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Abstract
Nanoscale light sources with high speed of electrical modulation and low energy consumption
are key components for nanophotonics and optoelectronics. The record-high carrier mobility
and ultrafast carrier dynamics of graphene make it promising as an atomically thin light emitter,
which can be further integrated into arbitrary platforms by van der Waals forces. However, due
to the zero bandgap, graphene is difficult to emit light through the interband recombination of
carriers like conventional semiconductors. Here, we demonstrate ultrafast thermal light emitters
based on suspended graphene/hexagonal boron nitride (Gr/hBN) heterostructures. Electrons in
biased graphene are significantly heated up to 2800 K at modest electric fields, emitting bright
photons from the near-infrared to the visible spectral range. By eliminating the heat dissipation
channel of the substrate, the radiation efficiency of the suspended Gr/hBN device is about two
orders of magnitude greater than that of graphene devices supported on SiO2 or hBN. We
further demonstrate that hot electrons and low-energy acoustic phonons in graphene are weakly
coupled to each other and are not in full thermal equilibrium. Direct cooling of
high-temperature hot electrons to low-temperature acoustic phonons is enabled by the
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significant near-field heat transfer at the highly localized Gr/hBN interface, resulting in ultrafast
thermal emission with up to 1 GHz bandwidth under electrical excitation. It is found that
suspending the Gr/hBN heterostructures on the SiO2 trenches significantly modifies the light
emission due to the formation of the optical cavity and showed a ∼440% enhancement in
intensity at the peak wavelength of 940 nm compared to the black-body thermal radiation. The
demonstration of electrically driven ultrafast light emission from suspended Gr/hBN
heterostructures sheds the light on applications of graphene heterostructures in photonic
integrated circuits, such as broadband light sources and ultrafast thermo-optic phase modulators.

Supplementary material for this article is available online

Keywords: suspended graphene, ultrafast light emitter, van der Waals heterostructures,
thermal radiation, electron–phonon interaction

1. Introduction

With the development of silicon-based transistors approach-
ing the physical limit of sub-5 nm nodes, photonic integ-
rated circuits have been extensively studied over the past few
decades, and are considered to be one of most promising
routes for information technology in the post-Moore era [1–
3]. Benefiting from the superior electronic and optical prop-
erties, graphene has shown great potential in nanophotonic
and optoelectronic applications [4–6]. For instance, ultrafast
and broadband photodetectors up to 500 GHz are achieved by
integrating graphene with metamaterials [7–13]. It is also able
to realize ultrafast optical modulators with a speed of 60 GHz
and an efficiency of 2.25 fJ·bit−1 by integrating double-layer
graphene devices onto silicon photonics platforms [14–21].
Many efforts have demonstrated the ultrafast photolumines-
cence from graphene excited by ultrashort femtosecond laser
pulses, which can be understood by thermal emission or hot
plasmon emission from photo-excited hot carriers in graphene
[22–27]. However, due to the zero bandgap property, elec-
trons rapidly relax by electron–electron and electron–phonon
scattering, prohibiting the light emission through interband
electron–hole recombination. Therefore, electrically-driven
light emission from intrinsic graphene remains a substantial
challenge.

Recently, light emission has been successfully reported
from electrically biased graphene devices due to the gray-
body thermal emission. Since most of the energy is dissipated
through the substrates, SiO2-supported graphene devices show
limited temperatures of∼1500 K, emit infrared light, and have
very low radiation efficiencies of ∼10−6 [28–32]. The tem-
perature and the radiation efficiency can be greatly enhanced
by suspending graphene on trenches, reaching ∼2800 K and
∼10−3 for monolayer graphene devices, respectively [33].
As a result, suspended graphene devices can emit signific-
ant visible light under vacuum. However, conventional sus-
pend devices are very fragile and graphene membranes often
collapse and rupture during fabrication and measurement
[34, 35]. As a two-dimensional insulator, hexagonal boron
nitride (hBN) provides an excellent encapsulation of graphene,
enabling electron temperature of graphene up to ∼2100 K

