,
and phonon lifetime, respectively; and λ denotes the λth
branch of phonon mode [60]. The absence of a phononic
gap between the acoustic and optical modes makes it easier
for phonons to scatter between them. At the same time, the
coupling between the low-frequency optical mode and LA,
as well as ZA and TA along the �-M direction, which also
provides more scattering channels for optical and acous-
tic phonons, further enhances the phonon scattering and
reduces the phonon lifetime τλ, as shown in Figs. 5(d)–5(f).
The distribution of phonon lifetimes suggests that the
main contribution to κl comes from the acoustic modes,
and there is a smaller contribution from the optical
mode.

Besides, κl is highly correlated with the phonon group
velocity, i.e., κl ∝ ν2

αλ. The group velocity of acous-
tic modes is mainly distributed below 4.5 km s−1 [see
Figs. 5(a)–5(c)], which is much lower than that of
graphene (∼22 km s−1) [61], and comparable to those of
arsenene (∼4.5 km s−1) [62], Rb2B3C4 (4 km s−1) [40],
and MoSe2 (∼5.06 km s−1) [63]. The maximum group
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(a) (b)

FIG. 6. (a) Volumetric specific heat and (b) lattice thermal conductivity of monolayer RTeCl, for R = La, Pr, and Nd.

velocity of the optical mode can reach 5 km s−1, which
corresponds to a steep phonon dispersion in the range of
4–9 THz.

Meanwhile, the distribution of volumetric heat capac-
ity is about 145 J mol−1 K−1, as shown in Fig. 6(a), and
the volumetric heat capacities of three monolayers are very
close due to their similar structures and chemical composi-
tions. Furthermore, we calculate the Grüneisen parameter
(γ ), which represents the phonon-phonon anharmonicity
and can be expressed as γ = (V/ω(q)) ∂ω(q)/∂V [64],
where V and ω(q) denote the crystal volume and phonon
frequency, respectively. In general, a large |γ | indicates
strong phonon-phonon anharmonic scattering [65]. As
shown in Figs. 5(g)–5(i), the monolayer RTeCl has a larger
γ and poorer convergence, compared to other conven-
tional 2D materials [66,67]. This means that monolayer
RTeCl has strong phonon-phonon anharmonic scattering,
resulting in the low τλ and κl.

The intrinsic κl is shown in Fig. 6(b). These mono-
layers exhibit extremely low κl values of 4.58, 2.78, and
2.42 W m−1 K−1 at 300 K, which are comparable to
those of excellent thermoelectric materials, such as anti-
monene (5 W m−1 K−1) [62], Bi2Te3 (∼2.5 W m−1 K−1)
[68], PbTe (2.01 W m−1 K−1) [69], and monolayer
SnSe ((2.02–2.5) W m−1 K−1) [70]. Here, one can see
that κl decreases as the temperature increases, indicating
that Umklapp phonon scattering plays a dominant role.
Besides, as the three rare-earth elements (La, Pr, and Nd)
gradually become heavier, phonon scattering also becomes
stronger, giving rise to a gradually decreasing κl value.

D. Thermoelectric figure of merit ZT

The ZT values at different temperatures (300, 500,
and 700 K) can be determined from electrical and ther-
mal transport parameters, as illustrated in Figs. 7(a)–7(c).
It is evident that the ZT values of n-type doping are

significantly superior to those of p-type doping. At 300 K,
the ZT values range from 0.4 to 1.2, comparable to those
for other 2D materials, such as InSe (0.5) [71] and PbTe
(0.3) [22]. As the temperature rises, the ZT values increase
significantly and the accompanying peaks shift toward the
region of low chemical potential. At 700 K, the ZT values
increase to 2.34–4.15, exceeding those of GaTe (0.7) [72],
PbTe (1.2) [22], and MgIn2Se4 (3.06) [7]. The ZT values
of monolayer RTeCl (R = La, Pr, and Nd) as a function of
carrier concentration are shown in Fig. S6 in the Supple-
mental Material [50]. The results indicate that the ZT peaks
of the three materials are in the range of carrier concentra-
tion of 1012–1013 cm−2, which is a feasible range attainable
in experiments.

In addition, we calculate the average ZT values (ZTavg)
and conversion efficiency η in the temperature range
of 300–700 K, as shown in Table SI in the Supple-
mental Material [50]. Their average ZT and η values
reach 1.32–1.59 and 15.3%–17.1% for p-type doping and
2.28–2.75 and 20.7%–22.6% for n-type doping. Collec-
tively, monolayer RTeCl is expected to have great potential
in nanoelectronic materials and low-dimensional thermo-
electrics.

IV. SUMMARY

In summary, we have theoretically predicted three
monolayer semiconductor materials with two heavy ele-
ments. The low cleavage energies (0.98–1.02 J m−2)
validate the feasibility of mechanically exfoliating the
three monolayers from their bulk structures. The kinetic,
thermodynamic, and mechanical stabilities of monolayer
RTeCl are confirmed by phonon dispersion, AIMD simu-
lations, and elastic constant constraints, respectively. The
three monolayers show direct-band-gap features with val-
ues of 1.53, 1.37, and 1.34 eV, respectively. In addition,
they exhibit a high FP ((2.04–4.48) × 104 µW m−1 K−2)
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FIG. 7. The ZT values of monolayer RTeCl, for R = La (a), Pr (b), and Nd (c), at 300, 500, and 700 K.

and an ultralow κl ((2.42–4.58) W m−1 K−1), leading to
high ZT values (0.4–1.2) at room temperature as well as
an η value of approximately 22.6% within the tempera-
ture range of 300–700 K. Our findings suggest that RTeCl
monolayers are promising candidates for advanced ther-
moelectric applications in nanoelectronics and innovative
thermoelectric devices.
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