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ABSTRACT: Moiré engineering provides a powerful method for controlling electrical transport in two-dimensional
semiconductors. Meanwhile, moiré engineering also enables the tuning of the interfacial thermal conductance of bilayer materials
by means of changing the distance between layers. However, the simultaneous control of electrical and thermal transport in the same
moiré-engineered bilayer sample can be challenging. The mechanism underlying the differentiated regulation effect remains elusive.
In this work, the electrical and thermal conductivities of the same MoSe,/WSe, heterostructure were measured simultaneously with
a series of precisely controlled twist angles. It is found that as the moiré superlattice period declines with the twist angle increasing
from 0° to 30°, the thermal rectification ratio of the heterostructure decreases from 65 to 30%, meanwhile the electrical rectification
ratio increases from 100 to 200%. At a critical twist angle of 30° corresponding to the minimum moiré superlattice period, the
thermal rectification ratio is minimized, while the electrical rectification undergoes a reversal from a positive to a negative state. This
demonstrates that the moiré superlattice provokes different rectifying responses for phonons and electrons. Decreasing the period of
the moiré superlattice induces a pronounced enhancement of the asymmetry in the electronic density of states, while the thermal
asymmetry is suppressed due to stronger interlayer coupling. These findings furnish fresh perspectives on the moire-controlled effect
and establish a basis for the development of advanced atomic-scale rectifying devices.

KEYWORDS: van der Waals heterostructure, moire superlattice, twist angle control, electron and phonon transport, rectification

Bl INTRODUCTION moiré superlattice. In transition metal dichalcogenide (TMD)
bilayers such as MoS,/WSe,, twist-induced flat bands can be
described using exotic electronic models, including strongly
asymmetric p,—p, Hubbard models,” and enable the control
of exciton properties, such as those of long-lived indirect
excitons,”’ for applications in valleytronics.”” Twisted bilayer
h-BN forms triangular lattices® at small twist angles, enabling
topological phases including quantum spin liquids and
topological superconductivity.”*

Recently, it has been confirmed by simulations and
experiments*®™*® that the twist-controlled moiré superlattice
exerts similar regulatory effect on the phonon transport as on

Leveraging the outstanding physical properties inherent in
two-dimensional (2D) materials,' '" the van der Waals
heterostructure, constructed through the stacking of 2D
materials,"' ™ manifests even more novel and remarkable
properties upon the introduction of twisting as an additional
modulation parameter.”*">° When two layers of structurally
identical or similar materials are stacked under a slight
misalignment, periodic interference moiré patterns emerge
on the surface, differing from the original lattice. The
morphology of the moiré superlattice can be precisely
regulated by modulating the degree of misalignment.
Specifically, this can be achieved by finely tuning the relative ——
twist angle between bilayers. Most research efforts have been Received:  June 17, 2025 -~
focused on electrical properties, generating the field of Revised:  September 24, 2025 '
“Twistronics”.”” For instance, twisted bilayer graphene at a Accepted:  September 26, 2025
magic angle of 1.1° forms flat bands that induce unconven- Published: October 4, 2025
tional superconductivity”® and correlated insulating states”

owing to the electron—electron interactions modulated by
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Figure 1. Fabrication process of the suspended H-type devices containing the stepwise stacked MoSe,/WSe, van der Waals heterostructures and
the schematic diagram of measurements. (A) Clean SiO,/Si substrate. (B) Transfer of single-crystalline MoSe, monolayer. (C) Transfer of single-
crystalline WSe, monolayer. (D) Deposition of H-type Au nanosensors and electrodes. (E) Reactive etching of SiO, layer and XeF, etching of Si
substrate to fully suspend the H-type sensing device. (F—]) Optical and SEM images of the stepwise stacked heterostructure sample at each step
with 10 pm scale bar (video is available in the SI). (K) Structure of MoSe,/WSe, van der Waals heterostructure with a controlled twisting angle in
between. (L) Schematic diagram showing the bidirectional thermal and electrical measurements.

