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Optical refrigeration, or laser cooling of solids’, offers a cryogen-free route to
temperature control for quantum and electronic systems. Existing progress® relies
onaphonon-assisted up-conversion photoluminescence approach, which remains
constrained by stringent material and excitation requirements. Here we demonstrate
adistinct route, interfacial-charge-transfer-driven optical cooling, in two-dimensional

semiconductor heterostructures. Photo-excited carriers in WSe, cross a type-II
junctioninto MoSe, or WS,, extracting lattice energy nonradiatively—through a
phonon-assisted interfacial charge transfer process. Raman and photoluminescence
measurements show prominent low-temperature signatures in the WSe, layer, with
transient absorption spectroscopy identifying a phonon-assisted, barrier-activated
interlayer charge transfer. Molecular dynamics simulations show a prominent
interfacial thermal resistance sustaining the temperature gradient. This barrier-
mediated phonon extraction bypasses the need for near-unity quantum efficiency or
resonant excitation, offering a promising strategy for cryogen-free refrigeration and
thermal management in quantum, optoelectronic and nanoscale systems.

Proposed by Pringsheim in 1929 (ref. 1) and first demonstrated in
rare-earth doped solids?, solid-state laser cooling relies on phonon-
assisted up-conversion photoluminescence (UCPL), in which photons
carry away lattice heat by annihilating phonons. Despite decades of
progress® ', solid-state laser cooling remains limited by its stringent
requirements: near-unity quantum efficiency, minimal parasitic
absorption and precisely tuned excitation energy. These conditions
aredifficultto meetin most semiconductors and severely restrict mate-
rial choices and device integration™.

Two-dimensional (2D) semiconductors provide a new arena for
manipulating light-matter and heat-matter interactions. Their atomic
thickness enables the assembly of van der Waals heterostructures with
precisely engineered interfacial components?, twist angles™™* and
interlayer distances®. With all atoms exposed at surfaces and inter-
faces, theelectronic, optical and phononic behaviours are governed by
interlayer interactions. Although monolayer transition metal dichalco-
genides exhibit strong electron-phonon couplingand UCPL hasbeen
demonstrated in these materials'®Y, laser cooling has yet to be real-
ized because their photoluminescence quantumyield (PLQY) remains
far below the cooling threshold™. Although ongoing efforts seek to
further improve quantum efficiency®, alternative strategies beyond
UCPL are highly desirable to explore the feasibility of laser cooling

in 2D materials. Although potential cooling mechanisms have been
theoretically explored?®?, experimental validation remains unknown.

Inspired by recent advances in interfacial engineering, particu-
larly the manipulation of carrier motions in 2D semiconductors?,
we propose an alternative cooling mechanism, termed interfacial-
charge-transfer-driven (ICT-driven) optical refrigeration. The funda-
mental prerequisite for refrigeration in semiconductorsis the effective
extraction of phonons. Previous studies have established the presence
of momentum mismatching??* and phonon participation®? in the
interfacial charge-transfer processes of 2D heterobilayers, motivat-
ing us to explore whether this phonon-assisted charge transfer could
facilitate optical refrigeration. An energy barrier is required in this
process to enable the dissipation of phonon energy—namely, heat.
However, in the extensively studied strongly coupled heterobilayers,
previous theoretical predictions and ultrafast measurements suggest
that the charge transfer proceeds without an energy barrier?*?, This
realization leads to our first challenge: to tune the interfacial coupling
andintroduce anenergy barrier that allows for unidirectional phonon
extraction during interlayer charge transfer.

Another challenge lies in achieving lattice thermal isolation of the
cooled material from the environmental heat sink, in which manipu-
lating out-of-plane thermal transport through interlayer coupling
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Fig.1| The concept of ICT-driven optical refrigeration and observation

of anomalous phonon population of WSe,ina WSe,/MoSe,~Hi,ccrmediate
heterobilayer. a, The concept of phonon-assisted interfacial charge-transfer
intype-112D semiconductor heterostructures. The phonon consumption

and unidirectional heat transfer lead to cooling of the electron donor layer.

b, Schematic of heterostructure with differentinterlayer coupling strengths,
whichisafunction ofinterlayer distance (d) and twist angle (6). c, Raman
spectraof the IL-WSe,, Hyeak, Hintermediate @A Hygrong. The blue fillings mark the
A,/E,' mode of WSe, (about 249 cm™). All spectraare normalized according

to the Stokes intensity. The uncertainties in the/,s//s values are derived from the
Raman peakfitting process, as described in the Methods, ‘Raman thermometry’.
d, Temperatureimage of Hye, and Hipeermediate» aCcOrding to the Raman mapping

engineering may be beneficial®*°. Unlike UCPL, inwhich heat escapes
by emission, here the heat is transferred to another material layer
through interlayer charge transfer. This creates steep temperature
gradients across sub-nm separations, necessitating high interfacial
thermal resistance to suppress heat backflow. The rational design and
control of interfacial interactions are, therefore, essential for tackling
both challenges.

The concept of ICT-driven optical refrigeration is schematically
shown in Fig. 1a. Taking a WSe,/MoSe, heterobilayer as an example:
(1) onexcitation, hot electronsin the conductionband of the WSe, layer
tend to transfer to the conduction band of the MoSe, layer, while an
interfacial energy barrier must be overcome and phonon participation
is required; (2) dominant thermal relaxation processes occur within

-250

Raman shift (cm™ )

at+249 cm™ (A,,/E,,' mode of WSe,). The WSe, component in Hiyermediare €Xhibits
aspatial temperature standard deviation of about 18 K. The inset shows the
opticalimage of WSe,/MoSe, heterobilayer with H,.. and Hycermediace FEZIiONS.

e, Temperature image of Hong, according to the Raman mapping at +249 cm™
(A1g/E,;' mode of WSe,). The corresponding T-WSe, scales on the colour bar
arederived from/,¢/Isusing the y-corrected Raman thermometry calibration
described later. Theinset shows the opticalimage of WSe,/MoSe, heterobilayer
withHg,,n region. A532nm(2.33 eV) laser witha power of approximately 200 pW
was used for excitation (c-e). The regions enclosed by the blue and orange
dashed lines mark the WSe, and MoSe, monolayer regions and the grey shadows
mark the areawithout WSe,.Scalebar, 5 um (d,e).

the MoSe, layer, and the heat can subsequently be transferred to the
external heat sink; (3) aninterfacial thermal resistance between WSe,
and MoSe, suppresses heat reflux back into the cooled WSe, layer,
enablingthe practical realization of a net cooling effect. Following this
proposed model, our first key task is to construct an energy barrier
forinterfacial charge transfer by tuning the interlayer coupling state.

