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High-speed and on-chip graphene blackbody
emitters for optical communications by remote
heat transfer
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High-speed light emitters integrated on silicon chips can enable novel architectures for
silicon-based optoelectronics, such as on-chip optical interconnects, and silicon photonics.
However, conventional light sources based on compound semiconductors face major chal-
lenges for their integration with a silicon-based platform because of their difficulty of direct
growth on a silicon substrate. Here we report ultra-high-speed (100-ps response time),
highly integrated graphene-based on-silicon-chip blackbody emitters in the near-infrared
region including telecommunication wavelength. Their emission responses are strongly
affected by the graphene contact with the substrate depending on the number of graphene
layers. The ultra-high-speed emission can be understood by remote quantum thermal
transport via surface polar phonons of the substrates. We demonstrated real-time optical
communications, integrated two-dimensional array emitters, capped emitters operable in air,
and the direct coupling of optical fibers to the emitters. These emitters can open new routes
to on-Si-chip, small footprint, and high-speed emitters for highly integrated optoelectronics
and silicon photonics.
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candidates for the high-speed, uncooled, and on-chi

optical communication devices, such as light sources'™,
photodetectors®, and modulators®. Recently, carbon nanotube
(CNT)-based light emitters, where CNTs are directly formed on
silicon substrates, have been reported as light sources, based on
electroluminescence by electron-hole recombination’”>8 and
blackbody radiation by Joule heating®~!!. It is a great feature that
these devices work as on-chip and small-footprint light
emitters in the near-infrared (NIR) region, including tele-
communication wavelength!%!1, In addition, the high-speed light
emission with a response time of ~100ps has been recently
demonstrated for CNT-based blackbody emitters, where the high-
speed emission is explained by the extremely fast temperature
response of CNT films, due to unique thermal properties of its
one-dimensional structure! "'2, Recently, optical communications
are also demonstrated by using CNT emitters on silicon
chips®!1,

Graphene, which is another nanocarbon material, has unique
two-dimensional {)roperties in electronic'®, optical'®!%, and
thermal properties'®, which have been applied for optoelectronic
devices. Graphene-based blackbody emitters (gray-body
emitters for thin graphene due to the low emissivity of 2.3 % per
layer'’=22) are also promising light emitters on silicon chip in
NIR and mid-infrared region, just like CNT-based blackbody
emitters!’"?’. In addition, the significant advantage of the
emitter with graphene instead of CNTs is the planar, uniform,
and bright light emission due to its two-dimensional geo-
metry!®?°. However, although graphene-based blackbody emit-
ters have been demonstrated under steady-state conditions or
relatively slow modulation (100 kHz) in large area devices?9, the
transient properties of these emitters under high-speed modula-
tion have not been reported to date. Also, the optical

N anocarbon-based optoelectronic devices are promising

communications with graphene-based emitters have never been
demonstrated.

Here, we report a highly integrated, high-speed, and on-chip
blackbody emitter based on graphene in NIR region including
telecommunication wavelength. Under a rectangular voltage, a
fast response time of ~100 ps, corresponding to ~10 GHz mod-
ulation, has been experimentally demonstrated for single and few-
layer graphene, and the emission response properties are strongly
affected by the degree of graphene contact with the substrate,
which depends on the number of graphene layers. The
mechanisms of the fast modulation in this emitter are elucidated
by performing theoretical calculations of the heat conduction
equations considering the thermal model of emitters including
graphene and a substrate. The simulated results indicate that the
fast response properties can be understood not only by the
classical thermal transport of in-plane heat conduction in gra-
phene (dominated by hot spots) and heat dissipation to the
substrate, but also by the remote quantum thermal transport via
the surface polar phonons (SPoPhs) of the substratesS-34,
Moreover, we experimentally demonstrate optical communica-
tions at 1 and 50 Mbps based on eye-pattern analysis and real-
time waveform detection by using multi- and few-layer graphene,
respectively, integrated two-dimensional array emitters with a
chemical vapor deposition (CVD) grown graphene, capped
emitters operable in air, and the direct coupling of optical fibers
to the emitters.

