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Bright visible light emission from graphene
Young Duck Kim1,2*‡, Hakseong Kim3‡, Yujin Cho4‡†, Ji Hoon Ryoo1‡, Cheol-Hwan Park1,
Pilkwang Kim1, Yong Seung Kim5, Sunwoo Lee6, Yilei Li6,7, Seung-Nam Park8, Yong Shim Yoo8,
Duhee Yoon4†, Vincent E. Dorgan9†, Eric Pop10, Tony F. Heinz6,7†, James Hone2, Seung-Hyun Chun5,
Hyeonsik Cheong4, Sang Wook Lee3, Myung-Ho Bae8,11* and Yun Daniel Park1,12*
Graphene and related two-dimensional materials are promising
candidates for atomically thin, ﬂexible and transparent optoelectronics1,2. In particular, the strong light–matter interaction
in graphene3 has allowed for the development of stateof-the-art photodetectors4,5, optical modulators6 and plasmonic
devices7. In addition, electrically biased graphene on SiO2
substrates can be used as a low-efﬁciency emitter in the midinfrared range8,9. However, emission in the visible range has
remained elusive. Here, we report the observation of bright
visible light emission from electrically biased suspended
graphene devices. In these devices, heat transport is greatly
reduced10. Hot electrons (∼2,800 K) therefore become
spatially localized at the centre of the graphene layer, resulting
in a 1,000-fold enhancement in thermal radiation efﬁciency8,9.
Moreover, strong optical interference between the suspended
graphene and substrate can be used to tune the emission
spectrum. We also demonstrate the scalability of this technique
by realizing arrays of chemical-vapour-deposited graphene
light emitters. These results pave the way towards the
realization of commercially viable large-scale, atomically
thin, ﬂexible and transparent light emitters and displays with
low operation voltage and graphene-based on-chip ultrafast
optical communications.
For the realization of graphene-based bright and broadband light
emitters, the non-equilibrium electron–hole recombination in
gapless graphene is not efﬁcient because of the rapid energy relaxation that occurs through electron–electron and electron–phonon
interactions11–13. On the other hand, graphene’s superior strength14
and high-temperature stability may enable efﬁcient thermal light
emission. However, the thermal radiation from electrically biased
graphene supported on a substrate8,9,15–17 has been found to be
limited to the infrared range and to be inefﬁcient, as an extremely
small fraction of the applied energy (∼10−6)8,9 is converted into
light radiation. Such limitations are the direct result of heat dissipation through the underlying substrate18 and signiﬁcant hot electron
relaxation from dominant extrinsic scattering effects such as charged
impurities19 and the surface polar optical phonon interaction20,
thus limiting maximum operating temperatures.

Freely suspended graphene is largely immune to such undesirable vertical heat dissipation10 and extrinsic scattering effects21,22,
and therefore promises much more efﬁcient and brighter radiation
in the infrared-to-visible range. Due to the strong Umklapp
phonon–phonon scattering23, we ﬁnd that the thermal conductivity
of graphene at high lattice temperatures (1,800 ± 300 K) is greatly
reduced (∼65 W m−1 K−1), which also suppresses lateral heat
dissipation, so hot electrons (∼2,800 K) become spatially localized
at the centre of the suspended graphene under modest electric
ﬁelds (∼0.4 V µm–1), greatly increasing the efﬁciency and brightness
of the light emission. The bright visible thermally emitted light
interacts with the reﬂected light from the separate substrate surface,
giving interference effects that can be used to tune the wavelength
of the emitted light.
We fabricated freely suspended graphene devices with mechanically exfoliated graphene ﬂakes and, for the demonstration of scalability, we also used large-scale monolayer graphene grown on Cu
foil using a low-pressure chemical-vapour-deposited (CVD)
method and graphene directly grown on a SiO2/Si substrate using
a plasma-assisted CVD method24. Details of the sample fabrication
process and characterizations of the mechanically exfoliated and
CVD-grown graphene are provided in Supplementary Section 1.
Representative suspended graphene devices are presented in
Fig. 1a (Supplementary Fig. 2).
Figure 1b shows the experimental set-up used to investigate light
emission from electrically biased suspended graphene under
vacuum (<10−4 torr) at room temperature. A clean graphene
channel and reliable contacts were achieved using a currentinduced annealing method25 (Supplementary Section 2). The
suspended graphene channel begins to emit visible light at its
centre once the source–drain bias voltage (VSD) exceeds a threshold
value, and its brightness and area of emission increase with VSD. The
brightest spot of the emission is always located at the centre of the
suspended graphene, which coincides with the location of
maximum temperature10 (Supplementary Section 3). We observed
bright and stable visible light emission from hundreds of electrically
biased suspended graphene devices. Figure 1c–f presents optical
microscope images of visible light emission from mechanically
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Figure 1 | Bright visible light emission from electrically biased suspended graphene. a, False-colour scanning electron microscopy image of suspended
monolayer graphene devices. b, Schematic illustration of electrically biased suspended graphene and light emission from the centre of the graphene.
c–f, Micrographs of bright visible light emission from suspended mechanically exfoliated graphene: few-layer graphene (L = 6.5 µm, W = 3 µm) at zero bias (c)
and VSD = 2.90 V (d); multilayer graphene (L = 14 µm, W = 40 µm) at VSD = 7.90 V (e); monolayer graphene (L = 5 µm, W = 2 µm) at VSD = 2.58 V (f).
g, Optical image of remarkably bright visible light emission from suspended mechanically exfoliated few-layer graphene, which is visible even to the naked
eye, without additional magniﬁcation. h, Micrograph of multiple parallel suspended CVD few-layer graphene devices (the dashed-line boxes highlight each
graphene device with L = 2 µm and W = 2 µm) under zero bias (upper image) and seven spots of bright visible light emission from parallel suspended
CVD graphene devices at VSD = 6.42 V (lower image) under ambient conditions.

exfoliated few-layer (Fig. 1c,d), multilayer (Fig. 1e) and monolayer
(Fig. 1f) graphene devices (Supplementary Movies 1–3). The
emitted visible light is so intense that it is visible even to the naked
eye, without additional magniﬁcation (Fig. 1g and Supplementary
Movie 4). An array of electrically biased multiple parallel-suspended
CVD few-layer graphene devices exhibit multiple bright visible light
emission under ambient conditions, as shown in Fig. 1h (see
Supplementary Movie 5 for light emission under vacuum for more
stable and reproducible bright visible light emission). The observation
of stable, bright visible light emission from large-scale suspended
CVD graphene arrays demonstrates the great potential for the
realization of complementary metal-oxide-semiconductor (CMOS)compatible, large-scale graphene light emitters in display modules
and hybrid silicon photonic platforms with industry vacuum
encapsulation technology26.

For the optical characterization of visible light emission from
suspended graphene, we simultaneously collected emission spectra
and performed Raman spectroscopy at various values of VSD with
zero gate bias, using the set-up presented in Supplementary
Section 4. The emission spectra of devices suspended over trenches
with depths D ranging from 900 to 1,100 nm exhibit multiple peaks
in the range ∼1.2–3 eV, as shown by the symbols in Fig. 2a (monolayer) and 2b (trilayer graphene). These strong multiple lightemission peaks are interesting, especially for the monolayer graphene
(length L = 6 µm, width W = 3 µm) shown in Fig. 2a, because graphene does not have an intrinsic bandgap and its light spectrum
is expected to be that of a featureless grey body radiation8,9.
Similarly, multiple strong light-emission peaks were observed
from tens of different suspended graphene devices with different
numbers of layers and D ≈ 800–1,000 nm (Supplementary
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Figure 2 | Spectra of visible light emitted from electrically biased suspended graphene. a,b, Visible light emission spectra (symbols) of suspended
mechanically exfoliated monolayer (L = 6 µm, W = 3 µm, a) and trilayer (L = 9 µm, W = 3 µm, b) graphene at various source–drain bias voltages (VSD),
exhibiting multiple strong emission peaks. In a, from top to bottom, VSD = 2.7, 2.6, 2.5, 2.3, 2 and 1.6 V. In b, from top to bottom, VSD = 3.65, 3.6, 3.55, 3.5,
3.45, 3.4, 3.3, 3.2 and 3.1 V. The visible light emission spectra can be well ﬁtted by simulating the interference effect on the thermal radiation spectrum from
the suspended graphene (solid curves), which allows for the estimation of the approximate electron temperature Te of the suspended graphene (legend key).
Insets (a,b): emission-peak energies as a function of VSD and applied electric ﬁeld (F = VSD/L). Dashed lines: calculated peak energies based on the interference
effect of thermal radiation. c,d, Integrated intensity of each emission peak and the electrical current ID for suspended mechanically exfoliated monolayer (c) and
trilayer (d) graphene versus VSD (equivalently, the applied electric ﬁeld). The current ID and corresponding applied electrical power decrease with increasing
VSD , whereas the intensities of the emission peaks increase rapidly.

