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ABSTRACT: Ultrafast thermal switches are pivotal for managing
heat generated in advanced solid-state applications, including high-
speed chiplets, thermo-optical modulators, and on-chip lasers.
However, conventional phonon-based switches cannot meet the
demand for picosecond-level response times, and existing near-field
radiative thermal switches face challenges in efficiently modulating
heat transfer across vacuum gaps. To overcome these limitations, we
propose an ultrafast thermal switch design based on pump-driven
transient polaritons in asymmetric terminals. Demonstrated with
WSe2 and graphene, this approach achieves an impressive thermal
switching ratio exceeding 10,000 with response times on the
picosecond scale, outperforming current designs by at least 2 orders of magnitude. This exceptional performance is driven
by dynamic polaritonic coupling between terminals, activated by ultrafast photoexcitation. Additionally, the WSe2 monolayer-
based switch exhibits a laser cooling effect, enabled by enhanced carrier excitation efficiency and prolonged carrier lifetimes,
introducing a disruptive mechanism for laser cooling. Our findings highlight the strong potential of photodriven transient
polaritons in advancing ultrafast thermal switches and nanoscale cooling technologies.
KEYWORDS: ultrafast thermal switch, transient polaritons, two-dimensional materials, near-field radiative heat transfer, laser cooling

INTRODUCTION
As transistor sizes shrink below 10 nm, the ever-growing
miniaturization and complexity of electronic devices places
thermal management at the forefront of challenges in
microelectronics. Ultrafast thermal switches, capable of rapidly
regulating heat flow in response to external stimuli, are
increasingly critical for applications such as high-speed chiplets,
thermo-optical modulators, on-chip lasers, thermal logic
circuits, and magnetic refrignation.1−5 Their integration into
high-speed photoelectronic chips,6,7 for example, can mitigate
heat buildup, reduce thermal crosstalk, and prevent thermal
damage. Achieving such functionality requires synchronously
implementing rapid internal heat transfer and high-speed
modulation of external control fields.
Extensive research has focused on improving the response

times of thermal switches. Solid-state approaches, which
modulate material thermal conductivities using external fields,
primarily rely on phonons for heat transfer and exhibit
response times ranging from seconds to minutes4,8−20 (see
supplementary Table S1). For instance, thermal-field-regulated
designs typically respond on the scale of seconds.10,15 Recent
innovations, such as a self-assembled molecular switches with
high-speed electronic gating, have pushed response times to
microsecond ranges.18 Advances in antiferroelectric19 and
superconducting4 thermal switches have further achieved

response times of 150 and 15 ns, respectively, through faster
voltage pulses and optimized phonon transport.
Thermal radiation offers a promising alternative for ultrafast

thermal switching, benefiting from the inherent speed of
photon-based heat transfer compared to phonon- or electron-
mediated mechanisms.21−25 Near-field radiative thermal
switches, driven by electric or optical fields, can leverage
coupled optical modes between terminals to achieve faster
responses.26 However, current symmetric designs22−24 face
challenges in effectively decoupling heat transfer channels,
limiting their ability to switch off radiative modes efficiently.
Here, we propose an ultrafast thermal switch design based

on transient polaritons�short-lived hybrid light-matter
quasiparticles generated by femtosecond laser pulses.27−29 By
employing an asymmetric terminal configuration, this design
provides versatility, enabling the integration of diverse
materials. Exemplified by integrating WSe2 with graphene
across a vacuum gap, we exploit the mismatch in their radiative
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spectra to suppress heat transfer in static conditions (without
laser pumping). Through precise pump-driven manipulation of
transient exciton polaritons within WSe2, we facilitate efficient
switching of near-field radiative heat transfer (RHT) channels.
This approach demonstrates exceptional performance, achiev-
ing a thermal switching ratio exceeding 10,000 with pico-
second-level response times. The key to this dynamic switching
lies in the time-varying polaritonic coupling between the
terminals, initiated by external ultrafast photoexcitation.
Notably, the WSe2 monolayer -based switch also enables a
laser cooling effect, leveraging enhanced exciton excitation
efficiency and prolonged carrier lifetimes, introducing a
disruptive mechanism for laser cooling. This work highlights
the significant potential of photodriven transient polaritons for
ultrafast thermal modulation as well as nanoscale cooling
technologies.