the electron transport. In twisted bilayer and multilayer van der
Waals heterostructures, both in-plane and out-of-plane thermal
conductivities exhibit a prominent correlation with the twist
angle. A striking example is found in twisted bilayer graphene,
where the thermal conductivity reaches a local minimum as the
twist angle approaches the so-called “thermal magic angle”,
mirroring the behavior observed in the electronic systems.’”
Although Jiang et al. have established an analytical relation
between the interfacial thermal conductivity and the twist
angle in twisted 2H-TMD stacks,”” the field remains
predominantly theoretical and simulation-based. Precise
experimental characterization of thermal transport in twisted
structures continues to pose a significant challenge. Moreover,
while prior studies have independently controlled the thermal
or electrical transport in twisted bilayers, the simultaneous
manipulation of both transport channels within the same
device remains largely unexplored and experimentally un-
validated. The mechanisms*”*° by which moiré superlattices
influence phonon and electron transport, particularly the
regulation of phonon pathways, scattering, and coupling with
electronic states owing to the interlayer interactions, remain
unclear.”>*

In this work, we have specially designed and fabricated a
stepwise stacked MoSe,/WSe, heterobilayer device, where the
single-crystalline MoSe, and WSe, monolayers partially overlap
in the center. By precisely controlling the twist angle at the
interface of the heterobilayer, the pattern of moiré superlattice
can be tuned continuously. The heterobilayer device is
precisely suspended between two individual Au (gold)
nanosensors. Electrons and phonons excited at one sensor

are compelled to traverse the overlapping heterointerface to
reach the other sensor. This setup enables a substantial
enhancement of the modulation effect within the moiré
superlattice. An inverse rectifying effect of the moiré
superlattice on the electron and phonon transport has been
observed in the experiment. The thermal rectification ratio
decreases from 65 to 30% as the moiré superlattice period
declines with the twist angle increasing from 0° to 30°%
meanwhile, the electrical rectification ratio increases from 100
to 200%. At a critical twist angle of 30° corresponding to the
minimum moiré superlattice period, the thermal rectification
ratio is minimized, while the electrical rectification undergoes a
fierce change from positive to negative. The result demon-
strates that the moiré-controlled heterointerface provokes
different responses for phonons and electrons. The asymmetry
in phonon transport is weakened as the moiré superlattice
period declines, but the asymmetry in electron transport is
strengthened in contrast. A quantitative explanation is
provided through detailed nonequilibrium molecular dynamics
simulations and density functional theory calculations.

B RESULTS AND DISCUSSION

Fabrication of the Stepwise Stacked MoSe,/WSe, van
der Waals Heterostructures. Triangular MoSe, and WSe,
single-crystalline monolayers were synthesized using an
atmospheric pressure chemical vapor deposition beforehand.
To precisely control the twist angle between two TMDs, a
triangular MoSe, monolayer was first transferred onto a clean
Si substrate (Figure 1AF) with a S0 nm-thick SiO, layer
(Figure 1B,G), followed by the precise transfer of another
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Figure 2. Optical microscope images of multiple stepwise stacked MoSe,/WSe, heterostructure samples. Images I-IV represent five groups of
samples with MoSe, stacked in front of WSe,. The twist angles are roughly 0, 15, 30, 45, and 60° in each group.
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Figure 3. Characterization of the stepwise stacked heterostructures and monolayer TMDs. (A) Schematic diagrams of heterostructure samples with
different stacking orientations, i.e., MoSe,/WSe, and WSe,/MoSe,. (B) Optical microscope image of the WSe,/MoSe, sample. (C) Optical
microscope images of monolayer MoSe, and WSe,, respectively. (D—H) SEM images of the suspended MoSe,/WSe, heterostructure devices with
different twist angles after the etching process, where the scale bar is 10 ym. Yellow and purple dashed triangles represent the single-crystalline
MoSe, and WSe,, respectively. (I-M) HR-TEM images depicting the moiré patterns with different twist angles presented in the central

overlapping region of the heterobilayer.

