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Phonon transport manipulation is crucial for various technological applica-
tions, such as thermal management in electronic devices, thermoelectric
energy conversion, and thermal insulation. However, to date, viable approa-
ches for manipulating phonon transport remain limited, particularly in
achieving reversible manipulation. Here, we achieve reversible manipulation
of phonon transport in a monolayer MoSe,-WSe, heterojunction, by mod-
ulating phonon thermal conductivity through the switching of bias voltage.
The measured thermal conductivity under electrical forward bias is sig-
nificantly lower than that observed under reverse cutoff. This effect becomes
more pronounced with decreasing temperature. Through theoretical model-
ing supported by device simulation and first-principles calculation, the
decrease in thermal conductivity under forward bias can be elucidated by
higher carrier concentrations and electron temperatures. Our results provide
an electrically-driven phonon transport manipulation approach, potentially
opening up possibilities for dynamical and reversible thermal design in
advanced semiconductor technologies.

Phonon transport, governing the heat conduction in nonmetallic
crystalline materials, has garnered widespread attention in various
advanced technologies, including thermal management?, energy
conversion®, and the design of materials for extreme environments®.
Effectively manipulating phonon transport is highly desirable for
enhancing the functionalities and performance of these applications,
yet its realization poses significant challenges®. Strategies to
manipulate phonon transport typically involve altering specific pho-
non scattering processes, consequently leading to changes in
phonon thermal conductivity®’. In crystalline materials, the primary
scattering processes for phonons include phonon-boundary scatter-
ing, phonon-phonon scattering, phonon-impurity/defect scattering,

and phonon interactions with electrons®’. Extensive prior research
has attempted to alter phonon-boundary/phonon/impurity/defect
scattering by modifying lattice structures, introducing approaches
such as nanostructure construction'®”, pressure tuning?, strain
engineering®, and impurity/defect engineering'*". These approaches
have achieved alterations in phonon thermal conductivity. However,
due to changes in intrinsic material properties®®” and the typically
irreversible nature of lattice structural modifications'®, active and
reversible phonon transport manipulation proves exceptionally
challenging.

A more promising approach for achieving reversible phonon
transport manipulation is by adjusting the phonon-electron scattering
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processes’?, as electrons exhibit a rapid response to the external field
and the lattice structure remains nearly unchanged®. Prior theoretical
studies have confirmed the significant impact of phonon-electron
scattering on phonon thermal conductivity in semiconductor
materials’>*. Especially in two-dimensional (2D) semiconductor
materials which have broad prospective applications in electronic
devices, optoelectronic devices, and energy conversion®**, the influ-
ence of electron-phonon scattering on phonon thermal conductivity
can be comparable to that of phonon-phonon scattering even at room
temperature®® and moderate carrier concentrations**°. However, to
date, effective experimental approaches for utilizing the electrical
response characteristics of electrons to manipulate phonon transport
remain unexplored.

Here, we achieve active and reversible manipulation of phonon
transport in a 2D semiconductor MoSe,-WSe, heterojunction by
modulating the electron-phonon scattering processes through tuning
bias voltages. We construct the heterojunction with electrical rectifi-
cation effects using atmospheric pressure chemical vapor deposition
method. Phonon thermal conductivity values of the heterojunction
under electrical forward bias and reverse cutoff are measured
using the H-type sensor method. The results indicate that the thermal
conductivity under forward bias is lower than that under
reverse cutoff. This difference amplifies with decreasing temperature,
reaching a 13.8% decrease in thermal conductivity under forward
bias compared to reverse cutoff at an ambient temperature of
258 K. The thermal conductivity is actively and reversibly manipu-
lated by changing the bias voltage magnitude and direction over
the applied voltage range of -20 to +15V in the experiment. By
combining device simulation with an effective first-principles-based
model, we find this manipulation can be theoretically explained as
varying strengths of phonon-electron scattering under different bias
voltages.