and producing wide spectral range emission from infrared to
visible [36–41]. Under pulsed voltage excitation, hBN encap-
sulated graphene devices demonstrate high-speed electrical
modulation up to 3 GHz. The observation of fast modulation
was attributed to the efficient cooling process of hot carriers
in biased graphene via the near-field heat dissipation at the
graphene/hBN (Gr/hBN) hybrid interface [36]. However, the
radiation efficiency of hBN encapsulated graphene emitters is
still limited to∼3× 10−6, which is mainly due to the signific-
ant heat transfer from graphene to substrate underneath [32].
So far, it remains a great challenge for graphene light emitters
to simultaneously exhibit high temperature, high thermal radi-
ation efficiency and fast modulation rate. Moreover, reducing
the heat transport channels in suspended devices is thought
to limit the rate of cooling for fast modulation [33, 36]. In
addition, the modulation speed of suspended graphene hetero-
structure thermal emitters under electrical excitation has not
yet been studied.

In this work, we develop a van der Waals (vdW) integration
strategy for the controlled fabrication of suspended graphene
devices by one-step direct transfer of Gr/hBN heterostruc-
tures ontometallic electrode trenches on silicon platforms. The
strong adhesion between hBN and graphene greatly enhances
the mechanical strength of the suspended membranes, effect-
ively prevents graphene from collapsing, cracking, and curling
defects, and does not require a complex critical point drying
process. Based on high-quality suspended heterostructures, we
demonstrate ultrafast thermal light emitters driven by high-
frequency ac electrical inputs. Under Joule heating by bias
electric fields, the electronic temperature of graphene reaches
up to 2800 K, emitting bright photons with a broadband spec-
trum from the visible to the near-infrared range. The result-
ing hBN/SiO2 dielectric optical cavity strongly modifies the
emission spectrum, and the emission intensity at 940 nm is
increased by ∼440% compared to the gray-body radiation of
monolayer graphene. In-situ measurements of electron tem-
perature and phonon temperature show that the temperature
of electrons at high bias voltages is more than three times
higher than that of low-energy acoustic phonons due to the
weak coupling and non-equilibrium between the hot elec-
trons and the acoustic phonons of graphene. Our devices show
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ultrafast emission response when excited by radiofrequency
electrical signals. The full width at half-maximum (FWHM)
and electrons heating and cooling times of the response are
determined as ∼1.5 ns and ∼0.9 ns, respectively, the latter
indicates an operation bandwidth above 1 GHz. The analysis
of the hot electron cooling pathway shows that the hot elec-
trons are in equilibrium with high-energy optical phonons,
and are strongly coupled to the hybrid plasmon-phonon polari-
ton at the Gr/hBN interface, but not in a full thermal equilib-
rium with the low-energy acoustic phonons. Thus, the high-
speed response of the thermal emission in suspended Gr/hBN
is possibly due to the ultrafast cooling of hot electrons to
acoustic phonons, which is sufficient to modulate the radiation
intensity.

2. Results and discussion

2.1. Fabrication and characterizations of the suspended
devices

Metal electrodes (270 nm thick Au) were deposited on
285 nm-SiO2/Si substrate by UV lithography and electron-
beam evaporation techniques. Graphene and hBN flakes were
mechanically exfoliated and assembled into Gr/hBN vdW
heterostructures by a polymer assisted dry-transfer method
[42]. Then, the stacks were transferred onto the pre-fabricated
electrode trenches to form suspended Gr/hBN heterostruc-
ture devices, as shown in figure 1(a). The final step removes
the polymer layer by chloroform dissolution or high vacuum
annealing without using critical point dryer or hot acetone.
Supporting information (SI) section S1 and figure S1 describe
more details of the device fabrication process. Compared with
the conventional methods of preparing suspended graphene
devices, our strategy exhibits at least three advantages: (i) dur-
ing the whole device fabrication processes, the graphene is
subjected to hBN thin flake without contact with any solu-
tion, thereby well protected against collapse and breakage
caused by surface tension changes; (ii) the excellent mech-
anical properties of hBN provide effective adhesion for sus-
pended graphene via interfacial vdW interaction, significantly
enhancing the mechanical strength of suspended Gr/hBN het-
erostructure devices [43]; (iii) hBN exhibits an atomically flat
surface without dangling bonds, which reduces the source of
carrier scattering in graphene. Furthermore, hBN is an insu-
lator which has a band gap of ∼5.8 eV, so it does not affect
the black-body radiation from biased graphene devices in the
infrared to the visible spectrum range [44]. The number of
layers of graphene and the thickness of hBN were determ-
ined by Raman spectroscopy and atomic force microscopy
(AFM) measurements, respectively, as shown in figure S2.
Figures 1(b) and (c) are optical microscopic image and scan-
ning electron microscopy (SEM) image of a typical suspen-
ded Gr/hBN heterostructure device, respectively. By tilting
the sample in SEM chamber, the suspended structure can be
clearly resolved. No obvious defects such as collapse, breaks
and wrinkles were observed in microscopy characterizations.
More than ten devices were fabricated in this work and the