triangular WSe, monolayer on top with a finely adjusted twist
angle (Figure 1C,H). A pair of microprobes (TP-001, tip
diameter of 1 pum) were used to mechanically transfer the
TMD monolayer with help of a 200 nm-thick polymethyl
methacrylate (PMMA) layer. Precise control of twist angle
(precision of up to 0.1°) can be achieved through the
meticulous manipulation of two microprobes (video and more
details of the transfer process are provided in the Supporting
Information (SI)). PMMA layer was removed through
immersion into warm acetone and subsequent annealing in a
mixed gas flow of Ar and H, at 400 °C, 8 h to completely clean

possible contaminations or residues. The cleanliness of
transferred TMD samples can be confirmed through the
high-resolution transmission electron microscope (HR-TEM)
images shown in Figure 3.

A 50 nm-thick H-type Au film sensor (Figure 1I-K) was
used to simultaneously measure the phonon and electron
transport properties of the heterostructure sample, following
our previous work.”> An electron-beam lithography (EBL) was
used to precisely deposit Au nanosensor and electrodes on the
SiO,/Si substrate, connecting with the transferred MoSe,/
WSe, heterobilayer sample (Figure 1D,I). To further increase
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Figure 4. Schematic diagram of thermal and electrical measurement circuits, and comparison of thermal and electrical transport properties between
monolayer TMD materials and stepwise stacked heterostructures. (A) Schematic diagram showing the thermal measurement circuit based on the
H-type method, involving two electrical circuits, with multimeters V" and V, used to measure the current in each circuit and multimeters V; and
V, used to measure the voltages across the two Au sensors. The red and blue solid arrows indicate the direction of high and low thermal
conductivities from MoSe, to WSe, and from WSe, to MoSe,, respectively. (B) Thermal conductivities of monolayer MoSe,, monolayer WSe, and
heterostructure samples with two opposite stacking orientations (MoSe,/WSe, and WSe,/MoSe, at € = 0°) under the forward J* and reverse J~
heat flow directions at different temperatures. (C) Schematic diagram of the electrical measurement circuit based on the current—voltage method.
Multimeters V; and V, are used to measure the current passing through the stacked heterointerface and the voltage at two sides of the
heterostructure, respectively. The red and blue solid arrows indicate the direction of electron and hole movements in the external circuit,
respectively. (D) Ig—Vy, characteristics of monolayer WSe,, MoSe, and heterostructure devices with different twist angles under the forward bias.

the sensitivity of thermal measurement and minimize the
influence of the substrate, the H-type sensing device was fully
suspended by etching the SiO, and Si below. First, an etching
window was defined by using EBL, followed by reactive-ion
etching to remove the SiO, layer (Figure 1E,J). The supporting
Si substrate was subsequently etched by using XeF, gas.
Finally, the stepwise stacked MoSe,/WSe, heterobilayer was
fully suspended between two individual Au nanosensors,
forming a H-type sensing device. In order to verify the
repeatability and reliability of the measurement results, a total
of 46 sensing devices containing monolayer TMD samples and
heterobilayer samples with different twist angles and different
stacking orientations were fabricated. Here, 20 typical MoSe,/
WSe, samples are shown in Figure 2. One WSe,/MoSe,
sample, two MoSe,, and WSe, monolayer samples are shown
in Figure 3B,C.