Results

Device structure and emission properties. A schematic picture
and a typical optical-microscope image of the fabricated
device are shown in Fig. 1a, b, respectively. The electrodes were
designed to have a 50 Q) characteristic impedance using coplanar
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Fig. 1 Device structure and emission from a graphene device under DC bias. a A schematic illustration of graphene blackbody emitter. Square graphene
sheet on a SiO,/Si substrate is connected to source and drain electrodes (signal and ground lines). Modulated blackbody emission is obtained from

graphene by applying input signal. b An optical-microscope image of the graphene emitter with a coplanar waveguide. Blue and black dashed lines indicate
square graphene sheet and the coplanar electrodes, respectively. € IR camera image of the thermal emission at Vg, = 4 V for the emitter shown in (b). The
bright emission is localized to a small hotspot in graphene. d Emission spectrum from a single-layer graphene emitter for V4 = 5.5-8 V with steps of 0.25
V. The small peaks located at wavelengths around 1.4 pm are due to the light absorption by water in air and remain even after spectral correction (see
Methods). The gray broken curves are fitting results based on Planck’s law. e Graphene temperatures obtained by the Planck’s-law fittings in (d). Their

temperatures depend linearly on the applied voltages
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transmission lines for high-speed operation under high-frequency
bias voltage!!. Graphene was formed at the termination of the
transmission lines. In this study, few-layer and multi-layer (25)
graphene has been prepared by the mechanical exfoliation
method with a scotch tape, and single-layer graphene has been
prepared by CVD growth®. DC bias voltage dependences of the
current for these emitters are shown in Supplementary Note 3.
Under continuous DC bias voltage, the bright emission from the
graphene between two electrodes is observed with a NIR camera
(Fig. 1c). The emission from these devices has a broad spectrum
in NIR region including telecommunication wavelength, and the
emission intensity increases with increasing applied voltages
(Fig. 1d). Because these spectra are fitted to Planck’s law (broken
lines in Fig. 1d), the observed emission from graphene represents
blackbody radiation generated by Joule heating' 11171922 The
graphene temperatures, which are obtained from these fittings,
depends linearly on the applied voltage due to electron scattering
with optical phonons caused by Joule heating?>***” and can
reach about 750 K at V4, =8V (Fig. le).

Time-resolved emission measurements. The response speeds of
light emitters were experimentally elucidated by the time-resolved
emission measurement based on a single-photon counting
method with a Geiger-mode avalanche photodiode (APD) under
a rectangular bias voltage!!. Figure 2a, b show the time-resolved
emission intensities for a single-layer-graphene device as a
function of width and amplitude of rectangular inputs, respec-
tively (see Supplementary Note 4 for the results of the emitter
with three-layer graphene). The emission intensity quickly
responds to the applied rectangular input, and the response time
defined by the time of 10-90% intensity is ~0.4ns, which is
dominated by the relatively slow response time of a signal gen-
erator (~0.5ns), i.e., the intrinsic response time of this device is
faster than the experimentally obtained one. Since the emission
intensity of blackbody radiation is roughly proportional to T%,

taking into account the Stefan-Boltzmann law, only the high-
voltage region of the input signal, i.e., high-temperature region
due to Joule heating in graphene, contribute to the behavior of the
time-resolved emission. For faster operation, we also demon-
strated the short-pulsed light generation with a high-speed pulse
generator as shown in Fig. 2c. Very-short-pulsed emission with a
rise time and width of ~100 ps and ~200 ps, respectively, can be
generated by applying a pulsed voltage of 100 ps in width.

In these devices, the emission responses consist of two
components: an initial fast response with a rise time of ~100 ps
and a second slow response of the temperature rise. Figure 2d
shows the time-resolved emissions for the emitters with single,
three, eight, and twenty-eight-layers graphene. The intensity
ratios of the fast and slow components roughly depend on the
number of graphene layers. For the device with single-layer
graphene, the initial fast response can be clearly seen and the
subsequent intensity is almost flat. In contrast, for multi-layer
graphene (8 and 28 layers in Fig. 2d), the component of the initial
fast response is small, and the second slow component mainly
dominates the overall intensity response. The few-layer graphene
(three layers in Fig. 2d) shows intermediate properties of the
emission responses, where dominant component of initial or
second response changes from sample-to-sample. These results
roughly indicate that the second slow component is emphasized
compared to the initial fast component with increasing the
number of graphene layers.

