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ABSTRACT: Optical modulators with ultrahigh speed, small
footprint, large bandwidth, robust athermal operation, and
complementary metal-oxide semiconductor (CMOS) compatibility are important devices for optical communication and
computing applications. Compared to the conventional optical
modulators, graphene modulators have attracted great interest
due to their large optical bandwidth with an ultracompact
footprint. However, their practical applications are limited by
the trade-oﬀ between speed and optical bandwidth, with a
critical issue of temperature tolerance. In this work, we
experimentally demonstrate an athermal graphene optical modulator with a 140 nm bandwidth in the entire optical
communication regime (1500−1640 nm), with robust high-temperature operation. The device is based on a planar structure with
double-layer graphene, leading to the high modulation speed, up to 35 GHz through reduction of the total resistance, and
capacitance (9 fF). We observe speed stability in a wide range of temperatures (25−145 °C). The ultracompact footprint (18
μm2) of the device promises the next generation of on-chip optical interconnections for eﬃcient communication.
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The electroabsorption eﬀect of germanium has oﬀered a high
modulation speed but with a limited optical bandwidth due to
ﬁnite band gap.6,7 As a result it cannot cover the entire optical
communication regime (1525−1565 nm (C band) and 1570−
1610 nm (L band)). Furthermore, CMOS-compatible
applications require special processes (such as epitaxial growth,
wafer bonding, or die bonding), which limits the thermal
stability of the ﬁnal devices.6−9
Graphene, a monolayer of carbon atoms formed in a
honeycomb lattice, is appealing for optical modulation4,10−13
applications due to its unique electrical and optoelectronic
properties. Among these are (1) ultrafast modulation speed
(several hundreds of GHz), thanks to its high carrier mobility
of more than 200 000 cm2/(V·s);14−18 (2) broadband
operation with a constant absorption of πe2/ℏc = 2.293%,
where ℏ and c are the Plank constant and speed of light in a
bulk material, which covers a broad range from visible to
infrared wavelengths;19,20 (3) CMOS compatibility with the
demonstrated wafer-scale integration on silicon in past few
years;21 and (4) unique temperature stability related to its
exceptional thermal conductivity.13 With all of these merits,

o boost the development of future supercomputers and
data centers, ideal optical modulators are demanded with
ultrahigh speed, small footprint, large optical bandwidth,
athermal operation, and complementary metal-oxide semiconductor (CMOS) compatibility. Modulators are classiﬁed
into two operational categories: electrorefractive and electroabsorptive. For the refractive approach, the modulation is
typically achieved by varying the plasma dispersion eﬀect and
free carrier absorption in silicon to control the real part of
material permittivity. However, for a single-pass two-beam
interference like Mach−Zehnder’s, such a change is typically
poor. Hence, a device several hundreds of micrometers long
must be employed to manipulate the relative phase of the
interfering beams for output power control.1−3 This results in a
large footprint and a high capacitance, which consequently
raises the power consumption. Other refractive modulator
designs with multiple-pass single-beam interference, such as
resonators, require a large quality factor (>104) or a
narrowband modulation (<0.1 nm), which results in a stringent
fabrication process. In addition, a precise temperature
stabilization to keep the device on resonance is indispensable,
causing an increase in the total power consumption.4,5 In
contrast, absorptive modulators (such as germanium-based
devices) utilize the changes of the imaginary part of the material
permittivity by applying an electrical ﬁeld through the structure,
mostly with a reverse bias voltage on a p−i−n-like structure.
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Figure 1. Device design for a high-speed broadband modulator. (a) Cross-section schematic of the device showing two layers of graphene separated
by a 120 nm Al2O3 dielectric interlayer to form a capacitor. (b) Finite element method (FEM) calculation of the TM mode in the silicon waveguide.
Due to the larger overall tangential electric ﬁeld integration underneath the waveguide, the absorption of the TM mode is as large as 0.1 dB/μm, and
a 3 dB modulation depth is expected from the current device geometry. (c) False-color SEM image illustrating the waveguide, input/output couplers,
and Cr/Pd/Au metallization. Planar surfaces enable large improvement of material conductivity and contacts by employing the RTA technique and
reduction of the capacitance through increasing the interlayer thickness. (d) Zoom-in image of dashed area in (c). Top and bottom graphene layers
(red) overlap in the 600 nm by 30 μm long waveguide. Gold areas indicate metal contacts.

