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ABSTRACT
Ultrafast third order nonlinearity in silicon photonics is promising for all-optical signal processing beyond 100 Gbit/s. However, the coexistence of
slower dynamical responses, such as mesoscopic Drude free-carrier plasma or thermal nonlinearities, degrades high-speed signal integrity. Here, we
introduce atomic-layer graphene onto the silicon nanophotonic platform to leverage its unique nondegenerate two-photon absorption and ultrafast
carrier dynamics, demonstrating broadband and fast bitrate transmission through cross-absorption modulation. Multichannel error-free optical
transmission across telecommunication C- and L-bands is demonstrated with 1012 bit-error rates at a data transmission rate of 1 Gbps. The bandwidth of the hybrid silicon–graphene structure is demonstrated at least up to 25 GHz. The broadband cross-absorption modulation over 640 nm in
graphene–silicon optoelectronics provides a promising scalable material platform for high-speed all-optical signal processing.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0006596
Graphene has tremendous potential across nanoscale electronics
and photonics.1,2 Different from conventional materials, graphene
offers wide frequency band operation because of its bandgap absence
and linear dispersion at optical frequencies, which ranges from visible
to near-infrared including optical communication frequencies.3–6 In
addition to a wideband 2.3% constant absorption deﬁned by the ﬁnestructure constant, graphene has a large optical nonlinearity, including
a large two-photon absorption (TPA) coefﬁcient.4,7 Furthermore, the
atomic layer thickness, remarkably high carrier mobility, and ultrafast
relaxation dynamics of hot Dirac fermions support high-speed graphene devices.8–11 These ultrafast characteristics of graphene make it a
promising candidate for chip-scale all-optical communications and
signal processing.
Here, we examine the TPA-induced broadband cross-absorption
modulation (XAM) in graphene–silicon devices for all-optical switching. Ultrafast TPA has been proposed for all-optical XAM in silicon
waveguides.12,13 The lingering free-carrier absorption limits the
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response. A rather long nanoscale waveguide path or applying reverse
bias is needed to ensure the free carriers’ recombination.14,15
Currently, graphene-based modulators are based on the intrinsic
response of graphene itself, such as tunable linear absorption at its
Fermi level, with a maximum modulation bandwidth up to 35 GHz
and a data rate up to 50 Gb/s.3,16–20 Supporting photonic structures
have also been designed for improved photonic coupling to the graphene layer.21–24 Other all-optical modulation mechanisms were demonstrated through graphene-assisted free carrier absorption, thermooptic effect, saturable absorption, Kerr nonlinearity, and plasmonics.25–31 Their pulse width ranged from microseconds to 260 fs
while only demonstrating a modulation speed of kHz. In this paper,
the free carrier lifetime of the device is greatly reduced to less than
40 ps (resolution limited by the instruments) by transferring graphene
onto the photonic crystal waveguide (PhCWG). Instead of sophisticated design or electrical integration, the nonlinear switching coefﬁcient and response speed are enhanced in a 20-lm long device. The
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maximum 85% modulation depth, 640 nm working band, and 1 Gbps
error-free data transmission with at least 25 GHz potential all-optical
modulation are achieved simultaneously.
Figure 1(a) illustrates the physical processes in our graphene–silicon XAM broadband transmission architecture. When the graphene
layer is directly brought into contact with the silicon waveguide, a
Schottky junction is formed because of the different work function
between graphene and silicon. Nondegenerate TPA (ND-TPA) arises
with one photon from the pump and one from the probe, which has a
collective sum of energies higher than that of the material bandgap.
The photons of probe light will be absorbed alone with the photons of
the pump light during the ND-TPA process, resulting in a dark pulse
XAM [Fig. 1(b), process 1]. Meanwhile, electron and hole distributions
are excited to nonequilibrium by the TPA interband transition processes and then rapidly thermalize and cool to equilibrium by intraband scattering. The resulting generation of carriers can be
broadband, as well as the following ultrafast carrier relaxation, and
these processes last less than the sub-pico-second timescale in both silicon and graphene, allowing the broadband and fast pump-to-signal
data transfer.9,10,32,33 Photo-generated carriers recombine (FCR) in
graphene on the picosecond scale, while carriers generated in monolithic silicon recombine slowly and form a long free-carrier absorption
(FCA) tail [Fig. 1(b), process 2]. In the graphene–PhCWG structure,
the carriers generated in silicon can vertically transfer to graphene
with a high transfer rate through the built-in ﬁeld at the graphene–silicon interface. Then, the carriers recombine with high surface recombination velocities, equivalently decreasing the lifetime of free carriers.
This ultrafast process was demonstrated in our graphene–silicon
Schottky photodetectors,34,35 and was usually suppressed by surface
passivation to increase the carriers’ lifetime to enhance the photoresponse in applications of graphene–Si Schottky solar cells.36
Our graphene–silicon PhCWG device is a W1 line defect waveguide conﬁguration with a length of 20 lm. CVD-grown monolayer graphene covers the PhCWG well through wet transfer,37,38 as examined by
Raman spectroscopy and scanning electron microscopy [SEM, Fig. 1(c)].
Raman spectra collected at the center of the graphene–PhCWG and
intensity mapping of the 2D peak indicate that the device is well covered
by a slightly p-doped graphene layer.39,40 The total insertion loss of the
device is 16 dB, including 5 dB graphene absorption loss. The linear
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loss introduced by graphene depends on the material quality and Fermi
level of graphene, which can be further controlled by doping to eliminate
the linear loss, while the ND-TPA modulation process can still exist.
Chip transmission is measured using tunable lasers [Fig. 1(d)], scanning
from 1490 nm to 1675 nm and 1935 nm, as well as 1950 nm. A ﬂat
transmission of about 16 dB is observed with a ﬂuctuation less than
3 dB. Our short PhCWG length (20 lm) allows a smaller photonic crystal mode onset extinction ratio in the solely silicon PhCWG transmission, enabling the large optical bandwidth demonstration.
The testing setup for XAM is shown in Fig. 1(e). The pump is provided by a mode-locked ﬁber laser with 3 ps pulses centered at
1550 nm. After passing through a ﬁber polarization controller (PC), the
pulses are modulated by a LiNbO3 modulator and a programmable pattern generator (PPG) outputting the pseudo-random binary sequence
(PRBS, length 27–1 bits). The pump pulses are subsequently ampliﬁed
by an erbium-doped ﬁber ampliﬁer (EDFA 1). To generate the dualpulse to watch the dynamical response limit of our graphene–PhCWG
system, a tunable optical delay was built using ﬁber. The pulse pump
light and continuous wave (CW) probe light are combined by a wavelength division multiplexer (WDM) and are coupled into our chip with
a lensed ﬁber coupler. The output transmission is collected by another
lensed ﬁber and sent to a tunable bandpass ﬁlter, which ﬁlters out the
pump light. The probe signal is then ampliﬁed by an EDFA 2 and is
examined using a bit-error-rate tester (BERT) and a 20 GHz digital
communication analyzer (DCA). When we switch between PhCWG
chips with and without graphene, calibrations are done with a reference
waveguide to make sure that the instruments and coupling condition
remain the same.
As shown in Fig. 1(f), the weak probe signal shows an early dark
pulse because of the cross-absorption driven by ND-TPA. For both
the graphene–PhCWG (orange curve) and the monolithic PhCWG
(green curve), we observe a similar early dark pulse with a modulation
depth of about 65%. However, the relatively slow free-carrier recombination of over 450 ps (Refs. 4 and 14) limits the modulation rate in
monolithic silicon. With graphene–silicon implementation, the free
carrier goes back to its initial state, right after the ND-TPA (orange
curve). The pulse width shown in Fig. 1(f) is about 40 ps, limited by
the detector bandwidth. The small peak right behind the main peak is
caused by detector ringing.