Theoretical calculations and mechanisms of high-speed emis-
sion. Since the temperature response of graphene dominates the
response of blackbody emission, we theoretically elucidate the
transient temperature of graphene under bias voltage to investi-
gate the mechanisms of the observed high-speed emission. Here,
we numerically calculated the transient temperature distribution
of graphene and SiO, substrate under bias voltages by solving the
simultaneous heat conduction equations of one-dimensional
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Fig. 2 Experimental high-speed light emissions. Time-resolved emission under a rectangular bias voltage with a different pulse widths (1, 5, and 10 ns in
width and 6 V-7 V in height) and b different pulse amplitudes (10 ns in width and 6 V-6.25, 6.5, 6.75, and 7 V in height) to single-layer graphene device. ¢
Very-short-pulsed light generation with a width of 200 ps for three-layer graphene device (red curve) by applying a pulsed input voltage with a width of
100 ps and amplitude of 0-6 V (green curve). d Time-resolved emission for the emitters with single, three, eight, and 28-layers graphene. The emission
responses consist of two components: an initial fast response with a rise time of ~100 ps (green arrows) and a second slow response of the temperature
rise (blue arrows), whose intensity ratios roughly depend on the number of graphene layers. For thick graphene, the slow fall component of the emission is

observed as shown by pink arrow
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Fig. 3 Theoretical calculations and mechanisms of high-speed emission. a Schematic picture of the thermal transport model in graphene device: heat
dissipation to substrate, in-plane heat conduction, enhanced by a hot spot, and quantum remote heat transfer by SPoPh. b Numerically calculated time-
resolved emission intensities for the model with/without the consideration of the spatial carrier distribution (with: red and brown, without: blue and purple
broken curves) and the remote SPoPh scattering(with: red and blue, without: brown and purple curves) in comparison with the experimental result (green
curve) in Fig. 2a under 10-ns-width rectangular input. € Top and middle: emission intensity and temperature distribution of graphene, respectively. Bottom:
two-dimensional temperature distribution of a SiO, substrate. Left and right results are for the model with and without the consideration of spatial carrier
distribution, respectively. In this calculation, the graphene length and the SiO, thickness are 5 pm and 230 nm, respectively. For the result with carrier
distribution, a hot spot is generated at the Dirac point. d Emission intensity response simulated for the single-layer graphene emitter as a function of the
thermal conductance g between graphene under ideal rectangular voltage (width: 10 ns, amplitude: 6-7 V). The emission intensity is calculated by the
integral of Planck’s law over the wavelength region from 0.9 to 1.6 pm. Broken blue curve is the simulated result taking into account the number of layers
(28 layers). Green, blue, and pink arrows correspond to the arrows in Fig. 2d. e Transient temperature of the center of graphene (top) and the uppermost
SiO; layer beneath the graphene (bottom) as a function of g under the same condition of (d). f Proportion of heat dissipation mechanisms (SPoPh, heat to a

substrate and in-plane heat conduction) as a function of g

graphene and two-dimensional SiO, substrate (see Supplemen-
tary Note 2). In the simple and classical heat conduction model
for the graphene device under DC current heating (i.e., steady
state), the temperature distribution of graphene can be under-
stood by the thermal transport of heat dissipation to the substrate,
which is determined by the physical contact between graphene
and substrate!®*3~42 and in-plane heat conduction, which is
strongly affected by the hotspot generation near the Dirac point
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due to carrier-density distribution (Fig. 3a)!67182324, Recently, it
has been found that the quantum remote phonon scattering
by SPoPhs in the SiO, polar substrate plays an important
role in electron?®-323%37 “and thermal®'=>*3%37 transport in
nanocarbon-based devices. Although it has been pointed out that
the SPoPh scattering can strongly affect the steady-state graphene
temperature under DC Joule heating®'=3*3637 it is an open
question how the SPoPhs affect the transient temperatures of
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graphene devices under high-speed modulation of Joule heating.
Here, we theoretically investigate the transient temperature T
distribution of graphene devices under rectangular voltage input
by performing numerical calculations of a two-dimensional heat
conduction equation taking into account the classical thermal
transport in graphene and a substrate, the hot spot generated by
the spatial carrier-density distribution and the direct heat dis-
sipation via SPoPhs (Fig. 3a)

