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Abstract

In this study, we systematically investigate the thermal and electronic transport properties of a two-dimensional
(2D) PbSe/PbTe monolayer heterostructure by combining first-principles calculations, Boltzmann transport theory,
and machine learning methods. The heterostructure exhibits a unique honeycomb-like corrugated and asymmetric
configuration, which significantly enhances phonon scattering. Moreover, the relatively weak interatomic interactions
in PbSe/PbTe lead to the formation of antibonding states, resulting in strong anharmonicity and ultimately yielding
ultralow lattice thermal conductivity («.). In the four-phonon scattering model, the . values along the x and y direc-
tions are as low as 0.37 and 0.31 W-m~!' - K~!, respectively. Contrary to the conventional view that long mean free path
acoustic phonons dominate heat transport, we find that optical phonons contribute approximately 59% of the «.in
this heterostructure due to their larger group velocities than the acoustic phonons. Further analysis of thermoelectric
performance shows that at a high temperature of 800 K, the heterostructure achieves an exceptional dimensionless
figure of merit (zr) of 5.3 along the y direction, indicating outstanding thermoelectric conversion efficiency. These
findings not only provide theoretical insights into the transport mechanisms of PbSe/PbTe monolayer heterostructure
but also offer a practical design strategy for developing high-performance 2D layered thermoelectric materials.
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INTRODUCTION

Driven by the record-high global temperatures and the increased industry consumption, the global energy
demand in 2024 rose by 2.2 %, according to Global Energy Review 2025 by the International Energy Agency !,
This growth rate is considerably higher than the average annual increase of 1.3 % between 2013 and 2023. The
emerging energy crisis has gained global attention and has intensified scientific pursuit of advanced materials
capable of providing efficient and sustainable energy solutions. As the energy crisis intensifies, thermoelectric
materials are receiving more attention than ever before due to their ability to convert waste heat into clean
energy through the direct and reversible conversion between heat and electricity via the Seebeck and Peltier
effects>-¢). The conversion efficiency is typically evaluated using the dimensionless figure of merit (27" [7):

S2oT
Ke + K[,

7T = (1)

where S is the Seebeck coeflicient, o is the electrical conductivity, T is the absolute temperature, and «, and «z.
denote the electronic and lattice thermal conductivities, respectively. These parameters are inherently coupled
in condensed matter systems, where the Seebeck coefficient S typically exhibits an inverse relationship with
electrical conductivity, and . is directly proportional to . Such interdependencies pose a significant chal-
lenge to optimizing ZT, as improving one parameter often compromises another (>>%°]. Several approaches
including defect engineering'°~'3], band structure engineering!'4'*!, doping strategies*'5~'%), and the con-
struction of heterostructures ') have been proposed to tune the electronic band structure or phonon trans-
port, thereby improving thermoelectric ZT.

In the field of thermoelectrics, two-dimensional (2D) materials exhibit unique advantages owing to quantum
confinement effects and tunable interfacial phonon scattering. Their atomic-scale thickness can significantly
suppress phonon transport while maintaining high carrier mobility 222l Lee et al. demonstrated that in
conventional bulk materials, electrical conductivity (o) and electronic thermal conductivity () are positively
correlated and difficult to decouple. However, in SnS, nanosheets, reducing the thickness significantly lowers
the lattice thermal conductivity (xz) while maintaining a moderate ¢, ultimately enhancing thermoelectric
efficiency(??!. This observation highlights the unique potential of 2D materials in the synergistic regulation of
the power factor and the total thermal conductivity (k. + «.). In recent years, particular attention has been
drawn to 2D heterostructures with van der Waals (vdW) interactions, as the inherent asymmetry within these
systems can enhance the coupling between acoustic and optical phonon modes, thereby strengthening inter-
facial phonon scattering and resulting in a reduced ;. These systems are typically constructed by stacking
different 2D layers vertically through weak vdW forces. Sidike et al. employed interfacial engineering tech-
niques to investigate black phosphorus (BP)/arsenic heterostructure devices, focusing on their thermoelectric
behavior *4). Their findings revealed a high ZT of up to 3.5 at 350 K, highlighting the exceptional thermoelec-
tric performance of such hybrid systems. In another study, Zhou et al. investigated the in-plane thermoelectric
properties of vertically stacked BP and Ti,C, forming vdW heterostructures (vdWHs). Remarkably, the ZT
value of the Ti,C/BP vdWHs at room temperature (300 K) exhibited a remarkable improvement by approx-
imately 10® and 10* times compared to pristine Ti,C and BP, respectively. This dramatic enhancement is
attributed to the strong interlayer coupling, which significantly boosts thermoelectric efficiency and positions
these vdWHs as promising candidates for next-generation thermoelectric technologies>*). Wu et al. also
reported significant progress in this field, demonstrating a remarkable improvement in the thermoelectric per-
formance of N-type molybdenum disulfide (MoS,) supported by hexagonal boron nitride (h-BN) substrates
(MoS,/h—BN) compared to their monolayer counterparts. In particular, the thermoelectric power factor of
the MoS,/h—BN device exhibited an enhancement of two orders of magnitude over that of monolayer MoS,,
validating the effectiveness of this integration strategy for energy conversion applications?*). Additionally,
research by Tang et al. demonstrated that the RbSe/SnSe heterostructure achieved a ZT value of 2.6 at 900 K,
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representing a remarkable improvement of approximately 100 % and 13 % over the individual RbSe (ZT = 1.3)
and SnSe (ZT = 2.3) monolayers, respectively. This significant enhancement highlights the strong potential
of such heterostructures for high-temperature thermoelectric applications 2],

Recently, the monolayers RbTe and RbSe with the same honeycomb-like wrinkled structures have been theo-
retically reported to show high ZT values of 1.55 and 1.33 at 900 K, respectively, based on the three-phonon
scattering model 27281, In spite of the high thermoelectric performance of the individual monolayers, the
structure and the thermoelectric properties of a heterostructure system consisting of monolayers RbTe and
RbSe remain to be explored. Herein, we employ a combination of first-principles calculations, the Boltzmann
transport equation (BTE), and machine learning algorithms to systematically investigate the crystal structure,
electronic transport, phonon behavior, and thermoelectric performance of the wrinkled RbSe/RbTe monolayer
heterostructure. Through detailed analysis of interatomic bonding characteristics and anharmonic vibrational
effects, we reveal the underlying physical mechanisms responsible for the intrinsically low «p of this type of
heterostructure. By incorporating four-phonon scattering processes, our results show that the RbSe/RbTe
structure achieves maximum Z7 values of 4.1 and 5.3 along the x- and y-directions, respectively, at 800 K.
This work not only deepens the understanding of thermoelectric transport in such heterostructures, but also
provides theoretical guidance and a practical design strategy for developing high-performance 2D layered
thermoelectric materials.