RESULTS AND DISCUSSION
Generalized Design Concept for Ultrafast Thermal

Switching. Figure 1a illustrates the generalized design

concept for ultrafast thermal switching based on transient
polaritons. While traditional methods like electrical gating or
chemical doping can manipulate the dielectric responses of
materials in the mid-infrared (MIR) range, they are typically
too slow for advanced applications requiring faster response
times. Therefore, we utilize ultrafast optical pumping to
achieve rapid control of heat transfer. The system under
investigation is a biplanar radiative thermal switch with
asymmetric terminals separated by a vacuum gap. An optical
pump pulse is directed at the emitter terminal, exciting a high
density of carriers within the material. This carrier excitation
alters the dielectric response of the emitter, which evolves
dynamically over time. As the dielectric response changes, it
influences the polaritonic coupling between the terminals,

leading to significant variations in both the spectral and
amplitude distributions of the RHT flux.
We apply this concept to a model system where WSe2 and

graphene are used as asymmetric terminals across a vacuum
gap (Figure 1b). In this configuration, WSe2 is maintained at a
higher temperature,Th, acting as the emitter; while graphene is
kept at a lower temperature, Tc, serving as the receiver. The
temperature difference, ΔT = Th − Tc, drives a net flow of heat
between the terminals. Upon exposure to femtosecond laser
pulses, WSe2 undergoes the excitation of a high density of
electron−hole pairs, which in turn modifies the material’s
dielectric response and triggers the creation of transient
exciton polaritons.
These polaritons then couple with surface plasmon polar-

itons in graphene, significantly enhancing the near-field RHT
flux across the gap, denoted as Qon. This coupling activates the
thermal switch, transitioning it into the “on” state and
facilitating efficient heat flow between the terminals, as
shown in the left panel of Figure 1b. When the optical
pumping ceases and the photoexcited hot carriers fully decay,
the system returns to its static configuration. In this state, the
polaritonic coupling (and ensuing RHT) is severed due to the
spectral mismatch between the two terminals, resulting in a
reduced heat flux, Qoff. This corresponds to the “off” state of
the thermal switch, depicted in the right panel of Figure 1b.
Thus, this design enables ultrafast thermal switching through

optical pumping, which drives the RHT transition between the
“on” and “off” states. Note that in our theoretical model, the
dimensions of both terminals are tailored to match the laser
spot size, optimizing light-matter interaction and ensuring
efficient thermal switching.
To quantify the performance of the thermal switch, define

the thermal switching ratio (TSR), denoted as r, as follows:3,8

r
Q

Q
on

off

=
(1)

where Qon is the RHT flux for the “on” state, while Qoff is the
flux in the “off” state. The TSR measures the heat flux contrast
between the on and off states, providing a clear indication of
the switch’s effectiveness. Furthermore, we evaluate the
responsiveness of the switch to external stimuli by analyzing
the time period, τ, during which the switch can transition
between the on and off states. This response time assesses the
switch’s ability to rapidly adapt to dynamic environments, a
key factor for its practical application in ultrafast thermal
management.
Modulating the Dielectric Response of WSe2 through

Ultrafast Photoexcitation. WSe2 is a transition metal
dichalcogenide (TMD),30−32 a class of materials characterized
by a layered structure, where strong covalent bonds exist
within each layer, while weak van der Waals (vdW) forces hold
the layers together. The strong anisotropy inherent in this
structure translates into its optical properties, which can be
described by a diagonal anisotropic dielectric tensor, given by33

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

0 0

0 0

0 0

x

y

z

=
(2)

Where, ϵx = ϵy represents the in-plane components, while ϵz
denotes the out-of-plane component.