Figure 3b shows the numerically calculated time-resolved
emission intensities for the model with/without the consideration
of the spatial carrier distribution and the remote SPoPh scattering
in comparison with the experimental result in Fig. 2a under 10-
ns-width rectangular input. For the models with the spatial
carrier distribution, a hot spot is formed at the Dirac (neutrality)

oint fosition, where the carrier density is minimized (Fig. 3¢)'°~
82324 Since the rate of temperature change is proportional to
the spatial curvature of the graphene temperature given by
Kg,(azT/sz), where «,, is the thermal conductivity of graphene,
the formation of a hot spot can contribute to the faster
temperature response (i.e., the faster emission response) of
graphene emitters. However, the existence of a hotspot by itself is
insufficient to explain the fast response of the experimentally
observed emission (Fig. 3b). Remote SPoPh scattering can also
contribute to the faster temperature response of graphene
emitters because the surface phonon polaritons excited by the
remote SPoPh scattering of graphene carriers can progagate along
the substrate surface over a long distance of 310 um**~*°, In this
case, the thermal energy can be directly dissipated towards the
outside of the device system without a temperature rise of the
SiO, substrate just beneath the graphene. With the model taking
into account the SPoPh scattering and the hot spot, the simulated
emission responses can be fit very well to the experimental
emissions in Figs 2b and 3b, which exhibit the clear initial
response of emission intensity and the almost flat response of the
subsequent region due to suppression of temperature rise in the
substrate by the SPoPh dissipation.

To understand the detailed mechanisms of the emission
responses in Fig. 3b, we calculated the transient temperature
response of graphene and a substrate under the ideal rectangular
bias voltage. Figure 3d, e show the emission intensity from the
graphene emitters and the transient temperature of the center of
graphene and the uppermost SiO, layer beneath the graphene as a
function of the thermal conductance g between graphene and the
substrate, respectively. The simulated results show the two
components of temperature response as well as the experimental
results in Fig. 2. In the initial region with fast response, only the
graphene temperature quickly rises by Joule heating, indepen-
dently of the substrate temperature. In the subsequent second
region with slow response, the temperature response of graphene
correlates with the uppermost SiO, temperature, indicating that
the graphene temperature rises according to the slow temperature
rise of the substrate beneath the graphene. The temperature
response in both regions are strongly affected by the thermal
conductance g between graphene and the substrate!®3¢*2, For a
high g, in which the emission behaviors are less affected by the
other heat transports of the SPoPh and the in-plane heat
conduction of graphene (ie., k(92T/9x%)), the response speed of
the initial region becomes high because the temperature
relaxation time 7 is simply given by pC/g!14¢47. However, for a
high g, the degree of the temperature rise in the initial fast region
is suppressed by high heat dissipation to the substrate and its
degree in the second slow region is emphasized by high thermal
coupling between graphene and the substrate; consequently, the
overall emission response is dominated by the second region with
a slow temperature response. In contrast, with decreasing g, the
dominant mechanism of the temperature response in the initial

| (2018)9:1279

fast region crosses over from heat dissipation toward substrate (g
(T — Ty)) to the SPoPh and in-plane heat conduction of graphene
(k(92T/0x2)). The degree of the temperature rise in the initial fast
region increases and the influence of the substrate temperature in
the second slow region is suppressed; that is, the shape of the
overall temperature response approaches the shape of the
rectangular input voltage. In this condition, the temperature
response time of the initial fast region is in the order of 100 ps.
We note that the experimental results (i.e., rectangular and fast
emission response in Fig. 2) could not be explained by the
simulated heat conduction without the SPoPh transport (e.g.,
Fig. 3b). As shown in Fig. 3c, the spatial carrier distribution in a
graphene emitter can cause a hot s?ot located at the Dirac point,
as also shown in previous reports!”1$23-25 Although a hot spot
can increase the in-plane heat conduction due to increase of x
(8%T/3x?) in principle, the contribution of the hot spot generation
to the fast temperature response is not that high from the
numerical calculation as shown in Fig. 3b, f. However, SPoPh can
strongly contribute to the fast and rectangular emission behaviors
in the low-g condition, because both the increase of the speed of
the initial temperature rise and the suppression of the subsequent
slow region can be realized by SPoPh remote thermal transport
due to the long propagation length of surface phonon polaritons
and the suppression of the temperature rise of the substrate
beneath the graphene.

