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Bright visible light emission from graphene
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Graphene and related two-dimensional materials are promising
candidates for atomically thin, flexible and transparent opto-
electronics'2. In particular, the strong light-matter interaction
in graphene® has allowed for the development of state-
of-the-art photodetectors*>, optical modulators® and plasmonic
devices’. In addition, electrically biased graphene on SiO,
substrates can be used as a low-efficiency emitter in the mid-
infrared range®®. 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
reduced. 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 efficiency®®.
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 relax-
ation that occurs through electron-electron and electron-phonon
interactions'! 3. On the other hand, graphene’s superior strength!'
and high-temperature stability may enable efficient thermal light
emission. However, the thermal radiation from electrically biased
graphene supported on a substrate®*!>"'7 has been found to be
limited to the infrared range and to be inefficient, as an extremely
small fraction of the applied energy (~107°)%° is converted into
light radiation. Such limitations are the direct result of heat dissipa-
tion through the underlying substrate'® and significant hot electron
relaxation from dominant extrinsic scattering effects such as charged
impurities'® and the surface polar optical phonon interaction®,
thus limiting maximum operating temperatures.

Freely suspended graphene is largely immune to such undesir-
able vertical heat dissipation'® and extrinsic scattering effects??2,
and therefore promises much more efficient and brighter radiation
in the infrared-to-visible range. Due to the strong Umklapp
phonon-phonon scattering®, we find that the thermal conductivity
of graphene at high lattice temperatures (1,800 + 300 K) is greatly
reduced (~65W m™' K™"), 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 um™"), 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 mechani-
cally exfoliated graphene flakes and, for the demonstration of scal-
ability, 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 SiO,/Si substrate using
a plasma-assisted CVD method?. 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 (<107 torr) at room temperature. A clean graphene
channel and reliable contacts were achieved using a current-
induced annealing method?® (Supplementary Section 2). The
suspended graphene channel begins to emit visible light at its
centre once the source-drain bias voltage (Vsp) exceeds a threshold
value, and its brightness and area of emission increase with Vgp. The
brightest spot of the emission is always located at the centre of the
suspended graphene, which coincides with the location of
maximum temperature'® (Supplementary Section 3). We observed
bright and stable visible light emission from hundreds of electrically
biased suspended graphene devices. Figure lc—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 um, W =3 um) at zero bias (c)
and Vsp =290 V (d); multilayer graphene (L =14 um, W =40 um) at Vsp =7.90 V (e); monolayer graphene (L =5 pm, W=2pum) at Vsp =258 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 um and W =2 um) under zero bias (upper image) and seven spots of bright visible light emission from parallel suspended

CVD graphene devices at Vsp = 6.42 V (lower image) under ambient conditions.

exfoliated few-layer (Fig. 1c,d), multilayer (Fig. le) 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 technology?®.

For the optical characterization of visible light emission from
suspended graphene, we simultaneously collected emission spectra
and performed Raman spectroscopy at various values of Vgp 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 (mono-
layer) and 2b (trilayer graphene). These strong multiple light-
emission peaks are interesting, especially for the monolayer graphene
(length L = 6 pm, width W= 3 um) shown in Fig. 2a, because gra-
phene does not have an intrinsic bandgap and its light spectrum
is expected to be that of a featureless grey body radiation®’.
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 um, W =3 pm, a) and trilayer (L =9 pm, W =3 um, b) graphene at various source-drain bias voltages (Vsp),
exhibiting multiple strong emission peaks. In a, from top to bottom, Vsp =2.7, 2.6, 2.5, 2.3, 2 and 1.6 V. In b, from top to bottom, Vsp = 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 T, of the suspended graphene (legend key).
Insets (a,b): emission-peak energies as a function of Vsp and applied electric field (F = Vsp/L). Dashed lines: calculated peak energies based on the interference
effect of thermal radiation. ¢,d, Integrated intensity of each emission peak and the electrical current I for suspended mechanically exfoliated monolayer (¢) and
trilayer (d) graphene versus Vsp (equivalently, the applied electric field). The current I and corresponding applied electrical power decrease with increasing

Vsp, 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)®° 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 inter-
ference 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

1,239.8 nm
AD) = —¢€V

2D )

According to equation (1), A~ 0.6 eV for D ~ 1,000 nm, which is in
agreement with our measurements (Fig. 2a,b). To confirm this cor-
relation we simulated the spectral modulation based on the
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interference?’” 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 T, of 2,850 K, where the solid and dashed
curves indicate constructive and destructive interferences, respect-
ively (Supplementary Fig. 12). Strong interference effects enable
us to selectively enhance the thermal radiation for a particular wave-
length from electrically biased suspended graphene devices by
appropriately engineering their trench depth (Fig. 3¢). 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 agree-
ment 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 T, of
electrically biased suspended graphene at each Vgp, and find
that T, can approach ~2,800 K. The calculated peak positions
(insets of Fig. 2ab, dashed curves) and peak intensities as a
function of Vgp 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. ¢, 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. 2¢,d, symbols). The light-emission intensity increases rapidly
with increasing Vsp when Vgp is beyond a certain threshold, as
shown in Fig. 2¢,d. Interestingly, the emission intensity exhibits a
strong correlation with the applied electric field (F = Vsp/L) rather
than with the applied electrical power (P = Vgsp X I, where I, 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 pm'l) in the sus-
pended mechanically exfoliated mono/trilayer graphene devices,
even when the current and applied electrical power are decreased
at constant Vsp, because of the thermal annealing effect’® or
burning of the edge of the graphene at high temperatures®. 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 um™) 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> O.4~O.5me’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 nanotubes®.