Figure 1. Schematic of ultrafast thermal switching via pump-
induced transient polaritons. (a) Design principle: the mechanism
involves asymmetric terminals, where photoexcited carriers (Δn)
in the emitter induce a transient MIR response that spectrally
aligns with the receiver. This alignment leads to strong polaritonic
coupling, thereby activating previously unavailable RHT channels.
(b) Feasible configuration for practical demonstration: we
consider WSe2 as the emitter and graphene as the receiver,
separated by a vacuum gap (d). In the “on” state (left panel),
optical pumping of the emitter generates polaritonic coupling
(Qon), which contrasts with the “off” state (right panel) where no
coupling occurs (Qoff). This significant difference in RHT flux
between these two states, triggered by laser-pulse irradiation,
demonstrates the ultrafast thermal switching process.
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The dielectric tensor ϵi describes how WSe2 interacts with
light at different frequencies and temperatures. Importantly,
this tensor can be influenced by external stimuli such as an
ultrafast laser pulse, resulting in a transient response that can
be written as

T t T T t( , , ) ( , ) ( , , )i
stat
i i= + (3)

Here, ω denotes the photon energy, T is the temperature
before pumping, and Δt is the delay time relative to the applied
pulse. This equation separates the static response (ϵstati ) from
the transient modifications (Δϵi) induced by photoexcited
states within the material. The superscript i indicates
components of the dielectric tensor along specific directions
(i.e., x, y, or z). Each transient modification Δϵi is
approximately linear with the photoexcited exciton density
ni(Δt) and can be expressed using a classical Drude-Lorentz
as34−37
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In this model, e is the elementary charge, mi the effective
carrier mass for propagation along the direction i, and ϵ0 is the
vacuum permittivity. The summation incorporates various
transitions within the material, indexed by j, each treated as a
damped oscillator with oscillator strength f ji, resonance
frequency ωj, and damping rate γj. The specific resonant
frequencies and strengths of these transitions are taken from in
ref.38 Our results rely on this spectral profile, assuming the
order of magnitude is correct for the model.
To quantify the exciton density generated by the optical

pump, we assume that each absorbed pump photon excites one

exciton. The volume density of photoexcited excitons nx can be
determined as

n
F
tx

0

0 WSe2
=

(5)

where α is the absorbance, F0 is the pump fluence, ω0 is the
pump photon energy, and tWSe2 is the thickness of the WSe2
layer. By adjusting F0, we can control nx, and thereby modulate
the dielectric properties of WSe2. For the specific systems
investigated here, which consist of WSe2 and graphene
separated by a gap, the pump-induced energy absorption per
pulse and exciton excitation are analytically quantified, as
described in S3 of the Supporting Information (SI).
While the intricate processes of photon absorption and

exciton generation are beyond the scope of this discussion, our
calculations assume a pump photon energy slightly below the
bandgap of WSe2. This approach ensures that the thermal
energy associated with exciton formation is equivalent to the
absorbed light energy. Furthermore, we model the exciton
density decay over time as an exponential process, expressed as

ni(Δt)= n (0)expi
t

e
{ }, where τe is the characteristic exciton

decay time. This model allows us to compare the cumulative
RHT energy per cycle with the energy absorbed from each
pump pulse, facilitating a comprehensive analysis of the energy
dynamics in the device.
Transient Hyperbolicity in WSe2 Following Ultrafast

Photoexcitation. We begin by examing the light absorption
efficiency of the material terminals, i.e., WSe2 and graphene,
under a pump laser with a photon energy of 1.59 eV (Figure
2a). The absorption in graphene is significantly lower than that
in WSe2, and this disparity becomes more pronounced as the

Figure 2. Transient dielectric response of WSe2 following femtosecond optical pumping. (a) Schematic of the fundamental processes
considered in the model. (b) Real parts of the (i) in-plane and (ii) out-of-plane dielectric tensor components of WSe2, plotted against
frequency and delay time for a photoexcited carrier density of 3.2 × 1019 cm−3 at 400 K. White vertical dashed lines indicate delay times of 5,
50, 100, and 300 ps. (c) Corresponding evolution of polaritonic dispersions in a 5 nm-thick WSe2 film at various delay times.
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thickness of WSe2 increases (Figure S2), rendering its effects
on the switch’s performance negligible. In contrast, WSe2
exhibits increasing light absorption with thickness, peaking at
approximately 25 nm (Figure S3). However, thicker WSe2
layers reduce the volumetric exciton density (nx), suggesting
that a monolayer of WSe2 is most efficient for generating
excitons per unit volume. Figure S4 shows the relationship
between the pump fluence (F0) and nx for both a WSe2
monolayer and a 5 nm-thick layer. We also consider the Mott
transition, where high exciton densities can lead to a metallic
state rather than distinct excitons. For WSe2 monolayers, this
transition occurs at exciton densities around 1020 − 1021
cm−3.39 The fluence values used in this study are sufficiently
low to keep nx below this threshold, avoiding the Mott
transition.36 Figure S5 shows the temporal evolution of exciton
density in both monolayer and 5 nm WSe2 following a 500 fs
laser pulse. These results provide the basis for analyzing the
transient dielectric tensor of WSe2, which underpins the
thermal switching mechanism.
Figure 2b presents the real components of the in-plane