MATERIALS AND METHODS

The first-principles calculations based on density functional theory (DFT) were performed by using the Vienna
ab initio simulation package (VASP) code [>>*°, in which the projector augmented wave (PAW) approach was
used for the accurate treatment of core valence interactions!*"*2]. The exchange-correlation interactions within
the PbSe/PbTe monolayer heterostructure were treated using the Perdew-Burke-Ernzerhof (PBE) functional
in the generalized gradient approximation (GGA) !>, A plane-wave kinetic energy cutoff of 500 eV was em-
ployed, and the Brillouin zone was sampled with a 12 X 12 x 1 Monkhorst-Pack k-point grid [**. To eliminate
spurious interactions between periodic images, a vacuum region of 20 A was inserted along the out-of-plane
direction. Convergence thresholds were set to 1078 eV for total energy and 0.001 eV/A for atomic forces.
To accurately assess the electronic band structure, the Heyd-Scuseria—Ernzerhof (HSEo6) hybrid functional
was used **. Thermal stability of the 2D PbSe/PbTe monolayer heterostructure was verified through ab initio
molecular dynamics (AIMD) simulations as our recent studies***7). Using a 4 x 4 x 1 supercell, the monolayer
heterostructure was simulated at 300 and 700 K for a total duration of 10 ps with a time step of 1 fs, employing
the canonical (NVT) ensemble. Additionally, crystal orbital Hamilton population (COHP) analysis was car-
ried out using the Local Orbital Basis Suite Towards Electronic-Structure Reconstruction (LOBSTER) code [38],

The vdW interactions were corrected by Grimme’s scheme [294°],

Machine learning interatomic potential (MLIP) family offers high precision in modeling atomic interactions
and is particularly compatible with the moment tensor potential (MTP) approach. The definition of the MTP
can be found in the section “DISCUSSION OF MTP POTENTIAL AND ACCURACY” of the Supplementary
Materials.

To construct the MLIP, a MTP framework was adopted, where model fitting was carried out by minimizing a
custom-designed loss function [4142]:

N 3
2
AIMD _ -MTP AIMD _ £MTP|2 AIMD _ _MTP .
Z We (Ek -E; )+wa|fk’i —fk’i | +WSZ |0'k’[j — 0L — min. (2)
i

k=1 ij=1

This objective function aims to align MTP predictions with reference data obtained from AIMD, including
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Table 1. Lattice constants, lattice angles, bond lengths (), bond angles (), and effective thickness (H¢) of the PbSe/PbTe monolayer
heterostructure

Material a=b(R) =) ¥()  dppse A dppe (A) 0, () 0 () Hey (R)
PbSe/PbTe 4.300 90 120 2.854 3.006 9774 9132 6.038

total energies, atomic forces, and stress tensors. Specifically, E£™P, £ ,fl.IMD, and 0'2554]3 represent the AIMD-
obtained values, while EM'", f %TP, and a‘}c\f[i? are their MTP-computed counterparts. The non-negative im-
portance weights of energies, forces, and stresses are represented by the symbols w,, w s, and wy, which are
set to 1, 0.1, and 0.001, respectively. The dataset used for training was generated from AIMD simulations of
a4 x4 x 1 PbSe/PbTe monolayer supercell. These AIMD simulations were performed in the NVT ensemble
at four temperatures: 50, 300, 500, and 700 K, employing a timestep of 1 fs and a total duration time of 1 ps
for each trajectory. Model training was subsequently executed using the MLIP software suite(*2]. Phonon
calculations were performed by combining the MTP potentials with the PHONOPY code**], which enabled
computation of phonon dispersion curves and second-order harmonic interatomic force constants (IFCs). For
anharmonic interactions, third-order IFCs were obtained using the THIRDORDER.PY utility in conjunction
with MTP, accounting for interactions extending to the eighth-nearest neighbors within an enlarged 6 x 6 x 1
simulation cell. Furthermore, fourth-order IFCs were calculated by interfacing the MTP framework with the
FOURTHORDER.PY script/**). Based on the harmonic and higher-order IFCs, phonon BTE calculations
were conducted to determine the «1.. The ShengBTE and Fourphonon solvers were employed to include three-
phonon and four-phonon scattering processes, respectively, utilizing dense q-point meshes of 60 x 60 x 1 and
35x35x 1 to ensure convergence *#¢), Supplementary Figure 1 presents the details of the q-mesh convergence
test considering only the three-phonon scattering model, while Supplementary Figure 2 shows the details of
the q-mesh convergence test considering both the three-phonon and four-phonon scattering models. The con-
vergence criterion is set to 0.1 W-m~' - K~! [#7] As for charge transport, key electronic properties, namely, the
Seebeck coefficient (S), electrical conductivity (o), and electronic thermal conductivity («.), were computed
using the BoltzTraP code!8). The carrier relaxation time is calculated using deformation potential theory, and
the deformation potential fitting results are shown in Supplementary Figure 3 [4>°],

RESULTS AND DISCUSSION

Crystal structure, chemical bonding, and stability

As illustrated in Figure 1A, the monolayer PbSe/PbTe monolayer heterostructure exhibits a pronounced wrin-
kled morphology. The crystal structure consists of two Pb atomic layers sandwiched by alternately arranged
Se and Te atoms, and belongs to the P3m1 (No. 156) space group. According to the structural parameters
listed in Table 1, the in-plane lattice constant of the heterostructure is 4.30 A, which lies between those of
monolayer PbSe (4.091 A) and PbTe (4.364 A). The atomic size mismatch between Te (atomic radius: 2.07 A)
and Se (1.90 A) leads to noticeable asymmetry in the bond lengths and bond angles of the Pb-Te and Pb-Se
bonds, resulting in local structural distortion at the heterointerface and the formation of a complex wrinkled
configuration. This asymmetric wrinkled architecture not only imparts distinctive geometric characteristics
to the material, but also enhances interfacial phonon scattering, effectively suppressing the «;.. To define the
transport directions and standardize the simulation domain, a standard unit cell containing eight atoms, as
highlighted by the red rectangle in Figure 1A, is chosen for all analyses in this work.

Bonding characteristics play a crucial role in determining the performance of thermoelectric materials. To
gain deeper insight into the bonding behavior in the PbSe/PbTe monolayer heterostructure and its impact on
k1, we further computed the electron localization function (ELF) (511, Bader charge and COHP [38] The ELF
was first proposed by Becke and Edgecombe [52], and then was further interpreted by Savin et al. in terms of the
Pauli kinetic energy density (¢,) corrected by the homogeneous electron gas kinetic energy density (fur) >:


http://dx.doi.org/10.20517/jmi.2025.62
https://file.oaecenter.com/tool/file_manager/1766711852/jmi5062-SupplementaryMaterials.pdf
https://file.oaecenter.com/tool/file_manager/1766711852/jmi5062-SupplementaryMaterials.pdf
https://file.oaecenter.com/tool/file_manager/1766711852/jmi5062-SupplementaryMaterials.pdf

Tan et al. J. Mater. Inf. 2025, 5,56 | http://dx.doi.org/10.20517/jmi.2025.62 Page 5 of 25

A Top view Side view

e
P e N

Orb OTe O Se

B 1.0 C i Te-Pb
) B

s | A

c :

05 E° =

» |

0.0 B :

6543210123456
Energy (eV)

Figure 1. Supercell structure of the PbSe/PbTe monolayer heterostructure: (A) Top view and side view; (B) ELF; (C) -COHP analysis. ELF:
Electron localization function.