suspension success rate was found to be ∼80% for a trench
depth of 270 nm, as shown in table S1. Additional devices
with different number of layers of graphene and aspect ratios
are shown in figure S3. To improve contact transparency and
remove chemical residues as much as possible, the suspen-
ded devices were annealed at 400 ◦C for 3 h under a high
vacuum of ∼10−4 mbar. Two-terminal electrical measure-
ments show smooth I−Vg and ohmic linear I−Vb character-
istics of graphene (I is the current, Vg and Vb are the back gate
voltage and the bias voltage, respectively). The determined
electron mobility and density (Vg = 0V) at room temperature
are ∼104 cm2·V−1·s−1 and ∼1.6 × 1011 cm−2, respectively,
comparable to graphene devices encapsulated by commer-
cial hBN crystals. The corresponding conduction band Fermi
energy of graphene is ∼0.05 eV.

2.2. Temperatures of acoustic phonons and electrons in
graphene

The electric current flowing through the suspended graphene
leads to Joule heating in the device, which effectively heats
up the electrons and phonons of graphene. Under high elec-
tric fields up to 1.68 V·µm−1 (F= Vb/W), the current density
(J= I/(W ·L), W and L are the width and length of graphene
device) reaches ∼108 A cm−2 at ∼10−4 mbar vacuum. The
electrons in graphene obtain very high kinetic energy after
being accelerated by a strong electric field. Graphene exhib-
its ultra-low electronic heat capacity, resulting in a large tem-
perature increase upon a small electric excitation. The noise
thermometry measurement results show that the heat capacit-
ies of graphene is as low as 2 × 10−9 J·m−2·K−1, recently
even reaches a record-low value of 1.2 × 10−11 J·m−2·K−1

[45, 46]. The excited electrons are rapidly equilibrated over
several 100 fs timescales by electron–electron scattering to
produce a hot electron distribution, and these specific electrons
are called hot electrons. The hot electrons distribution is then
relaxed on a few ps timescale by electron–phonon scattering.
During this period, hot electrons at a given temperature (Te),
are not in full thermal equilibriumwith the phonons [47]. Since
heat dissipation mainly occurs through the transport of acous-
tic phonons, here we define the temperature of phonons (Tap)
as the lattice temperature (TL).

Based on the frequency shift of graphene Raman G mode
phonons, we can measure the temperature of the acoustic
phonons of graphene by Raman spectroscopy [48]. Due to
anharmonic phonon coupling, the Gmode of graphene and the
E2g mode of hBN undergo down-shift to lower wavenumbers
as the lattice temperature increases. Temperature coefficient
was defined as the ratio between Raman shift and temperature
γ =∆f/∆T, calibrated by measuring the Raman peak posi-
tions as a function of increasing temperature. The devices were
placed on a hot plate with adjustable temperature up to 1100 K
in a∼10−4 vacuum chamber. Under this steady condition, the
heating is uniform in graphene and the temperatures of elec-
trons and phonons are equal. All the positions of graphene
G, 2D, and hBN E2g peaks show monotonic downshifts with
increasing temperatures, as shown in section S2 and figure S4.
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Figure 1. Suspended Gr/hBN heterostructure light emitter. (a) Schematic of the ultrafast graphene light emitter. The device structure
includes a monolayer graphene and a thin hBN capping layer. (b) Optical microscopy image of a typical suspended device. (c) SEM image
of the suspended device. The width and length of the suspended graphene region were measured to be ∼4.8 and ∼17.6 µm, respectively. (d)
Field-effect curve (I−Vg) of the suspended device and the corresponding I−Vb characteristics (inset).