[B Sample #1

Results
Fabrication and thermal conductivity measurement of MoSe,-
WSe, lateral heterojunctions
As shown in Fig. 1a, b, the monolayer MoSe,-WSe, lateral hetero-
structure samples were synthesized by atmospheric pressure chemical
vapor deposition (AP-CVD) route as reported in our previous work>?,
and a higher current density was achieved by interface doping. We
deposited two gold sensors with a thickness of 100 nm on top of the
samples by physical vapor deposition (PVD), and the sensors were
designed in an H-shape to facilitate the measurement of their thermal
conductivities®. As a comparison, the monolayer pure MoSe, and
monolayer pure WSe, were synthesized via the chemical vapor
deposition (CVD) technique®*, shown in Fig. 1c, d. Subsequently, a
370-nm-thick polymethyl methacrylate (PMMA) film was spin-coated
on top of the samples for transfer to the suspended H-type gold
electrodes. To avoid potential damage caused by the limited
mechanical strength of transition metal dichalcogenide (TMD) mate-
rials, the PMMA layers atop the pure MoSe, and pure WSe, were pre-
served to serve as a supportive matrix, with their triangular profiles
clearly shown in the SEM images (Fig. 1c, d). Similarly, a 300-nm-thick
SiO, layer film was underneath the MoSe,-WSe, heterostructure to
provide necessary support. Moreover, the silicon substrate underlying
all the samples was deeply etched to a depth exceeding 2.5um,
ensuring the sensor remained suspended and avoiding heat leakage
from the silicon substrate. This design feature enhanced the gold
sensor’s responsiveness to heat flow passing through the sample,
thereby optimizing its sensitivity for thermal detection applications.
The measurement methodology is predicated on the utilization of
two gold sensors, which serve as heaters while concurrently delivering
precise temperature measurements (temperature resolution reaches
0.01K). In this experimental setup, a large current passed through one
gold sensor to heat the sample, while a comparatively weaker current
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Fig. 1| Experimental measurement circuit and thermal conductivity changes of
MoSe,-WSe, lateral heterojunctions under bias currents. a Schematic illustra-
tion for measuring the thermal conductivity. V;, V5, and V; are used to measure the
voltage applied to the two gold sensors and the bias voltage across the sample
respectively. Vy/, V5’, and V3’ are used to measure the voltage of the three standard
resistors respectively in order to obtain current in each circuit. By controlling the
value of V3, zero voltage bias, forward voltage bias and reverse voltage bias can be
achieved. b Scanning electron microscope (SEM) image of the monolayer MoSe,-
WSe, lateral heterostructure sample (Sample #1). SEM images of monolayer pure

MoSe, (Sample #2) (c) and monolayer pure WSe, (Sample #3) (d), respectively. The
measured thermal conductivities of MoSe,-WSe, lateral heterojunction (e), pure
MoSe; (f), and pure WSe; (g) at different bias voltages, within a temperature range
of 258-318 K, respectively. In each figure, the circle, upper triangle, and lower
triangle patterns represent zero bias voltage, reverse bias voltage, and forward bias
voltage respectively. ko corresponds to the thermal conductivity under reverse bias
at 288 K. Error bars show experimental uncertainties of +5%. The shaded region in
(e) highlights the difference in thermal conductivity under forward and reverse bias
conditions. Part (b) reprinted with the permission from ref. 31, AAAS.
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was applied to the other sensor to monitor the attendant temperature
increase. The thermal conductivity of the sample was subsequently
determined through the meticulous analysis of the temperature signal
using finite element simulations of the heat conduction equation.
Furthermore, the thermal transport properties of the PMMA and SiO,
layers are also included in the numerical simulations, and these con-
siderations did not adversely affect the thermal conductivity analysis
conducted in this study (“Methods” and Supplementary Note 1).
Notably, since the electron thermal conductivity in the heterojunction
is minimal®, the measured lattice thermal conductivity is attributed to
phonon thermal conductivity.