Fig. 10a,b). The multiple light-emission peaks in the visible regime
are rather insensitive to the number of layers (Supplementary
Section 5). On the other hand, the visible light emission spectra
observed from suspended graphene devices with relatively shallow
trenches (D ≈ 80–300 nm)8,9 are featureless and grey body
radiation-like in the visible range of the spectrum (∼1.2–3 eV)
(Supplementary Fig. 10c,d). These results indicate that the existence
of peaks at certain light-emission energies strongly depends on D
rather than the number of graphene layers or the electronic band
structure (Supplementary Sections 5 and 6).
To understand the multiple light emission peaks and signiﬁcant
spectral modulation caused by changes in D, we consider the interference effects between the light emitted directly from the graphene
and the light reﬂected from the substrate (air/Si interface), as
illustrated schematically in Fig. 3a. We ﬁnd the relation between
D and the energy separation between two consecutive destructive
interferences to be
Δ(D) =

1,239.8 nm
eV
2D

(1)

According to equation (1), Δ ≈ 0.6 eV for D ≈ 1,000 nm, which is in
agreement with our measurements (Fig. 2a,b). To conﬁrm this correlation we simulated the spectral modulation based on the
678

interference27 of the thermal radiation from the suspended graphene
(see Methods and Supplementary Section 5). Figure 3b presents
simulated spectra in the visible range for various trench depths at
an electron temperature Te of 2,850 K, where the solid and dashed
curves indicate constructive and destructive interferences, respectively (Supplementary Fig. 12). Strong interference effects enable
us to selectively enhance the thermal radiation for a particular wavelength from electrically biased suspended graphene devices by
appropriately engineering their trench depth (Fig. 3c). In addition,
we ﬁnd that the emission spectra in the visible range are (1)
rather insensitive to the number of graphene layers n for n ≈1–3
and (2) not affected appreciably by the absorption and reﬂection
due to the graphene layers (Supplementary Sections 5 and 6).
The simulated interference effects on the thermal radiation from
suspended graphene (solid curves in Fig. 2a,b) are in good agreement with the experimental observations for both monolayer
(Fig. 2a) and trilayer (Fig. 2b) devices, corresponding to mean
trench depths of 1,070 nm and 900 nm, respectively. By comparing
the light-emission spectra obtained from the experiments and those
from the theoretical models, we estimate the maximum Te of
electrically biased suspended graphene at each VSD , and ﬁnd
that Te can approach ∼2,800 K. The calculated peak positions
(insets of Fig. 2a,b, dashed curves) and peak intensities as a
function of VSD are also in agreement with the experimental data
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Figure 3 | Simulated spectra of radiation from electrically biased suspended graphene. a, Schematic illustration of interference between reﬂected (dashed
arrow) and thermal radiation originating directly from graphene suspended over a trench (solid arrow). Red shading represents light intensity enhancement
from a constructive interference effect. b, Simulated intensity of thermal radiation from suspended graphene as a function of trench depth D and photon
energy at a constant electron temperature (2,850 K). Solid curves (dashed curves) represent the conditions for constructive (destructive) interference
depending on the trench depth and photon energy. c, Simulated emission spectra of electrically biased suspended graphene with various trench depths. The
strong interference effect allows for engineering the thermal radiation spectra in the visible range.

(Fig. 2c,d, symbols). The light-emission intensity increases rapidly
with increasing VSD when VSD is beyond a certain threshold, as
shown in Fig. 2c,d. Interestingly, the emission intensity exhibits a
strong correlation with the applied electric ﬁeld (F = VSD/L) rather
than with the applied electrical power (P = VSD × ID , where ID is
the drain current) (Supplementary Fig. 13). In fact, we observe a
rapid increase in light-emission intensity for an electric ﬁeld
strength above a certain critical point (∼0.4 V µm–1) in the suspended mechanically exfoliated mono/trilayer graphene devices,
even when the current and applied electrical power are decreased
at constant VSD , because of the thermal annealing effect28 or
burning of the edge of the graphene at high temperatures29. This
unconventional behaviour is attributed to the accumulation of
hot electrons and hot graphene optical phonons (OPs) above the
critical electric ﬁeld (∼0.4 V µm–1) in the suspended graphene. It
is likely that the suspension of the graphene (1) reduces the
energy loss suffered by electric-ﬁeld-induced hot electrons upon
scattering from extrinsic sources such as charged impurities and
remote polar phonons in the substrate and (2) prevents the
cooling of the hot electrons and phonons via heat loss through
the substrate. We note that suspended few- and multilayer graphene
devices at modest electric ﬁelds (F > 0.4∼0.5 V µm–1) exhibit a
current saturation behaviour followed by negative differential
conductance (Supplementary Section 7), which has been known
to be a signature of strong electron scattering by intrinsic OPs
and non-equilibrium between OPs and acoustic phonons (APs) in
carbon nanotubes30.
To estimate the temperature of the suspended graphene and
understand the observed correlation between thermal visible-light
emission and applied ﬁeld strength, we performed numerical

simulations of electrical and thermal transport in suspended
graphene devices under bias voltages (Supplementary Section 8).
It is known that in substrate-supported graphene at high electrical
ﬁelds, the OPs are in equilibrium with electrons at temperatures
of up to ∼2,000 K, but the OPs and APs are not in equilibrium
with each other because the decay rate of OPs to APs is much
slower than that of an OP to an electron–hole pair8,9,15. In a
suspended graphene structure, the lattice temperature of the APs
(Tap) is much higher than that in graphene supported on a substrate,
because heat cannot dissipate into the substrate8. This, in turn,
results in higher temperatures of the OPs (Top) and electrons (Te).
We express the increase in OP temperature as30,31
Top (α) = Tap + α(Tap − T0 )

(2)

where T0(=300 K) is the environmental temperature and Top = Te.
Here, α is a constant determined from ID–VSD curves measured at
various temperatures32.
From numerical simulations based on our transport model10,16,
we determined the thermal conductivity (Fig. 4b), local Top (Te)
(Fig. 4c) along the transport direction, and theoretical ID–VSD
curves of the suspended monolayer graphene (Fig. 4a). In this
model, the carrier mobility and thermal conductivity are expressed
as μ(Te) = μ0(T0/Te)β and κ(Tap) = κ0(T0/Tap)γ, respectively, where
μ0 ≈ 11,000 cm2 V−1 s−1 (∼2,200 cm2 V−1 s−1), κ0 ≈ 2,700 W m−1 K−1
(∼1,900 W m−1 K−1), β ≈ 1.70 (1.16) and γ ≈ 1.92 (1.00) for the
monolayer (trilayer) graphene (see Supplementary Section 8 for
details of the trilayer graphene case). For both monolayer and
trilayer graphenes, the estimated thermal conductivity is lowest
at the centre, with κ ≈ 65 W m−1 K−1 (∼250 W m−1 K−1) for
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Figure 4 | Electrical and thermal transport in electrically biased suspended graphene. a, ID–VSD relation (symbols) for suspended mechanically exfoliated
monolayer graphene obtained during the measurement of visible light emission spectra (presented in Fig. 2a). Solid curves: calculated results based on the
transport model. b,c, Estimated thermal conductivities (b) and electron and optical phonon temperature (Top = Te) proﬁles (c) as functions of position along
the transport direction for the upper bounds depicted in d. Here, x = ±3 μm are the boundaries between the graphene and the metal electrodes. d, Various
peak temperatures at the centre of the graphene as functions of the electric ﬁeld F in suspended mechanically exfoliated monolayer and trilayer graphene
devices. The symbols represent the electron temperatures Te determined from the thermal light-emission spectra and the acoustic phonon temperatures
Tap determined from the G-peak shifts in the Raman signals. Shaded regions bounded by two dashed curves were obtained based on the transport model.
Upper and lower bounds account for the uncertainty in the width of the suspended graphene under high bias (Supplementary Section 8).