Anomalous phonon population

Wefirst constructed WSe,/MoSe, heterostructures with differentinter-
layer coupling strengths. Emerging studies have recently indicated the
possibility of using interlayer coupling as a knob for the design and
tailoring of 2D heterostructures™*"*2, Here, we will continue to adopt
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apreviously established spacer-free approach'>">*, Heterobilayers
were prepared by dry transfer with careful adjustment of interlayer
distance d and twist angle 6. A typical weakly coupled sample (H,,,)
retains monolayer-like optical signatures with minimal PL quench-
ing and maintains an overall large interlayer spacing (>2 nm), whichis
expected to be reliably prepared by avoiding any thermal treatment.
A typical strongly coupled sample (Hgon) has an interlayer distance
closetotheintrinsic vander Waals spacing of about 0.6 nm (ref. 34) and
atwistangle ofabout 0° (or 60°), ensuring astrong interlayer hybridi-
zation of electron wavefunctions™. In Hy,,,,, efficientinterlayer charge
transfer leads to substantial quenching of intralayer exciton emission,
accompanied by the emergence of interlayer exciton emission'. How-
ever, neither H,, nor Hy,.,, sShall be an ideal candidate for potential
optical refrigeration. For H,,,, weak interlayer coupling leads to low
charge-transfer efficiency”, resulting ininsufficient phonon extraction
for refrigeration. For the Hy,,,,, Sample, the absence of an adequate
interfacial energy barrier prevents phonon consumptioninthe target
component, and its large lattice thermal conductivity facilitates pho-
non backflow, likely diminishing the interfacial temperature difference.
Anintermediate coupling regime thenbecomes a central focus, which
may simultaneously fulfil the two essential requirements for optical
cooling: efficient phonon extraction and suppressed thermal backflow.
Withmild thermal treatment and large twist angles (detailsin the Meth-
ods), specimens withintermediate coupling states between H,,,,and
H,irong €Xhibit moderate PL intensity, about 1% of that in H,,,, butstill
about one order of magnitude higher than in Hy,,, (Supplementary
Fig.1). No interlayer exciton emission is detected in the intermediate
regionatroomtemperature. The out-of-plane A,; Ramanintensities also
decrease progressively from H,.,,, intermediate region, to Hyong. We
founditis necessary to use the term ‘H; ermediae t0 define intermediate
samples that fulfil the above requirements and exhibit distinct thermal
properties as compared with H,.; and Hy,n.. Figure 1b shows H,, .,
Hintermediare AN Hgrong Withmonotonously increasing interlayer coupling
strength. More details about this classification are presented in Sup-
plementary Note 1, Supplementary Fig. 2 and Supplementary Table 1.

Before investigating the cooling effect of these samples, areliable
thermometry method is required. As the primary form of heat, the
frequency and population of phonons directly reflect the lattice tem-
perature, probed using Raman-active phonon modes. Here we extract
lattice temperatures from phonon populations using the anti-Stokes/
Stokes Raman intensity ratio (/,¢//s) (refs. 35,36). This phonon-based
thermometry offers layer-specific vibrational ‘fingerprints’across only
van der Waals separation, providing highly localized temperature infor-
mation. Intrinsic and environmentally robust temperature information
canbeextracted, as this temperature sensing mechanismisinherently
resistant tobothinterlayer hybridizationand charge transfer. Anotable
limitationis that, as will be discussed later, cautionis required regard-
ing the resonance effect™.

Figure 1c shows the anti-Stokes and Stokes Raman spectra of WSe,
monolayer and WSe,/MoSe, heterobilayers of He.x, Hintermediate @A Hgtrong
with a532 nm(2.33 eV) laser at ambient conditions. The setup is shown
inSupplementary Fig. 3a. Filter response correction was applied to the
acquired Raman spectra (Supplementary Fig. 4). Representative Raman
peaksataround +240 cm™,+249 cm™ and +261 cm™ correspond to A,
of MoSe,, A,,/E,,' of WSe, (degenerate A, and E,,' phonons) and 2LA of
WSe,, respectively*>8, Fitted with single Lorentzian (blue shadow), the
I¢/Isintensity ratios of the A,,/E,;' (WSe,) mode in the monolayer, H,e,
and Hg,ong are close, whichare 0.51+0.02, 0.53 £ 0.01and 0.51+ 0.02,
respectively. The l,s/Is Of A,/Epy' (WS€,) in Hineermediare i greatly decreased,
with a value of only 0.24 + 0.01. As a reference, the /,¢//s ratios of A,,
for the MoSe, component (+240 cm™) for monolayer, Hyea, Hintermediate
and H,,,qgare calculated tobe 0.44 + 0.04,0.43 £ 0.01,0.42 + 0.01and
0.45 + 0.02, respectively (Supplementary Fig. 5a). Other vibrational
modes in H;ermediare- WS€, also exhibit such anomalous /,4//s reduc-
tion (Supplementary Table 2 and Supplementary Note 2.1), probably

344 | Nature | Vol 655 | 9 July 2026

indicating alowered phonon population and atemperature reduction.
Thisratio dropis not confined to individual spots but across the entire
Hintermediare F€giON, whereas the WSe, component in Hg,ong OF Hy e gives
anoverall/,¢/I; close to the monolayers (Fig. 1d,e).

Althoughtheresults are encouraging, itis necessary to verify whether
the anomalous /,¢//s ratio observed in Hcermediace IS from optical refrig-
eration, rather than aresonance effect®>*. In sideband Raman cooling
reports,adecreased/,s//sratio can emerge under precisely controlled
blue-detuned excitation of the B-exciton in 3L-WS, because of asym-
metric resonance enhancement®. Here, however, room-temperature
transmission spectra confirm that our excitation energy (2.33 eV) falls
atthered-detuned sideband of the A’ exciton (2.46 eV) of 1L-WSe, which
is rather distant, and that excitonic absorption remains relatively flat
atexcitation energy independent of coupling (Supplementary Fig. 6).
This uniformity precludes pronounced resonance-enhancement dis-
crepancies between different coupling states. The substantial /,¢//;drop
only in Hiyermediare SECUrely reflects genuine depletion of the phonon
population rather than a simple resonance effect (details in Supple-
mentary Note 2.2).