In order to investigate the thermal conductivity of the whole
heterojunction under different bias conditions, an additional voltage
(V3 in Fig. 1a) was introduced across the sample to inject carriers. The
thermal conductivity was evaluated under applied bias voltages of O V,
-9.2V, and +13.3V within a high vacuum chamber maintaining a
pressure of 10™*Pa, as illustrated from e to g in Fig. 1. The thermal
conductivity at 288 K under reverse bias condition was determined for
the MoSe,-WSe, heterojunction, as well as for the pure MoSe, and pure
WSe,, to be 15.7W/mK, 422 W/mK, and 45.0 W/mK, respectively.
These values were adopted as a benchmark for normalizing the ther-
mal conductivity measurements under varying conditions. The
experimental data revealed that for both pure MoSe, and pure WSe,,
the alteration in thermal conductivity due to the application of reverse
and forward bias voltages relative to the zero-bias condition does not
exceed 3%. This finding indicates that the thermal conductivity of
these two pure materials is essentially unchanged under the influence
of an electric field applied in this study and is insensitive to the
direction of the electric field.

Upon the formation of a heterojunction between MoSe, and
WSe,, a notable transformation in their behavior is observed. Prior
studies have documented that the MoSe,-WSe;, heterojunction forms a
natural p-n junction with a pronounced electrical rectification
behavior®. Thermal conductivity measurements indicate that the dis-
crepancy in thermal conductivity between the material under reverse
bias (electrical cutoff state) and under zero bias conditions is minimal,
remaining within a 3% threshold, as anticipated. Conversely, under
forward bias conditions (electrical conduction state), the thermal
conductivity of the sample significantly decreases compared to that
under zero bias and reverse bias. This reduction becomes more pro-
nounced with decreasing temperature. At 258K, the thermal con-
ductivity under forward bias is 13.8% lower than that under reverse
bias. Such findings suggest that the direction of the applied bias vol-
tage effectively alters the thermal conductivity of the MoSe,-WSe,
heterojunction. To further substantiate the active and reversible nat-
ure of our manipulation method, another Sample #4 is used to inves-
tigate the effects of different bias voltages on the thermal conductivity
of the heterojunction. The dynamic phonon transport modulation is
achieved over a wide range of bias voltages, from -20V to +15V
(Supplementary Note 2).

Device simulation for MoSe,-WSe, heterojunctions

To elucidate the experimental phenomenon of reduced thermal con-
ductivity at electrical forward bias, we propose a first-principles-based
computational model. For 2D semiconductor materials under mod-
erate doping conditions, lattice thermal conductivity is primarily
influenced by phonon-phonon and phonon-carrier (i.e., electron and
hole) scattering?*®. The expression for lattice thermal conductivity is
given by k. =3¢y 2U3T,, where ¢, ; and v, are the volumetric heat
capacity and group velocity of a specific phonon mode A. 7, is the
phonon relaxation time, related to the phonon-phonon scattering rate
1/75P, phonon-electron scattering rate 1/75° and phonon-hole scat-
tering rate 1/15"’. Based on Matthiessen's rule, the phonon relaxation
time is shown as 1/7;=1/7" +1/7{°+ l/rﬁh. The phonon-phonon
scattering rate is primarily associated with the lattice vibration, while

the phonon-electron (hole) scattering rate also depends on the elec-
tron (hole) states. The expression for the phonon-electron (or phonon-
hole) scattering rate, based on first-principles Boltzmann transport
theory, is as follows’,

1 2m

2
pelph =y 2kmn (fnk _fmk+q> XS(Snk_Smk+q+hw/l>'
2

@

where gfnlﬁ a.nk is the electron-phonon coupling matrix element,
calculated by the density functional perturbation theory (Methods). &
and fiw are the energy for the electrons and phonons in a scattering
event. f, and f,,.q are the electron distributions related to
temperature, carrier concentration, and external field in the hetero-
junction system.