Tap ≈ 1,800 ± 300 K (∼1,700 ± 200 K) in the monolayer (trilayer)
case, as shown in Fig. 4b. Furthermore, the highest Te and Top
(the values at the centre of the suspended monolayer graphene
channel) can be estimated to be ∼3,000 K, whereas Tap is ∼2,200 K,
as shown in Fig. 4c,d and Supplementary Table 2. Te and Top ,
estimated by our transport model when parameter α in equation (2)
is set to 0.39 and 0.30 for monolayer and trilayer graphene
devices, respectively, are in good agreement with the value of Te
extracted from the light-emission spectra (Fig. 2a,b). We could
also obtain Tap from the G-peak shift33 in the Raman spectra, as
shown in Fig. 4d (Supplementary Section 8A). However, the
thermal radiation from electrically biased suspended graphene
becomes signiﬁcantly stronger than the Raman signal with increasing VSD , which places an upper bound on the temperature (∼1,500 K)
that can be extracted via Raman spectroscopy (see Supplementary
Section 8C for analysis of CVD graphene cases).
Finally, we considered the thermal radiation efﬁciency of the
electrically biased suspended graphene based on a carefully calibrated spectrometer (see Methods). To estimate the energy dissipation via thermal radiation across all wavelengths from electrically
biased suspended graphene, we calculated the ratio of the radiated
power Pr , obtained using the Stefan–Boltzmann law from the
measured electron temperature, to the applied electrical power Pe
680

(Supplementary Section 9). In the considered case of maximum
thermal radiation power (corresponding to Te ≈ 2,800 K) for monolayer and trilayer graphenes, we obtained thermal radiation efﬁciencies (Pr/Pe) of ∼4.45 × 10−3 and ∼3.00 × 10−3, respectively. These
efﬁciencies are three orders of magnitude higher than those of
graphene devices supported on SiO28,9. We expect a wavelengthdependent further enhancement of radiation efﬁciency in atomically
thin graphene from applying radiation spectrum engineering
approaches such as optical cavities, photonic crystals and hybrids
with optical gain mediums.
Graphene is mechanically robust under high current densities
and at high temperatures, with an abrupt decrease in thermal
conductivity. These properties facilitate the spatially localized
accumulation of hot electrons (∼2,800 K) in an electrically
biased suspended graphene layer, making graphene an ideal
material to serve as a nanoscale light emitter. Furthermore, the
broadband emission spectrum tunability that can be achieved
by exploiting the strong interference effect in atomically ﬂat suspended graphene allows for the realization of novel large-scale,
atomically thin, transparent and ﬂexible light sources and
display modules. The graphene visible light emitter may open
the door to the development of fully integrated graphene-based
optical interconnects.
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Methods

Sample preparation. Pristine mechanically exfoliated graphene ﬂakes were taken
from Kish graphite (NGS Naturgraphit GmbH) using the standard Scotch-tape
method. The number of layers of mechanically exfoliated graphene was conﬁrmed
by Raman spectroscopy and atomic force microscopy (AFM). We also used two
kinds of large-scale CVD graphene layers to demonstrate the scalability of the
graphene light emitter: (1) large-scale CVD monolayer graphene grown on Cu foil
and transferred onto the SiO2/Si substrate by etching the Cu foil with polymethyl
methacrylate (PMMA) ﬁlm; (2) large-scale CVD few-layer graphene, directly grown
on the SiO2/Si substrate using a plasma-assisted CVD technique, as shown in ref. 24.
The direct growth technique provides uniform and large-scale few-layer graphene,
without transfer-process-induced fractures, defects, wrinkles or impurities. See
Supplementary Section 1 for details of sample characterization and the fabrication
process for the suspended graphene devices. The devices tested in this work
have lengths of L ≈ 1–15 µm, widths of W ≈ 1–40 µm and trench depths of
D ≈ 80–1,200 nm.
Acquiring optical images of visible light emission from graphene. The
micrographs of bright visible light emission from graphene shown in Fig. 1c–f,h and
Supplementary Movies 1–3 and 5 and 6 were acquired using a charge-coupled device
(CCD) digital camera (INFINITY 2, Lumenera Coporation, exposure time of
100 ms) with a ×50 objective lens (Mitutoyo Plan Apo SL). The optical images of
bright visible light emission from graphene shown in Fig. 1g and Supplementary
Movie 4 were acquired using a digital camera (5 megapixels, 3.85 mm f/2.8 lens,
Apple iPhone 4, high dynamic range (HDR) mode) without magniﬁcation.
Optical measurements. The Raman spectra were measured using the 514.5 nm line
of an Ar ion laser or the 441.6 nm line of a He–Cd laser with a power of 500 µW. We
used a ×50 objective lens (Mitutoyo Plan Apo SL, NA 0.42 and WD 20.3 mm) to
focus the laser beam onto the sample, which was housed in a vacuum of <10−4 torr at
room temperature. A Jobin-Yvon Triax 320 spectrometer (1,200 groove/mm) and a
CCD array (Andor iDus DU420A BR-DD) were used to record the spectra. The
bright visible light emission spectra were measured using the same system. At each
bias voltage, the Raman and light-emission spectra were measured sequentially,
using a motorized ﬂipper mount for a dichroic ﬁlter and an optical beam shutter
(Thorlabs SH05). The throughput of the optical system was carefully calibrated
using a calibrated black-body source (1,255 K, OMEGA BB-4A) and a tungsten
ﬁlament (3,000 K, calibrated against the International System of Units in the Korea
Research Institute of Standards and Science).
Stability of visible light emission from suspended graphene. In general, the
stability of visible light emission from suspended graphene under ambient
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conditions is limited by oxidation at high temperatures10. Under vacuum
environments, however, we observed stable and reproducible bright visible light
emission from suspended graphene devices. We performed electrical transport
measurements at various times during the bright visible light emission, and Raman
spectroscopy before and after emission (Supplementary Section 3). From such
experiments we concluded that the suspended graphene light emitters were not
damaged during the light-emission process with modest electric ﬁelds. Furthermore,
the non-diminishing, stable light emissions arising from a series of electrical-bias
pluses (shown in Supplementary Movie 6) demonstrate the durability of the
atomically thin light emitter and the reproducibility of the bright visible light
emission phenomenon.
Interference effect on thermal radiation from suspended graphene. The visible
light radiating from the surface of the graphene interferes with the light reﬂected
from the Si surface. If we neglect the tiny fraction of light being reﬂected or absorbed
by the graphene, then the interference-modulated intensity I(ω;D) is given by