Tocorrelate the/,s/Isintensity ratio to the temperature, acalibration
isrequired. Accordaing to the Bose-Einstein distribution, the phonon
population for & mode ﬁlMXz*k (M =W, Mo and X = Se) is given by
_ _ homxy-k
Ttvxy-1 = | EXP| Tahux
kyis Boltzmann'’s constant. The ratio of anti-Stokes to Stokes intensity
for k" mode Puix,-x €an be directly related with phonon population

W0t OMXy-k
W0~ WMX-k

)— l} ,where fiisthe reduced Planck’s constant,

AMXy-k
Amxy-k + 17

throughthe following relationship Prixy-k = fas y(

=p=
where/,sand /s are the anti-Stokes and Stokes intensity of K™ vibrational
mode with frequency wyy, ¢, @, is the frequency of excitation laser,
andyisaphenomenological correction factor that encapsulates both

instrument response characteristics and resonance effects (Supple-
mentary Note 2). y canbe experimentally determined by substituting

the experimental /,¢//sinto the equation when the material temperature
is the same as the set environment temperature T,,,.

We then performed Raman measurements on the samplesin their vari-
ous coupling states at varying environment temperature (7.,,) (Fig.2a-c).
For the non-cooling monolayers, y can bereadily extracted as the mate-
rialisinthermal equilibrium withthe environment. For Hy,ermediae-WS€32,
however, as the probelaseritselfinduces a cooling effect, a‘cooling-free’
baseline for calibration is not yet experimentally feasible. Despite
that Hi,cermediare-WS€, Shows a distinct trend from the others, the other
non-cooling MoSe, and WSe, components in heterostructures share
similar /,¢/Is-T,,,, curves with their monolayer counterpart, respectively,
whatever states they arein. Combined with the flat absorption profiles
near excitation wavelength across all coupling states (Supplementary
Fig. 6), anadjacent monolayer may serve well as a proxy for calibration
of heterostructures assuming that the resonance difference among
states is negligible as discussed before, so that the temperature drop
in Hinermediare €aN also be deduced. As shown in Fig. 2d, by multiplying
the room temperature y of monolayer WSe, to the original curve fol-
lowing Bose-Einstein distribution, a calibration curveis acquired. This
y-corrected curve matches well with the/,¢//;datanear room temperature
and serves as the primary calibration method used throughout this
paper. More details about calibration are discussed in Supplementary
Note 2, Supplementary Fig. 7 and Supplementary Table 3.

The lattice temperature can then be calculated from the /,¢//s ratios
in Fig. 1c-e, with H;,ermediace-WS€, being about 187 K, lower than that
of monolayer WSe, (300 K), WSe, in H,,., (about 307 K), and WSe, in
Hgirong (@around 318 K). For the MoSe, component, /,¢//s ratios for H,c,y,
Hintermediare aNd Hyirong give lattice temperatures of about 291K, 297K
and 317 K, respectively.

In laser cooling of solid-state matter, up-conversion fluorescence
characteristics are commonly used as temperature indicators>*>. Typi-
cally, aPLblue shiftand anarrowing of the full width at half maximum
(FWHM) are observed during cooling, primarily due to lattice con-
traction*. Conversely, heterobilayer formation induces a PL red-shift



a b e
Hintermediate 0.9 - O 1L-WSe, Hyea
------- 1L-WSe, Hyear 400 | O Hitomediate
¢ 06 A Hiermediate < o Hqtrong .
B 06 A = L vl
B 300 K z A Mg ASF g > 0. ¢
)y 9 _» a < -
% o3} Al S o) I 07
- A= A N @ o
f\%AAAA —’80000
A 270 K ol a 100 F O
74— s = , , . , 9. , ,
100 150 200 250 300 100 200 300
Ten K0 Tenv (K)
& 240 K c f
e L
— 0.9 O 1L-MoSe,
>
s Hoyeak
> &
B ) "~ 210K $ 06+ A Hlntermedlate
j=s
2 o AH
€ Elw strong A A
3 =, 031 Qe =
N -~ .. 180K ~° R =
g P e B o (R = g ‘
£ W = i O
S o BB E
L WSe ow
100 150 200 250 300 2 ﬁzd ® Mo
T 9 MoSe, ose
d stei 9 107 F
0.8 —— Bose-Einstein curve
—— Corrected curve E
N 060 ‘IL-WSe2 —~ 102 [ \A~ % Phonon
] ! =
%) 3 b A A
% 04 v ~
< S 107 ¢ A ~o
T 02 2 E A
_ ~
107L RHT
L L 0 L L L L L B L L L |
-300 -250 100 150 200 250 300 6 8 10 12 14

Raman shift (cm'w)

Fig.2|Raman thermometry and environment-dependent cooling
behaviour.a,Raman spectra of 1L-WSe, (grey dotted lines) and Hi,cermediate
(bluelines) taken from 77 Kto 300 K under 532 nm excitation at 10 pW to prevent
possible heating effects. The blue fillings mark the A,,/E,,' mode of WSe, in
Hiptermediare- AllRaMan intensities were normalized to the A, /E,,' mode of WSe,
and vertically offset for visualization. b,c, /,s/I; of WSe, (b) and MoSe, (¢) in H1,
Hintermediates Hstrong @nd monolayers as a function of environment temperature
(T..w)-d, The calibration for 1L-WSe, witharoom-temperature y. The grey and
bluelines aretheuncorrected curve following the Bose-Einstein distribution
andthe y-corrected calibration curve, respectively. Theerror barsrepresent

and abroadened FWHM, caused by layer hybridization and interlayer
charge transfer*°. Despite this, the fluorescence of the A-exciton in
Hintermediare” WS€; €xhibits a pronounced blue shift compared with H,ong,
approaching the peak positionin pristine 1L-WSe, or even surpassing
monolayers in some H,cermediace SPECIMens (Supplementary Fig. 8).
A narrowing of FWHM is also observed in H, ermediate- Th€SE prominent
low-temperature signatures collectively support the optical refrigera-
tion of WSe, component in Hi,ermediace N€tErobilayers. More details are
provided in Supplementary Note 3 and Supplementary Fig. 9.
Theimpact of the interlayer twist angle @is investigated as another
key parameter of the interlayer coupling strength (Supplementary
Fig.10). A total of 21 WSe,/MoSe, heterobilayer samples were fabri-
cated, covering a twist angle range from 0° to 60°. To minimize the
influence of interlayer spacing variations, all samplesin this experiment
were annealed at 200 °C for 1 h under an Ar/H, atmosphere to ensure
a close van der Waals contact. We found that when the twist angle is
near 20° or 40°, the cooling behaviour is well-preserved even after
high-temperature annealing. As the large twist angle induces substan-
tial k-space mismatch, thisbehaviour may be attributed to the phonon
involvement duringinterfacial charge transfer to conserve momentum.
Details of the factors influencing the coupling states and the properties
of different states are discussed in Supplementary Note 1. Apart from
WSe,/MoSe,, ICT-driven optical refrigeration was also observed in