To determine the carrier concentration and electric field dis-
tribution, we first performed the device simulation on the 2D MoSe,-
WSe, heterojunction system based on the experimental structure
(Fig. 1b), as illustrated in Fig. 2a (Detailed settings discussed in Meth-
ods). The n-type MoSe, and p-type WSe, form a natural p-n junction
with type-Il band alignment at the interface (Supplementary Fig. S3),
and the simulated current-voltage (/-V) curves at room temperature
quantitatively match the experimental measurements (Supplementary
Fig. S4). The carrier concentration in the MoSe,-WSe;, heterojunction
at zero bias (Fig. 2c), reverse bias (Fig. 2b), and low forward bias (at
V,=0.2V, Supplementary Fig. S5) approximately follow the carrier
concentration distribution characteristics of an ideal PN junction®.
However, under larger forward bias conditions (Fig. 2d), the electron
and hole concentrations in the MoSe, and WSe, regions increase sig-
nificantly, exceeding the evenly doping concentration (2 x 10'%/cm?),
indicating a high injection regime®. The average concentrations of
electrons and holes in the MoSe, region are 5.16 x10"/cm? and
4,07 x10"°/cm?, respectively, while in the WSe, region, they are
3.16 x10'%cm? and 4.06 x 10'%cm?, significantly higher than at zero
bias and reverse bias (Supplementary Table. S2).

Furthermore, under large forward bias conditions, there exists an
electric field (-10* V/cm, supplementary Fig. S6) within the hetero-
junction, where electrons acquire energy and generate a current in
response to the external electric field. Due to the complexity in accu-
rately describing electron behavior in heterojunctions®, we adopt the
equivalent electron temperature model, which is well-accepted in
semiconductor device simulations®**, illustrated in Fig. 2e. In this
model, the electrons (or holes) are assumed to be in equilibrium at an
equivalent electron temperature T, representing the energy acquired
under an electric field. At zero bias or reverse cutoff, where minimal
current is generated, electrons (or holes) and phonons are essentially
in thermal equilibrium. Hence, the electron and phonon temperatures
(T are nearly equal to the ambient temperature (7, = T;,,). However,
under forward bias conditions, electrons gain energy and occupy
higher energy state, while phonons can be considered to remain at the
ambient temperature, resulting in 7, > Ty,

g;lnk+q,nk

Thermal conductivity calculations for MoSe, and WSe, regions
in the heterojunction

To quantitatively analyze the impact of carrier concentrations and
electron temperatures on the thermal conductivity, we first divide the
heterojunction into two regions: n-type MoSe, and p-type WSe,, and
separately consider their thermal conductivities at an ambient tem-
perature of 258 K. Notably, the carrier concentrations and electron
temperatures are obtained based on device simulation results of the
heterojunction. In the reverse bias condition, the primary charge car-
riers are electrons in MoSe,, and holes in WSe; (Fig. 2b). The phonon-
electron scattering rates in MoSe, and the phonon-hole scattering
rates in WSe, can be computed using density-functional perturbation
theory and maximally localized Wannier functions***%. The
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Fig. 2 | Device simulation for MoSe,-WSe, lateral heterojunction. a Schematic
illustration of the simulated device structure. The MoSe, and WSe, regions are both
2 pm long and 6 um wide. Gold electrodes are applied to both sides of MoSe; and
WSe,. A bias voltage V,, is applied. Spatial distribution of electron and hole con-
centrations along the x direction (cross-section at y = 0) under reverse bias

(b, V,=-9.2V), zero bias (c, V,=0V), and forward bias (d, V, =13.3 V) conditions at

258 K. e Schematic diagram of the equivalent electron temperature model. Under
forward bias conditions, electrons gain energy in the electric field and transfer the
energy to phonons. The electron temperature T is determined based on the power
density of Joule heating and the phonon-electron scattering rate can be calculated.
The phonon-phonon scattering rate is calculated at the ambient temperature.

anharmonic lattice dynamics are employed for phonon-phonon scat-
tering rate calculations* (“Methods” and Supplementary Note 4). The
phonon-phonon and phonon-electron (hole) scattering rates under
reverse bias conditions are shown in Fig. 3a, b. The phonon-phonon
scattering rates in both materials exhibit an increase with phonon
frequency, reaching magnitude on the order of 10 ps™. Conversely,
the phonon-electron (hole) scattering rates are relatively weak, being
lower by more than two orders of magnitude compared to the phonon-
phonon scattering rates, thus contributing less to the lattice thermal
conductivity. Factoring in both phonon-phonon and phonon-electron
(hole) scattering, the lattice thermal conductivity under reverse bias
conditions is determined to be 73.2 W/mK for MoSe, and 66.9 W/mK
for WSe,. The experimentally measured thermal conductivities are
lower than the simulation values due to the increased phonon scat-
tering channels provided by the supporting SiO, layer**.