1 1
ELF = 1o in which y = S — Therefore, ELF lies in the range from 0 to 1 by definition. An ELF
+X

1+ (l‘ p/ ZHEg)
value of 1.0 corresponds to perfect electron localization, while an ELF value of 0.5 indicates a homogeneous

electron gas (i.e., complete delocalization!3*)). The ELF is an effective tool to visualize lone-pair electrons!>*
and to understand bonding!>5). COHP analysis is a theoretical method for quantitatively characterizing chem-
ical bonding in solid-state systems*°°), It partitions the band-structure energy into orbital-pair interactions
between adjacent atoms, yielding a bond-weighted density of states (DOS) that distinguishes between bonding
and antibonding contributions. The energy integration of the COHP curve provides the energetic contribu-
tion of a specific atom pair (“bond”) to the total energy of the system, typically expressed in eV or kJ-mol !,
thus enabling a quantitative assessment of bond strength. As shown in Figure 1B, the ELF values for both
Pb-Se and Pb-Te bonds are relatively low, indicating a weak degree of electron localization. This suggests
that the bonding nature is not purely covalent but contains weakly ionic characteristics. To further analyze
the bonding characteristics, the Bader charges of the atoms were calculated. The results show that the Bader
charges of Pb, Te, and Se are +0.54¢e, —0.43e, and —0.64e, respectively. These values are far smaller than the
corresponding nominal charges (Pb?*: +2e, Te?~: -2e, Se?>~: -2¢). The large differences between the nomi-
nal oxidation states and the Bader charges indicate that the Pb-Te and Pb-Se bonds show significant covalent
character. These observations are consistent with the ELF analysis results. Overall, the combination of partial
electron transfer and relatively low ELF values suggests that the Pb —-Se and Pb—Te bonds are polar covalent,
characterized by partial electron sharing alongside minor ionic contributions. Furthermore, COHP projection
analysis [Figure 1C] reveals significantly negative -COHP values for Pb—Se and Pb-Te bonds in the energy
range of about -2 to -3 eV below the Fermi level, indicating the presence of dominant antibonding states. These
antibonding states weaken the bond strength and lead to pronounced repulsive interactions. The reduction
in bond strength and uneven distribution of bond energies disrupt lattice periodicity and phonon propaga-
tion, enhancing phonon scattering and further reducing ;. In summary, the Pb-Se and Pb-Te bonds in
the PbSe/PbTe monolayer heterostructure are mainly polar covalent with weak ionic character. Partial charge
transfer, low ELF values, and the occupation of antibonding states collectively contribute to weakened bond
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Table 2. Elastic stiffness matrix (¢), 2D Young's modulus (y2?), Poisson’s ratio (), and Debye temperature (©) of the PbSe/PbTe mono-
layer heterostructure

Material c;; (GPa) ¢, (GPa) (©» (GPa) C4 (GPa)  v22 (N/m) v o (K)
PbSe/PbTe 9.208 2.849 9.202 3174 61.94 0.307 439

strength and enhanced lattice anharmonicity, which are key electronic structure origins for achieving low «i.in
this system.

Good stability is essential for thermoelectric materials. Firstly, the elastic constants matrix of the PbSe/PbTe
monolayer heterostructure was calculated, as shown in Table 2. The PbSe/PbTe monolayer heterostructure
satisfies the Born-Huang criteria for mechanical stability, namely: C;; > 0; Co¢ > 0; C11Can — C122 > 0.
Therefore, the PbSe/PbTe monolayer is mechanically stable. Furthermore, the relationship among Young’s

modulus (Y), Poisson’s ratio (v), and elastic constants is given by[57]:

C11Cxn - C?
Y = ——— 1 (3)
Cy;sin® @ + A sin” 6 cos? 6 + Cy, cos* 0
Cssin* 6 — Bsin? 6 cos? 6 + Cyp cos* 0
v(0) = (4)

Ci sin* @ + A sin® 0 cos? 6 + Cy cos* 0

where A = (C11C22—C3,)/Co6—2C12, B = C11 +Cap — (C11C22 — C3,) [ Cog, Ces = (C11 — C12) /2, and 6 denotes
the polar angle measured from the x-axis. Based on the polar coordinate representation shown in Figure 24,
the Young’s modulus of the PbSe/PbTe monolayer heterostructure is 61.94 N - m™!, significantly lower than
common 2D materials such as h-BN (270 N - m~!) and graphene (350 + 3.15N - m™!) [5859]  The Poisson’s
ratio of the PbSe/PbTe heterostructure is 0.307, higher than that of h-BN (0.211) and graphene (0.175) [58,59]
This indicates that the PbSe/PbTe monolayer exhibits lower stiffness and greater flexibility compared to other
common 2D materials. Additionally, the Debye temperature of the PbSe/PbTe monolayer was calculated to be
43.9 K. Compared with the Debye temperatures of BP (500 K)®°/ and h-MoS, (600 K)[¢!], the lower Debye
temperature of PbSe/PbTe suggests a correspondingly low «p..

To further assess the thermal stability of the PbSe/PbTe monolayer heterostructure, AIMD simulations were
performed in the NVT ensemble using a 4 X 4 x 1 supercell at 300 and 700 K, with a total simulation time of
10 ps and a time step of 1 fs. The results are presented in Figure 2B, indicating that the total energy remained
relatively constant throughout the simulations, and the supercell crystal structure exhibited no distortion or
disintegration. These findings confirm the structural stability of the PbSe/PbTe monolayer heterostructure at
both room temperature (300 K) and elevated temperature (700 K).

Phonon transport properties

Based on the machine learning MTP method, we systematically evaluated the phonon dispersion character-
istics of the PbSe/PbTe monolayer heterostructure. This method achieves a favorable balance between com-
putational accuracy and efficiency, and its effectiveness in thermoelectric materials research has been exten-
sively validated by numerous studies. Moreover, our previous work has confirmed its applicability to simi-
lar systems!>%%2], Furthermore, as shown in Supplementary Figure 4, the phonon dispersion curves of the
PbSe/PbTe monolayer heterostructure unit cell calculated using the finite displacement method and the MTP
potential exhibit excellent agreement, which fully validates the reliability of the MTP approach employed in
predicting the phonon transport properties of the PbSe/PbTe monolayer heterostructure. Figure 3 shows the
phonon dispersion relations and corresponding phonon density of states (PhDOS) of the PbSe/PbTe mono-
layer heterostructure along the high-symmetry path I'-M-K-T". The system comprises three acoustic phonon


http://dx.doi.org/10.20517/jmi.2025.62
https://file.oaecenter.com/tool/file_manager/1766711852/jmi5062-SupplementaryMaterials.pdf

Tan et al. J. Mater. Inf. 2025, 5,56 | http://dx.doi.org/10.20517/jmi.2025.62 Page 7 of 25

A

Young's Modulus (N/m) Poisson's Ratio
100° 80° 100° 80°
120° 60° 120° 60°

40° 140° 4 40°
200 160° 20°
0°  180° 0°
40°  200° 340°
320° 220° 320°
300 240 300
260° 280° 260° 280°
B T T T T
-360 | .
364 ]
A~
>
L 368
>
2 372
Q RIS NN/
2 ag
A w
- RN NENL
-380 } — 300K

0 2000 4000 6000 8000 10000
Time (fs)

Figure 2. (A) Young's modulus and Poisson's ratio of the PbSe/PbTe monolayer heterostructure; (B) AIMD results of the 4 x 4 x 1 supercell
of PbSe/PbTe monolayer heterostructure at 300 and 700 K. AIMD: Ab initio molecular dynamics.

branches, corresponding to the out-of-plane (ZA), transverse (TA), and longitudinal (LA) vibrational modes,
while the remaining nine branches represent optical modes. No imaginary frequencies appear throughout the
Brillouin zone, indicating dynamical stability of the structure. Further analysis of the phonon spectrum reveals
that the highest phonon frequency of the material is 4.72 THz, significantly lower than typical thermoelectric
materials such as ZnSe (~8 THz) and MoS2 (~14 THz) 664, This low-frequency characteristic typically in-
dicates a reduced «p.. The acoustic branches are concentrated within the 0-1.2 THz range, whereas the optical
branches mainly lie between 1.2 and 4.7 THz, exhibiting a distinct acoustic—optical phonon gap. Notably, the
acoustic modes in the phonon dispersion curves show pronounced flatness, especially the ZA branch, whose
dispersion is the flattest, implying an extremely low phonon group velocity. It is well known that lower phonon
group velocities suppress k. Therefore, the synergistic effects of frequency range, mode coupling, and phonon
transport characteristics in the PbSe/PbTe monolayer heterostructure collectively contribute to the effective
reduction of ..