These simulated results can explain the experimental emission
response depending on the number of layers. As shown in Fig. 2d,
the emitters with single- or few-layer graphene on SiO, exhibit a
clear rectangular emission response under a rectangular input.
This quick rectangular response can be qualitatively understood
by the temperature response for the emitter with low thermal
conductance g (Fig. 3d), because the ripples of single- or few-layer
graphene on SiO, substrate cause poor thermal contact between
graphene and substrate®®=°, In contrast, the emitters with multi-
layer graphene exhibit the distorted slow emission response under
a rectangular input (Fig. 2d) because a high g due to the
atomically-flat surface of multi-layer graphene leads to the slow
temperature response, as shown in Fig. 3d. We note that not only
g but also x of multi-layer graphene is higher than that of single-
layer graphene'®; however, the distorted emission response of
multi-layer graphene in Fig. 2d cannot be explained by the model
without high g From the comparison of the experimental and
simulated emission response, we determine the g values to be
~3 % 10 for single- and few-layer graphene and ~3 x 107 Wm ™2
K~! for multi-layer graphene. Although the trend that g is low for
single- and few-layer graphene is consistent with the previous
report?’, these obtained values are relatively low compared with
the previously reported g ranging from ~107 to 108 Wm—2K~!
for single- and multi-layer graphene!®2336:38-42 The ¢ value can
be estimated to be larger when the remote thermal transport via
SPoPhs is included in the thermal conductance g as the previously
reported steady-state heat conduction and the effect of the direct
heat dissipation via SPoPhs does not clearly appear for larger
graphene than the SPoPh propagation length (i.e., 310 pm)*3~%5,
Our results imply that the direct measurement of the transient
temperature is an effective method to precisely elucidate the in-
plane and out-of-plane thermal transport in the graphene devices,
and the time-resolved emission measurement, demonstrated in
this study, is one of the effective method for the transient
temperature investigation.

Optical communications. To investigate the practical applica-
tions of these graphene emitters for optical communications, we
demonstrate the real-time detection of the modulated light from
the graphene emitters by using a conventional photoreceiver with
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Fig. 4 Real-time optical communications and high-speed continuous
modulation. a Real-time detection of the emission from three-layer
graphene device at 50 MHz achieved by using a normal-mode APD
photoreceiver under a rectangular voltage (0 V-8V in height). b Eye-
diagram of emission from 85 layer graphene device at data rate of 1Mbps
under random square voltage of 0 V-4.3V. ¢ High-speed emission
modulation (red curve) from three-layer graphene device under a
continuous input (0 V-6V in height) of 1Gbps (green curve) by time-
resolved emission measurements

a normal-mode APD'!. Figure 4a shows the real-time detection
of the modulated emission from three-layer graphene under 50-
MHz rectangular input. The detection waveform synchronized
with the graphene emission is clearly obtained with an oscillo-
scope. Note that the slow response of the obtained waveform is
ascribed to the narrow bandwidth (50 MHz) of the function
generator for the graphene emission and the amplifier for
detection. In addition, we also demonstrated the optical com-
munication investigated by an eye-pattern analysis at 1 Mbps
(Fig. 4b). In this measurement, multi-layer graphene (~85 layers)
was used because of higher emission intensity and higher dur-
ability of the graphene devices under emission with increasing the
number of graphene layers’®>. A completely open eye is
observed indicating that the optical commutation is possible at 1
Mbps. The relatively slow and asymmetric response observed in
the eye pattern corresponds to the slow emission response in
multi-layer graphene as shown in Figs 2d and 3d (see Supple-
mentary Note 5). Furthermore, we investigate the ability of this
emitter to high-speed optical communications by time-resolved
emission measurements under a continuous-wave input voltage
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(Fig. 4c). High-speed modulation synchronized with the input
signal of 1Gbps is experimentally demonstrated. Ideally, the
communication speed of ~10 Gbps is possible taking into account
the ~100-ps rise time of the graphene emitters in Fig. 2.