In the forward bias condition, a substantial current density
(48.7 pA) is achieved by applying a positive voltage of 13.3V (Supple-
mentary Fig. S7), and the electron and hole concentrations in both
MoSe, and WSe, are significantly higher than those in the reverse bias
condition (Fig. 2d). Phonon-phonon, phonon-electron, and phonon-
hole scattering need to be simultaneously considered. To calculate the
phonon-electron (hole) scattering rates, it is also necessary to deter-
mine the equivalent electron temperature (7). In this heterojunction,
where no luminescent effects or electromagnetic radiation were pre-
sent, the energy supplied by the voltage is ultimately converted into
Joule heat through electron (hole)-phonon interactions (Average
power density: 2.70 x 10’ W/m?, Supplementary Note 5). By utilizing
first-principles method to compute the electron-phonon energy gen-
eration process, the relationship between T, and the Joule heating
power density per unit area of the heterojunction is established

(Methods), as shown in Fig. 3c. At an ambient temperature of 258 K and
V,=133V, T, in MoSe, is 330 K, while in WSe, it is 563 K. The corre-
sponding phonon-electron (hole) scattering rates for both materials
are shown in Fig. 3a, b. Under the forward bias condition, there is a
significant increase in the phonon-electron scattering rates compared
to the reverse cutoff. For some phonon modes (near the I point, or
around the normalized frequencies 0.4 and 0.8), the phonon-electron
(hole) scattering rates are essentially equivalent to the phonon-
phonon scattering rates. The total lattice thermal conductivity of
MoSe, is 60.7 W/mK, and that of WSe, is 46.9 W/mK. Compared to
reverse bias, the thermal conductivity under forward bias decreases by
17.1% in MoSe, and 29.9% in WSe,, primarily due to the increased
carrier concentrations and elevated electron temperatures (Supple-
mentary Tables S2, S3 and S5).

Next, we consider the temperature dependence of the lattice
thermal conductivity of MoSe, and WSe, regions in the heterojunction.
With increasing ambient temperature from 258 K to 318 K, the differ-
ence between the forward bias and reverse bias thermal conductivities
gradually diminishes Fig. 3d, k/k, increases and approaches 10,
consistent with experimental trends. This can be partially attributed to
the strong temperature dependence of phonon-phonon scattering®.
Moreover, the rise in ambient temperature results in a decrease in
carrier concentration at high forward bias conditions (Supplementary
Tables S2 and S3). Consequently, as the ambient temperature rises,
phonon-phonon scattering gradually dominates over phonon-electron
(hole) scattering, and the values of thermal conductivity at forward
bias and reverse bias tend to consistent. Notably, due to the lower
carrier concentration (-108/cm?, Supplementary Fig. S10) and negli-
gible electron temperature rise under forward bias conditions (Sup-
plementary Note 6), the effect of heterojunction-induced reduction in
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Fig. 3 | First-principles calculation for MoSe, and WSe, regions in the hetero-
junction. Phonon-phonon scattering rates (3ph), phonon-electron scattering rates
(Ph-el), and phonon-hole scattering rates (Ph-hole) at 258 K under forward bias and
reverse bias conditions (a, MoSe,, b, WSe,). Each point in the figures represents a
phonon mode. The x-axis represents the frequency of the phonon mode relative to
the maximum frequency. ¢ Electron temperature changes with Joule-heating power

Temperature (K)

density under forward bias condition (V,=13.3 V) at 258 K for MoSe, and WSe,. The
gray dashed line represents the experimentally measured average power density,
2.70x10” W/m?. d Thermal conductivities for MoSe, and WSe;, regions calculated by
first-principles methods change with ambient temperature. k¢ /k, represents the
ratio of forward bias thermal conductivity to reverse bias thermal conductivity at
the same ambient temperature.