T

env

(K) Interlayer distance (A)

theuncertaintiesintroduced during the Raman peak fitting process, as
described inthe Methods, ‘Raman thermometry’. e, Temperature of WSe,

in Hycai Hintermediate AN Hyyrong @s a function of environment temperature. The
dashedblacklineis the temperature of T,,. f, Atomic configuration of the
2H-stacked WSe,/MoSe, heterobilayer used in molecular dynamics simulation.
Thebottom panel provides aside view, illustrating the bilayer stacking sequence
along the z-axis with aninterlayer distance (d). g, Relationship between
interlayer distance (in A) and the thermal conductivity (inW K m™) of
WSe,/MoSe, heterobilayers, with the y-axis presented on alogarithmicscale.
RHT, radiative heat transfer; a.u., arbitrary units.

intermediately coupled WSe,/WS, samples with asimilar type-llband
alignment, where Raman thermometry indicated net cooling of the
WSe, component by about 117 K (Supplementary Fig. 11).

T...-dependent unidirectional heat flux

The necessity of phonon participation to overcome the interlayer
energy barrier indicates that ICT-driven cooling is a highly
temperature-dependent process. Temperature-dependent optical
refrigeration experiments were conducted from 78 K to 300 K. To
evaluate the temperature of the WSe, component in Hcermediace at lOWer
T...» another calibration fitting was applied (Supplementary Note 2.4).
The calculated lattice temperatures (7-WSe,) of WSe, in heterobilayers
and the set environment temperatures (7,,) are plotted in Fig. 2e. The
temperature of WSe, in H,,., and Hy;,,n, and SiO,/Si substrate (shown
in Supplementary Fig. 7b) were in good agreement with T,,. For
Hipcermediare WS€,, an even lower lattice temperature can be achieved
when T, decreases. However, the cooling magnitude (AT) also progres-
sively decreases, eventually becoming indistinguishable from the
non-cooling reference samples when T,, <120 K (Fig. 2e). This is con-
sistent with a reduced phonon population and less efficient
phonon-assisted charge transfer under low-temperature conditions.
The phonon populationf of the A,,/E,,' mode decreases from 0.435 at

Nature | Vol 655 | 9July 2026 | 345



Article

300 Kt00.053at120 K, accompanied by anincrease in the correspond-
ing ground-state occupancy probability P,_,=1/(1+ i) from 69.7% to
94.9%. These statistics indicate that ICT-driven optical cooling will be
difficult when most lattice phonons are at their zero-point energy.

Under ambient conditions, the >100 K temperature difference
between the WSe, and MoSe, across a nanometre-scale gap implies a
substantial thermal gradient (about 10" K m™). This raises afundamen-
tal question about the mechanisms sustaining this substantial tem-
perature difference in heterobilayers. To address this, we performed
molecular dynamics simulations of phonon-mediated cross-plane heat
transport in WSe,/MoSe, heterobilayers, to assess whether interlayer
thermal transport can be sufficiently suppressed within the adopted
interaction model. Motivated by previous studies of van der Waals
heterostructures, we further examined the dependence of interlayer
thermal transport on spacing**.

We varied the interlayer spacing from 0.66 nm (close to the van der
Waals equilibrium spacing) to 1.30 nm. Representative equilibrium
configurations are shown in Fig. 2f. Using non-equilibrium molecular
dynamics (NEMD) simulations, we calculated the interlayer thermal
transportunder animposed thermal bias. Asshownin Fig. 2g and Sup-
plementary Fig. 12a-g, the effective interlayer thermal conductivity
decays exponentially from1.08 x 102 WK*'m™t09.29 x 107 WK™ m™
with increasing interlayer spacing, spanning more than three orders
of magnitude. This pronounced decay indicates that modest changes
in the van der Waals gap can strongly suppress phonon backflow and
provide a plausible mechanism for sustaining the observed tempera-
ture contrast. We further evaluated near-field thermal radiation and
found its contribution to be negligible in this spacing range (Fig. 2g,
black line, and Supplementary Note 4.1).

Recognizing that thermal transport across the material-substrate
interface also plays a crucial part, we also calculated the interfacial
thermal conductance between MoSe, and SiO,/Sisubstrate. The calcu-
lated thermal conductance 0f15.47 + 7.11 MW m2 K™ (Supplementary
Fig.12h) exceeds that of the WSe,/MoSe, heterobilayer by about one
order of magnitude even at 0.66 nmspacing (1.65 + 0.04 MW m~2K™),
which highlights the role of substrate in facilitating heat dissipation
from the heterobilayer system to the environment. Experimentally,
for samples in good contact with the substrate, the bottom MoSe,
layers show little measurable heating in H;,ermediace- By CONtrast, weak
substrate coupling leads to a higher MoSe, temperature (Supplemen-
tary Fig. 5b,c). Conversely, whenthe stacking orderisreversed and the
bottom WSe, is brought into good thermal contact with the substrate,
the cooling signature is suppressed (Supplementary Fig. 5d). Similar
cooling behaviour is not limited to Hi,ermediare SaMples on SiO,/Si sub-
strates, but was consistently observed also on sapphire and diamond
substrates, as shown in Supplementary Fig. 5d.

Ultrafast dynamics of phonon-assisted ICT

Previous studies suggested the absence of an energy barrier dur-
ing interlayer charge transfer in strongly coupled heterobilayers
through either an adiabatic or a phonon-emission process?*. How-
ever, this barrier isindispensable for ICT-driven cooling. To clarify the
actual contribution of phonons in interfacial charge transfer events,
temperature-dependent ultrafastinterlayer charge-transfer dynamics
are highly demanded. Here, the WSe,/WS, combination was selected
to investigate the ICT behaviour in Hiermediate aNd Hyyrong at different
temperatures, as the narrower bandgap of the electron donor (WSe,)
enablesits selective excitation in this combination, allowing us to read-
ily track the charge transfer time**** (Supplementary Fig.13a). We have
used an obliquely incident pump beam (Supplementary Fig. 3b) at
about 740 nm (approximately 1.68 eV) to excite the electrons in the
WSe, counterpart and abroadband probe beam ranging from 450 nm
(2.76 V) to 820 nm (1.51 eV) to monitor the dynamics of the electron
excitationin WSe, and the interlayer charge transfer to WS, layer.