Figure 2(b) summarizes the peak positions of the three main
Raman modes as a function of environment temperature. For
high temperature up to 1100 K, the downshift of the G, 2D
and E2g modes are approximated linear functions of the hetero-
structure equilibrium temperatures, and the Raman temperat-
ure coefficient γ can be determined.We then switched to Joule
heating experiments, applying various Vb to the suspended
devices. As shown in figure S5, by combining Raman spectro-
scopy with spontaneous optical emission measurements, we
were able to obtain independent information on the temperat-
ure of phonons and electrons in suspended graphene with cur-
rent flow. Figures 2(c)–(e) show the evolution of these Raman
modes at the center of the suspended Gr/hBN heterostruc-
ture at electric fields up to 1.68V ·µm−1. From the Raman
map of the entire suspended region, the spatial distribution
of lattice temperature of graphene can be further deduced by
extracting the Raman peak evolution as a function of electric
field. Here, we focus on the temperatures of acoustic phon-
ons originating from the downshifts of the G mode, since
extracting phonon population from the 2D mode is generally
challenging [3]. As shown in figure 2(f), the outline of suspen-
ded graphene region can be clearly resolved by recording the
local lattice temperature. The corresponding temperatures of
acoustic phonons range from 292 to 960 K under an electric
field of 1.68V·µm−1. In general, themiddle of graphene is hot,

while the graphene near the contacts and the edges are cold.
Along the x-direction, the temperature distribution is sym-
metrical: the temperature is highest in the center and gradu-
ally decreases towards the contacts. This can be explained by
the fact that most of the heat is dissipated through the inter-
face between the graphene and the metal electrodes by sur-
face polar phonon scattering. Meanwhile, the temperature in
graphene hardly changes along the y direction, except for two
suspending edges. By solving the steady-state heat diffusion
equation:−∇ · (κ∇T) = q̇, we calculated the graphene lattice
temperature, where κ is the thermal conductivity of graphene,
T is the graphene lattice temperature, and q̇ is the input elec-
trical power. More details of the numerical simulation can
be found in section S3. Figure 2(i) is the simulated temper-
ature distribution of the suspended device, which is quantit-
atively consistence with the experimental data, as shown in
figures 2(g) and (h). The deviation between the experimental
data (figure 2(f)) and the simulation (figure 2(i)) is mainly due
to the non-uniform strain and defect distribution in suspended
graphene/hBN devices. Due to its own mass, the strain distri-
bution in graphene heterostructure is non-uniform, the strain in
the center is maximum, while the strain on the edges is min-
imal. In addition to strain, random defects also can affect the
accuracy of lattice temperature measurement by Raman spec-
troscopy.
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Figure 2. Probing the temperature of acoustic phonons of graphene by Raman spectroscopy. (a) Current density (J) and power density (P)
as a function of applied bias electric field (F). The inset is the measured resistance (R) as a function of F. (b) The positions of Raman bands
of graphene G and 2D and hBN E2g peaks as a function of temperature. The dashed lines are linear fits. (c)–(e) Raman spectra of suspended
Gr/hBN heterostructure under various F. The dashed lines mark the Raman peak positions at F= 0. (f) Spatial distribution of graphene
lattice temperature determined from Raman map of G peaks. (g) and (h) Vertical and longitudinal temperature profile of graphene. Solid
dots are extracted experimental data, and curves are from simulation. (i) Simulated temperature distribution of graphene lattice. In (f) and
(i), the white dashed shapes mark the suspended graphene regions, and the black dashed lines indicate the center position along x and y
directions, respectively.

Light emission has been demonstrated from Si/SiO2 sup-
ported, suspended and hBN encapsulated graphene devices.
So far, no experimental investigation on suspended Gr/hBN
heterostructure emitters has been reported. Figure 3(a) shows
the light emission spectra of our suspended heterostructure

device under different electric fields. Photon intensity rap-
idly increases with increasing the electric fields (or elec-
tric power). By increasing F from 1.16 to 1.72V ·µm−1,
the photon intensity is significantly enhanced by more than
three orders of magnitude (∼2000-fold). As F increases, the
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Figure 3. Light emission and electronic temperature of graphene. (a) Emission spectra of suspended Gr/hBN light emitter under various
electric fields. Black dashed curve is the calculated gray-body radiation of monolayer graphene at 2810 K without optical cavity
enhancement. The inset shows log scale data on the y axis. The yellow shape in the inset marks the visible spectral range. (b) Determined
various temperatures of the electrons and phonons in suspended Gr/hBN heterostructures. The values of Te were extracted from the fitting of
the emission spectra and the values of Tap of graphene and hBN are estimated from the Raman shifts. (c) Light emission spectra at the
middle position of suspended graphene along the vertical y direction. (d) Gate dependence of the emission spectra at the center position of
suspended graphene.