in 30 s to 300 °C and stabilized at 300 °C for about 1 min with
a ﬂowing gas of 10% hydrogen in nitrogen into the chamber,
with a repetition cycle of ﬁve times. The graphene is patterned
by e-beam lithography. Oxygen plasma was used to remove the
undesired graphene region (Figure S1c). It is noted that a
pristine graphene with the hydrophobic nature of the basal
plane encounters the diﬃculty in direct deposition of high
dielectric constant material through the ALD method. Therefore, a seeding layer of 2-nm-thick Al2O3 was deposited onto
the bottom graphene by e-beam evaporation. The planar design
of graphene layers lets us form an interlayer of 120-nm-thick
Al2O3 with ALD for ultrafast optoelectric uses (Figure S1d).
The top graphene layer was then transferred, forming a
capacitor structure (Figure S1f). Similar procedures to those for
the bottom graphene layer were performed to allow the active
tuning of graphene layers (Figure S1f−h). The Raman
spectroscopy data indicate good-quality graphene for both
top and bottom layers (Figure S2). A layer of 270-nm-thick,
amorphous silicon (a-Si) was deposited by PECVD (Figure
S1i). Eventually a 600 nm × 30 μm (width × length) silicon
waveguide, with both ends connected to a pair of grating
couplers (period = 870 nm, optimized for transverse magnetic
(TM) mode with λ = 1550 nm) was fabricated via e-beam
lithography and transformer coupled plasma (TCP) etching
(Figure S1j). We carried out a two-dimensional ﬁnite element
method (FEM) simulation using COMSOL Multiphysics. The
calculation results indicate that the absorption of the TM mode
(0.1 dB/μm) is greater than the transverse electric (TE) mode
due to its better overlap with graphene, and a 3 dB modulation
depth is expected from the current device geometry shown in
Figure 1b. Figure 1c and d show the false-color SEM image
including the waveguide, input/output couplers, and Cr/Pd/Au
metallization. Top and bottom graphene layers (red colors)
overlap well with the modulator waveguide.

graphene is expected to be integrated with silicon photonics for
the next generation of short-reach optical interconnects.15,22
Here we report the experimental demonstration of a
graphene-based electroabsorption modulator with a 35 GHz
modulation speed, while absorption is actively controlled by
tuning the Fermi level through electrical gating of a graphene
double layer. A 2 dB modulation depth within the range of
optical communication wavelengths (1500−1640 nm), under
ambient conditions, was obtained. More importantly, we show
that the modulation performance of our device remains
immune to a large range of changes in the temperature (25−
145 °C). This is crucial for practical interconnections and
communication systems.

■

EXPERIMENTAL METHODS
To facilitate high-speed and broadband operation, a planar
structure is developed by relocating the double-layer graphene
underneath the waveguide. This new design allows us to
achieve a 10 times thicker spacer layer between the graphene
layers compared to the previous work to reduce the device
capacitance.11 The contact resistivity has been improved using
rapid thermal annealing (RTA). These lead to a more than 1order enhancement of the modulation speed. In order to
fabricate the double-layer graphene optical modulator, wet
thermal oxidation and atomic layer deposition (ALD) were
employed to form a 1 μm silica and a 20 nm thick Al2O3,
respectively, which prevents the leakage of the optical mode
into the silicon substrate. Next, chip-sized graphene grown on
copper was transferred to the goal substrate by employing the
wet transfer method23 (Figure S1a). The electrode and a
contact pad for the bottom graphene layer were deﬁned by ebeam and UV lithography, respectively, followed by e-beam
evaporation of Cr/Pd/Au with a thickness of 2/10/90 nm
(Figure S1b). During the RTA process, the sample was ramped
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MEASUREMENT RESULTS
To study the dynamic response of the double-layer graphene
modulator, an unmodulated RF signal with −7 dBm from the
calibrated Anritsu 37397D vector network analyzer (VNA) was
combined with a bias direct current (dc) voltage of 25 V
through an SHF BT-110 bias-tee and applied between the
bottom and top layers of graphene. The coaxial cable was
connected to the device with a GGB model 40A-GS microwave
probe. Losses from the cabling, bias-tee, and probe were
subtracted. A distribute feedback (DFB) laser at 1550 nm was
used to externally generate the light into the modulator. The
radiofrequency (RF)-modulated signal was then transferred to
the VNA via the BPDV3120R u2t photodiode cascaded with a
UA1L65VM broadband postampliﬁer. We measured smallsignal RF (S21: ratio between the optical amplitude modulation
and the RF signal). Figure 2 illustrates the S21 results, while a

Figure 3. Robust athermal operation of the graphene modulator under
a large temperature range. The slope of the RF response S21 under
diﬀerent temperatures remains virtually the same. At a high
temperature of 145 °C a modulation depth of 1.9 dB is obtained,
indicating a robust athermal operation of the device, which is a key
factor for practical approaches.