MoSe,

0.8

280 300
T(K)

o)
Thot

Fig. 4 | Temperature-dependent thermal conductivity calculations for the
heterojunction. a Thermal resistance-in-series model for the thermal conductivity
of the heterojunction, with thermal resistances corresponding to MoSe,, WSe,, and
the interface denoted as R;, R, and R, respectively. b Comparison of calculated
(Sim) and experimental (Exp) thermal conductivities under forward and reverse
bias conditions at different ambient temperatures. The upper triangle and lower
triangles represent the reverse bias (I) and forward bias (/') thermal conductivities,
respectively. Error bars show experimental uncertainties of +5%. The thermal
conductivities in the experiment and simulation are normalized to the corre-
sponding reverse bias thermal conductivities at 288K (o).

thermal conductivity is difficult to directly observe in the pure material
samples (Fig. 1f, g).

Temperature-dependent thermal conductivity calculations for
MoSe,-WSe, heterojunction

Next, we consider the thermal conductivity of the complete hetero-
junction. Due to interfacial doping, an interfacial region forms at the

junction of MoSe, and WSe,, contributing to interfacial thermal
resistance (R), thereby influencing the overall lattice thermal con-
ductivity of the heterojunction, as depicted in Fig. 4a. The direct
measurement of interfacial thermal resistance in 2D lateral hetero-
junctions is challenging*®. Therefore, we estimate that the interfacial
thermal resistance is approximately 1x 107 m?K/W at 258 K, based on
experimental measurements of the thermal conductivity of pure
MoSe, and WSe,, as well as the heterojunction (Supplementary
Note 7). With increasing temperature, the enhanced anharmonicity at
the interface results in higher phonon transmission thereby reducing
interfacial thermal resistance*’*%, Based on the thermal conductivity
measurements and molecular dynamics (MD) simulations***° (Sup-
plementary Note 7), it is found that as the ambient temperature
increased from 258K to 318K, the interfacial thermal resistance
decreased by around 20%, consistent with previously reported tem-
perature dependence trends for 2D heterojunctions*’?".
Subsequently, using the thermal resistance-in-series model
(Fig. 4a), we incorporate the calculated thermal conductivities of the
MoSe, and WSe; regions, and the estimated temperature-dependent
interfacial thermal resistance values to determine the total thermal
conductivities of the heterojunction at different ambient temperatures
and bias conditions. These results are compared with the experimental
measurements, as shown in Fig. 4b. Both computational and experi-
mental results demonstrate that at lower ambient temperatures
(258 K), the thermal conductivity at forward bias in the heterojunction
is lower than at reverse bias. As temperature increases, this difference
between the two thermal conductivities gradually diminishes. Fur-
thermore, the reverse bias thermal conductivity shows a slight increase
with temperature. This phenomenon is attributed to the decrease in
interfacial thermal resistance as the ambient temperature rises,
thereby mitigating the inhibitory effect of temperature-dependent
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phonon-phonon scattering on thermal conductivity. These findings
underscore the significant impact of interfacial effect on the thermal
conductivity of the heterojunction. Due to the complexity of the
interfacial structure, we only provide a preliminary quantitative
exploration of its impact mechanism on thermal conductivity. Recent
studies have proposed interfacial transport models for electron-
phonon interactions****** and various methods for tuning interfacial
thermal transport, including doping and surface modification® .
Further research is required to gain a more comprehensive under-
standing of interfacial electron and phonon transport and to achieve
more pronounced phonon transport manipulation in heterostructures
based on advanced interfacial thermal tuning strategies.