In the phonon dispersion relations, we clearly observe an avoided crossing between the longitudinal acoustic
(LA) branch and the low-energy optical branch along the K-TI" path. As shown in Figure 3, the two dispersion
curves that would otherwise intersect repel each other and form a small gap, accompanied by a significant
reduction in group velocity. This behavior reflects strong coupling and hybridization between the phonon
modes. The avoided crossing originates from the interaction between propagating acoustic phonons and low-
frequency flat optical modes!®®l. In addition, Pb atoms exhibit dominant vibrational contributions in the
low-frequency acoustic region (~0 to 1.7 THz), and their contributions in the mid- to high-frequency optical
region (~3.2 to 4.8 THz) are also non-negligible. This phenomenon may originate from the complex vibrational
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Figure 3. Phonon dispersion curves and PhDOS of the PbSe/PbTe monolayer heterostructure. “Opt” represents the optical phonon modes.
PhDOS: Phonon density of states.

coupling induced by weak Pb—Pb bonds between the top and bottom Pb layers, which enhances both phonon-
phonon and acoustic-optical phonon scattering mechanisms, further suppressing «..

Intense atomic thermal vibrations are often closely related to strong anharmonicity in the crystal structure. To
further quantify the degree of anharmonicity and characterize atomic vibrations in the PbSe/PbTe monolayer
heterostructure, we computed the anisotropic displacement parameters (ADPs) of atoms along different crys-
tallographic axes. The ADP not only reflects the intensity of atomic vibrations but also indirectly indicates
the strength of atomic bonds. When the chemical bonds between atoms are stronger, the amplitude of atomic
vibrations is smaller, leading to a lower ADP value. Conversely, when the bonds are weaker, the atomic vibra-
tions are larger, resulting in a higher ADP value. The detailed calculation method of ADPs is provided in the
Supplementary Materials. As shown in Figure 4. It is clearly observed that the ADPs along the c-axis are sig-
nificantly larger than those along the a- and b-axes, indicating more intense thermal vibrations perpendicular
to the plane. Specifically, Pb atoms in the top and bottom layers exhibit relatively smaller ADP than Te atoms,
which is mainly attributed to their larger atomic mass!®®!, whereas the higher ADP values of Te atoms can be
ascribed to the weaker bonding strength with surrounding atoms. This finding is consistent with the previous
conclusions from ELF and ~-COHP analyses, indicating weak chemical bonding interactions between Pb and
Te, which allows freer atomic thermal motion and thereby enhances the structural anharmonicity.

Overall, the pronounced atomic vibration amplitudes along the c-axis, the local bonding strength heterogene-
ity, and the large ADP values in the PbSe/PbTe monolayer heterostructure collectively indicate strong anhar-
monicity of the system, which effectively enhances phonon scattering and consequently significantly reduces
the ..

From the previous analyses, it is evident that the PbSe/PbTe monolayer heterostructure exhibits considerable
anharmonicity, and we therefore predict that the PbSe/PbTe monolayer heterostructure will possess a low «..
To more accurately evaluate the thermal transport properties of the PbSe/PbTe monolayer heterostructure,
we introduced a four-phonon scattering model in addition to the three-phonon scattering processes, thereby
enabling a comprehensive assessment of phonon-mediated thermal transport. Based on the phonon BTE, the
kpcan be expressed as!®7):

1 2
Kpi = v Zk: CkqTkqVig (5)
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Figure 4. ADP of different atoms along various directions in the PbSe/PbTe monolayer heterostructure. ADP: Anisotropic displacement
parameter.

Here, Ciy, viq and 7y, denote the mode-specific heat capacity, phonon group velocity, and phonon relaxation
time of the k-th phonon branch, respectively. As shown in Figure 5, the temperature dependence of the g of
the monolayer PbSe/PbTe monolayer heterostructure was systematically analyzed under different scattering
mechanisms, where the solid lines represent results considering only three-phonon scattering processes, and
the dashed lines include the four-phonon scattering mechanism as well. Overall, x gradually decreases with in-
creasing temperature, which is primarily attributed to the enhanced phonon-phonon scattering strength at ele-
vated temperatures. In particular, the approximately inverse-temperature trend observed here is a well-known
signature of resistive phonon-phonon Umklapp scattering, where momentum-relaxing processes increasingly
dominate at high temperatures, leading to a phonon mean free path (MFP) that scales roughly as 1 /7. Such be-
havior is a typical outcome in ShengBTE calculations when Umklapp scattering is the primary heat-resistance
mechanism 443 Due to the pronounced anisotropy of the heterostructure, the i along the y-direction
remains consistently lower than that along the x-direction, reflecting the directional dependence of its lattice
dynamical properties. At 300 K, When the three- and four-phonon scattering processes are considered, the
thermal conductivities of the lattice ki along the x and y directions are as low as 0.37 and 0.31 W - m~! - K~1,
respectively, representing decreases of approximately 29% and 10% compared to 0.52 and 0.44 W - m~! - K~!
obtained with only three-phonon scattering. This significant reduction is attributed to the introduction of
additional energy dissipation channels by four-phonon scattering processes, which further enhance phonon
scattering intensity and effectively suppress the increase in thermal conductivity. To further understand the in-
fluence of four-phonon scattering, we fitted the temperature dependence of «, using a power-law relationship
(kL ~ T™%), as shown in Figure 5. In the three-phonon-only case, the extracted exponents are &, = 0.963 and
@, = 0.956, which are close to the well-established 7! scaling predicted by the conventional phonon gas model
and consistent with Umklapp-limited transport 7). This agreement indicates that under three-phonon scat-
tering, the system exhibits relatively weak anharmonicity and maintains well-defined phonon quasiparticles.
However, upon including four-phonon scattering, the temperature dependence becomes noticeably stronger,
with @, = 1.153 and @, = 1.121. This enhancement reflects the increased phonon-phonon scattering rates at
elevated temperatures due to additional anharmonic channels. While the behavior remains consistent with a
phonon-mediated transport picture, the stronger temperature sensitivity highlights the importance of higher-
order anharmonic interactions. These results underscore the need to include four-phonon processes for accu-
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Figure 5. Temperature dependence of « of the PbSe/PbTe monolayer heterostructure along the x and y directions considering three-phonon
and four-phonon scattering mechanisms.

rate thermal conductivity predictions, especially under high-temperature conditions. Therefore, four-phonon
scattering plays a crucial role in the thermal transport behavior of the material studied in this work and must
be thoroughly considered when accurately evaluating the .. To further elucidate the effect of higher-order
scattering processes on ki, we analyzed the variation of phonon lifetime (7), group velocity (v, ), and specific
heat (C,) upon inclusion of four-phonon scattering, as presented in Supplementary Figure 5. The results reveal
that the introduction of four-phonon processes markedly decreases the phonon lifetime compared to the case
with only three-phonon scattering, particularly in the low-frequency region, indicating a substantial increase
in scattering rates. In contrast, the phonon group velocity remains nearly unchanged under both scattering
conditions, suggesting that it is primarily dictated by phonon dispersion rather than scattering mechanisms.
Similarly, the specific heat exhibits negligible variation between the two cases, indicating that the heat capacity
is unaffected by the additional scattering channels. These findings demonstrate that the reduction in « upon
inclusion of four-phonon processes mainly stems from the significant shortening of phonon lifetime, while the
contributions of group velocity and specific heat remain nearly constant.