FIG. 1. Ultrafast data transfer through nondegenerate two-photon absorption-based crossabsorption modulation in graphene–silicon
optoelectronics. (a) Schematic diagram of
ND-TPA-based XAM between the pump and
probe lasers in the graphene–PhCWG
Schottky junction. (b) Schematic diagram of
ND-TPA and the following free carrier recombination (FCR) and free carrier absorption
(FCA) process. (c) SEM image and Raman
spectra of the graphene-covered PhCWG.
Scale bar: 5 lm. (d) Transmission spectrum
of the device. Different colors indicate different
lasers. (e) Experimental setup including
pump-probe and dual-pulse pump generation.
(f) Real-time measurement of XAM in the
monolithic silicon PhCWG (green curve) and
in the graphene–PhCWG (orange curve).
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FIG. 2. Graphene cross-absorption modulation at different pump powers. (a)
Experimental and simulated (dashed line)
results of the graphene–PhCWG (red
circles) and the PhCWG (green triangle)
modulation depth as a function of pump
power at 1543 nm. (b) XAM with different
modulation
depths
in
the
graphene–PhCWG. (c) Zoom-in of (b). (d)
XAM with different modulation depths in
the monolithic silicon PhCWG. (e) Zoomin of (d). (f) Modeled time domain evolution. The inset shows the simulated mode
ﬁeld distribution of TE mode in the
graphene–PhCWG structure.