1 + |r (ω)|2
I (ω;D) = I0 (ω)
+ Re r(ω) exp(i2ωD/c)
2

(3)

where I0(ω) (≈εω 3/(exp(ħω/kBT ) – 1)) is the intensity of thermal radiation from the
graphene, r(ω) is the reﬂection coefﬁcient of Si (∼0.5 for the visible region), ω is the
photon frequency, ε is the emissivity of graphene, D is the trench depth, kB is
the Boltzmann constant, T is the electron temperature and c is the speed of light. The
interference pattern is partially washed out by any non-uniformity in the trench
depth originating from any roughness or tilt of the Si and graphene surfaces and
thermal vibration of the graphene. Thus, the measured light intensity 〈I(ω)〉avg can
be determined as the average of I(ω;D) over D. Under the assumption that the
probability distribution of D obeys P(D) ∝ exp[−(D − D0 )2 /2(ΔD)2 ], 〈I(ω)〉avg has a
similar form to equation (3) with D = D0:





2
1 + |r (ω)|2
+ e−2(ωΔD/c) Re r(ω) exp i2ωD0 /c
〈I (ω)〉avg = I0 (ω)
2

(4)

where the additional factor e−2(ωΔD/c) , which represents the wavelength-dependent
interference efﬁciency, allows for a much better ﬁt to the experimental data than can be
achieved using equation (3). By comparing our model, represented by equation (4),
with the experimental data, we can obtain mean trench depths of D0 = 1,070 nm and
900 nm and standard deviations of ΔD = 58 nm and 45 nm for suspended mono- and
trilayer graphene, respectively.
2
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1

Movie clips
Move clip S1 - 3: visible light emission from suspended ME graphene by microscope CCD
camera.
S1: few-layer (VSD = 2.4V –> 2.9V -> 2.4V).
S2: multi-layer (increase pulsed VSD = 7.5V –> 8V).
S3: monolayer (VSD = 2.2V –> 2.58V -> 2.2V).

Movie clip S4: visible light emission from suspended ME few-layer graphene by the digital
camera (iPhone 4).

Movie clip S5: visible light emission from suspended CVD graphene under vacuum by
microscope CCD camera (VSD = 2.2V –> 2.7V -> 2.2V).

Movie clip S6: visible light emission from suspended ME monolayer graphene with pulsed
voltage bias under vacuum by microscope CCD camera (Pulsed voltage bias).
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S1. Fabrication process and characterization of suspended graphene
devices
A. Suspended mechanically exfoliated (ME) graphene
The suspended mechanically exfoliated (ME) graphene structures are realized with
nano-fabrication processes utilizing a PMMA mediated micro contact transfer method as
shown in Supplementary Fig. 1.
(1) Mechanically exfoliated graphene was prepared on a SiO2/Si substrate.
(2) A PMMA (Polymethyl methacrylate, 950K C4) was spin coated on graphene at 4500 rpm
followed by baking process at 180°C for 5 minutes.
(3-4) To make a patterned graphene array, PMMA on unwanted areas of graphene was
exposed by e-beam lithography, and the remaining PMMA after development acted as an
etch mask during O2 plasma etching.
(5) Patterned graphene array was prepared after removing PMMA with acetone.
(6) PMMA was spin coated again on the patterned graphene ribbons using the same recipe as
in step (2).
(7) PMMA membrane with graphene ribbons was separated from SiO2/Si substrate in 10%
(wt) potassium hydroxide water solution (KOH).
(8) The separated PMMA membrane with attached graphene was rinsed with DI-water to
remove the KOH residue from the graphene surface and dried at room temperature in
Nitrogen atmosphere.
(9) The position of the PMMA membrane with patterned graphene arrays was manipulated
on prepared trench substrate (depth: 300 ~ 1100 nm) using home-made micro-position
aligner.
(10) Using micro contact transfer method, each side of the graphene ribbons were attached to
the Au electrodes of the prepared trench.
(11) The PMMA layer was removed by an acetone wash followed by an IPA (Isopropanol)
rinse. The suspended ME graphene devices are completed after a critical point drying
process (see Supplementary Figs. 2 a-f).
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Supplementary Fig. 1 | Schematic of fabrication process of suspended ME graphene.
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B. Large-scale suspended CVD graphene
The large-scale suspended CVD graphene structures are realized using wet-etching
method. Here, we use the large-scale LPCVD monolayer graphene initially grown on Cu foil
and then transferred onto a SiO2/Si substrate. In addition, we also use the large-scale plasmaassisted CVD few-layer graphene1, which enables direct growth of few-layer graphene on an
arbitrary substrate without transfer and stacking process.
(1) A PMMA (950K C4) was spin coated on CVD graphene with at 4500 rpm followed by
baking process at 180°C for 5 minutes.
(2) To make a patterned CVD graphene array, PMMA on unwanted areas of graphene was
exposed by e-beam lithography, and the remaining PMMA after development was acted as
an etch mask during O2 plasma etching.
(3) Patterned graphene array was prepared after removing PMMA with acetone.
(4) Electrodes were patterned by e-beam lithography.
(5) Metal deposition (Cr/Au=20/80 nm) and lift-off.
(6) SiO2 was removed using buffered oxide etchants (BOE) or HF and rinsed in D.I. water.
(7) The large-scale suspended CVD graphene devices are completed after critical point
drying process (see Supplementary Figs. 2 g-h).

© 2015 Macmillan Publishers Limited. All rights reserved

  
Supplementary Fig. 2 | Scanning electron microscopy images of suspended ME
graphene devices (a-f) and large-scale suspended CVD graphene devices (g-h).
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C. Characterization of suspended graphene devices.

  
Supplementary Fig. 3 | Raman spectroscopy of suspended ME graphene devices. a and
b, Two different monolayer graphene devices. c, Tri-layer graphene. d, Multi-layer
graphene.

  
Supplementary Fig. 4 | Characterization of plasma-assisted CVD direct grown fewlayer graphene. a, AFM image of unsuspended CVD few-layer graphene on SiO2/Si
substrate, we estimate the grain size to be ~ 20 nm and the average thickness ~ 1nm. b,
Raman spectroscopy of suspended CVD few-layer graphene devices, D and D’ peaks are
attribute to the small grain size.
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S2. Current-induced annealing for high quality contact
As-fabricated suspended ME graphene devices usually have a high total resistance
from a few tens to hundreds of kilo ohms, which is largely due to the transfer process of
patterned graphene to a pre-fabricated trench and electrodes accompanied by PMMA residue
and contaminants on the channel and at the interface between graphene/metal electrodes.
These impurities become the dominant scattering sources for mobile carriers and increase the
contact resistance of suspended ME devices2. To achieve a clean graphene channel as well as
stable and reliable high quality electrical contacts, we swept the source-drain bias voltage
with slow increases in the maximum bias voltage at each step. While sweeping the bias
voltage, we observe a significant decrease in the total resistance of suspended ME graphene
devices as shown in Supplementary Fig. 5. It is attributed to the slow current-induced
annealing effect, which removes the impurities at the graphene/metal electrode interfaces as
well as graphene channel, resulting in an improvement in the electrical contact quality. After
the annealing process, the contact resistivity (1.2 ± 0.2 kΩ·µm) for the suspended monolayer
graphene was obtained by the transfer length method3 as shown in Supplementary Fig. 6.
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Supplementary Fig. 5 | Total resistance reduction by repetitive sweeping of the sourcedrain bias voltage. I-V curve of suspended ME (a) tri-layer graphene (L =6.5 um, W = 3 um)
and (b) multi-layer graphene (L =9 um, W = 3 um). The total resistance of suspended
graphene obtained at VSD = 0.1 V as a function of maximum power Pmax by repetitive
sweeping of VSD (where the maximum value of VSD, Vmax, increases in each sweeping cycle)
is lowered and approaches (c) ~ 3.5 kΩ (tri-layer) and (d) ~ 0.5 kΩ (multi-layer). Reduction
in the total resistance of suspended graphene is attributed to the current-induced annealing of
graphene/metal interface as well as graphene channel, which removes fabrication-processinduced contaminants such as resist residue, resulting in an improvement in the quality of
contacts and graphene channel. Arrows in panels (a) and (b) indicate the time evolution of
the I-V curves.
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Supplementary Fig. 6 | Contact resistance of suspended ME monolayer graphene. a, I-V
curves of a suspended ME monolayer graphene (L = 3 µm, W = 2 µm) in different sweeping
cycles. The resistance is lowered if the maximum value of VSD is higher than ~ 0.8 V, as seen
in the evolution from the blue curve to the red one. b, After current-induced annealing
process, the contact resistivity (RCW) of ~ 1.2 kΩ·µm of suspended ME monolayer graphene
devices was estimated from the transfer length method: the y-axis intersecting value of the
extrapolated line for the three data points corresponds to 2RCW. Here, the error bar was
deduced from the uncertainty of graphene width mainly due to the fabrication process (W ≈ 2
± 0.25 µm).
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S3. Stable visible-light emission from suspended graphene
We observe stable and reproducible bright visible-light emission from suspended
graphene devices under modest electric field as shown in movie clips of S1 - S6 in vacuum
environments. Especially, as shown in movie clips S3 and S6, suspended ME monolayer
graphene exhibits the repeated visible light emission and fast pulsed light emission without
degradation and failure. Supplementary Fig. 7 exhibits the reliability, durability and
reproducibility of light emission from suspended monolayer graphene under modest electric
field. Furthermore, the brightest light emission position of suspended graphene is
consistently at the centre of graphene as shown in Supplementary Fig. 8. The centre is the
location of maximum temperature of suspended graphene where the heat dissipation is
minimal.