346 | Nature | Vol 655 | 9 July 2026

Figure 3ashows a 2D plot of transient absorption spectra of Hipcermediate
ataninitial stage of the dynamical process (—0.18 psto 0.43 ps) at 298 K.
As indicated in Fig. 3a (vertical white lines), after a delay time (7) of
approximately 56 fs, the ground-state bleaching (GSB) feature of the
A-exciton of WS, (red horizontal dashed line) appears. The delay time
exactly corresponds to the previously reported electron-transfer time
scale from the conduction band of WSe, to WS,**. Notably, as shownin
Fig. 3b,c, the delay time increases to approximately 85 fs at 78 K and
114 fsat 10 K. The rincreases with decreasing T, indicating the existence
of an energy barrier in the ICT process in Hipermediate - FOllOWing the
Arrhenius equationInk; = - f—; x % +InA(where k;is the measured ICT
rate at temperature T, and k;=1/7; A is the frequency factor; and kg is
the Boltzmann constant), an estimated effective ICT energy barrier
E,0f 0.3 meVfor10-77 Kand 3.8 meV for 77-298 K is shown by temper-
ature-dependent 7t values (Fig. 3d, blue solid dots). In WSe,/MoSe,
heterobilayer samples, the ICT energy barrier is estimated to be about
33.75meVat 298 K (Supplementary Note 5.1and Supplementary Fig.14).
Itisworth mentioning that, althoughthelaserintroduces much excess
energy withrespect tothe WSe, band edge, the deduced energy barrier
isrelatively small. Our dataindicate that this behaviour is governed by
momentum conservation requirements, and the ‘energy barrier’
reflects the necessity of phonon involvement. This is consistent with
our angle-dependent experiments. For WSe,/WS,-H,.., the barely
observable GSB feature in WS, suggests that there is negligible inter-
layer charge transfer (Supplementary Fig. 13b). For WSe,/WS,~H,;ong,
arobust (thus temperature-independent) ICT time of approximately
47 fswas observed for 298 K, 78 K and 10 K, as shown in Fig. 3d (blue
hollow dots) and Supplementary Fig. 13c-e, which is consistent with
previous studies®. This temperature-dependent ICT behaviour in
Hincermediare SAMples validates the participation of phononsinthe electron
transfer process. To achieve net cooling, the charge transfer efficiency
should be near unity withanultrafast rate, avoidingintralayer hot car-
rier relaxation. In the Hi,ermediace State, the ultrafast ICT process pre-
emptstheintralayer relaxation, with an efficiency approaching 99.7%,
demonstrating that hot carriers are effectively extracted across the
interface before dissipating their excess energy as phonons (Supple-
mentary Note 5.2 and Supplementary Fig. 15), while the approximately
0.3% residual inevitably leaves minor heat in the layer. Suppressing
this residual hot-carrier relaxation within the charge donor layer is
essential for achieving an even lower cooling temperature in the future.

After theICT process, to complete the cooling cycle, the transferred
excited-state electrons must ultimately return to the WSe, layer. Their
recombination dynamics can be tracked by the bleaching decay of
A-excitons of WS, and WSe,. The prolonged decay times of both WS,
and WSe, in Hiyermediare (Dlue curves) compared with those in Hgyong
(orange curves), as shown in Fig. 3e,f, indicate a suppressed direct
interlayer recombination pathway that can be attributed to the weaker
coupling of Hiyermediate than Hyyong. As Fig. 3g shows, the recombination
dynamics areindependent of excitation density, further excluding the
Auger process®. The excited-state electrons are then leftin the WS,
component for alonger time to go through other routes. Increasing
recombination time with decreasing temperature (Fig. 3h) indicates
dominant indirect transition paths*®. We assume that defects or trap
states may mediate the recombinationinthe WS, layer. The transferred
excited-state electrons gradually step down to lower energy states and
leave heat in the WS, layer before they go back to the valence band of
WSe,. For the WSe,/MoSe, heterobilayers, the cooling cycle is similar,
as WSe, has the highest conduction and valence band energy, and the
charge transfer direction is conserved.

Excitation and material tolerance

In UCPL-based laser cooling of solids, the excitation energy of the
incident laser is restricted to be slightly red-detuned, corresponding
to alimited ‘cooling zone™. Moreover, despite the high sensitivity to
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Fig.3|Phonon-mediated charge separationand recombinationbehaviour
inheterobilayers withdifferentinterlayer couplingstrengths.a-c, Transient
absorption measurements of WSe,/WS,—H,iermediate at 298 K (@), 78 K (b) and
10K (c). Inthe main panels, the differential transmission (A7/T(A, t)) of the
broadband probe beamisshownin 2D false-colour maps plotted against the
pump-probe delay time and the wavelength. In all cases, the spectraof the
excitation pulse (710-750 nm) are adjusted to overlap with the absorption of
WSe,. The top panels show the normalized signal dynamics evaluated at fixed
wavelengths, indicated on the colour maps by horizontal colour-coded dashed
lines. Theright panels show dynamic spectral signatures of the signal evaluated
atfixed delay times t. The white vertical dashed lines mark the midpoint of the

excitation conditions, efforts to prepare cooling-grade materials with
maximized PLQY and minimized parasitic absorption have remained
the primary obstacle for realizing optical cooling in solids. By con-
trast, the scheme of ICT-driven optical refrigeration alleviates these
constraints.