intensity enhancement is associated with the blue shifts of
the center wavelength of the emission spectra, as shown
in figure S6. For instance, the center peak wavelengths are
980 nm and 940 nm for 1.16and 1.72V ·µm−1, respectively.
We note that for F> 1.47V ·µm−1, the emission spectra
contain significant components of visible photons (400–
760 nm). This is consistence with the optical microscopy
image of the suspended device, which shines visible light
under a modest electric field, as shown in figure S7. The
strong near-infrared emission peaks were further attributed
to the photonic cavity formed by the dielectric layers in the
suspended device, including hBN, vacuum, and SiO2. As a
result, the local optical density of states is modified, lead-
ing to a tailored light emission spectrum. By using the above
parameters, we were able to fit the experimental spectra with
a simple model, as shown in section S4 and figure S8. We
determined the electron temperature Te from the spectral fit-
ting of spectra based on the optical cavity modulation. For
F= 1.72V ·µm−1, a maximum Te ∼ 2810K was extracted.
According to Wien’s displacement law, the peak position at
the center wavelength λmax is given by: λmax = b/T, where

T is the absolute temperature in Kelvins, b is the Wien’s dis-
placement constant, equal to 2897.8 K·µm. Therefore, it can
be clearly deduced that higher equivalent blackbody temperat-
ures mean shorter radiation center wavelengths, which implies
that the spectrum undergoes a blue shift as the temperature
increases. We plotted the peak position of thermal emission
as a function of the electron temperature of graphene, as
show in figure S9. It is also found that the radiation enhance-
ment can reach ∼440% at the 940 nm center wavelength
compared to the gray-body radiation from graphene. We
consider the thermal radiation efficiency (η) at all the
wavelength based on the Stefan–Boltzmann law, J= ϵσT 4,
where ϵ= 2.3% is the emissivity of monolayer graphene,
σ = 5.67 × 10−8 W ·m−2 ·K−4 is the Stefan’s constant.
Under a steady state, we derived η ∼ 1.3 × 10−4, which is
two orders of magnitude higher than the radiation efficiency
of the graphene devices supported on SiO2 or encapsulated
by hBN. Wavelength-dependent enhancements of radiation
efficiency can be further engineered and enhanced by integ-
rating the graphene emitters with plasmonic structures, optical
cavities, photonic crystals, and so on.
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Figure 3(b) shows the derived Te as a function of F, and
the above estimated acoustic photon temperatures of graphene
and hBN. The lattice temperature of hBN is slightly lower
than that of graphene, which is mainly caused by the ver-
tical interfacial thermal resistance [36]. Under modest elec-
tric fields (F> 1.26V ·µm−1), the Tap of both graphene and
hBN is significantly lower than the electronic temperature of
graphene. For example, at F= 1.68V ·µm−1, Te ∼ 2420K is
three times of Tap ∼ 800 K in graphene. Such observation sug-
gests that although the secondary phonons of graphene are
substantially heated up and can reach temperature up to 800 K,
the hot electrons however are not in full equilibrium with the
lower-energy acoustic phonons of graphene. The behavior of
hot electrons in electrically biased graphene has been reported
in both substrate-supported graphene and suspended graphene
light emitters [29, 33]. For SiO2 or hBN supported graphene
devices, Te and Tap reach maximum values of ∼2000 K and
∼1000 K, respectively [30, 36, 38, 40]. In our case, Te is much
higher and can reach ∼2800 K at high bias, but the values of
Tap of graphene are significantly lower∼800 K. We know that
in graphene devices supported by substrates with high elec-
tric fields, optical phonons are in equilibrium with electrons at
temperatures up to ∼2000 K, but optical phonons and acous-
tic phonons are not in full equilibrium with each other because
optical phonons decay at a much slower rate to acoustic phon-
ons than that of optical phonons to electron–hole pairs [29, 30].
Because the heat cannot be dissipated to the substrate in our
suspended Gr/hBN heterostructure devices, the temperatures
of electrons and optical phonons are much higher than those
in substrate-supported graphene devices. Thus, the electrons
in graphene are highly decoupled from its lattice phonons,
allowing for relatively cold graphene lattices and electrodes,
while the electron system is very hot. This unique thermal
decoupling mechanism can generate a highly efficient out-of-
equilibrium light emission from the suspended Gr/hBN het-
erostructures before the device fails at high temperature. Such
special temperature coupling opens up a wide design space for
thermal emission control, which is challenging or impossible
for heated conventional metal or semiconductor nanomateri-
als. As shown in a previous study, suspended Gr/hBN light
emitter can be further integrated with Si-based photonic crys-
tal, so that emission spectrum can be selectively tailored from
a broad band gray body radiation to a desired narrow band
thermal emission [40]. Furthermore, the light emission intens-
ity along the suspended graphene region is fairly uniform
and can be effectively modified by applying an external gate
voltage, as shown in figures 3(c) and (d). The latter is attributed
to the gate-tunable carrier concentration and current density.