voltage was obtained, indicating less dependency on the
temperature change. The robust athermal operation in
modulators is critical to optoelectric interconnection and
communication systems for ultrafast eﬃcient modulation.
The static results on the transmission of the graphene
waveguide modulator with various bias voltages were measured
at the standard communication wavelength of 1550 nm (Figure
4a). While most of the transmission loss comes from the two
grating couplers (−13.5 dB for both couplers), the minimum
transmission of the waveguide is −16.4 dB, at which 2 dB
modulation depth with TM mode excitation was obtained for a
30-μm-long waveguide modulator. An extremely low insertion
loss of −0.9 dB was measured by comparing the output of two
identical waveguides with and without graphene layers.
Applying a voltage swing of 25 V to the modulator is required
to turn the modulator from the OFF to ON state and vice
versa, which corresponds to a power consumption of 1.4 pJ/bit.
The absorption of graphene is adjusted by the electrical
gating. The band structure of graphene is composed of two
bands that are degenerate at the so-called Dirac points. Due to
the nature of the monolayer (low density of states), the
position of the Fermi level can be modiﬁed readily by changing
the accumulation charge. Considering an undoped monolayer
graphene (Figure 4 region II), the Fermi level is at the Dirac
point. Under the illumination of photons with an energy of ℏν
(where ℏ and ν are the Plank and light frequency, respectively),
the transmission would be attenuated. However, when the
graphene sheet is either hole- or electron-doped (Figure 4
regions I and III), its Fermi level drops or rises, respectively.
When the charging is suﬃcient to raise (or drop) the Fermi
level by the photon’s half energy above (or below) the Dirac
point, the interband transition is considerably suppressed, and
hence higher transmission is allowed. In our device, when a
positive voltage is applied to the top layer (bottom layer is
eﬀectively negatively biased), a less positive voltage is needed to
suppress the absorption compared with the negative voltage
case. This is because the absorption is mainly from the top layer
graphene, which is closer to the waveguide mode, and that layer
is initially p-doped. We examined the optical bandwidth of our
double-layer graphene device in a large range of optical
communication wavelengths. A uniform modulation depth
under diﬀerent optical wavelengths (1500−1640 nm) was

Figure 2. Radio frequency response of the device. The 3 dB cut-oﬀ
frequency of 35 GHz was obtained with an RF power of −7 dBm
biased at VDC = 25 V. Speed performance is limited by device RC time
constant. An estimation of the geometric capacitance of the measured
device is 9 fF, while our measurement indicates that a high series
resistance (∼500 Ω) mainly arises from the contact resistance between
the graphene layer and metal electrode, limiting the current speed
performance.

bandwidth of 35 GHz limited by the RC time constant of our
fabricated modulator is obtained. The RC is restricted by the
dimension of the capacitor, graphene sheet resistance, and
contact resistance. An estimation of the measured device’s
geometric capacitance is 9 fF, while our measurement revealed
that the high series resistance (∼500 Ω) mainly came from the
contact resistance between the graphene layer and palladium
electrode (pad), which is the key issue for the current speed
limitation. Using the state-of-the-art process, the series
resistance of the device can be considerably reduced to below
50 ohm,4,24 which combined with a microstrip electrode design
terminated with a matched impedance25 can signiﬁcantly
increase the speed of the modulator.
Typically, interference-based silicon devices such as resonators or Mach−Zehnders are highly sensitive to hightemperature operation due to the large thermo-optic coeﬃcient
eﬀect in silicon. To study the temperature dependence of the
operating characteristics, we tested the 30-μm-long waveguide
modulator throughout a large temperature range of 25−145 °C.
We studied the slope of the RF response (S21) at 1550 nm
throughout a large temperature range of 25−145 °C (raw data
plotted in Figure S3). As shown in Figure 3, the slope virtually
remains unchanged as the temperature rises, which denotes a
robust speed performance. In addition, a 1.9 dB modulation
depth at a high temperature of 145 °C with the same swing
C
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Figure 4. Broadband functionality of the planar modulator. (a) Static
result of a planar double-layer graphene modulator. A modulation
depth of ∼2 dB is achieved on a 30 μm long device with a swing
voltage of 25 V at the standard optical wavelength of 1.55 μm. (Inset)
Band proﬁles of graphene (blue and red for unoccupied and occupied
states, respectively) for regions I, II, and III, in which the arrows
represent the incident and transmitted photons. (b) Uniform
modulation depth of the device across the full measured wavelength
range from 1500 to 1640 nm covering the entire optical
communication region (1525−1565 nm (C band) and 1570−1610
nm (L band)) has been observed with a ﬁxed swing voltage. Such a
broadband functionality in a modulator is important to boost the
capacity of optical short-reach interconnects.

observed with a constant swing voltage (Figure 4b). Such a
broadband functionality in a modulator is important to boost
the capacity of optical short-reach interconnects. A comparison
of performances between our modulator and established
modulation techniques is provided in Table S1.

■

CONCLUSION
In conclusion, we have experimentally demonstrated a planar
double-layer graphene modulator with an ultrafast operation up
to 35 GHz. A uniform modulation depth of 2 dB for the entire
optical communication wavelengths (1500−1640 nm) was
obtained with an ultracompact footprint of 18 μm2. Robust
athermal operation of the modulator with no noticeable change
in speed performance of the device at a high temperature up to
145 °C was presented, critical for the next generation of optical
communication and computing.
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