  
Supplementary   Fig.   7   | a, Current as a function of time during the bright visible-light
emission from suspended ME monolayer under constant source-drain bias (VSD = 4 V and 5
V). Arrow indicates the increase in applied bias voltage (VSD = 5 V). Inset, optical images of
bright visible light emission at the centre of suspended graphene under the two bias voltages.
b, Raman spectra of another suspended monolayer graphene before and after bright visible

© 2015 Macmillan Publishers Limited. All rights reserved

light emission. Note that both spectra do not have the D peak induced by defects even after
bright visible light emission (spectrum after light emission was vertically shifted for clarity).

  
  
Supplementary Fig. 8 | Light emission spot with different gates. Optical image of bright
visible light emission from electrically biased suspended CVD monolayer graphene under
vacuum probe station. Here, dashed lines indicate the outlines of electrodes. We applied bias
voltage (VSD = 2.8V, ID = 465 µA) across the suspended graphene (L = 7 µm, W = 7 µm)
with different gate voltages. We observe that the brightest spot consistently remains at the
centre of suspended graphene regardless of the gate voltage.

© 2015 Macmillan Publishers Limited. All rights reserved

S4. Optical measurements and spectrum analysis

  
Supplementary Fig. 9 | Schematic illustration of the optical measurement set-up for the
observation of bright visible-light emission and the acquisition of Raman spectra from
electrically biased suspended graphene.

The Raman spectra were measured using the 514.5 nm line of an Ar ion laser or the
441.6 nm line of a He-Cd laser with a power of 500 µW. We used a 50× objective lens (NA
0.42 and WD 20.3 mm) to focus the laser beam onto the sample, which was housed in a
vacuum of <10-4 Torr at room temperature. A Jobin-Yvon Triax 320 spectrometer (1200
groove/mm) and a charge-coupled device (CCD) array (Andor iDus DU420A BR-DD) were
used to record the spectra. The bright visible-light emission spectra were measured using the
same system. At each bias voltage, the Raman and light-emission spectra were measured
sequentially, using a motorised flipper mount for a dichroic filter and an optical beam shutter
(Thorlabs SH05). The throughput of the optical system was carefully calibrated using a
calibrated black-body source (1255 K, OMEGA BB-4A) and a tungsten filament (3000 K,
which were calibrated against the International System of Units the Korea Research Institute
of Standards and Science).
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Supplementary Fig. 10 | Spectra of visible-light emission from electrically biased
suspended graphene with various trench depths. a and b, Spectra of devices with trench
depths of D = 800 ~ 1000 nm consisting of suspended (a) tri-layer (L = 12 µm, W = 3 µm)
and (b) multi-layer (L = 9 µm, W = 3 µm) graphene for various bias voltages, exhibiting
multiple strong light-emission peak structures because of the strong interference effect. c and
d, Spectra of devices with shallow trenches consisting of suspended (c) CVD monolayer
graphene with a trench depth of ~ 80 nm (linear scale) and (d) CVD few-layer graphene with
a trench depth of ~ 300 nm (log scale), exhibiting grey-body-like features (solid curve).

© 2015 Macmillan Publishers Limited. All rights reserved

  
Supplementary Fig. 11 | Comparison of measured radiation spectra of suspended
graphene with different trench depths. a, Normalized radiation spectra of suspended
monolayer graphene with different trench depths (red square D ~ 1100 nm from Fig. 2a, blue
circle D ~ 80 nm from Supplementary Fig. 10c). b, Normalized radiation spectra from
suspended tri-layer graphene with different trench depths (red square D ~ 900 nm from Fig.
2b, blue circle D ~ 1000 nm from Supplementary Fig. 10a). The abrupt dip in the radiation
spectrum of tri-layer graphene for D ~ 900 nm is due to the dichroic filter. These results are
consistent with theoretical simulation results in Fig. 3c.
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Supplementary Fig. 12 | Simulated spectra based on the interference effect of thermal
visible radiation from electrically biased suspended ME monolayer graphene. Spectrum
modulation achieved by varying the electron temperature of suspended monolayer graphene
at a constant trench depth (d = 1070 nm, corresponding to Fig. 2a).
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Supplementary Fig. 13 | Radiation intensity as function of applied electrical power.
Intensity of light emission from electrically biased suspended ME (a) monolayer (b) tri-layer
graphene, corresponding to Figs. 2c and 2d, respectively, versus applied electrical power.
The results clearly demonstrate that the intensity of light emission from suspended graphene
is strongly correlated with the applied electric field rather than the applied electric power.
The observed decrease in the electrical power with increasing bias voltage is attributed to
thermal annealing or etching effect on the graphene channel at high temperatures.
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S5. Beyond black-body radiation formula for visible light emission from
suspended graphene: Dependence on the number of graphene layers
When photons are in equilibrium with matter at temperature T, the intensity
spectrum of light obeys black-body radiation formula
𝐼 𝜔 ∝ 𝜔! / exp ℏ𝜔/𝑘! 𝑇 − 1
being independent of electronic structure of the material. In describing thermal emission
spectra of suspended graphene layers, however, we cannot assume that photons are in
equilibrium with the system because photons escape the system immediately as soon as they
are emitted by electron-hole recombination, i.e., they are not absorbed again and generate
electron-hole pairs.

For this reason, use of black-body radiation formula to describe

electroluminescence from graphene samples is not well grounded. However, as we discuss
below, results based on black-body radiation formula are quite a good approximation except
in the case of low-energy radiation (the criterion for low-energy regime depends on the
temperature), which is why all the previous studies have used this formula to interpret
electroluminescence from graphene samples.

In order to address the number-of-layers dependence of the emission spectra, one
needs a theory beyond the black-body radiation formula that takes care of the actual
electronic structure of the system.

Using the Fermi golden rule, the intensity of

spontaneously emitted light per frequency per solid angle in the direction 𝑛 from a material
is given by 4
𝐼 𝜔 ∝ 𝜔!

!"#𝐤

𝑛𝐤 𝐩 ⋅ 𝝐! 𝑚𝐤

!

𝛿 𝐸! − 𝐸! − ℏ𝜔 𝑓!" 𝐸!