In summary, the active modulation of phonon transport based on
bias voltage is experimentally achieved and successfully applied in the
MoSe,-WSe, heterojunction. Under large forward bias, the lattice
thermal conductivity of the heterojunction is significantly lower than
that under zero and reverse bias. This effect becomes more pronounced
as the temperature decreases. At 258 K, the thermal conductivity under
forward bias decreases by 13.8% compared to that under reverse cutoff.
Subsequently, based on device simulation in combination with first-
principles method, calculations are performed for MoSe, region, WSe,
region, and the complete heterojunction. We speculate that the bias-
dependent thermal conductivity originates from a significant increase
in the phonon-electron (or phonon-hole) scattering rate of the hetero-
junction under forward bias conditions. The increased carrier con-
centration and elevated equivalent electron temperature under high
forward bias injection both contribute to the phonon-electron (or
phonon-hole) scattering rate. Furthermore, our calculation illustrates
the significant interfacial effects on the heat conduction of the het-
erojunction. The bias voltage-based manipulation method holds pro-
mise for achieving active and reversible modulation of phonon
transport without affecting the material structure and has the potential
to be extended to a wider range of materials or structural systems.

Methods

Thermal conductivity measurements

Prior to the measurement of the thermal conductivity of 2D materials,
a meticulous calibration of the resistance temperature coefficient of
two gold sensors was conducted. The ambient temperature of the
experimental apparatus was stringently managed by a vacuum ther-
moelectric heating and cooling stage (INSTEC, TP102SV-PM-F8,
+0.001 K). By adjusting the electrical power supplied to the gold sen-
sors and fitting the resistance-power curve, the resistance of the gold
sensors at zero power was determined through extrapolation, which is
also the resistance of the gold sensors at ambient temperature. Sub-
sequently, the resistance temperature coefficient was determined by
altering the ambient temperature within the controlled environment
and by fitting the resistance-temperature curve.

In the experimental configuration, one gold sensor is actuated as a
“heater” by applying a substantial current across its terminals, while
another gold sensor is utilized as a “detector” by subjecting it to a
minimal current. The Joule heat produced by the “heater” is propa-
gated through the sample to the “detector,” resulting in a measurable
temperature increase. The magnitude of this temperature increase is
meticulously measured by monitoring the resistance changes of the
gold sensor acting as the “detector”. By changing the Joule heating
power on the “heater” and fitting the temperature curves of the
detector and the heater, the temperature response coefficient f can be
obtained. The physical significance of § is the value of the temperature
increase of the “detector” for every 1 Kelvin increase in the tempera-
ture of the “heater”.

AT
ﬂ - detector (2)
A Theater

Eventually, a steady-state thermal conductivity model was devel-
oped within the COMSOL Multiphysics (Supplementary Note 1). The
geometric dimensions of the model were meticulously extracted from
a scanning electron micrograph of the test specimen. The thermal
conductivity values for gold and silicon were incorporated into the
model, having been previously measured and calibrated utilizing the
methodologies described in a prior scholarly investigation. Experi-
mental data for heating power served as the input for the model. In this
configuration, the thermal conductivity of the sample itself repre-
sented the sole unknown variable. A consistent internal heat source
was applied within the gold sensor to emulate the Joule heat generated
by electric current passage. The thermal conductivity of the 2D
material can be determined through the process of curve fitting the
temperature response coefficient, S.

Device simulations

The device simulation is conducted using a modified drift-diffusion
model and calibrated with the experimental measurement at room
temperature (303 K). The MoSe, and WSe, regions are both 2 pm long
and 6 pm wide based on the experimental SEM figure (Fig. 1b), doped
as n-type and p-type, respectively, with a doping concentration of
2 x10" cm? Gold electrodes are applied to both sides of MoSe, and
WSe,, each with a length of 0.5 um. Metallic electrode contacts have
minimal impact on the heterojunction’s electrical rectification effect’.
Therefore, in the device simulation, the metal-semiconductor contacts
are simplified to ideal Ohmic contacts. The electron affinities, dielec-
tric constants, bandgaps, and carrier density of states for MoSe, and
WSe, are obtained from experimental values or calculated values in
relevant literature®>°° (Supplementary Table S4). The high-field
saturation model is adopted for mobility®.. Carrier generation and
recombination processes are considered using the Shockley-Read-Hall
(SRH) model and Auger recombination in the device simulation®.