Highly integrated graphene emitters. As mentioned above, the
high-speed blackbody emitters can be fabricated by using CVD-
grown graphene as well as exfoliated graphene. Since the CVD-
grown single-layer graphene can be uniformly transferred with
the large size of >1 cm? on the silicon wafer, it is a great advantage
that many light emitters can be directly integrated at any positons
on silicon chip?®3>. We fabricated two-dimensional array of
graphene emitters, which are high dimension and density bgr
using unsuspended graphene compared with earlier work?’.
Figure 5a shows a fabricated device with a 2 x 8 array of light
emitters with CVD graphene, which has a size of 2x2 um and a
pitch of 3 um. From this device, the arrayed light emissions with
relatively uniform intensity can be obtained from all graphene
channels as shown in Fig. 5b. This indicates that the graphene-
based emitter is a promising candidates for high-density emitters
on silicon chips because the array density of fabricated graphene
emitters is hundreds of times higher than typical semiconductor
array light emitters®2,

Although all graphene emitters described above are measured
in a high vacuum to avoid the damage of graphene by reaction
with oxygen in air, we fabricated the graphene emitters
encapsulated by Al,O; insulator. Such encapsulation technique
was previously demonstrated by using hexagonal boron nitride
(h-BN), and this technique allowed the operation of large area
devices for more than 1000 h in air?!. We grew the Al,O5 capping
layer by an atomic layer deposition (ALD) method, which is used
in a conventional silicon-based semiconductor process. The
conductance of the device was decreased to ~50 % by the
deposition of Al,O; due to charged impurity scattering and
SPoPh scattering by the capping layer®®. As shown in Fig. 5c, the
Al,O5-capped emitters can operate in air for more than 100 h.
Furthermore, by using this Al,Oj;-capped emitters, we also
demonstrated the direct coupling of this capped light emitter to a
multimode optical fiber in air owing to their small footprint and
planar device structure (Fig. 5d). High-speed light emission could
be directly observed though this optical setup (Fig. 5e). This
indicates that the light emitters on silicon chips can be directly
coupled to optical fibers in small footprint without optical
elements.

Discussion

We have demonstrated graphene-based blackbody emitters,
which have a high modulation speed (100-ps response time) and
small footprint (~1um?) at NIR wavelength including tele-
communication wavelength. The 100-ps response time of this
graphene emitter is faster than that of the conventional semi-
conductor light emitting diodes (~MHz) and is comparable to
that of the laser diodes (~GHz). In addition, we have reported the
application of graphene-based emitters for optical communica-
tions via optical fiber with the real-time signal transmission (1
and 50 Mbps) by using multi- and few-layer graphene, respec-
tively. The high-speed modulation can be understood by the fast
thermal relaxation dominated not only by the classical thermal
transport of the in-plane and out-of-plane heat conduction, but
also by the remote quantum thermal transport via the SPoPhs of
the substrates. These findings suggest that the emission intensity
and modulation speed of a graphene emitter can be controlled by
the number of layers of graphene and the physical contact
between graphene and substrate, indicating that the emission
properties can be designed by the device structure. Since SPoPhs
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Fig. 5 Highly integrated graphene emitters. a An optical image of the fabricated device of the 2 x 8 array emitters, whose size and pitch are 2 x 2 pm and 3
pm, respectively. Dashed lines indicate Pd electrodes. b NIR camera image of the emission for the array device at V45 =10 V. All devices are connected to
the same voltage source, but an adjustable series resistor is introduced for every emitter to equalize the emission intensity of every emitter. ¢ NIR camera
images of the light emission from Al,O3-capped emitters with three-layer graphene after O and 100 h of continuous work in air. No significant change is
observed after 100 h. d Optical image of the direct coupling of the capped light emitter to the multimode optical fiber (MMF) in air. In this picture, MMF is
approaching the emitters. Inset: schematic image of the direct coupling of a capped light emitter to a MMF. e High-speed light emission measured by the

direct coupling shown in (d)

can be excited in the polar substrate, such as HfO,, Al,0; and h-
BN>*, the effect of SPoPh can be modified by changing the
substrate. In particular, two-dimensional materials such as h-BN
have recently attracted attention owing to their unique properties
of their flat surfaces?®, anisotropic structure, and two-
dimensional polariton transport®®, and these unique properties
are applicable to the graphene light emitters>!2°. Graphene light
emitters are greatly advantageous over conventional compound
semiconductor emitters because they can be highly integrated on
silicon chip with simple lithography processes by using large scale
CVD graphene. In addition, it has been reported that the
optoelectronic devices with nanocarbon materials are compatible
with integrated silicon photonics and three-dimensional inte-
grated circuits>®>®, Hence, graphene-based emitters can be
directly combined with the silicon platform with three-
dimensional integrated electronics and integrated silicon photo-
nics, and they can open new routes to highly integrated optoe-
lectronics, e.g., optical interconnects.
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Methods