1 − 𝑓!" 𝐸!

where |𝑚𝐤⟩ and |𝑛𝐤⟩ are the initial and final Bloch energy eigenstates with energy
eigenvalues 𝐸! and 𝐸! , respectively, 𝝐! polarization vector normal to 𝑛 , and f!" 𝐸 =
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exp 𝐸/𝑘! 𝑇 + 1

!!

, the Fermi-Dirac occupation at temperature T. This formula describes

light emission arising from direct radiative transitions, emitting photons to vacuum in 𝑛
direction (which is the surface-normal direction in our experiment).

To obtain the emission intensity, we calculated the electronic band structure of
graphene with various geometries within a simple tight binding model. In this scheme, the
energy band is obtained by diagonalising the 𝐤-dependent Hamiltonian 𝐻 𝐤 = exp −𝑖𝐤 ⋅
𝐫 𝐻 exp 𝑖𝐤 ⋅ 𝐫 , where H denotes the Hamiltonian describing nearest-neighbor intra-layer
and vertical interlayer hopping between local 2pz atomic orbitals with hopping integrals -2.8
eV and 0.4 eV, respectively.

The momentum matrix element 𝐩!" 𝐤 = 𝑛𝐤 𝐩 𝑚𝐤 is given by5
𝐩!" 𝐤 =

𝑚!
𝑚!
𝑛𝐤 𝐫, 𝐻 𝑚𝐤 =
𝑢; 𝑛𝐤 𝐫, 𝐻(𝐤) 𝑢; 𝑚𝐤
𝑖ℏ
𝑖ℏ
=

𝑚!
𝜕
𝑢; 𝑛𝐤
𝐻(𝐤) 𝑢; 𝑚𝐤   ,
ℏ
𝜕𝐤

where 𝑚! is the mass of an electron and |u; n𝐤⟩ the periodic part of the Bloch state |n𝐤⟩( i.e.
n𝐤 = exp 𝑖𝐤 ⋅ 𝐫 |u; n𝐤⟩).

Supplementary Fig. 14 shows the simulated emission spectra of graphene with
different numbers of layers and stacking sequences at 2500 K. A black-body radiation
spectrum (with an overall scaling factor to match the other spectra at high-energies) is shown
for comparison. For the low-energy part, the calculated emission spectra from graphene
deviate from the black-body radiation formula. Bi-layer and tri-layer graphene exhibit
characteristic peaks near 0.4 ~ 0.6 eV corresponding to the direct transition at K point. In
addition, for monolayer graphene,
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𝜔!
𝐼 𝜔 ∝
exp ℏ𝜔/2𝑘! 𝑇 + 1

~

! ℏ!≪! !
!

𝜔!

in the low-energy regime, because (i) the energy-versus-momentum relation is linear and
thus the magnitude of the momentum matrix element is constant and (ii) the density of states
is linear in energy. This result should be contrasted with the ordinary black-body radiation
formula
!!

𝐼 ω ∝ !"# ℏ!/!

!!

~

!! ℏ!≪!! !

𝜔! ,

which shows different low-energy behaviors from the correct theory for graphene.

However, for energies higher than 1.2 eV (at T=2500 K), all the spectra become
similar and can be fitted well by the black-body radiation formula because (i) the interlayer
coupling modulates the electronic structure mostly in the low-energy regime (roughly within
the interlayer hopping integral), and (ii) the emission spectrum in high-energy regime is
essentially determined by the Fermi-Dirac occupation factors 𝑓!" 𝐸/2 1 − 𝑓!" −𝐸/2 ,
which can be approximated by the Boltzmann factor exp −𝐸/𝑘! 𝑇 . In the experiment we
measure emission spectra in the photon energy from 1.2 eV to 3.0 eV; hence, the measured
spectra are indistinguishable from the black-body radiation spectrum, irrespective of the
number of layers and stacking sequence.
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Supplementary Fig. 14 | Calculated direct emission intensity at T = 2500K for
monolayer graphene (1LG), bi-layer graphene (2LG) with AB stacking and tri-layer
graphene (3LG) with ABA and ABC stacking. a, Intrinsic direct emission spectrum, b,
spectrum with interference effect taken into account for trench depth D = 450 nm and c,
similar quantities as in (b) with D = 900 nm. The black-body radiation curve 𝐼 𝐸 =
𝐼! 𝐸 ! / exp 𝐸/𝑘! 𝑇 − 1 is also shown for comparison in each panel. The intensities are
divided by the number of layers for normalization
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S6. Effects of absorption and reflection by graphene layers on the emission
spectra
It is known that monolayer graphene absorbs as much as 2.3% of light6. In this
section we study the effects of absorption and reflection by graphene, both monolayer and
tri-layer, on the emission spectra. We used the method described in D. Yoon et al.7 to
incorporate the effect of absorption and reflection by graphene layers into our calculation.
The thickness of graphene is assumed to be 0.335 nm per layer and the refractive index of
graphene is assumed to be n(hν) = 2.6 + 2.66i/(hν/eV), whose real part is taken from the
corresponding value of graphite and the imaginary part is chosen to ensure 2.3% light
absorption per each graphene layer.

Absorption and reflection by graphene layers themselves, in the case of tri-layer
graphene could make as large as ~4% difference in the calculated emission intensity
(Supplementary Fig. 15d).

However, the differences at intensity maxima (see

Supplementary Fig. 15c) are rather small (Supplementary Fig. 15d) and hence the absolute
difference in the emission spectra arising from the absorbance and reflectance by graphene
layers is small (see the green dash-dotted curves in Supplementary Figs. 15a and 15c).
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Supplementary Fig. 15 | a, The simulated emission spectrum of monolayer graphene with
trench depth D = 1070 nm. The red solid curve (blue dotted curve) shows the spectrum
considering (neglecting) absorption and reflection by graphene. The green dash-dotted curve
shows the (magnified) difference between the two spectra. b, The relative increase in the
intensity made by incorporating the effect of absorption and reflection by graphene. c and d,
Similar quantities as in (a) and (b) for tri-layer ABA graphene with trench depth D = 900
nm.
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S7. Negative differential conductance (NDC) and hysteresis behavior in
electrically biased suspended ME graphene
Interestingly, an NDC behavior is exhibited by electrically biased suspended ME
few-/multi-layer graphenes as shown in Supplementary Figs. 16 and 17. The critical electric
field (0.40 ~ 0.43 V/µm) of suspended few-layer graphene for activation of intrinsic
graphene OPs is not changed during multiple sweeps and current decreasing hysteresis,
which could be related to the thermal annealing effect or a narrowing of channel width at
high temperature, as shown in Supplementary Figs. 16 and 17, which indicates that the hot
OPs of graphene are dominantly populated by the applied high electric field. Furthermore,
we can observe that the initiation of visible light emission from electrically biased suspended
graphene occurs near the critical electric field and across region of zero differential
conductance. It may be attributed to the accelerated charge carriers in electric fields
obtaining enough energy for emission of intrinsic graphene OPs8,9, causing strong electronOP scattering and NDC behavior in suspended graphene, which is likely dependent upon the
applied electric field rather than the current flow or electrical power dissipation.
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Supplementary Fig. 16 | Electrical transport data corresponding to optical images of
bright visible light emission from suspended ME graphene in Fig. 1. Electrical transport
data of suspended ME (a) few-layer (b) multi-layer (c) monolayer graphene corresponding
Figs. 1d-f. Initiation of visible light emission from suspended ME graphene are observed at
bias voltage corresponding to zero differential conductance.
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Supplementary Fig. 17 | Current saturation and negative differential conductance
(NDC) in electrically biased suspended graphene. a and c, Electrical transport (ID /W vs. F
curve) and differential conductance of suspended ME (a and b) few-layer graphene (L = 6.5
µm, W = 3 µm) and (c and d) multi-layer graphene (L = 9 µm, W = 3 µm). Current saturation
and negative differential conductance occur at electric fields higher than a certain critical
electric field (0.40 ~ 0.43 V/µm for few-layer graphene and 0.5 V/µm for multi-layer
graphene); this behaviour is attributed to the electric-field-induced accumulation of hot
electrons and OPs in the suspended graphene.