(Re{ϵx} = Re {ϵy}) and out-of-plane (Re{ϵz}) dielectric tensor
for 5 nm WSe2 as a function of time delay (Δt) and optical

frequency (ω) after laser excitation. It has been well
established that photoexcited electron−hole pairs in WSe2
form discrete excitonic states, which then couple to photons
to create exciton polaritons through quantum transitions.37,38

Since the energies of these excitonic transitions typically fall in
the range of tens of meV, the resulting transient polaritonic
responses occur in the MIR range.40 The in-plane response
(Figure 2b-i) exhibits a pronounced dip in Re{ϵx(ω)} across a
broad mid-IR range, reaching negative values immediately after
excitation. This negative permittivity diminishes as carrier
density decays, with the affected frequency range narrowing
over time. In contrast, the out-of-plane response (Figure 2b-ii)
remains consistently positive in the same frequency range. The
contrasting signs of Re{ϵx(ω)} and Re{ϵz(ω)}, i.e., Re{ϵx(ω)}
Re {ϵz(ω)} < 0, highlight hyperbolic dispersion, driven by
ultrafast optical pumping and the inherently anisotropic optical
properties of WSe2.
To further explore the transient hyperbolic dispersion in

WSe2, we analyze the momentum-dependent reflection
coefficient, Im{Rp}, calculated using the dielectric tensor
from Figure 2b. By tracking the maxima of Im{Rp} across
various frequencies and wave vectors, we map the polaritonic

Figure 3. Ultrafast thermal switching in the WSe2−graphene system. (a) Ad hoc superposition of three replicas of the calculated transient
RHT flux for temperature differences ΔT = 100 and 500 K, illustrating that the effect of each cycle has decayed fully before the next begins at
a laser repetition rate of 2 GHz. (b) Spectral decomposition of the RHT flux at various time delays. (c) Corresponding PTP contour maps as
a function of frequency and wave vector, with white dashed lines indicating the vacuum light line. (d) Chart comparing the thermal
switching ration r versus response time τ in our design based on transient polaritons and in existing designs utilizing mechanisms such as
ferro-magnetism phase transitions,12−14,19 physical contact changes,15−18 superconducting materials,4 thermoelectricity,10 mass density
changes,8,9 and steady surface plasmons.22−25 Detailed data are provided in Table S1.
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dispersion relation in WSe2. Figure 2c visualizes these
polaritons as bright bands in momentum-energy (k∥ − ω)
space. The bands redshift to lower frequencies and narrow in
bandwidth as the delay time increases from 5 to 100 ps,
ultimately vanishing by 300 ps. The hyperbolic nature of WSe2
allows these polaritons to exist at large wave vectors,
underscoring the material’s unique optical properties.
Ultrafast Thermal Switching and Underlying Mecha-

nisms. Our investigation leverages photoexcited transient
exciton polaritons in WSe2 to achieve ultrafast thermal
switching. A pivotal task in this endeavor is to identify a
material that spectrally aligns with the transient hyperbolic
polaritons in photoexcited WSe2. Graphene emerges as an ideal
candidate due to its exceptional properties, including atomic-
layer thickness, broad infrared response, strong field local-
ization, and tunable plasmonic modes.41,42 These attributes
make graphene particularly effective for modulating near-field
RHT, thereby facilitating efficient thermal switching.26