To further elucidate the phonon transport mechanisms in the monolayer PbSe/PbTe monolayer heterostruc-
ture, we performed a detailed analysis of the contributions of different acoustic modes (ZA, TA, LA) and
optical modes to the total xr.. As shown in Figure 6, at 300 K, the contributions of each phonon branch to «
were evaluated under both three-phonon scattering only, and the combination of three- and four-phonon scat-
tering models. The results indicate that regardless of the phonon scattering model employed, the contribution
of optical branches to the ki, consistently exceeds 50 %. Generally, acoustic phonon modes are the primary
contributors to «1 7!]; however, it is noteworthy that in the PbSe/PbTe monolayer heterostructure, the optical
modes play a dominant role. Specifically, under the four-phonon scattering model, the contribution of optical
modes along the y-direction can reach up to 58 %. This can be attributed to our subsequent analysis of group
velocity and Griineisen parameters, which reveals that certain optical modes exhibit exceptionally high group
velocities exceeding 1.5 km - s™!, even surpassing those of the ZA and TA acoustic modes. This finding chal-
lenges the conventional assumption that optical phonons make a minor contribution due to their typically low
group velocities. Moreover, the Griineisen parameters of the optical phonons are moderate and smoothly dis-
tributed, indicating limited anharmonicity and relatively weak scattering strength. Although their scattering
rates are comparatively high [Supplementary Figure 6], the combination of a high modal density, large group
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Figure 6. Contributions of different phonon modes (ZA, TA, LA, and Optical) to « of the PbSe/PbTe monolayer heterostructure, including
four-phonon scattering in both the x and y directions. Solid-filled bars represent results obtained using the three-phonon scattering model,
while hatched-filled bars denote results considering four-phonon scattering. ZA: Out-of-plane; TA: transverse; LA: longitudinal.

velocities, and controllable anharmonicity renders optical phonons the primary heat carriers in this system.

To verify the validity of the phonon quasiparticle picture, we plotted the total phonon scattering rates from
400 to 800 K under the four-phonon scattering model, and included a reference red line corresponding to the
breakdown threshold of the quasiparticle picture, defined as 1/7pn = wpn/27. When the total scattering rate
exceeds this curve, the phonon lifetime is shorter than its vibrational period, and the quasiparticle description
fails(”l.  As shown in Supplementary Figure 7, although a few low-frequency modes exceed this threshold
at higher temperatures, the majority of phonon modes remain within an acceptable range, confirming the
validity of using the BTE in this study. Next, to gain deeper insight into the low thermal conductivity exhibited
by the PbSe/PbTe monolayer heterostructure, we further analyzed its anharmonic phonon-phonon scattering
behavior. As shown in Figure 7, the frequency-dependent three-phonon and four-phonon scattering rates of
the PbSe/PbTe heterostructure at 300 K are presented. Overall, the anharmonic scattering rates of this material
span the range from 1072 to 10! ps~!. Compared to some reported highly anharmonic thermoelectric materials,
the scattering rates are significantly higher than those of materials with relatively low anharmonic scattering
levels such as GeS!”*!, KBaBil”* and Na,TiSb[7*! (which typically exhibit rates below 1 ps~'), indicating the
pronounced anharmonicity of the PbSe/PbTe heterostructure.

As the frequency increases, both three-phonon and four-phonon scattering rates exhibit a gradually increas-
ing trend, reaching peaks in certain frequency ranges before stabilizing, with two distinct scattering peaks ob-
served near approximately 0.5 and 1.5 THz, respectively. Based on PhDOS analysis, as shown in Figure 3, the
scattering peak around 0.5 THz is primarily attributed to the low-frequency vibrational modes of Pb atoms,
where strong coupling occurs between the lowest optical branch and acoustic branches, thereby facilitating
enhanced phonon-phonon scattering processes. Although the magnitudes of three- and four-phonon scatter-
ing rates are comparable, the latter exhibits significant influence across multiple frequency ranges, indicating
that four-phonon scattering is also a critical mechanism governing «in the anharmonic thermal transport of
the PbSe/PbTe monolayer heterostructure. Figure 8A illustrates the scattering channel behavior under three-
phonon scattering mechanisms, distinguishing between absorption processes (1 + A’ — A”) and emission
processes (1 — A’ + A1”). With increasing frequency, the scattering rate of the emission process significantly
increases, whereas that of the absorption process exhibits a decreasing trend. This behavior indicates that the
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Figure 7. Frequency-dependent three-phonon and four-phonon scattering rates of PbSe/PbTe monolayer heterostructure.
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Figure 8. Absorption and emission processes under three-phonon scattering of PbSe/PbTe monolayer heterostructure: (A) scattering
rates; (B) phase space as a function of frequency.

large optical phonon gap effectively suppresses the activation of absorption-type three-phonon scattering chan-
nels, thereby revealing the complexity of dynamic equilibrium in phonon interactions and energy transfer 76,

To further understand the frequency dependence of these scattering channels, the three-phonon scattering
phase space was computed and is presented in Figure 8B, separately for absorption and emission processes. It
is evident that in the low-frequency range (0 to 1 THz), the absorption process possesses a broad scattering
phase space, while a relatively large emission phase space exists in the high-frequency range (approximately
4 to 4.8 THz). As shown in Figure 3, PhDOS analysis indicates that the low-frequency region is mainly con-
tributed by acoustic modes of Pb atoms, whereas the high-frequency region is dominated by optical vibrations
primarily involving Pb and Se atoms. These results suggest that the optical branches involving Pb and Se
atoms provide abundant three-phonon scattering channels at high frequencies, which enhances the density of
scattering events and plays a critical role in reducing the thermal conductivity.
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To gain deeper insight into four-phonon scattering mechanisms, we further investigated all possible scattering
channels in the monolayer PbSe/PbTe heterostructure. As shown in Figure 9, the four-phonon scattering pro-
cesses in the PbSe/PbTe monolayer heterostructure include both Umklapp and Normal types. These processes
can be classified into three main scattering channels: combination (++ process, A’ + 1” + 1" — ), redistri-
bution (+- process, 4 + A’ — A” + A”) and splitting (— process, 1 — A" + 1” + 2”), where A represents a
phonon mode. It can be observed that the Umklapp and Normal processes contribute comparably. Although
normal processes do not directly resist heat flow; they influence thermal conductivity via phonon-momentum
redistribution. In contrast, Umklapp processes introduce direct thermal resistance and reduce the «. The
Umbklapp process clearly dominates the four-phonon scattering contribution in the PbSe/PbTe heterostruc-
ture. More importantly, among these scattering events, the redistribution process plays the most significant
role. This dominant channel contributes substantially to the ultralow x observed in the PbSe/PbTe monolayer
heterostructure (77