2.3. Ultrafast light emission from suspended Gr/hBN
heterostructures

Benefiting from the small volume and ultra-low heat capacity
of graphene, electrically-driven ultrafast light emitter can be
realized by controlling the heating and cooling process of the
electrons of graphene. Therefore, we measured the response
speed of our suspended devices under an ac bias voltage Vac.

The setup of measurement is shown in SI section S5 and figure
S10, where the emission of Gr/hBNwas recorded by a silicon-
based single-photon avalanche diode (SPAD). As shown in
figure 4(a), graphene emitter can be visualized by recording
the thermal emission intensity under Vac = 5V. After calibra-
tion, a series of mixed dc and ac voltages (Vdc = 2V, Vac =
3.8V) were applied to the graphene emitter. Time-correlated
single-photon counting system was applied to record the time-
resolved spectra. Figure 4(b) shows typical ultrafast light
emission excited by ac electric pulses with a fixed repetition
rate of 10 MHz (t= 100ns), but different duration∆tac = 1.7
and 5.0ns, respectively. The time-resolve spectrum demon-
strates that the extracted FWHM of response times are 1.5
and 2.6 ns, which are shorter than the excitation duration and
are dominated by a relatively slow response from the elec-
trical signal generator. As shown in figure 4(c), for all ∆tac
from 45 ns to 1.7 ns, the linear slope between the photon
emission width ∆tph and the electric pulse duration ∆tac is
found to be close to unity, which also indicates the intrinsic
response time of the suspended heterostructure light emission
faster than experimentally obtained. The photon emission time
trace in figure 4(d) shows excellent switching modulation and
near-perfect contrast when the device is driven by a continuous
electrical signal but varies at a repetition rate of 10–40 MHz.

We further extracted the rise time (10%–90% intensity) and
the fall time (90%–10% intensity) from the emission spec-
trum at the 1.7 ns excitation. Both of them were determined
as ∼0.9 ns, as shown in figure S11. This observation suggests
that the heating and cooling processes in suspended hetero-
structure emitter are below 1 ns, mainly limited by the meas-
urement setup. Notably, the heating and cooling response are
symmetric and the time-resolved spectrum can be fitted by
a single peak Gaussian formula, which is fundamentally dif-
ferent with previous reports on substrate-supported graphene
thermal emitters. For graphene emitters on SiO2 or hBN sub-
strates, the cooling is rather slow compared to the rapid heat-
ing process and usually consists of two decay components
[32, 36]. The first fall process is fast, corresponding to the
electron cooling due to electron–phonon scattering, while
the second one is due to much slower vertical heat dissipa-
tion through the underlying substrates. In our case, the lack
of substrate eliminates the heat dissipating substrate. At the
same time, due to Umklapp phonon–phonon scattering, the
thermal conductivity of graphene at high temperature is greatly
reduced, and the in-plane heat dissipation through the con-
tacts is also effectively suppressed [49]. Thus, the reduction
of energy dissipation channels effectively creates hot spots in
the middle of graphene. The temperature response time of the
heating process is on the order of 100 ps, consistent with pre-
vious reports [32, 36]. On the contrary, the lack of dissipa-
tion channels was considered to slow down the cooling pro-
cess of electrons, limiting the modulation speed of suspended
graphene thermal emitters [33]. Here, we demonstrate for the
first time that electrons can cool down as fast as they heat up
in suspended Gr/hBN heterostructure thermal emitters. Driven
by a continuous 0.6 GHz electrical signal, the effective cooling
of hot electrons in graphene appears as switching modulation
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Figure 4. Ultrafast light emission from suspended Gr/hBN heterostructures. (a) Mapping light emission via a SPAD to locate the center of
the suspended emitter. The device is biased by an ac voltage Vac = 5V. The dashed cross marks the center of the suspended graphene. (b)
Typical ultrafast thermal radiation, excited by square electrical pulses, with a fixed repetition rate of 10 MHz and varying electrical pulse
durations∆tac = 1.7 and 5.0ns, respectively. The experimental data (dots) are fitted by single-peak Gaussian fits (curves). (c) The light
emission width ∆tph versus the corresponding electrical pulse width∆tac. Open circles are experimental data and dashed line is linear fit.
(d) Light emission in response to ac voltage pulse injection at different repetition rates. The electrical pulse duration∆tac was kept at 10 ns,
while the repetition rates were selected as 40 MHz, 33.3 MHz, 20 MHz, and 10 MHz, respectively.