Figure 3a showcases the thermal switching effect in a system
combining a 5 nm WSe2 film and a monolayer graphene,
separated by a 10 nm vacuum gap. The hot and cold terminals
are maintained at fixed temperatures of 400 and 300 K,
respectively. For clarity, three on-and-off cycles are replicated
in Figure 3a for visualization purposes, emphasizing the
switch’s capability for dynamic thermal control. In practice,
this behavior can be readily achieved with a laser pulse
repetition rate of 2 GHz, ensuring that the effects of each cycle
(i.e., the RHT rate) dissipates before the next cycle begins.
Intriguingly, the RHT flux profile during a single switching

cycle mirrors the dynamics of photoexcited carriers in WSe2
(Figure S5a), highlighting the central role of carrier behavior in
determining performance. At a carrier density of 3.2 × 1019
cm−3, the switch ahieves a peak heat flux of ∼11 MW m−2 at 5
ps under ΔT = 100 K. As the carriers deplete, the system
returns to its static state, resulting in a minimal RHT flux of
∼1,064 W m−2. This switching mechanism yields an
exceptional TSR of ∼10,000 over a complete on-and-off
cycle of 500 ps, surpassing existing thermal switches by 2
orders of magnitude (Figure 4d). The superior performance in
both TSR and response time demonstrates the great potential
of our approach.
Note that the performance of our ultrafast thermal switch is

influenced by factors such as laser pulse parameters (duration,
fluence) and the dynamics of photoexcited carriers in WSe2.

The carrier density dictates the maximum on-state RHT, while
the carrier lifetime controls the on-state duration, thereby
influencing the response time. Extending the carrier lifetime
can enhance the cumulative RHT flux per cycle. For instance,
increasing the carrier lifetime in the monolayer to 500 ps32,43

could significantly improve the on-state flux (Figure S7).
However, this improvement comes at the cost of slower
response times, potentially limiting the switch’s application in
ultrafast thermal modulation. This trade-off underscores the
importance of balancing carrier density and lifetime to
optimize performance. Future research could explore advanced
material engineering, hybrid system designs, or other strategies
to decouple these parameters, paving the way for enhanced
thermal switch performance.
It is crucial to emphasize that our thermal switch excels in

the rapid modulation of RHT flux rather than directly
controlling temperature. Given the inherent thermal inertia
of most systems, immediate temperature adjustments are
impractical. Instead, our switch allows for precise engineering
of thermal energy distributions before significant temperature
changes occur, enhancing its utility in a wide range of
applications.
Further insight into the underlying physical mechanisms

behind our proposed ultrafast thermal switching is provided by
the spectral and wave-vector decomposition of the RHT flux,
shown in Figure 3b. The dominant heat transfer region is
associated with the MIR range, particularly below 2.0 × 1014
rad·s−1. Following photoexcitation, the RHT flux peaks at 5 ps.
Over time, the spectral bandwidth narrows, and the amplitude
decreases, leading to a decline in RHT flux, as observed in
Figure 3a. This trend continues until the photoexcited carriers
are depleted, and the system returns to its off state.
Figure 3c complements these findings by presenting contour

maps detailing the spectral and wave-vector decomposition of
the RHT flux. After photoexcitation, bright bands appear, with
changing intensity and width over time, representing PTP
mediated by polaritonic coupling between the terminals. These
bands exhibit a redshift and narrowing as the excited states
decay, ultimately disappearing as the system returns to its static
state. This evolution mimics the transient polaritonic
dispersion behavior observed in Figure 2c and confirms that
the ultrafast thermal switching is fundamentally linked to the
changes in these polaritonic modes induced by the rapid
excitation and subsequent decay of carriers in WSe2. Additional

Figure 4. Laser cooling effect and tunable performance of the ultrafast thermal switch. (a) Ratio of absorbed energy density to RHT flux, η =
Qabs/ΔQRHT, plotted against carrier density (nx) and static temperature difference (ΔT). The dashed black line represents η = 1, with η < 1
(blue region) indicating laser cooling. (b) Distributions of on- and off-state RHT flux, along with the corresponding switching ratio (r) as a
function of ΔT. Calculations are performed for the following parameters: Tc = 300 K, d = 10 nm, μ = 0.05 eV, tWSe2 = 0.7 nm,and nx = 3.8 ×
1019 cm−3.
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information provided in Figure S8 of SI further supports the
connection between dispersion changes and polaritonic
coupling dynamics, underscoring their significance for ultrafast
thermal switching.
Laser Cooling and Tunable Performance of the