Moreover, in the PbSe/PbTe monolayer heterostructure, the strong four-phonon scattering is intrinsically as-
sociated with the presence of an acoustic-optical phonon band gap, as shown in Figure 3. In the vicinity of
the pronounced gap between the acoustic and optical branches (1.7 to 3.2 THz), the available phase space
for three-phonon scattering processes is significantly reduced. As illustrated in Figure 8A and B, this leads to
a notable suppression of both the three-phonon phase space and the corresponding scattering rates. Specif-
ically, absorption-type three-phonon processes are largely prohibited due to the strict energy conservation
constraints imposed by the gap. In contrast, four-phonon processes particularly redistribution and splitting
channels remain active near the gap region, as demonstrated in Figure 9. These higher-order interactions are
less constrained by energy selection rules and are capable of bridging the phonon band gap, thereby introducing
additional anharmonic scattering pathways that are forbidden in the three-phonon regime. This mechanism is
further supported by Figure 7, which shows that while the contribution of four-phonon processes is generally
lower than that of three-phonon processes in the low-frequency region, a noticeable increase in four-phonon
scattering occurs near the gap where three-phonon scattering is substantially weakened. This results in a com-
parable contribution from both scattering mechanisms in the gap region. These findings highlight the dual role
of the phonon band gap: it suppresses conventional three-phonon scattering while simultaneously enhancing
the importance of four-phonon interactions. Therefore, the increased activity of four-phonon processes plays
a critical role in reducing the «; of the PbSe/PbTe monolayer system.

We further calculated the phonon group velocity of the PbSe/PbTe monolayer heterostructure at 300 K based
on the standard group velocity expression ¢7):

_ oW (q)

Vg oq

(6)

where wi (¢) and g denote the phonon frequency and wave vector of the k-th mode, respectively. The calcu-
lated results are illustrated in Figure 10A. It is observed that the group velocity of optical modes is significantly
larger than that of the acoustic modes. Among the acoustic branches, the ZA mode exhibits the lowest group
velocity, which is consistent with our earlier analysis of the phonon dispersion curves. Interestingly, the group
velocity of optical phonons near 0.8 THz is comparable to that of acoustic phonons. This phenomenon can
be attributed to the presence of weak interatomic bonding and harmonic mixing between optical and acoustic
branches. From the mode-resolved thermal conductivity contribution analysis, it is evident that the « of the
PbSe/PbTe heterostructure monolayer is predominantly determined by the optical phonons. Therefore, the
group velocity of optical modes plays a crucial role in shaping .. Further analysis reveals that the peak group
velocity of the PbSe/PbTe monolayer heterostructure reaches only 1.64 km - s~!, which is significantly lower
than that of well-known thermoelectric materials such as PbTe (~1.80 km-s~!') and As,Ge (~4.5 km-s~!)[2878],
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Figure 9. Calculated four-phonon scattering rates of PbSe/PbTe heterostructure monolayer as a function of phonon frequency, including
three scattering channels: combination (++), redistribution (+-), and splitting (- -). “U" denotes Umklapp processes, while “N" refers to
the normal processes.

Such a low group velocity peak is a typical indicator of low k.. The Griineisen parameter (), which quantifies
the degree of anharmonicity in a material, can be expressed as[7!:

Vo Owi(q)
or(@) oV @)

Yie(q) = -

Here, wy represents the phonon frequency of the k-th mode at the equilibrium volume Vj. A larger absolute
value of the Griineisen parameter |y| indicates stronger anharmonicity, which typically correlates with lower « ..
As shown in Figure 10B, the absolute Griineisen parameter |y| of the PbSe/PbTe monolayer heterostructure at
300 K exhibits relatively high values for both acoustic and optical phonon modes, with a maximum reaching
up to 20. This clearly indicates a strong anharmonic phonon scattering behavior in the structure, which is
consistent with the previous analyses. Moreover, materials with such pronounced anharmonicity necessitate
the inclusion of four-phonon scattering mechanisms in thermal transport evaluations, as their contributions
to phonon-phonon scattering and the suppression of ki become non-negligible.

In addition, we evaluated the specific heat capacity C,, another critical parameter influencing the «7. As
shown in Figure 11A, C, of the PbSe/PbTe monolayer heterostructure increases gradually with temperature
and eventually approaches saturation at high temperatures. Notably, the maximum value of C, reaches only
1.01x 10%J-m~3-K~!, and such a low heat capacity also contributes to the ultralow x, observed in this system.
Furthermore, we calculated the phonon MFP of the PbSe/PbTe heterostructure monolayer.
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Figure 10. (A) Phonon group velocity (v,) and (B) Griineisen parameter (y) as functions of phonon frequency for PbSe/PbTe monolayer
heterostructure.
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Figure 11. (A) Calculated volumetric heat capacity of PbSe/PbTe heterostructure monolayer as a function of temperature; (B) «.at 300 K
vs. phonon MFP. MFP: Mean free path.

As depicted in Figure 11B, the relationship between «; and phonon MFP is illustrated. The critical MFP
corresponding to 50% of the total xis highlighted. Typically, nanostructures exhibit phonon MFPs under
100 nm ”); however, the values of MFP along the x and y directions for the PbSe/PbTe monolayer heterostruc-
ture are as small as 5.41 and 3.39 nm, respectively. This indicates that the thermal conductivity in this system
is relatively insensitive to dimensional scaling. Therefore, conventional structural engineering strategies such
as nanostructuring or polycrystallization may have limited effectiveness in reducing «;..

Electronic transport properties

We next analyzed the electronic transport properties of the PbSe/PbTe monolayer heterostructure. Initially,
the electronic band structure was calculated using the PBE functional. As shown in Supplementary Table 1 and
Supplementary Figure 8, the PbSe/PbTe monolayer heterostructure exhibits a band gap of 0.77 eV, indicating
its semiconducting nature. However, it is well known that the PBE functional tends to significantly underes-
timate band gaps. To obtain more accurate electronic band characteristics, we further performed calculations
using the hybrid HSEo6 functional. The resulting band structure and DOS are presented in Figure 12. The
PbSe/PbTe monolayer heterostructure exhibits an indirect band gap, with the band gap value increasing to
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Figure 12. Band structures and PDOS calculated using HSE and HSE + SOC methods. PDOS: Projected density of states; HSE: Heyd-
Scuseria-Ernzerhof; SOC: spin-orbit coupling.

1.25 ¢V, as listed in Supplementary Table 1. This increase is primarily attributed to the upward shift of the
conduction band upon applying the HSEo6 method.

Moreover, the electronic states near the valence band maximum (VBM) are relatively flat, resulting in a large
effective mass that contributes to a high Seebeck coefficient. In contrast, the sharp and highly dispersive nature
of the conduction band minimum (CBM) favors high carrier mobility. These intrinsic band characteristics are
beneficial for achieving excellent thermoelectric (TE) performance. The projected density of states (PDOS)
analysis shows that the CBM is primarily contributed by Pb atoms, while the VBM originates mainly from Se
atoms. Additionally, the sharp increase in the DOS near the Fermi level is indicative of a potentially enhanced
Seebeck coeflicient.

Given the heavy atomic mass of Pb in the PbSe/PbTe heterostructure monolayer, we also considered the in-
fluence of spin-orbit coupling (SOC). Upon including SOC in HSEo06 calculations, we observed an overall
downward shift in the band structure shown in Figure 12. However, the bandgap remains at approximately
1.05 eV, showing no significant deviation from the value without SOC. Therefore, SOC effects can be reason-
ably neglected in subsequent calculations.