Device fabrication. We fabricated graphene-based light emitters on a

thermally oxidized (230 nm) silicon substrate (Fig. 1a, b). We used two kinds of
graphene: (i) mechanically exfoliated few-layer or multi-layer graphene

with scotch tape and (ii) CVD-grown single-layer graphene transferred onto a
Si0,/Si substrate using poly(methyl methacrylate) (PMMA)3>. The number of
graphene layers are derived from the intensity ratio of 2D and G peaks in Raman
spectroscopy for single- and few-layer graphene and from the thickness measured
by an atomic force microscope for multi-layer

graphene. The graphene on the substrate was patterned by e-beam lithography and
O, plasma etching with a Ni mask, which is subsequently removed by
hydrochloric acid solution. Ti/Pd electrodes were deposited as source

and drain electrodes on the graphene. The graphene sizes of device channels were
5x 5 um for the device with single-layer graphene, 6 x 9 um for the

device in Fig. 4b, 2 x 2 um for the array device in Fig. 5a, b, and 3 x 4.5 um

for the other devices. These electrodes were designed to be coplanar

waveguide with a characteristic impedance of 50 Q) on an undoped silicon
substrate for high-speed light emitters (except for the array device in Fig. 5a, b)!1. A
gate bias cannot be applied because of the use of an undoped substrate.

The capped emitters for the air operation (shown in Fig. 5¢) are fabricated by
deposition of 75-nm-Al,O; insulator on the fabricated graphene emitters by an
ALD method.
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Emission measurements. The emission from the graphene devices were measured
by a micro-photoluminescence measurement system, where the emitted light was
collected through a quartz optical window of a high-vacuum sample chamber and a
microscope objective lens at room temperature, as reported in previous

reports” %11 The Al,O3-capped emitters were measured in air. Two-dimensional
emission images and emission spectra of the emission was detected by an InGaAs
CCD camera and an InGaAs linear detector with a spectrometer, which has the
wavelength range from 0.9 to 1.6 pm, respectively. The relative spectral response of
the measurement system including the optical path and the detector was measured
with a standard light from a blackbody furnace, and all spectra were corrected
accordingly. Bias signals were applied through a signal line of the coplanar device
using a DC voltage source, a signal generator, a function generator and a pulse
generator for steady-state emission, time-resolved high-speed emission measure-
ment, real-time optical communications, or pulsed light generation, respectively. In
the time-resolved emission measurements based on a single-photon counting
method, the emitted light was guided to the Geiger-mode InGaAs APD (wave-
length range: 0.9-1.7 um) through a fiber coupler and a multimode graded-index
optical fiber, and the time-resolved emission intensity was obtained using a time-
correlated single-photon counting module (see Supplementary Note 1)!1. The
time-resolved measurements based on a single-photon counting method is effective
method to investigate the response speed of the low-intensity light sources, such as
graphene-based emitters, because the emission response can be accurately mea-
sured independently of the light intensity. In the real-time communication mea-
surements, the emitted light was detected by a normal-mode InGaAs APD
photoreceiver (wavelength range: 1.0-1.6 um, bandwidth: 1 GHz), in which the
detected signal from the APD was amplified by a transimpedance amplifier and a
pre-amplifier (100 MHz bandwidth), and was measured using a digital oscilloscope
(see Supplementary Note 1). The eye pattern was also acquired using a digital
oscilloscope under a random digital input signal. The frequency response in the
real-time communication measurements are dominated by the bandwidth of a pre-
amplifier for the light detection. For observation of emission images from arrayed
emitters, the intensity of each emitter is tuned with a potentiometer in order to
obtain the uniform intensity. For the emission measurement by the direct coupling
of the capped light emitter to the multimode optical fiber, the optical fiber is
manipulated to contact the emitter in air. Since all optical measurement are carried
out by using InGaAs-based detectors (the CCD camera, the linear array detector,
the Geiger-mode APD, and the normal-mode APD), their measurement results are
suitably matched for the telecommunication wavelength band with fiber optics
(1.26-1.63 pm).

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.
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