© 2015 Macmillan Publishers Limited. All rights reserved

S8. Intrinsic electro-thermal transport model in suspended graphene

The current density J (= ID / W) in a graphene is expressed by the continuity equation,
𝐽 =   𝑒(𝑛!" + 𝑛!" )𝑣!"

(1)

, where e is the elementary charge, ne (np) is the electron (hole) density, vd is the drift velocity
and the subscript x is the location along the graphene channel (x = 0 at the middle of the
channel). Thermally excited carrier densities (nth) for the mono- and tri-layer graphenes are
different from each other due to their different band structures. In a case of monolayer
graphene with a linear band structure,
𝑛!! =

! !! !! !
ħ!!

!

(2)

, where kB is the Boltzmann constant, ħ Planck constant and vF ( ~ 106 m/s) the Fermi
velocity. For a tri-layer graphene with a parabolic band structure,
!!∗

𝑛!! =    !ħ! 𝑘! 𝑇!   ln(2)

(3)

, where m* (=0.082me) is the effective mass of electron in a tri-layer graphene, me the mass of
electron10. Supplementary Fig. 18 shows the total thermally excited carrier density as a
function of temperature for the mono- and tri-layer graphenes.

The drift velocity is expressed by
𝑣!" =

!! !!
!! !! !! /!!"# ! !/!

(4)

, where µx is the temperature-dependent mobility and Fx = -dVx/dx is the electric field along
the graphene, vsat is a saturation velocity related to the OP scattering and Vx is the local
potential along the graphene. Here, we set η ≡ 28,9,11. With above electrical expressions, we
add a heat diffusion equation to obtain the temperature profile along the graphene:
! ! !!
!! !

+

!

!!!

!! !" !"

!!!

−!

!!

𝑇! − 𝑇! = 0
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(5)

, where 𝑃!   [= 𝐼 𝑉! − 𝐼𝑅! ] is the locally dissipated power within the suspended channel, κx the
temperature-dependent thermal conductivity of the suspended graphene, L the length, W the
width, t the thickness of the graphene, and T0 the base temperature. Here, 𝑔!   is the thermal
conductance per unit area between graphene and environment, e.g., 𝑔! = 0 for –L/2 < x < L/2
(a suspended region). The contact resistivity, ρc = 2 ×10-5 Ωcm2 was considered for further
calculations.

  
Supplementary Fig. 18 | Total thermally excited carrier density as a function of
temperature for the monolayer and tri-layer graphenes.
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A. Tri-layer graphene

For reliable simulations with many parameters in the calculation process, one needs lattice
temperature (or Tap) information obtained from the experiments as well as ID-VSD curves. To
get the temperature information from the tri-layer graphene device, a frequency of the G
peak in the Raman spectroscopy with various biases was measured as shown in
Supplementary Fig. 19a. The frequency of the G peak shows a downshift with increasing VSD
(denoted near corresponding data in the figure). The downshift of the G peak is related to an
enhancement of anharmonic phonon-phonon coupling with increasing temperature and
provides temperature of lower energy (secondary) phonons, Tsp10,12. Based on Ref. S10, we
estimated Tsp as a function of VSD (scattered grey points) in Supplementary Fig. 19d. We also
plot Te as a function of VSD (opened scattered diamonds) in Supplementary Fig. 19d based on
the temperatures estimated from the thermal emission in Fig. 2b. We could not distinguish
the Raman spectrum for VSD > 3.35 V because the light emission intensity at photon energy ~
2.4 eV corresponding to the Raman laser wavelength was larger than the Raman signal for
the bias conditions. Now, we simulate the corresponding ID-VSD curves showing current
saturation behavior as shown in the inset of Supplementary Fig. 19d based on the electrothermal model, where green and red scattered points (solid curves) are data (calculation
results) for two thermal emission conditions of VSD = 3.35 V and 3.65 V (indicated by green
and red arrows), respectively. Here, we consider that the different slope between the two
curves could be mainly due to an edge burning effect at high temperatures during the
measurement, resulting in narrower widths. We also numerically get the temperature and
thermal-conductivity profiles as shown in Supplementary Figs. 19b (only for VSD = 3.35 V
and 3.65 V) and 19c, respectively. Supplementary Table 1 shows used parameters including
width (W) for various max-VSD. The first and second values of W for each VSD provide upper
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lower and upper bounds of temperatures (Top and Tap), which are plotted in Supplementary
Fig. 19d and Fig. 4d. To determine a possible minimum value of W, we assume that the
suspended tri-layer graphene is broken when Tap reaches to a burning Tb (~ 2300 K) of
suspended tri-layer graphene. We found that Tap reaches to the Tb at VSD = 3.65 V when W >
1.63 µm, thus, we consider W = 1.63 µm as the minimum W value at the VSD condition. The
mobility at room temperature is also determined by the given minimum W as µ = 2500 cm2V1 -1

s , which is adopted as an upper bound for the mobility through entire calculations. On the

other hand, for an initial experiment stage at VSD = 3 V and W = 3 µm, we get µ = 2220
cm2V-1s-1, which is adopted as a lower bound through entire calculations.

On the other hand, it has been known that Tap and Top are different from each other for
suspended carbon nanotubes (CNTs) under a high electric field13. In that case, it has been
assumed that electrons and OPs are under an equilibrium state, i.e., Te = Top. In our
suspended graphene cases, we also consider the nonequilibrium state between electrons (or
OPs) and APs. In that case, the temperature dependent mobility is directly related to Te (or
Top), but not to Tap. In previous works for electrically biased-suspended CNTs, a
nonequilibrium OP coefficient α was introduced as in the relation, Top = Tac + α(Tap-T0), and
α = 2.4 was found to reproduce the experimental data6. In the work, for the electro-thermal
calculations, the Landauer model for a one-dimensional transport in a diffusive regime was
applied, where temperature-dependent mean free paths of AP and OP (including appliedvoltage dependence for OP) were considered. In our model for the electrically-biased
suspended graphene case in a diffusive transport regime, instead of basing the model with
mean free paths, we use Te-dependent mobility, µ(Te) = µ(T0)(T0/Te)β based on a traditional
drift velocity-field relation, where T0 = 300 K. In addition, the thermally excited carrier
density is also expressed by Te. On the other hand, thermal conductivity of the graphene is
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determined by Tap, κ(Tap) = κ(T0)(T0/Tap)γ. For the tri-layer case, we used κ(T0) = 1900 Wm1

K-1, β = 1.155 and γ = 1. We find that Top estimated by the electro-thermal transport model

matches with Te estimated by the thermal emission model with α = 0.3 for 3.45 V < VSD <
3.656 V. Importantly, we note that the calculated Tap by the electro-thermal model is also
consistent with Tsp estimated by the G-peak shift for VSD < 3.35 V.