Based on the analysis of the band structure, we predict that the PbSe/PbTe monolayer heterostructure possesses
promising electronic transport properties. To quantitatively evaluate this, we calculated the Seebeck coeflicient
(S) and electrical conductivity (o) of the PbSe/PbTe heterojunction in the temperature range of 300 to 800 K
using the semiclassical BTE as implemented in the BoltzTraP code %),

In addition, the rigid band approximation (RBA) was employed to simulate the effect of carrier doping on the
electronic performance. The RBA assumes that the overall band structure remains unchanged upon doping,
while only the position of the Fermi level shifts accordingly to represent different doping concentrations. These
electronic transport properties can be expressed as[®):

oty =¢ [ e [_M

e Z(e) (8)

o0

_ e « 6f(T,,u,£)
S(T,p) = To [oo de [—T} Z(e)(e—w) (9)
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Here, u represents the chemical potential, e is the elementary charge of an electron, and f denotes the Fermi-
Dirac distribution function of charge carriers. The function X(¢€) refers to the transport distribution function,
which is defined as[*]:

1

2
() = g %r;kmu 5(e ~ €n) (10)

Here, v represents the electron group velocity. The temperature-dependent relaxation time 7 is determined
based on the deformation potential theory. Considering the dominant role of acoustic phonon scattering, the
2D carrier mobility u,p and the electron relaxation time 7 can be determined by[79]:

2eh3C?P
oD = (11)
3kpTm* m;“m;‘El2

T= (12)
e
Here, C2P denotes the elastic modulus of the 2D material, defined as:
d’E
cP=1—|/s 13
[ ap? } / )

where p is the uniaxial strain applied along the corresponding direction, and S is the cross-sectional area
projected along the z-axis. The effective mass m* along the transport direction is defined as: The effective mass
m* along the transport direction is defined as:

h2
m* = W (14)
Here, ¢ denotes the energy of the electronic band, 7 is the reduced Planck constant, and k represents the
electron wavevector. The deformation potential constant E is defined as E = dE,/dp, where E, denotes the
energy at the band edge, corresponding to the VBM and CBM. The elementary charge is denoted as e, and
the geometric mean of the effective masses along the x- and y-directions is given as y/mim;. kp stands for
the Boltzmann constant. It should be noted that carrier relaxation times in this study were calculated using
the deformation potential theory, which primarily accounts for phonon scattering while neglecting other elec-
tronic scattering mechanisms, such as polar phonon and impurity scattering#°!. Although this may slightly
overestimate relaxation times, the error is generally acceptable. The deformation potential approach is widely
used due to its computational efficiency and physical relevance, particularly for 2D materials. Given the high
computational cost of first-principles electron-phonon coupling calculations including polar optical phonons,
the deformation potential approximation offers a practical balance between accuracy and efficiency. Many
previous studies have successfully applied deformation potential theory to analyze carrier transport and ther-
moelectric performance in 2D systems °*57:67), making it a reliable tool for preliminary evaluation of carrier
mobility and thermoelectric properties®!). As summarized in Table 3, a significant difference in carrier mo-
bility is observed between electrons and holes. This trend is consistent with the band structure analysis, indi-
cating that the effective mass of holes is larger than that of electrons. Notably, the high electron mobility in the
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Table 3. Calculated effective masses ("), 2D elastic modulus (c2?), deformation potential constants (£), carrier mobilities (x5 ), and
relaxation times (<) of the PbSe/PbTe monolayer heterostructure

Material Direction  Carriertype ¢ (J/m?) E(@V) m* (ng)  wp (ecm?/V.s) = (107s)
PbSe/PbTe x n-type 34.37 6.620 0.122 1126.8 7.81

x p-type 34.37 4134 0.627 118.87 4.23

y n-type 37.87 6.616 0122 1,243.0 8.61

y p-type 37.87 3.312 0.531 240.95 7.27

PbSe/PbTe heterostructure monolayer is comparable to that of MoS2. Furthermore, at 300 K, the relaxation
time of electrons is noticeably longer than that of holes, leading to superior electronic transport properties
under n-type doping. Both the high electron mobility and the relatively long relaxation time are beneficial for
enhanced electrical transport performance.

The Seebeck coefficients () of p-type and n-type PbSe/PbTe monolayer heterostructures are shown in Fig-
ure 13A and B. Clearly, S increases with rising temperature, and the S values for n-type doping are significantly
lower than those for p-type doping, which is consistent with our previous analysis of the effective masses at
the VBM and CBM. At 300 K, the maximum S values for p-type (n-type) doping along the x and y directions
reach 1,358.6 uV-K™! (1,039.1 uV-K™ ') and 1,353.6 uV-K~! (1,013.2 uV-K™!), respectively. To investigate
the origin of the extremely large S, we performed an additional analysis using the 2D degenerate Fermi gas
approximation combined with Mott’s relation. The results indicate that the extremely high S primarily arises
from strong energy-selective transport (or energy filtering) under low-doping conditions. Specifically: (1) At
extremely low carrier concentrations, the Fermi level lies very close to the band edge, making transport strongly
dependent on the energy distribution; (2) A relatively large effective mass increases the DOS near the band
edge, enhancing the energy gradient of the DOS; (3) The steep DOS results in a pronounced energy depen-
dence of o (E), which, under the Mott relation, greatly enhances S. The detailed inverse calculation procedure
is provided in the Supplementary Materials. Due to the trade-off relationship between S, the concentration-
dependent behavior of o shown in Figure 13C and D exhibits a contrasted trend with that of S. Furthermore,
the electrical conductivity of the p-type material is significantly lower than that of the n-type, which aligns
with the analysis of carrier concentration. Additionally, o increases gradually with temperature. The large S
leads to relatively low o in the PbSe/PbTe heterostructure monolayer, with values around 1 x 10° S - m™! at
optimal doping concentrations.

Next, the electronic transport performance of the PbSe/PbTe monolayer heterostructure is evaluated using the
power factor. As shown in Figure 14A and B, the values of power factors under n-type doping are significantly
higher than those under p-type doping. Moreover, the power factors along the y-direction are evidently greater
than those along the x-direction. Specifically, under n-type doping, the power factor in the y-direction reaches
a maximum of 0.035 W - m~! - K2, which is much higher than that of common 2D thermoelectric materials
such as ZrSn,N, (3.13 mW -m~' - K~2)[82] and PbTe (~5.861 mW - m~"' - K~2)[83] indicating the superior elec-
tronic transport properties of the PbSe/PbTe heterostructure monolayer along the y-direction. The observed
asymmetry in power factor enhancement between n-type and p-type doping can be attributed to their distinct
electronic structures, as previously discussed. The VBM exhibits a relatively flat dispersion, resulting in a larger
effective mass for holes, which is favorable for achieving a high Seebeck coefficient. In contrast, the CBM is
more dispersive and sharper, leading to a smaller effective mass for electrons and, consequently, higher car-
rier mobility. This fundamental difference in band curvature underlies the disparity in power factor between
n-type and p-type doping. Moreover, the transport parameters listed in Table 3 quantitatively support this in-
terpretation. The effective mass of n-type carriers is only 0.122 mg in both directions, significantly lower than
that of p-type carriers, which ranges from 0.531 mg to 0.627 mg. As a result, the mobility of n-type carriers
reaches 1,126.8 and 1,243.0 cm? - V- . 5! along the x and y directions, respectively - substantially exceeding
the mobilities of p-type carriers (118.87 and 240.95 cm? - V-1.g7h), Additionally, the relaxation time (r) of
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Figure 13. Seebeck coefficient (s) vs. carrier concentration of PbSe/PbTe monolayer heterostructure along x and y directions in the tem-
perature range 300 to 800 K: (A) p-type; (B) n-type. Electrical conductivity (o) vs. carrier concentration: (C) p-type; (D) n-type.

n-type carriers is generally longer, further enhancing their transport properties. Although the deformation
potential constant (E) of n-type carriers is slightly higher, the advantages in effective mass and relaxation time
compensate for this, yielding superior overall mobility. In summary, the lower effective mass, enhanced mo-
bility, and longer relaxation time of n-type carriers collectively account for the more pronounced power factor
enhancement observed under n-type doping.