with near-perfect contrast. This unusual observation is attrib-
uted to the direct electron cooling of graphene into hBN,which
is mediated by out-of-plane heat transfer enabled by electron–
hyperbolic phonon coupling at the highly localized Gr/hBN
interfaces, as demonstrated in recent theoretical and ultrafast
photocurrent measurements [50–52].

2.4. Hot electrons cooling in graphene

To further understand the microscopic mechanism, we invest-
igated three main pathways of hot electrons cooling in
graphene. The first is electron-optical phonon scattering.
According to the theory and time-resolved spectroscopy stud-
ies, electrons with an energy that is high enough (kBTe >
0.16eV, Te > 1860K) can efficiently emit optical phonons
with scattering times τop well below 1 ps [53, 54]. Therefore,
rapid thermalization occurs not only within the electronic sys-
tem by electron–electron scattering, but also occurs between

electrons and optical phonons due to electron-optical phonon
scattering. The hot electrons are strongly coupled to the
optical phonons of graphene and are in equilibrium, while
optical phonons cool down to low-energy acoustic phonons
much more slowly. The lifetime of optical phonon τop−ap in
graphene has been measured by time-resolved Raman spec-
troscopy, yielding values in the order of a few ps [55]. Since
hot optical phonons cannot cool down fast enough, they may
heat the electron again. This hot phonon bottleneck causes
electrons in graphene to have similar temperatures to optical
phonons, while acoustic phonons have much lower temperat-
ures. As shown in figures 3(b) and 5(a), in suspended graphene
devices under high bias, the temperature of electrons is much
higher than the temperature of lattice. That is, electrons are
out-of-equilibrium with acoustic phonons in graphene and
in hBN. The second cooling pathway is electron-acoustics
phonon scattering. Electrons whose kinetic energy is not suffi-
cient to couple with optical phonons can be coupled to acoustic
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Figure 5. Mechanism and figure of merit of out-of-equilibrium light emission. (a) Schematic diagram of the heating and cooling of
electrons in graphene, wherein in the hot state, the electron distribution is characterized by the carrier temperature Te greater than the lattice
temperature TL, and the ‘hot’ chemical potential µ less than the equilibrium chemical potential µeq. (b) Comparison of the figures of merit of
graphene emitters between this work and previous reports, including electronic temperature, modulation frequency and radiation efficiency.

phonons. Previous works have investigated the cooling of hot
electrons in graphene by momentum-conservation scattering
of acoustic phonons. The cooling channel typically results in
a lifetime τap on the order of ns, which is much less efficient
than cooling through optical phonons [56, 57]. This is mainly
due to the requirement of conservation of momentum and the
large velocity mismatch between electrons and acoustic phon-
ons. The last cooling channel is the substrate or interface phon-
ons. Hot electrons in graphene can be relaxed by coupling
to nearby substrate phonons (in our case, the bottom layers
of hBN on top of graphene). Specifically, hBN is a natural
hyperbolic material in which hyperbolic phonon polaritons
occur in its two Reststrahlen bands. Since these two spectral
regions have hyperbolic phonon polaritons, the hot electrons in
Gr/hBN are cooled by out-of-plane coupling with hyperbolic
phonon polaritons in hBN. Thus, the hot electrons in graphene
can be cooled by near-field coupling to a large photonic dens-
ity of states, resulting in ps cooling time of electrons [51, 52,
58, 59].