The twist angle 0 is defined between two single-crystalline
TMDs, where @ = 0° corresponds to the state where triangular
MoSe, is perfectly aligned with the edges of the triangular
WSe, layer. In this case, the edges of two layers are parallel to
each other. A series of heterobilayer devices were fabricated at
different twist angles approximately 0, 15, 30, 45, and 60°,
respectively. During fabrication, micron-precision cross-array
markers and the EBL system’s positioning ability were used to
precisely position the heterobilayer samples in the center of
two Au nanosensors. Figures 2 and 3 depict the optical and
scanning electron microscope (SEM) images of H-type sensing

devices before and after etching, respectively. To investigate
the modulation of moiré superlattice by twist angle in the
MoSe,/WSe, overlapping region, HR-TEM images were
captured and depicted in Figure 3I—M, confirming the
cleanness and good quality of transferred heterobilayer
samples. Varying twist angles give rise to periodic yet
morphologically disparate moiré patterns. When 0° < 6 <
30°, the period size of moiré superlattice decreases as the twist
angle increases, reaching the smallest value at @ = 30°. When
30° < € < 60°, the period size of moiré superlattice increases as
the twist angle increases, symmetric with the moiré superlattice
when 0° < 6 < 30°.

The temperature-dependent thermal conductivities of
stepwise stacked MoSe,/WSe, heterobilayers with different
interlayer twist angles were measured in different heat flow
directions by using the H-type sensor method>>>* (Figure 4A).
This method is characterized by the use of two Au
nanosensors, one acting as the heating source and the other
as the temperature response sensor. By switching the roles of
two sensors, the direction of heat flow can be easily changed,
named J* and ]~ in the figure. The electrical measurement
system includes a precision DC voltage and current source
(Japan ADCMT, 6243), two high-accuracy digital multimeters

(Keithley 2002, 8',-digits), and a vacuum thermoelectric
heating and cooling stage (INSTEC, TP102SV-PM-FS,
+0.001 K). All the experiments were conducted in a high-
vacuum chamber with pressure lower than 107 Pa, where the
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Figure S. Thermal property characterization of the stepwise stacked MoSe,/WSe, van der Waals heterostructures. (A) Experimental results
obtained from the heterostructure samples at different temperatures and twist angles. (B) Comparison between the measured thermal
conductivities and the NEMD simulation results at T = 40 °C. (C) Interlayer distance (d;,.,) between MoSe, and WSe, at different twist angles.
(D) Variation of the temperature-dependent thermal conductivity with twist angle under forward heat flow J*. (E) Variation of the temperature-
dependent thermal conductivity with twist angle under reverse heat flow J~. (F) Variation of the temperature-dependent thermal rectification ratio
with twist angle. (G) Calculated phonon transmission coefficient at § = 0°. (H) Calculated phonon transmission coefficient at 6 = 27.796°. (1)
Comparison between the measured thermal rectification ratios and the NEMD simulation results at T = 40 °C.

influences of convective heat transfer and thermal radiation
could be neglected (the uncertainty analysis can be found in
the SI). A three-layer structure is formed at two nanosensor
regions. Arranged from top to bottom, the layers are the 50
nm-thick Au sensor, the 0.8 nm-thick monolayer MoSe, or
WSe,, and the 50 nm-thick SiO, supporting layer, respectively.
Significantly, the contact area between Au sensor and TMD
monolayer is geometrically far smaller than the area of the
heterostructure sample. Hence, due to the relatively large
thermal resistance of the heterostructure sample, the contact
thermal resistance between the Au sensor and TMD
monolayer could be considered negligible (refer to the SI for
a detailed discussion). The SiO, supporting layer plays a
crucial role in providing mechanical support, thereby ensuring
the integrity and stability of the heterostructure device. The
SiO, supporting layer has no influence on the electrical

57407

measurement. Regarding the thermal conductivity measure-
ment of the heterostructure sample, the effect can be
eliminated by incorporating the independently measured
thermal conductivity of the pure SiO, layer into the COMSOL
thermal simulation (refer to the SI for detailed analysis).