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
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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 pair®*!®. In a
suspended graphene structure, the lattice temperature of the APs
(T,p) is much higher than that in graphene supported on a substrate,
because heat cannot dissipate into the substrate®. This, in turn,
results in higher temperatures of the OPs (T,;,) and electrons (T¢).
We express the increase in OP temperature as®*3!

T,p(0) = T,y + a(T,, — Ty) )
where Ty(=300 K) is the environmental temperature and Ty, = Te.
Here, « is a constant determined from Ip-Vsp curves measured at
various temperatures®2.

From numerical simulations based on our transport model'®!,
we determined the thermal conductivity (Fig. 4b), local T, (Te)
(Fig. 4c) along the transport direction, and theoretical Ip-Vsp
curves of the suspended monolayer graphene (Fig. 4a). In this
model, the carrier mobility and thermal conductivity are expressed
as u(T,) :yO(TO/Te)ﬁ and (T,p) = ko(To/T,p)”, respectively, where
fo~ 11,000 cm® V' 571 (~2,200 cm® V''s7h), 9~ 2,700 Wm ™ K
(~1,900 Wm™ K™), B~ 1.70 (1.16) and y~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 kx~65Wm 'K (~250 Wm 'K for
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Figure 4 | Electrical and thermal transport in electrically biased suspended graphene. a, I5-Vsp 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,¢, Estimated thermal conductivities (b) and electron and optical phonon temperature (T,, = T,) profiles (c) as functions of position along
the transport direction for the upper bounds depicted in d. Here, x = %3 pm 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 T, determined from the thermal light-emission spectra and the acoustic phonon temperatures
T,p 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).

Ty~ 1,800 £ 300 K (~1,700 £200 K) in the monolayer (trilayer)
case, as shown in Fig. 4b. Furthermore, the highest T, and T,
(the values at the centre of the suspended monolayer graphene
channel) can be estimated to be ~3,000 K, whereas T, is ~2,200 K,
as shown in Fig. 4c,d and Supplementary Table 2. T, and Ty,
estimated by our transport model when parameter « 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 T,
extracted from the light-emission spectra (Fig. 2a,b). We could
also obtain Ty, from the G-peak shift** 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 increas-
ing Vsp, 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 cali-
brated spectrometer (see Methods). To estimate the energy dissipa-
tion via thermal radiation across all wavelengths from electrically
biased suspended graphene, we calculated the ratio of the radiated
power P,, obtained using the Stefan-Boltzmann law from the
measured electron temperature, to the applied electrical power P,
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(Supplementary Section 9). In the considered case of maximum
thermal radiation power (corresponding to T, ~ 2,800 K) for mono-
layer and trilayer graphenes, we obtained thermal radiation efficien-
cies (P,/P.) of ~4.45x 107> and ~3.00 x 107>, respectively. These
efficiencies are three orders of magnitude higher than those of
graphene devices supported on SiO,*’. We expect a wavelength-
dependent 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 sus-
pended 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
Methods and any associated references are available in the online
version of the paper.
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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 SiO,/Si substrate by etching the Cu foil with polymethyl
methacrylate (PMMA) film; (2) large-scale CVD few-layer graphene, directly grown
on the SiO,/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 pm, widths of W~ 1-40 um 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 x50 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 /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 pW. We
used a x50 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™* 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 SHO05). 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

conditions is limited by oxidation at high temperatures'®. 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(w;D) is given by

2
I(w;D) = Iy(w) (% +Re[r(w) exp(i2wD/c)]> (3)

where Iy(w) (~ew®/ (exp(hw/kgT) - 1)) is the intensity of thermal radiation from the
graphene, r(w) is the reflection coefficient of Si (~0.5 for the visible region), w is the
photon frequency, ¢ is the emissivity of graphene, D is the trench depth, kg 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(w)).yg can
be determined as the average of I(w;D) over D. Under the assumption that the
probability distribution of D obeys P(D) « exp[—(D — DO)Z/Z(AD)Z], (I(w))ayg has a
similar form to equation (3) with D = Dy:

1 > :
(@)= 1o (- T Refrw exp(any9)]) 0
where the additional factor e~2“AP/”  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 Dy = 1,070 nm and
900 nm and standard deviations of AD = 58 nm and 45 nm for suspended mono- and
trilayer graphene, respectively.
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