In our case, the excitation time of the electrical pulse is on
the order of ns, which is much longer than the upper limit of
ps optical phonon lifetime τop. Thus, hot electrons in graphene
are expected to strongly couple to and equilibrate with optical
phonons of graphene. These phonons are connected to the
acoustic phonon system by thermal conductance Γ1 and then
to the ambient temperature via Γ2. The measured difference in
the temperature of electrons and acoustic phonons, Te −Tap =
P/Γ1, provides an estimation of Γ1 ∼ 32.5 MW·m−2·K−1.
This value is consistent with recent theoretical and experi-
mental results [36, 60]. The measured cooling time τc ∼ 0.9 ns
provides a measurement of the electron/phonon heat capacity
of the system, C= τcΓ1 = 2.9 × 10−2 J·m−2·K−1, which
is significantly larger than the electronic heat capacity alone,
indicating the equilibrium of electrons and optical phonons.
This value corresponds to optical phonons in graphene and a
∼12 nm thick hBN layer on top of it [61]. This analysis is

qualitatively consistent with the out -of-plane coupling of hot
electrons in graphene to hyperbolic phonon polaritons in hBN.
Observations of sub-ns cooling times in graphene support the
assumption that hot electrons are efficiently cooled by coup-
ling to hBN phonon polaritonic modes at the Gr/hBN interface
rather than directly to acoustic phonons of graphene.

Based on the above analysis, the hBN capping layer
on top of graphene not only provides strong adhesion to
enhance the mechanical stability of the suspended devices,
but also provides effective cooling pathways for hot elec-
trons in graphene through out-of-plane coupling to hyperbolic
phonon polaritons in hBN. Thus, the suspended Gr/hBN het-
erostructure light emitters demonstrated in this work simul-
taneously exhibits high stability and fast modulation speed
of substrate-supported devices, as well as high electron tem-
perature and high radiation efficiency of suspended devices.
Furthermore, the monolithically sculpted vdW heterostruc-
tures offers the ability to design the spectrum through optical
cavities, which can be further integrated into silicon photonic
platform. Figure 5(b) summarizes the figures of merit of this
work and previous reports, showing the best comprehensive
performance of suspended Gr/hBN heterostructure thermal
emitters.

3. Conclusions

In summary, here we established suspended Gr/hBN hetero-
structure devices as high-performance light emitters with high
stability (∼80% success rate of device fabrication), high radi-
ation efficiency (∼1.3× 10−4, two orders of magnitude higher
than graphene on substrates), and ultrafast electrical modula-
tion rate (>1GHz bandwidth). Elimination of substrate energy
dissipation effectively generates hot electrons in biased sus-
pended Gr/hBN devices, where the electrons acquire much
higher temperature than the acoustic phonons and are not in
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thermal equilibrium with the graphene lattices. By capping
graphene with the top hBN layer, the interfacial vdW interac-
tion not only provides strong adhesion to enhance the mechan-
ical properties of suspended graphene, but also offers a rapid
cooling pathway of hot electrons in graphene to the hyperbolic
polariton modes in hBN, leading to ultrafast light emission
from graphene. By integrated with silicon-based optical cav-
ity, the emission spectrum of suspended Gr/hBN thermal emit-
ters can be modified and enhanced in the near-infrared and the
visible spectral range. The unique heat transfer mechanism,
combined with the small volume and record-low heat capa-
city of graphene, makes it ideal for electrically driven ultrafast
light sources, which are key components in high-performance
photonic integrated circuits.

4. Methods

The thicknesses of graphene and hBN were measured by
AFM (NT-MDT NTEGRA PRIMA). The Raman spectra of
graphene and hBNweremeasured by a confocal micro-Raman
spectrometer (Renishaw inVia Qontor), which uses a solid-
state laser at 532 nm. The used grating is 1800 grooves mm–1,
and a spot size of the laser is about 500 nm. I−Vb and I−Vg

characteristics were measured by a probe station (Lake Shore
CRX-6.5 K Cryogenic Probe Station) with a source meter
(Keithley 2636B). Thermal emission spectra were recorded
using a spectrometer and an electrically cooled Si CCD with a
50× objective. The spectrometer is calibrated by quartz tung-
sten lamp at a temperature of 3200 K before measurement. All
measurements are performed in a vacuum.
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