The measured thermal resistance by H-type sensing device is
the overall value of the heterostructure sample between two Au
nanosensors, expressed as Ry = Ryposer + Ryitayer-in-plane +
Rbilayer—out—of—plane + RWSeZ' Her e Rbilayer-out-of—plane = (G X Iqbilayer)_1
is the interfacial thermal resistance of the heterobilayer in the
overlapping region, where G and Ay, are the interfacial
thermal conductance per unit area and overlapping area;
RMoSeZJ RWSeZ, and Rbilayer in-plane equal L/ (Mcross—section)) where L)
Ay and A g ection are the length, thermal conductivity, and
cross-section area of the MoSe,, WSe, monolayer and the
overlapped heterobilayer, respectively. According to the
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Figure 6. Electrical characterization of the stepwise stacked MoSe,/WSe, heterostructures and DFT simulation results. (A) I;—Vj, curves at
different twist angles when 6 < 30°. (B) I;,—Vy, curves at different twist angles when 6 > 30°. (C) Comparison between the measured electrical
rectification ratios and that obtained from the density functional theory-nonequilibrium Green’s function (DFT-NEGF) simulation results at
different twist angles. The vertical dashed line at the critical angle 30° indicates the transition from positive to negative electrical rectification. (D)
Calculated electron transmission coefficient at 6 = 27.796°. (E) Calculated electron transmission coefficient at 6 = 32.204°. (F) Schematic diagram
of the electronic band structure of the MoSe,/WSe, heterostructure. (G—I) Calculated electronic density of states (DOS) at € = 0, 30, and 60°.

interfacial thermal resistance of TMDs from literature,"”
Ryjlayer-out-of-plane 18 at the magnitude level of 10°-10* K/W,
while Ryjayer.in-plane 15 at the magnitude level of 107 K/W that is
approximately 1000 times larger than the former (refer to the
SI for details). Hence, the interfacial thermal resistance
between MoSe, and WSe, can be neglected, and the in-plane
thermal conductivity of heterobilayer plays a dominant role in
the observed thermal rectification behavior.

By simply changing the external electrical circuit, the
electrical transport properties can be measured on the sample
(Figure 4C). Figure 4B,D compares the different thermal
conductivities and Ij,—Vy, curves between the pure monolayer
MoSe,, WSe, and stepwise stacked heterostructures. It is seen
that the thermal conductivities of monolayer TMD materials
remain nearly the same in both J* and J~ heat flow directions,
which indicates a negligible thermal rectification effect. In

57408

contrast, the thermal conductivities of heterostructure samples
depend on the heat flow direction, exhibiting a strong thermal
rectification effect. It is confirmed that higher thermal
conductivity always occurs when heat flows from MoSe, to
WSe, (J© direction in MoSe,/WSe, and J~ direction in WSe,/
MoSe,). A four-probe method was used to measure the I;,—V;
curve of pure monolayer TMDs and heterostructure samples at
room temperature (T = 25 °C). Due to the additional
electron—electron and electron-boundary scattering at the
heterointerface, the current of the heterostructure sample is
lower than that of the monolayers. It is demonstrated that the
twist angle effectively modulates electrical transport through
the heterointerface. The electrical current at 8 ~ 30° is
significantly larger than that at 6 ~ 0°.

Thermal Rectification Measurements and Device
Simulations. Figure SA represents all of the measured
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thermal conductivities of heterostructure samples in Figures 2
and 3 at different twist angles and temperatures in both
forward and reverse heat flow directions. Figure 5A reveals that
the twist angle € considerably affects the thermal conductivities
of the stepwise stacked MoSe,/WSe, heterostructures,
confirming that the twist-controlled moiré superlattice causes
substantial changes in the in-plane phonon transport. Full-
atom nonequilibrium molecular dynamics (NEMD) simula-
tions were conducted at 40 °C to understand the mechanism.
As shown in Figure 5B, the simulation results align well with
the experimental results. Notably, the thermal conductivity
reaches a maximum value at approximately 6 = 45°, at which
the interlayer distance dj,. between MoSe, and WSe, is
minimal (Figure SC). Furthermore, the variation of i, with a
twist angle at 40 °C represents an opposite trend of thermal
conductivity, indicating that a small interlayer distance
strengthens the interlayer interactions and improves the in-
plane phonon transport. Further results of the phonon
transmission coefficient (Figure S4) reveal that for the 30
and 45° twisted configurations, which exhibit stronger
interlayer coupling, the transmission coeflicient is markedly
enhanced within the 2—6 THz frequency range, whereas
phonon transmission at other frequencies remains largely
unaffected. This indicates that these specific twist angles
introduce additional phonon transmission channels, thereby
improving the overall heat transport efficiency.