The electronic thermal conductivity (k,) is calculated according to the Wiedemann-Franz law #4]:

ke = LoT (15)

where L is the Lorenz number, o is the electrical conductivity, and 7 is the temperature. As an important com-
ponent of the total thermal conductivity, x, cannot be neglected at high carrier concentrations and may even
dominate the heat transport. Figure 14C and D shows that the variation trend of x, with carrier concentration
is consistent with that of o, and «, increases with rising temperature. Additionally, the electronic thermal
conductivity under n-type doping is significantly higher than that under p-type doping, which may result in
lower ZT values for p-type materials. However, due to the overall low electrical conductivity of the PbSe/PbTe
monolayer heterostructure, its electronic thermal conductivity remains relatively small, below 10 W - m KL
which helps enhance the thermoelectric performance of the material.


http://dx.doi.org/10.20517/jmi.2025.62

Page 20 of 25

Tan et al. J. Mater. Inf. 2025, 5,56 |

A 0.0012 T B 004 i

x-direction : igg: y-dirsction : 3325

0.0010 : 500K : SOOK
—_ : 0.03 :
<, 0.0008 a0 i
= ! N !
£ l g !
5 0.0004 F g
! 0.01 i

0.0002 : U i uJ

000 L A L ul
1E15 1E14 1E13 1E12 1E13 1E14 1

El15

E12 1E13 1E14 1E15
2 -2
Ny(em™) N, (cm™) N,(cm?) N, (cm?)
C 10 — D o
x-direction : y-direction
i
i 10°F
N i 2 -l
i 107 ¢
i = 300K
\_:a i 400K =102k 400K
¥ 1074E i 500K i« 500K
i 600K 600K
H 700K 3 700K
105+ i e §00K 10°F — 800K
!
i
—6 L ™ i ul . ]0_4 L 1 ul ul
1E14 1E13 1E12 1E11 1E12 IEI3 1E14 1E14 1E13 1E12 1E11 1E12 IE13 1E14

N, (cm™)

N, (cm™)

http://dx.doi.org/10.20517/jmi.2025.62

0.00 - b
IE15 1E14 1E13 1

N, (cm?)

N, (cm™)

Figure 14. Power factor vs. carrier concentration of PbSe/PbTe monolayer heterostructure along x and y directions in the temperature
range 300 to 800 K: (A) p-type; (B) n-type. Electronic thermal conductivity («.) vs. carrier concentration: (C) p-type; (D) n-type.

Thermoelectric figure of merit

Combining its ultralow «1, moderate electronic thermal conductivity, and excellent power factor, we further
evaluated the thermoelectric ZT of the PbSe/PbTe monolayer heterostructure. As shown in Figure 15, the
variation of ZT with carrier concentration at 300, 500, and 800 K is presented considering both three-phonon
(solid lines) and four-phonon (dashed lines) scattering mechanisms.

The results reveal pronounced anisotropic thermoelectric transport behavior, with the ZT values under p-
type doping significantly higher than those under n-type doping. This is primarily attributed to the increased
electronic thermal conductivity under n-type conditions, which suppresses the enhancement of Z7. Moreover,
the inclusion of four-phonon scattering mechanisms improves the accuracy of the calculated thermoelectric
performance. At 800 K, the maximum Z7 values along the x and y directions under p-type doping reach
4.1 and 5.3, respectively - an increase of approximately 23% compared to the values considering only three-
phonon scattering (3.2 and 4.3). For n-type doping, the ZT values also increase from 2.5 (x direction) and

2.9 (y direction) to 3.1 and 3.7, respectively, further confirming the critical role of four-phonon scattering in
accurately evaluating thermoelectric performance.
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Figure 15. Thermoelectric figure of merit (zT) of PbSe/PbTe monolayer heterostructure as a function of carrier concentration along (A)
x and (B) y directions at 300, 500, and 800 K. Solid lines represent results with only three-phonon scattering; dashed lines include four-
phonon scattering.

Notably, the optimal ZT value of the PbSe/PbTe monolayer heterostructure is 5.3, occurring at 800 K under
p-type doping along the y-direction, which is significantly higher than the corresponding values for pure
monolayer PbTe (1.55) and PbSe (1.3), highlighting the effectiveness of heterostructure design in substantially
enhancing thermoelectric performance. Overall, the PbSe/PbTe heterostructure monolayer exhibits outstand-
ing thermoelectric properties at high temperatures, achieving the maximum Z7 within the carrier concentra-
tion range of 10! cm=2 to 10'® cm~2, demonstrating good experimental feasibility and practical application
potential.

Moreover, due to the weak interlayer interactions in the PbSe/PbTe monolayer vdW heterostructure, previous
studies have indicated the potential for tuning its electronic structure via cross-plane compressive strain. It has
been reported that such strain may modify the band structure and band alignment, thereby influencing carrier
effective masses and transport properties!®>#l. Although this work does not directly investigate the effects
of cross-plane compressive strain, based on these studies, we believe this tuning mechanism holds promise
for optimizing the electronic performance of PbSe/PbTe heterostructures and warrants further exploration in
future research.

CONCLUSIONS

Based on first-principles calculations, Boltzmann transport theory, and a four-phonon scattering model as-
sisted by machine-learning interatomic potentials, this work systematically investigates the crystal structural
stability, thermal transport, electronic transport, and thermoelectric performance of the 2D PbSe/PbTe mono-
layer heterostructure. The mechanical, dynamical, and thermodynamical stabilities of the heterostructure are
verified through calculations of the elastic modulus, phonon dispersion relations, and ab initio molecular dy-
namics simulations.

The PbSe/PbTe monolayer heterostructure exhibits an excellent power factor with a peak value reaching 0.035 W-
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m~!

- K2, In terms of thermal transport, owing to the pronounced anharmonicity of the material (Griineisen
parameter |y| = 20), relatively low phonon group velocities, and volumetric heat capacity, the i at room tem-
perature reduces to ultralow values of 0.37 W - m~! - K~! along the x-direction and 0.31 W - m~! - K~! along
the y-direction after including four-phonon scattering, representing decreases of approximately 29% and 10%,

respectively, compared to considering only three-phonon scattering.

Furthermore, unlike conventional materials where thermal conductivity is mainly dominated by acoustic
phonons, optical phonons contribute more than 50% to « in this heterostructure, indicating a unique ther-
mal transport mechanism. Regarding thermoelectric performance, due to the combination of a large power
factor and ultralow «i, the PbSe/PbTe monolayer heterostructure shows significant enhancement in the ZT
under p-type doping. Notably, at 800 K, the maximum ZT values reach approximately 4.1 and 5.3 along the
x- and y-directions, respectively, substantially outperforming those under n-type doping (approximately 3.1
and 3.7).

In summary, this study not only reveals the outstanding thermoelectric performance and underlying micro-
scopic mechanisms of the PbSe/PbTe monolayer heterostructure, highlighting the critical role of higher-order
anharmonic scattering in regulating thermal transport, but also provides theoretical guidance and design strate-
gies for enhancing thermoelectric performance via heterostructure engineering.
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