We used a dual-beam optical setup (Fig. 4a, inset) to monitor the
coolingbehaviour in H,.ermediare Under varied excitation conditions, with
an attempt to test the excitation tolerance of ICT-driven optical cool-
ing. A 532 nm laser served as the main coolingbeam (5 pW), whereas a
tunable white lightlaser with an adjustable output wavelength ranging
from 650 nm (1.91 eV) to 800 nm (1.55 eV) was used as another beam
to perturb the cooling effect. As shown in Fig. 4a, the temperature of

1,000 0 100 200 300
Temperature (K)

rising-edge for ICT time calculation.d, The ICT time (blue axes) of H,cermediate
(solid blue dots), Hyon (Open blue dots) and ICT rate (red axes) in Hipeermediate
(solid red dots) as afunction of temperature. The error bars were estimated by
picking the rising-edge threshold time as40% and 60% of the signal amplitude
ina-c.e,f, Charge recombination kinetics of WS, (e) and WSe, (f) layersin
Histermediare (Dl lines) and Hy,q, (orange lines) at room temperature. g, Electron
populationkineticsin WS, layer for H,ermedqiace at different excitation densities
(frombottomtotop:1.9 pjcm™>,2.5u)cm?,3.2 u) cm2and 3.8 pJ cm™).

h, The fitted decay time of the Hi,cermediate- WS €5 aNd Hipeermediae- WS, @s @ function
oftemperature. The error barsrepresent the standard errors of the fitted
decay time.

Hincermediae- WS€, Under all perturbing beam excitations remains con-
sistently below room temperature, even with a power up to 100 pW.
Noticeably, the temperature under the perturbing beams with 703 nm
(1.76 eV) and 743 nm (1.67 eV) showed a slight increase. We speculate
that aresonance effect with the B-exciton of MoSe, and A-exciton of
WSe, is responsible for this variation.

Power dependence of the refrigerating effect is shown in Fig. 4b,
ranging from 5 nW to 500 puW. The 1L-WSe, exhibits relatively stable
I,¢/Is values in the range of 0.52 + 0.02 for the whole excitation power
range (corresponding to T-WSe, =298 + 10 K, red circles), with an
unnoticeable optical heating effect. For the H;,ermediace F€gion, WSe,
shows arelatively stable temperature of around 200 Kunder 1-500 pyW
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Fig.4|Excitation and material tolerance of ICT optical refrigeration.

a, Temperature of the WSe, component in H;ermediace @S a function of pump

laser wavelength. The inset shows a schematic of the dual-beam setup featuring
a532nmprobelaserandasupercontinuum laser source, coupled witha
monochromator for selecting the desired excitation wavelength as the pump
laser for perturbation. AOTF, acousto-optic tunable filter. b, Temperature of
1L-WSe, and H,cermediaceWS€, as a function of laser power. The calibration factor in
b wastakenfrom1L-WSe, under 5 nW excitation. ¢, The cooling temperature (AT)

excitation. Lowering the power leads to aminimum lattice temperature
reachingabout 178 K at 50 nW. Below this power, the temperature began
to recover towards ambient, reaching approximately 230 K at 5 nW.
Although some H;,cermediace SaMples do not exhibit a temperature dip,
thetemperature recovery at extremely low power and the stabilization
abovelpW arebroadly observed. The lattice temperatureis assumed
tobe dictated by several competing factors: the phonon-assisted inter-
layer charge transfer that consumes phonons, and the residual carrier
relaxation at the donor layer or interfacial heat backflow that creates
phonons. Whenincreasing the excitation power, the laser-driven cool-
ing and heating effects become dominant, reaching a stable balance
to create the observed cooling saturation near 200 K. The rather low
saturation point of power may be due to the extremely small thermal
load of the WSe, layer.

A near-unity PLQY" is essential for minimizing potential heating in
the UCPL cooling process. The difference here for ICT-driven cooling
process is that the requirement for high quantum efficiency may be
bypassed. The PLQY values of the as-exfoliated WSe, samples were
measured to beintherange of 0.3-3%. Even for chemical vapour depo-
sition (CVD)-grown WSe, with lower PLQY (about 0.1%), the cooling
effect persists (Fig. 4¢).

Discussion

In this work, we propose an ICT-driven strategy for optical refrigera-
tion. Conceptually, asaviable complement to Pringsheim’s picture, the
ICT-driven process extends optical cooling to nonradiative pathways,
enabling phonon extraction through engineered interfacial carrier
motions. The schemetolerates low quantumyield and relaxed excita-
tion conditions, providing a general framework for directing energy
flow at the atomic scale. Our experimental observations collectively
point to net cooling in type-Il semiconductor heterostructures and
provide evidence for phonon participation during interlayer charge
transfer. Several directions merit further investigation, including more
accurate micro- and nanoscale thermometry, a deeper understand-
ing of the phonon-assisted ICT pathways and extension to broader
materials systems. Related interfacial carrier-transfer concepts have
been explored theoretically?>?, but by distinct mechanisms, such
as exploiting upward band offsets in type-I heterostructures for
evaporative carrier cooling. These interfacial charge transfer strate-
gies hold great potential for cryogen-free refrigeration and thermal
management in quantum and nanoscale systems. More broadly,
this approach enables access to low-temperature electronic®,

348 | Nature | Vol 655 | 9July 2026

of WSe, in H,cermediace With mechanical-exfoliation WSe, (ME-H, hollow

circle) and chemical vapour deposition-grown WSe, (CVD-H, triangle)
measured atvaried PLQY values. For UCPL-based coolingin Yb*"-doped
systems (solid grey dots; dataadapted fromrefs. 3,6,8), the PLQY is subject
toastringentrequirement of being near unity. Errorbarsinaandbrepresent
the uncertainties derived from Raman-thermometry fitting, as described in
Methods, ‘Raman thermometry’.

excitonic!*?2484

temperatures.

and phononic® phenomena under ambient or elevated
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Methods

Preparation of heterobilayers

Transition metal dichalcogenide (TMDC) monolayers (1L-WSe,,
1L-MoSe, and 1L-WS,) were obtained by mechanical exfoliation from
bulk crystals (HQ Graphene) using Ultra-Tape. Here, 1L refersto a
TMDC monolayer consisting of three atomic planes (X-M-X). The
layer number of each constituent monolayer was identified from its
characteristic PL emission before heterostructure assembly. The bot-
tomlayers (MoSe,or WS,) were thendry-transferred onto the substrate,
followed by annealing at 100 °C for 10 min, unless otherwise noted. The
heterobilayers were further assembled using the aligned dry transfer
method with the assistance of polydimethylsiloxane (PDMS). Most of
our samples were transferred onto SiO,/Si substrates with an oxide
layer of 80 nmthick, if not otherwise noted. The samples for transient
and steady-state absorption measurements were fabricated on the
transparent sapphire substrates to enable transmission-mode meas-
urements. The coupling states of the heterobilayers were controlled by
twist angle and post-processing conditions. H,,.,, samples with alarge
interlayer distance were prepared without any heating. The strongly
coupled heterobilayers, termed Hy,,,,, Were prepared by annealing
at200 °Cinan Ar/H, atmosphere for 1 h, and with a twist angle close
to 0°or 60°. Heterobilayers exhibiting an optical cooling effect, with
an interlayer coupling strength between H,, and H,, (termed
Hinermediace), WETE prepared by heating at 75 °C for 15 min, unless other-
wise noted, with a preferred twist angle between 20° and 40°. The twist
angles were first roughly estimated based on the alignment of the
straight edges of the two monolayer flakes during stacking, and then
confirmed with polarization-resolved second-harmonic generation
method using a 780 nm (1.59 eV) pulsed laser (NPI Laser, Rainbow,
80 MHz, <80-fs pulse duration). These are the recommended pro-
cedures intended to yield the corresponding coupling state with the
highest possible likelihood. In the fabrication of CVD heterobilayers
(CVD-H), 1L-WSe, grown by CVD was sourced from Zhongke Crystal
Materials (Dongguan).