Thermal Switch. We proceed to quantify the cooling rate
facilitated by near-field RHT during a single on-and-off cycle of
the thermal switch. This involves integrating the time-varying
RHT flux, denoted as Q(t), over time within the switching
period τp, that is, ΔQRHT = ∫ 0

τQ(t)dt. As depicted in Figure 3a,
with a switching period τ of 500 ps and a static temperature
difference ΔT of 100 K, ΔQRHT is calculated to be ∼0.8 mJ
m−2. This value corresponds to an average heat flux density of
about 1.6 MW m−2, which significantly exceeds the conven-
tional far-field limit for a 10 μm gap (approximately 590 W·
m−2) by a factor exceeding 2,700. However, ΔQRHT in this
scenario is considerably lower than the absorbed light energy,
which is 32.2 mJ m−2 (Figure S2). Even if ΔT is elevated to
500 K, the resulting ΔQRHT of about 2.75 mJ m−2 remains
substantially lower. This discrepancy can be attributed to the
relatively low efficiency of carrier excitation and their short
lifetime. Under these conditions, the net effect of optical
pumping is to heat the system.
We investigate the possibility of laser cooling in ultrafast

thermal switches using monolayer WSe2. To quantify this
effect, we define a parameter η as the ratio of absorbed light
density (Qabs) to time-integrated RHT flux (ΔQRHT):

Q

Q
abs

RHT
= . Figure 4a presents a color map of this ratio as a

function of nx and ΔT. The black dashed line (η = 1) indicates
the equilibrium region, where Qabs = ΔQRHT. Blue-colored
regions, where η < 1, correspond to conditions under which
laser cooling occurs, particularly at elevated temperatures. We
attribute this phenomenon to the fact that higher temperatures
activate more phonon modes, leading to a larger absolute
increase in RHT. However, this effect must be balanced against
the accelerated decay of carriers at higher temperatures.
Interestingly, the laser cooling effect remains relatively
independent of nx: while higher values of nx demand higher
fluence F0 (Figure S4), both Qabs and ΔQRHT increase
proportionally, thus maintaining the ratio η. These results
suggest that a strategic adjustment of operational parameters
could significantly enhance the cooling efficiency, potentially
enabling strong laser cooling under suitable conditions.
In the above calculations, we carefully account for the

temperature dependence of the transient dielectric tensor in
WSe2. Figure S6 shows the evolution of 2D maps of Re{ϵx(ω)}
in ω − Δt space across various lattice temperatures of the
emitter (Th). We focus on negative regions of Re{ϵx(ω)},
which correspond to the existence (and excitation) of polariton
modes. Upon elevating Th from 400 to 800 K, the intensity of
these negative regions decreases, with narrowed frequency and
delay time ranges. This trend suggests that the polaritonic
response of WSe2 is highly sensitive to lattice temperature.
Higher temperatures lead to stronger phonon interactions,
causing faster polariton dephasing and shorter lifetimes.
Understanding this temperature dependence is crucial for
evaluating polariton behavior, which directly impacts the
performance of the thermal switch. For instance, Figure 4b
shows a notable decrease in the TSR from about 7,700 to
2,400 (roughly three times lower) when ΔT is raised from 50
to 500 K, despite a slight increase in the on-state RHT flux.
These observations underscore the need for a delicate balance

between operation temperatures and thermal switch optimiza-
tion.
Our ultrafast thermal switch offers not only exceptional

performance but also remarkable tunability. This tunability can
be achieved through both passive (e.g., by varying the WSe2
thickness) and active (e.g., by adjusting the chemical potential
of graphene) approaches (Figure S9). Moreover, the versatility
of this design extends beyond the specific materials used in this
study. A variety of alternative materials, such as α-MoO3, hBN,
SiO2, and related heterostructures,