  
Supplementary Table 1. Parameters used for electro-thermal simulations for the tri-layer
graphene.
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Supplementary Fig. 19 | Intrinsic electro-thermal transport analysis in suspended ME
tri-layer graphene a, Raman spectra for various VSD of the tri-layer graphene. b,
Temperature profiles along the suspended graphene length of APs (solid curves) and OPs
(dashed curves) for VSD = 3.35 V and 3.65 V of the tri-layer graphene. c, Thermalconductivity profile for various VSD. d, Various temperatures as a function of VSD of the trilayer graphene. Inset: ID-VSD curves for radiation conditions with VSD = 3.35 V and 3.65 V
indicated by green and red arrows, respectively (scattered points: experiments, solid and
dashed curves: calculation results for Tac and Top, respectively).
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B. Monolayer graphene

  

  

Supplementary Table 2. Parameters used for electro-thermal simulations for the monolayer
graphene  
We consider µ = 10000 cm2V-1s-1 as a minimum mobility for the suspended
monolayer graphene14. The minimum mobility provides a lower bound of Top. Recent
experiments with the Raman spectroscopy have shown that the thermal conductivity of
suspended monolayer graphene ranges from 2000 to 3000 Wm-1K-1 at room temperature15-17.
During searching a proper thermal conductivity, κ = 2700 Wm-1K-1 was chosen through
entire calculations. We also fixed γ and β as 1.92 and 1.7 as the tri-layer graphene case.
Supplementary Table 2 shows parameters of µ, W and resultant Top and Tap of lower and
upper bounds. For VSD = 2.7 V, the minimum value of W was found near Tap = 2300 K,
which is regarded as a burning temperature, Tb. Here, a nonequilibrium OP coefficient α for
the suspended monolayer graphene was found as 0.39 as the best-fit result. For VSD = 2.6 V,
W = 0.705 µm was found as the width just before burning. When we consider W = 0.705 µm
as a possible minimum width, we get µ(T0) = 12700 cm2V-1s-1 as a possible maximum
mobility for the examined graphene for VSD ≤ 2.5 V, which gives upper bounds of Top for VSD
≤ 2.5 V.
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C. Small grain size few-layer CVD graphene

For the suspended CVD few-layer graphene cases (n ~ 3) with a trench depth, D =
300 nm, we only observe monotonic thermal emission spectra for L = 3 µm and 4 µm CVD
graphenes as shown in Supplementary Fig. 20a. Signal to noise ratio for the spectra with E >
2 eV is very low. Supplementary Fig. 20c shows ID-VSD curves (scattered points) of the L = 4
µm CVD graphene, where the emission spectrum is obtained at VSD = 7.1 V indicated by an
arrow. By fitting with a grey-body theory18,19, we get Te for L = 4 µm and 3 µm CVD
graphenes of ~ 1300 K and ~ 1200 K, respectively, as indicated by dashed curves in
Supplementary Fig. 20a. In addition, calculation results considering the interference effect of
the thermal emissions with D = 300 nm do not show apparent spectral modulations for Te ~
1300 K and 1200 K as shown in Supplementary Fig. 20b (also see Supplementary Fig. 10d).
Those are also consistent with the experimental spectra. Interestingly, in the electro-thermal
model, we find that the best result as shown in Supplementary Fig. 20c is obtained for α = 0
(i.e., Tap = Top) with Tap ~ 1300 K at the centre of the channel (see Supplementary Fig. 20d),
which is consistent with Te obtained by the thermal emission model (with W = 2 µm, µ = 900
cm2V-1s-1, κ = 2200 Wm-1K-1, β = 0.3, γ = 0.25). For small grain size CVD few-layer
graphene grown on a SiO2/Si substrate by a plasma-assisted CVD process1, it has been found
that the size of grain boundary is ~ 20 nm as shown in Supplementary Fig. 4a. In this case,
charge carriers could experience frequent scattering events by grain boundaries before
emission of OPs, considering intrinsic graphene OP activation length is ~ 200 nm8. This
could result in no enhanced OP population and Tap = Top for up to F ~ 1.7 V/µm contrary to
the suspended ME graphenes.
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Supplementary Fig. 20 | Suspended CVD few-layer graphene: light emission spectra
and electro-thermo model. a, Thermal emission spectra for L = 4 µm and 3 µm CVD
graphenes with D = 300 nm. Dashed curves: grey-body fit results. b, Calculated spectra
based on the interference effect of thermal emissions with D = 300 nm at two different
temperatures. c, Electrical transport (ID -VSD curve) of L = 4 µm CVD few-layer graphene
(scattered points: experimental data, dashed curve: calculation result based on the electrothermal model). d, AP temperature profile along the L = 4 µm graphene channel, where the
maximum temperature (at the centre of the channel) is ~ 1300 K.
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S9. Thermal radiation power of electrically biased suspended ME
graphene
In suspended ME monolayer graphene, we have observed bright visible light
emission. To estimate the energy dissipation through radiation across all wavelengths, we
calculate the radiated power given by the Stefan-Boltzmann law, 𝐽 = 𝜖𝜎𝑇 ! , where 𝜖 is the
emissivity of graphene (0.023 for monolayer graphene), 𝜎 is Stefan’s constant (5.670 × 10-8
W/m2K4) and T is the electron temperature (T is measured based on the carefully calibrated
spectrometer). From the simulation results of light emission spectra (Fig. 2a) and intrinsic
electro-thermo transport (Fig. 4c) from suspended ME monolayer graphene, we can estimate
the electron temperature is about ~ 2800 K at applied electrical power Pe = 1.756 ×  107
W/m2 (VSD = 2.7 V, ID = 125 µA). At the estimated electron temperature of ~2800 K, the
radiated power (Pr) by the Stefan-Boltzmann law is 8.015 × 104 W/m2, so energy dissipation
through radiation (Pr/Pe) is ~ 4.45 × 10-3. This remarkable light emission efficiency from
suspended graphene is 1000 fold enhanced compare to the unsuspended graphene19 (~10-6).
The efficient thermal radiation in suspended graphene is due to the elimination heat flow to
the substrate, which is the dominant contributor to energy dissipation in unsuspended
structures.

We also compare the radiation power efficiency of suspended ME multi-layer
graphene, which depends on the emissivity of multi-layer graphene (n ~ 120). When we
assume the emissivity of multi-layer graphene as 0.5 ~ 0.920, the radiated power (Pr) by the
Stefan-Boltzmann law is 0.86 ~ 1.55 × 104 W/m2 (T ~ 2350 K estimated from spectrum
data) and applied electrical power Pe ~ 1.71 ×  109 W/m2 (VSD = 4.9 V, ID = 9.46 mA), so
energy dissipation through radiation (Pr/Pe) is 0.5 ~ 0.9 × 10-3. Significant decrease in
thermal radiation efficiency of suspended multi-layer graphene, compared to the monolayer
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graphene, could be due to the increase in the heat dissipation along graphene channel and the
smallness of the difference between Tap and Top in multi-layer graphene.

Direct comparison between the efficiency of atomically thin graphene light emitter
and that traditional bulk incandescent lamp is not trivial, because radiation efficiency
depends on the operation electrical power. For example, luminous efficiency (at 400 ~ 700
nm wavelength) of typical tungsten light bulbs decrease as the electrical power is reduced
(from 2% at 100 W, to 0.7% at 5 W). Thus, from a naive extrapolation of the known
efficiency vs. power relation of typical tungsten incandescent lamps, we roughly estimate
that the luminous efficiency of incandescent lamps (featureless black-body radiation) is
0.032% at 340 µW, which is lower than that of our suspended monolayer graphene light
emitter due to enhancement of radiation spectrum within 400 ~ 700 nm by strong
interference effect. Furthermore, traditional incandescent lamps do not operate at very low
electrical power (~ 400 µW) due large heat capacitance of bulk materials and large heat
dissipation. For these reasons, our graphene visible light emitter will play an important role
where traditional incandescent technology is not applicable.
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S10. SEM image of mechanical failure of suspended graphene after
remarkably bright visible light emission under a high electric field

After observation of remarkably bright visible light emission from suspended
graphene under a high electric field (> 1 V/µm), suspended graphene devices are broken. At
the local hot spot in the vicinity of the centre of suspended graphene approaching an
extremely high temperature (Te > 3000 K), carbon atoms are sublimed and, in turn,
thermally-generated defects are propagated. Most of such failures in our suspended graphene
devices occur at the centre of the devices, where the temperature is highest as shown in Fig.
4c.

  
Supplementary Fig. 21 | High-current/temperature-induced mechanical failure of
suspended graphene after extremely bright visible-light emission. SEM image of
suspended (upper) ME graphene and (lower) CVD graphene.
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