Raman thermometry

AllRaman spectrawere acquired using 532 nm excitation (unless other-
wise noted) under asingle grating window, on aconfocal Raman spec-
trometer (Horiba LabRAM HR Evolution) equipped with 600- and
1,800-lines-per-mm gratings. The schematic optical measurement
setup is provided in Supplementary Fig. 3a. A 100x objective lens
(numerical aperture (NA) = 0.9, Olympus) was used to focus the laser
normally onto the sample, forming a spot witharadius of about 0.7 pm,
andto collect the backscattered signal. Multiple BragGrate notch filters
(BNFs) were used to cut off the Rayleigh scattering background under
532 nmcontinuous-wave laser excitation (CNILaser MSL-FN-532). The
response differences of BNFs (optical density =3, FWHM of about
5-10 cm™) between anti-Stokes and Stokes signals were corrected by
continuous white light. A transmission efficiency curve is used to
calibrate the intensity of signals to correct the effect of BNFs in the
spectroscopy system before each measurement. A halogen lamp was
used as a light source, and two reflection spectra before and after
adding BNFs were given in Supplementary Fig. 4. We subtracted
the baseline from the raw spectra and did Lorentzian peak fitting
of signals. The fitting error of /,¢/I is calculated according to

2 M 2

0,= (HI'ZS) + (Iaslsza'sj ,whichis used for the calculation of the tem-
peratureerror introduced during the Raman fitting process. Here, g, _
and g,  are the standard deviations of anti-Stokes and Stokes signals,
which were calculated by the difference between the integrated area
intensities of the experimental data and the fitted spectra. The anti-
Stokes and Stokes Raman spectral mappings were carried out using a
galvo-scanning system with a step size of 0.1-0.3 pm. More details on
Raman thermometry can be found in Supplementary Note 2.

Fluorescence microscopy and spectroscopy

Wide-field fluorescence images of the samples were acquired by a fluo-
rescence microscope equipped with a high-speed S-CMOS camera
(Teledyne Photometrics Prime 95B). The samples were excited using an
Olympus U-HGLGPS lamp through a 530/40 nm band-pass filter, and the
emitted light wasfiltered by a 570 nmlong-pass dichroic mirror. PLspec-
trawere measured on the same Horiba HR Evolution spectrometer with
a100-lines-per-mmgrating. In this work, PL measurements were excited
with a2.33 eV continuous-wave laser. Their excitation power is specifi-
cally mentioned for each experiment. A supercontinuum laser source
withanacousto-optic tunable filter (AOTF) was used to select excitation
wavelength, which served as the pump beam to investigate the effect
of excitation wavelength on ICT-driven optical cooling. Allambient
temperature and atmospheric pressure tests were collected by a100x
objective lens (NA = 0.9, Olympus). In situ temperature-dependent
experiments were performed in a continuous-flow liquid-nitrogen
cryostat (CryoIndustries of American). A100x correction collar objec-
tivelens (NA = 0.85, Leica) was used to collect the signal to avoid refrac-
tioninterference introduced by the window glass. We used Labspec6
software for data processing. All acquired signals are calibrated with
neon standard signals and are not smoothed.

Transient absorption spectroscopy

The pump-probe transient absorption experiments were performed
on a custom-built free-space optical setup integrated with acommer-
cial transient transmissionspectrometer (Helios Fire, Ultrafast Systems).
Femtosecond pulses at 800 nm (at arepetition rate of 1 kHzand a pulse
duration of about 35 fs) were provided by a Ti:sapphire amplifier (Coher-
ent) and split into two beams. One was sent into an optical parametric
amplifier togenerate pump pulses withtunable photon energies, and the
otherwasfocusedinto the sapphire crystal to generate broadband white
light (450-820 nm) for probe pulses, controlled by a motorized delay
stage. The pump and probe beams were focused and overlapped on the
samplesurfaceinanon-collinear configuration, with200 pmand 6 pm
spot sizes in diameter, respectively. The transmitted probe beam was
detected by a spectrometer equipped with a back-thinned charge-
coupled detector (CCD) linear detector. The schematic pump-probe
optical setupis providedin the Supplementary Fig. 3b. By scanning the
grating and delay stage, we were able to measure the pump-induced
absorption change as a function of energy and delay time. Moreover,
the pump pulse was compressed by chirped mirrors, which resulted in
aninstrumental response function (IRF) to be approximately 40 fs. In
our ultrafast experiments, the pump fluence was kept below 6 pj cm™
(theinjected carrier density of about 10" cm ), keeping the sample sig-
nalsinthelinear response regime. Alltransient absorption spectrawere
subsequently chirp-corrected to ensure accurate temporal alignment
across probe wavelengths before datafitting. The transient kinetics were
analysed using a bi-exponential decay function (I=A1e’ft’r +A, e ),
wherethe faster decay time constant (z,) and the slower decay time con-
stant (z,,) correspond to radiative lifetime and non-radiative lifetime,
respectively, A, and A, are the amplitude coefficients.

Computational details

All molecular dynamics simulations were performed using the
large-scale atomic/molecular massively parallel simulator LAMMPS)*.,
Details of the interatomic potentials and interaction parameters are
providedin Supplementary Note 4.2. The validation of these potential
functionsis presented in Supplementary Note 4.3 and Supplementary
Fig.16. The net gap distancein theintermediate MoSe,/WSe, state inthis
workis much smaller than the mean free path of air molecules, result-
ing in substantial suppression of air conductivity due to the Knudsen
effect®. Meanwhile, we also calculated the near-field thermal radiation
between the heterostructure layers, which was found to be on the order
0f108t0107. Therefore, the phonon contribution to thermal transport



was mainly considered in the simulations. The parametersusedin the
near-field radiative heat transfer calculation are summarized in Sup-
plementary Table 4. Owing to the relatively large interlayer spacings
investigated in this study, which exceed those typically used in previous
molecular dynamics simulations**, artificial constraints were applied
to maintain structural stability at these distances, as described in Sup-
plementary Note 4.2.