As shown in Fig. 2, the probe wavelength is ﬁxed at 1543 nm with
a power of 6 dBm. The pump wavelength is 1550 nm, with a 39 MHz
repetition rate, and the average pulse energy gradually increased from
25.6 pJ to 104.1 pJ (average power density 1.55–6.33 GW/cm2) to
achieve a modulation depth from 10% to 55%. The dependence of the
modulation depth and pump power in the PhCWG with/without graphene is shown in Fig. 2(a) [corresponding time domain evolution is
shown in Figs. 2(b)–2(e)]. Thanks to the ultrahigh TPA coefﬁcient of
graphene, the graphene–PhCWG performs better than the PhCWG
when the average pump power is below 3 dBm (modulation depth
from 0 to 30%). ND-TPA dominates the modulation process, and
FCA is negligible in the graphene–PhCWG (region I). When the
pump power goes on, more free carriers excited by TPA take part in
the modulation process, absorb the probe light, and enhance the modulation depth. In region II (modulation depth from 30% to 50%),
the modulation efﬁciency is almost the same in the device with/without
graphene as free carriers are suppressed by graphene in the
graphene–PhCWG hybrid structure. In region III, the modulation
depth continues to increase (from 50% to 85%), but the recombination tail appears because of high free-carrier densities. In this region,
the modulation depth is a bit higher in silicon. This is because of the
fact that much more free carriers are generated in silicon than graphene–silicon, and FCA helps to achieve a higher modulation depth in silicon. In region IV, a large number of free-carriers are generated. The
presence of FCA, thermal effect, and higher order nonlinear absorption
decreases the modulation depth from 85% to 60%. The simulation
curve (dashed line) does not decrease when pump power is very high
because we only consider the TPA and FCA process in the modeling.
Also note that saturable absorption should appear in graphene when
the pump power density in the graphene layer reaches a high level
(GW/cm2). The saturable absorption will increase the transmission
of probe light. However, we always see dark pulses of the probe light
during the modulation. Hence, the primary fast modulation mechanism in our device is still ND-TPA induced XAM.
Curves in Fig. 2(b) show the XAM in the monolithic PhCWG. The
density of free-carriers instantaneously rises with the pump power in the
PhCWG, with clear free-carrier relaxation tails even when the modulation
is as low as 10% [denoted in the red dashed boxes of Figs. 2(b) and 2(c)].
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When the modulation depth reaches 55%, the free-carrier recombination time is measured to be nearly 2 ns, which distorts the modulation.
The XAM in the graphene–PhCWG is signiﬁcantly better, as shown in
Figs. 2(d) and 2(e). Even when the modulation depth increases to 40%,
the free-carrier recombination tail is still not observable. When we
increase the modulation depth to 55%, the free-carrier recombination tail
begins to appear, due to carrier saturation.
To understand the FCA contributions, we model the XAM with
the below dynamical nonlinear governing equations:12,13
dPpump
ðz; tÞ ¼ aPpump ðz; tÞ  rFCA Nðz; tÞPpump ðz; tÞ
dz
 bdeg Ppump ðz; tÞPpump ðz; tÞ;

(1)

dPprobe
ðz; tÞ ¼ aPprobe ðz; tÞ  rFCA Nðz; tÞPprobe ðz; tÞ
dz
 bnondeg Ppump ðz; tÞPprobe ðz; tÞ;

(2)

dNðz; tÞ bdeg
Nðz; tÞ
¼
;
Ppump ðz; tÞPpump ðz; tÞ 
dt
s
2h

(3)

where Ppump and Pprobe are the pump and probe powers, respectively. a
is the linear loss, which is about 5 dB/cm in silicon and 0.25 dB/lm

FIG. 3. Probing the modulation dynamics with a dual-pump and broadband graphene–silicon cross-absorption modulation. (a) Dual-pump pulse measurements of the
graphene–silicon waveguide. (b) Measured (red open squares) and simulated
(orange and green curves) modulation depth at the communication C- and L-bands.
The inset shows the example time-domain evolutions at 1310-nm, 1543-nm (scale
bar: 50 ps), and 1950 nm (scale bar: 2 ns) probe wavelengths.
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FIG. 4. Bit error rate and quality factor measurements in graphene transmission as well
as the pseudo-random binary sequence
modulations. (a) BER and measured eye
diagrams for 1605 nm and 1543 nm probe
wavelengths at different modulation speeds.
(b) PRBS-modulated transmission in the
graphene–PhCWG and the PhCWG, comparing 27–1 bits (scale bar: 200 ps) and
27 bits (scale bar: 1 ns).