Additionally, Figure SD,E reveals that the variations in the
thermal conductivity become more pronounced with varying
twist angle under the reverse heat flow than under the forward
heat flow. Such difference in thermal conductivities suggests
that the thermal rectification ratio (TRR) of the hetero-
structure sample is influenced by the twist angle, ie., the
interlayer interactions at different moiré superlattices. Figure
SF shows the TRR at different temperatures and twist angles
from the experimental results. It is seen that temperature has
little effect on the TRR, whereas twist angle @ plays a crucial
role in modulating thermal rectification. The TRR is the
highest when 6 equals 0 and 60°, and relatively lower when 8 is
in a range from 15 to 45°. Figure SI reveals that the trend of
TRR from the NEMD simulation is consistent with that
measured in the experiment. Specifically, the TRR decreases as
the twist angle increases from 0 to 30° and reaches the minimal
value at 30°, after that the TRR again increases from 30 to 60°.
To understand the underlying mechanism, the phonon
transmission coefficient through the stepwise stacked hetero-
bilayer was computed at different twist angles in both J* and J~
heat flow directions. The intensities of spectral distinct peaks
in Figure 5G show a remarkable difference between the cases
of J* and J~ at € = 0°, confirming the occurrence of thermal
rectification. In contrast, at § ~ 27.8°, the intensities of the
low-frequency phonon peaks for both J* and J~ are enhanced,
with a more pronounced increase in the transmission
coefficient observed in the opposite heat flow direction (J7).
This reduces the asymmetry in transmission capacity between
the two directions, thereby suppressing the thermal rectifica-
tion effect. This demonstrates that the in-plane phonon
transport in heterobilayers is highly sensitive to the twist-
controlled moiré superlattice, and the phonon transmissivity
depends on the heat flow direction. It is crucial to emphasize
that the observed minimum in the TRR is fundamentally
distinct from the so-called “thermal magic angle”, which is
defined as the twist angle corresponding to the local minimum
in thermal conductivity of twisted bilayer graphene.’” Our

findings reveal that distinct twist angles are necessary to
independently optimize thermal conduction (maximizing A)
and directional thermal control (maximizing TRR).

Electrical Characterization of Heterostructures and
DFT Simulations. I;,—Vy curves of MoSe,/WSe, samples
with different twist angles were measured at zero gate voltage
and room temperature (T = 25 °C) (Figure 6A,B). The results
indicate that the current responses to the forward and reverse
biases are asymmetric, similar to those of the covalent P—N-
type heterostructures, such as monolayer MoSe,/WSe, lateral
heterojunctions.” However, the asymmetry of electrical
rectification in the van der Waals heterobilayer is significantly
weaker than that of covalent lateral heterojunctions. As shown
in Figure 6F, the N-type MoSe, and P-type WSe, form a
natural P—N junction solely owing to the weak van der Waals
interactions between layers. According to the diode effect
principle, a depletion region forms at the heterointerface owing
to the diffusion of carriers. When a reverse bias is applied, this
depletion region generates an energy barrier, hindering the
migration of the carriers. In the lateral heterostructures, the
width of the depletion region is commensurate with the
geometric dimensions of the materials flanking the interface.>®
In the stacked van der Waals heterostructure, the thicknesses
of the P-type and N-type materials, being monolayer WSe, and
MoSe, respectively, exert an effective limitation on the width
of the depletion region. This significantly weakens the energy
barrier at the heterointerface in contrast with the covalent
lateral heterojunctions and causes weak electrical rectification
behaviors.