Before thermal transport simulations, the atomic configurations
were optimized by structural relaxation using the conjugate gradient
method to achieve energy minimization. The system was then equili-
brated under an isothermal-isobaric ensemble (NPT ensemble, con-
stant number of particles, pressure and temperature) for 50 ps, with
zero lateral stress appliedin the x-and y-directions using aNosé-Hoover
barostat. Following pressure equilibration, the MoSe, and WSe, layers
were independently thermalized under a canonical ensemble (NVT)
for 100 ps at their respective target temperatures of 350 K and 250 K
using a Nosé-Hoover thermostat. All simulations used a time step of
0.5 fstointegrate the equations of motion.

Following the methodology inref. 53, weincorporated the nonlinear
componentof the temperature profile and computed the temperature
difference, rather than the temperature gradient, to more accurately
characterize cross-layer thermal transport in our NEMD simulations.
Afterequilibrating the systeminamicrocanonical ensemble, we applied
the ‘fixehex’command to add and remove energy at equal ratesin the
MoSe,and WSe, layers, respectively. Details of the thermal conductivity
calculation method are provided in Supplementary Note 4.4. NEMD
simulations of MoSe, in contact with a SiO, substrate were conducted
under similar conditions, with full details in Supplementary Note 4.5.
Because the measured temperature differences are sensitive to the
imposed energy exchange rates, careful selection of these values was
essential. Excessively high- or low-energy flux could lead to prolonged
relaxation times. Preliminary tests were performed to estimate the
thermal conductivity k for each case, followed by formal simulations.
Each simulation was run for at least 10 ns to ensure that a steady state
wasreached, characterized by astable temperature difference between
the two layers. Complete coupling coefficients and representative
thermalization trajectories are summarizedin Supplementary Tables 5
and 6 and Supplementary Fig.12h.

Methodology for PLQY measurement

The PLQY measurement platform was constructed using a 532 nm
continuous-wave laser (CNILaser MDL-11I-532) as the excitation source.
The collimated laser beam was focused onto the sample through a
50x objective lens (Olympus LMPlanFL, NA = 0.5). Emitted photons
were collected by the same objective inabackscattering geometry and
directed toaHoriba HR550 spectrometer coupled with athermoelec-
trically cooled CCD detector (Horiba SynapsePlus BIVS, 1,024 x 256
pixels). The incident laser power was calibrated using a photodiode
power meter (ThorLabs PM100D + S130VC) and modulated using neu-
tral density filters to maintain excitation intensities below 200 pW to
avoid sample damage.

The spectral wavelength accuracy of the spectrometer was verified
usinga calibrationlamp (Ocean Optics HG-1), with the 546.08 nm emis-
sionline as thereference. The IRF was characterized by irradiating the
system with a broadband tungsten halogen lamp (Ocean Optics
HL-2000-LL) stabilized at 2,800 K, simulating a Lambertian blackbody
source. The IRF correction factor (1), accounting for wavelength-
dependent detection efficiency, was calculated as: (1) = ImeasuredD)

Ireference®)

where /q.surea(d) is theirradiance signal of the lamp measured through
the optical path and /,..rence(1) represents the pristine spectral irradi-
ance of the lamp.

The absolute PLQY was calculated using the relation QY=

I R 532 . . ape

Wsep * Fubr *MsystemS>>2) where Jyys., and Iy, are integrated intensities of
ILbr X Awsey * Nsystem(d) 2 X 3

the collecteJ PL spectra of WSe, and diffuse reflection spectrum of a

532 nm continuous-wave laser focused on a Lambertian reflector,

respectively. Ry, is the reflectivity of the Lambertian reflector
(about 99%). Ayys., is the optical absorption of WSe, at 532 nm, and
Ayse, =1-R—T, where R denotes the reflection and T denotes the
transmission. g_ . (A)istheresponse efficiency of the optical system
to the light at wavelength A (IRF-corrected).

The PLQY of monolayer WSe, (mechanically exfoliated and CVD-
grown) was measured under varying excitation powers, followed by
lattice temperature measurements of the WSe, component in H;cermediate
heterostructures under the same conditions. The results are presented
inFig.4c.

Cross-sectional structural analysis

Cross-sectional transmission electron microscopy specimens were pre-
pared usinga ThermoFisher Helios NanoLab 600i focused ion beam sys-
tem. Before focused ion beam milling, a protective layer approximately
50 nmin thickness was formed by spin-coating a carbon-based ink
solutiononto the sample/substrate surface. Subsequently,al-1.5 um
thick tungsten-carbon (W-C) protective layer was deposited over the
carbon layer to mitigate ion-beam-induced damage during milling.
Cross-sectional lamellae approximately 50 nmin thickness were fabri-
cated using astandard lift-out procedure. Final thinning and removal of
surface amorphization were achieved by sequential Ga*ionbeam pol-
ishing at progressively reduced acceleration voltages of 5 kVand 2 kV.

Atomically resolved high-angle annular dark-field scanning
transmission electron microscopy imaging was performed using a
probe-corrected JEOL ARM-200F transmission electron microscope
operated atanaccelerating voltage of 200 kV. A collection angle range
of 68-200 mrad and aconvergence semi-angle of 29.2 mrad were used.
The beam current was maintained below 30 pA for all experiments to
minimize electron beam damage.

The coordinates of the top and bottom interfacial profiles across
aregion of approximately 100 nm were extracted using the CalAtom
software package®. Statistical analysis of the interlayer distances was
subsequently performed based on the extracted coordinate data.

Data availability

The datasets generated during and/or analysed during this study are
available from the corresponding authors onrequest. Source dataare
provided with this paper.
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The custom Python code used to reconstruct the far-infrared dielectric
functions, perform the WSe,/MoSe, near-field radiative heat transfer
calculations and evaluate model sensitivity is available at Zenodo*
(https://doi.org/10.5281/zen0d0.19697929). The actively maintained
development repository is available at GitHub (https://github.com/
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