First-principles calculations

The ground states of electrons and phonons in MoSe, and WSe; are
computed with Quantum ESPRESSO package'. We employ scalar
relativistic Optimized Norm-Conservinng Vanderbilt (ONCV) pseudo-
potentials with the Perdew-Burke-Ernzerhof form of the exchange-
correlation functional®®. DFT-D2 of the Grimme method is applied to
describe the van der Waals (vdW) interactions®. The lattice constants
for MoSe, and WSe, are both 3.32 A, which is consistent with previous
studies”’. Approximately 15A of vacuum is set for the out-of-plane
direction in our ground-state calculation. The cutoff energy of the
plane wave is set to be 100 Ry and the convergence threshold for the
electron energy is set to be 10 Ry for self-consistent calculation with a
Monkhorst Pack k-point grid of 24 x 24 x 1. The harmonic force con-
stants are obtained using density functional perturbation theory
(DFPT) with a 6 x6x1 g-point grid and a threshold of 10™Ry to
guarantee the convergence.

The thermal transport properties are calculated with the anhar-
monic lattice dynamics approach using ShengBTE package*’. We use
5x5x1 supercells with a cutoff of the sixth-nearest atom to calculate
the third-order force constants using the finite-difference method. The
mode-level phonon-phonon scattering rates are calculated under the
relaxation time approximation (RTA) with 100 x 100 x 1 q-points grids.
Although the iterative method has been demonstrated to be a more
accurate approach for calculating phonon thermal conductivity, RTA
ensures the effective extraction of scattering rates. The phonon-
electron and phonon-hole scattering rates are calculated by the
Electron-Phonon Wannier (EPW) package, which is based on the
maximally localized Wannier functions (MLWFs) and generalized
Fourier interpolation**%. The initial coarse electron-phonon coupling
matrix element is calculated with a 24 x24 x1 k-point grids and
6 x 6 x1 g-point grids. Then the initial coarse matrix element is inter-
polated into dense 100 x 100 x 1 k/q-points grids to obtain the mode-
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level phonon-electron scattering rate. Note that the q-point grids for
phonon-phonon scattering rate and phonon-electron scattering rate
must be consistent for the total lattice thermal conductivity calcula-
tion kg = 32,0y, 03Ty, Where 1/, =1/7% +1/7¢ +1/75". The details of
first-principles calculations can be found in Supplementary Note 4.

Determination of equivalent electron temperature

The equivalent electron temperature (7,) can be determined from the
electron-phonon energy generation process. Applying a forward bias
voltage to the heterojunction results in a significant conduction cur-
rent. The average power density (P) of the device is calculated as
P=V,xI/A, where V, and I are the applied voltage and current,
respectively (Supplementary Note 5). And A is the surface area of the
heterojunction. Due to the interaction between electrons and pho-
nons, the power density is eventually converted into Joule heat. Based
on first-principles Boltzmann transport theory in combination with
equivalent electron temperature model, the average power density,
i.e., electron-phonon energy generation rate, can be calculated as***

41 2
pP= W k‘m'n‘,\hw/l‘g;lnhq,nk {m <fmk+q(Te) _fnk(Te))

+fmk+q (Te) (1 *fnk(Te))}S(Enk - Emk+q +hw/1)'

3

where n, is the phonon distribution, assumed at the ambient tem-
perature. Note that for simplicity, in each material region, it is assumed
that the electron and hole temperatures are the same, and only a single
electron temperature is used to represent the average Joule heating
effect. As shown in Fig. 3¢, when the electron temperature is equal to
the phonon temperature (ambient temperature), the electron-phonon
energy generation rate is zero, indicating no net energy exchange
between the electron and phonon systems. With an increase in
electron temperature, the electron-phonon energy generation rate
gradually increases, maintaining a monotonically increasing trend. As a
result, there is a one-to-one correspondence between the electron
temperature (7,) and the electron-phonon energy generation rate (P).
Therefore, by calculating the average power density based on current-
voltage relationship, the corresponding electron temperature can be
determined. This calculation was implemented by modifying the
source code of EPW package®.

Data availability

The authors declare that the data supporting the findings of this study
are available in the main article, Supplementary Information, and
Source data file. Source data are provided with this paper.

Code availability
The authors declare that the code supporting the findings of this study
is available from the corresponding author upon request.
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