44,45 etc., can potentially
replace graphene as the receiver. These materials support
surface phonon polaritons in the MIR range, allowing
interaction with the transient polaritons photoexcited in
WSe2. Similarly, WSe2 as the emitter can be substituted by
black phosphorus,27,46 other TMDs,47 or even entirely different
materials29,48 with comparable optical properties that can be
dynamically modulated through optical pumping. This
inherent flexibility underscores the broad applicability of our
thermal switch platform. By customizing the material selection
and operational parameters, the switch can be adapted to meet
the specific requirements of various applications, paving the
way for advancements in ultrafast thermal management across
diverse technological fields.
While the present work is focused on theoretical modeling,

an experimental validation is essential to demonstrate the
practicality of the proposed thermal switch. Addressing the
challenges associated with such experiments requires advanced
near-field thermal-measurement setups with picosecond
temporal resolution, robust material fabrication techniques to
ensure high-quality interfaces, and integration of high-
repetition-rate ultrafast laser systems to enable dynamic
polaritonic control. Our theoretical findings not only provide
a strong foundation for understanding these phenomena but
also serve as a roadmap to stimulate and guide future
experimental efforts. These efforts will bring this concept
closer to realization and amplify its potential impact in ultrafast
photonic and thermal technologies.

CONCLUSIONS
This study introduces an ultrafast thermal switch that leverages
photodriven transient polaritons in an asymmetric terminal
configuration. We demonstrate this concept by pairing WSe2
with graphene across a vacuum gap, a configuration that
achieves a record-high thermal switching ratio of 104 within a
picosecond time scale. The switch not only delivers impressive
performance but also offers significant advantages, including a
remarkable near-field radiative cooling rate of ∼1.6 MW m−2

for a 5 nm-thick WSe2 terminal, along with the potential for
laser cooling in WSe2 monolayers. These features, combined
with noncontact operation and high tunability, position our
design at the forefront of dynamic nanoscale thermal
management solutions. Looking ahead, future developments
could involve integrating attosecond laser pulses and exploring
suitable transient polariton modes to unlock even faster
switching speeds and higher cooling efficiencies. This work
underscores the strong potential of photodriven transient
polaritons to revolutionize ultrafast thermal switching and lays
the groundwork for significant advancements in ultrafast
cooling technologies.

METHODS
Near-Field Radiative Heat Transfer. In our model, we consider

pulsed laser excitation of WSe2 with photon energies below its
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bandgap. This excitation directly generates excitons without
significantly altering the electron and hole distributions in the
conduction and valence bands. These excitons then decay with a
characteristic time constant τ, typically on the order of tens of
picoseconds (ps), as discussed below. Given that the laser pulse
duration is much shorter (∼fs) than τ, we assume an instantaneous
rise in the exciton population at Δt = 0. Additionally, since τ is
significantly longer than the optical periods associated with the
radiative transitions mediating heat transfer, we treat these transitions
in a quasi-stationary regime. This assumption allows us to consider
the exciton population as relatively constant over several optical
cycles.
Under these conditions, we describe RHT flux in a quasi-stationary

manner at each time point within the exciton decay time. To quantify
near-field RHT Q (the power per unit area) across a vacuum gap of
size d between two planar surfaces, we employ the framework of
fluctuational electrodynamics, as described by49

Q T T d d T T

k dk k k
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where Θ(ω, T) = ℏω/[ exp (ℏω/kBT) − 1] is the mean energy of a
Planck oscillator, ω is the angular frequency, k∥ is the modulus of the
in-plane wave vector, Th and Tc are the temperatures of the two
terminals (hot and cold, respectively, under dynamic equilibrium
conditions), and ξs and ξp are the photon transmission probabilities
(PTP) associated with s- and p-polarized [i.e., transverse electric (TE)
and transverse magnetic (TM)] modes, denoting the respective
spectral decomposition of RHC. More precisely,
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where Dj = 1 − Rn1Rn2e2ikz0d in the denominator captures the Fabry-
Peŕot multiple interactions between the two surfaces; the subscript n
(= s or p) runs over s or p polarizations; the superscripts 1 and 2
denote the emitter and receiver, respectively; k0 = ω/c is the light
wave vector in vacuum; kz0 = (k02 − k∥

2)1/2 is the out-of-plane wave
vector; and Rn is the total Fresnel reflection coefficient of each
terminal surface. Incidentally, in accordance with the assumed
retarded response formalism, k0 is supplemented with an infinitesimal
imaginary part and the square root is taken to yield Im{kz0} > 0. In
addition, for suspended thin films and in-plane wave vectors k∥ ≤ k0
(i.e., within the light cone), the factors 1 − |Rn|2 in eq 7 should be
replaced by 1 − |Rn|2 − |Tn|2, where Tnis the Fresnel transmission
coefficient.42,50
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