in the graphene-PhCWG. bdeg and bnon-deg are the degenerate TPA
and nondegenerate TPA coefﬁcients, respectively. rFCA is the freecarrier cross section, N the carrier density, s the free-carrier recombination lifetime, z the propagation direction, and  the optical frequency. The calculated modulation depths for different pump powers
are shown in the dashed line plot of Fig. 2(e). The corresponding temporal responses for the four regions of low (I, II), medium (III), and
high (IV) pump powers are illustrated in Fig. 2(f).
The free-carrier recombination time is about 1–15 ps in different
doped graphene,9,10 increasing the overall potential modulation rate
capacity of the graphene–silicon hybrid. We built a dual-pulse generation module [Fig. 1(c)] with varying inter-pulse delays to examine the
graphene–silicon device dynamics. The pump pulse is split by a 50:50
ﬁber coupler. One of the paths has a tunable optical delay, and then
the two pulses are coupled together, forming an interleaved dual-pulse
pump with the closest-pulse to closest-pulse repetition rate from
10 GHz to 25 GHz. We send the interleaved dual-pulse pump with the
XAM at the tuned pulse-to-pulse separations of 100 ps (10 GHz;
orange line), 50 ps (20 GHz; red line), and 40 ps (25 GHz; purple
curve) shown in Fig. 3(a). The time trace of each pulse is very clear
and does not affect the next pulse, as there is no residual free-carrier
tail in the graphene–silicon PhCWG. (At 25 GHz, the dual-pulse has a
slight overlap due to the detector bandwidth limit.) We note that the
modulation depth is stable and not affected by various modulation
speeds. For comparison, we also show the response of the monolithic
silicon PhCWG with the green curve in Fig. 3(a) at 20 GHz, and the
free-carrier tail is very clear after the second pulse.
We examine the broadband performance of the
graphene–PhCWG device as illustrated in Fig. 3(b) (red squares). The
pump is kept at 1550 nm, and the probe signal is examined using continuous wave lasers at 1310 nm, 1543 nm, 1605 nm, and 1950 nm. Our
broadband modulation measurements span over 640 nm in the graphene–silicon hybrid device. For each probe wavelength, different sets
of ampliﬁers, ﬁlters, and photodiodes are used to support this demonstration. The instrumentation performance away from the C- and
L-bands is not as good, illustrating a larger overshoot with the
1310 nm detector and a response speed of about 1 ns at 1950 nm. The
inset shows the example temporal waveforms at 1543 nm, 1310 nm,
and 1950 nm. While 1950 nm and 1310 nm do have smaller transmission intensities than at the C- and L-bands, this is also compensated
by optical ampliﬁers. Our measurements are supported with numerical simulations, shown by the orange solid line of Fig. 3(b), where the
modeled modulation depth is almost ﬂat from 1200 nm to 2000 nm,
which is better than that in the silicon device (green line) because of
the much higher TPA coefﬁcient and the much wider work band in
graphene.
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To further the investigation of the optical communication system
capability, bit-error-rate (BER) and eye-diagram measurements are
carried out at communication C- and L-bands. BER curves for the
1543 nm probe (green diamond) and 1605 nm probe (blue triangle)
under 830 MHz and 1 GHz modulation are shown in Fig. 4(a). The
modulation pattern is return-to-zero (RZ) and the BER reaches a
1011 level, demonstrating error-free transmission. The BER curve for
the 1605 nm probe and 1 GHz modulation speed is also examined
(black dots), achieving the 1012 BER level. The red dot data show the
back-to-back reference measurement, which indicates that the power
penalty of our system is about 7 dB. The clear error-free open eye diagrams are presented on the right, and the quality factor (Q factor) is
estimated from 4.05 to 8.89.
Next, in Fig. 4(b), we illustrate the XAM output patterns with
1 GHz PRBS pattern input (length 27–1 bits). The results are noisier
than 1 and 0 RZ data input because the PRBS varying duty cycle would
cause transient ampliﬁcation effects in the EDFA. The best BER here
we achieve is 104. From the DCA output, we observe that although
the absorption of the graphene layer increases the noise, the freecarrier combination tail affects the pulses much more, making the
XAM pattern and modulation quality in the monolithic silicon device
worse than that in graphene implementation.
In this study, we demonstrate a hybrid graphene–silicon
PhCWG for high-quality XAM toward optical communication onchip. We leverage the strong graphene absorption into cross-absorption-based data encoding, achieving more than 55% modulation
depth, Q factors up to 8.89, and error-free data transmission up to 1
Gbps with a BER of 1012. Our approach beneﬁts from the intrinsic
ultrafast carrier recombination in atomic layer graphene for fast modulation spanning 640 nm. The broadband zero-bandgap graphene can
also interface with III–V materials to further extend the modulation
wavelengths. Our broadband, time-domain, and bit-error-rate experiments are supported by our theory and numerical simulations, demonstrating a promising route for chip-scale next-generation all-optical
data processing.
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