Interestingly, Figure 6C shows that the electrical rectification
of the MoSe,/WSe, heterobilayer undergoes a fierce change
from positive to negative at the critical twist angle 30°, which
corresponds to the minimum period of moiré superlattice. This
dependence of the electrical rectification ratio on the twist
angle is consistent with the I3—Vy curve simulation results
conducted by DFT-NEGF simulations. To further clarify the
mechanism, the electronic band structure and DOS of the unit
cell in the moiré superlattice were computed at € = 0, 30, and
60°, as shown in Figure 6G—1I, respectively (details of the band
structure can be found in the SI). The DOS results indicate
that as the twist angle increases from 0 to 30°, the difference in
the peak densities obtained from Mo and W atoms gradually
increases, enhancing the electrical rectification effect of the
heterostructure. When the twist angle 6 exceeds the critical
value of 30°, the direction of electrical asymmetry reverses
(Figure 6A—C). Specifically, when 0 < 30°, the forward current
is larger than the reverse current, yielding a positive
rectification ratio. When 6 > 30° the forward current is
smaller than the reverse current, yielding a negative
rectification ratio. Furthermore, the electron transmission
coeflicients of the heterobilayer devices were computed, and
the blue and green peaks represent the transmission
coeflicients under the forward and reverse biases, respectively.
At 0 =~ 27°, the transmission coeflicient under forward bias is
significantly larger than that under the reverse bias, confirming
positive electrical rectification, as shown in Figure 6D. In
contrast, at 6 ~ 32°, the transmission coeflicient under forward
bias is smaller than that under the reverse bias, so the direction
of electrical asymmetry reverses, as shown in Figure 6E. The
simulation results agree well with the experimental data.
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B CONCLUSION

In order to investigate the coexistent modulation of the twist-
controlled moiré superlattice on the electron and phonon
transport, stepwise stacked van der Waals heterostructures
constructed by single-crystalline MoSe, and WSe, were
fabricated. The period of moiré superlattice can be
continuously tuned by changing the twist angle between two
layers. A significant in-plane thermal rectification behavior is
observed and the rectification ratio decreases from 65 to 30%
as the moiré superlattice period declines with the twist angle
increasing from 0 to 30°. Meanwhile, the electrical rectification
ratio increases from 100 to 200%. Interestingly, at the critical
value of 30° corresponding to the minimum period of moiré
superlattice, the TRR reaches the minimum value while the
electrical rectification goes through a violent transition from
the positive state to the negative state. This demonstrates that
the moiré-controlled heterointerface provokes different rectify-
ing responses for phonons and electrons. These findings
significantly advance our understanding of phonon and
electron transport characteristics at twisted van der Waals
interfaces, offering a new paradigm for moiré engineering. The
synergistic manipulation of phonon and electron channels not
only expands the design space for next-generation functional
materials, but also establishes concrete implementation
pathways for high-efficiency thermoelectric energy conversion,
intelligent thermal management, and reconfigurable logic
devices.

B METHODS

Calculation of Thermal Conductivity, TRR, Phonon Trans-
mission Coefficient Spectrum, and Vibrational DOS. Molecular
dynamics simulations were conducted using the open-source
LAMMPS® package. A stepwise stacked MoSe,/WSe, van der
Waals heterostructure (approximately 7000 atoms) was constructed
via the stepwise stacking of monolayer MoSe, and WSe,, which were
twisted relative to each other at designated angles. The interlayer twist
angles investigated were 0, 15.18, 27.796, 44.82, and 60°. The
covalent interactions within these heterostructures were described
using the Stillinger—Weber (SW) potential,”” whereas the van der
Waals interactions were captured by the Lennard—Jones (LJ)
potential®® (refer to the SI for details). The SW and L] potentials
have been extensively validated and widely applied in thermal
transport calculations for systems with structures analogous to
ours.”™” Owing to the nonperiodic nature of the models in the x
and y dimensions, fixed boundary conditions were imposed along
these axes. Additionally, periodic boundary conditions were applied
along the z-axis to simulate an infinite extension in the out-of-plane
direction. The time step for propagating the equations of motion was
set as 0.5 fs. The calculated system was initially relaxed to its energetic
minimum using the conjugate gradient algorithm. Subsequently, at a
thermodynamic state of 313 K, the system was subjected to a
relaxation protocol consisting of an initial process for 250 ps under
the NPT ensemble and a subsequent 250 ps of relaxation under the
NVT ensemble. Then, the NVE ensemble was implemented within
the interior regions for 8 ns to enable the system to converge to a
stable thermodynamic state with the heat source and sink maintained
at temperatures of T = 363 and 263 K, respectively. Thermal
conductivity and heat flow were computed using data from the final 3
ns of the simulation. All the reported results represent the average of
six independent calculations, and each simulation was initiated using a
distinct random seed to generate the initial velocities. The TRR can
be determined using the formula 7 = (J* — J7)/J7, where J* and J~
denote the directions of high and low heat flows, respectively. The
results of the NEMD simulations were used to calculate the phonon
transmission coefficients and phonon vibrational DOS*™ by

considering the forces and velocities of the atoms (for details, refer
to the SI).

Calculation of the Electron Transmission Coefficient
Spectrum, |-V Characteristics, Electronic Band Structure,
and DOS. The model of the stepwise stacked MoSe,/WSe, moiré
heterostructure was composed of stepwise stacked monolayer MoSe,
and WSe, at specific twist angles. The size of the calculated model was
15 X 70 A along the x and y directions. The maximum force between
the atoms was 0.01 eV/A. The thickness of the vacuum layer in the z
direction was more than 15 A, accurately reflecting the properties of
the monolayer. All the calculations were implemented using the
Quantum ATK package.®® First, the electron transmission spectrum
was calculated. Subsequently, the currents at different bias voltages
were calculated using the Landauer—Buttiker formula,** yielding the
conductance of the calculated system in terms of the electron
transmission coefficient. The NEGF method® was used to self-
consistently calculate the I-V characteristics; the NEGF method has
been widely used to analyze electron transport. We used the
semiempirical extended Hiickel theory (EHT)®® basis set with a
density mesh cutoff of 10 hartree. Owing to its high computational
efficiency,”” EHT is particularly suited for modeling complex systems
and is often utilized to accelerate the computation of electron
transport properties.(’g’69 All of the Hamiltonian elements were set
using the Hoffman parameter and calculated using the Wolfsberg
weighting scheme. Further, the recursion method was used to
calculate the self-energy. The k-point grid of the Brillouin zone was 5
X § X 150 along the ¥, y, and z directions on a Monkhorst—Pack grid
with unpolarized spin (I'-centered). The maximum interaction range
was 10 A, and the electron temperature was 300 K.

The electronic band structure and DOS were calculated based on
the unit cell. We used the linear combination of atomic orbitals”
basis set with a density mesh cutoff of 75 hartree. The exchange-
correlation potential was described using the hybrid generalized
gradient approximation functional, parametrized using the Heyd—
Scuseria—Ernzerhof (HSE)”' hybrid functional. The HSE functional
not only exhibits enhanced computational efficiency over traditional
hybrid functionals’> but also provides remarkable accuracy in
predicting essential material properties, including band gaps,
surpassing pure DET approaches.”® Further, the recursion method
was used to calculate the self-energy. To better describe the weak van
der Waals interactions, the DFT-D2 empirical correction method
proposed by Grimme’* was adopted. The k-point grid of the Brillouin
zone was 8 X 8 X 1 along the x, y, and z directions on the
Monkhorst—Pack grid with unpolarized spin (I'-centered). The
energy convergence criterion of the self-consistent iterative calculation
was 107* eV.
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