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On-chip ultrafast mode-locking lasers are basic building blocks for the realization of a chip-based optical fre-
quency comb. In this paper, an ultrafast saturable absorber made up of a graphene pad on top of a silicon wave-
guide is applied to implement an ultrafast pulse laser. Benefiting from the small mode area of the graphene/silicon
hybrid waveguide, the saturable pulse energy is reduced by two orders of magnitude compared with the fiber. A
mode-locked pulse with a duration of 542 fs and a repetition rate of 54.37 MHz is realized. Pump—probe mea-
surement shows that the carrier relaxation process of free carrier recombination with atomic-thin graphene/silicon
junctions is three orders of magnitude faster than silicon, which plays a fundamental role in pulse narrowing. The
chip-scale silicon ultrafast laser lays a foundation for a new class of nonlinear devices, in which a combination with
multiple functional silicon photonic circuits enables efficient nonlinear interaction at the micrometer scale and

less than 1 W of power consumption.

https://doi.org/10.1364/PRJ.428050

© 2021 Chinese Laser Press

1. INTRODUCTION

Ultrafast pulse lasers have a plethora of applications ranging
from automatic driving and terahertz generation to biological
detection and optical metrology [1,2]. The successful tabletop
Ti:sapphire pulse lasers are capable of delivering tens of femto-
second pulse width and pico-joule pulse energy, which are the
basic instruments for nonlinear optics in free space [3]. Fiber
pulse lasers, holding the light at the core of fiber, exhibit hun-
dreds of femtoseconds pulse width and lower pulse energy [4].
As the ultrafast pulse lasers are key elements for nonlinear pho-
tonics, Ti:sapphire or fiber pulse lasers have been used to char-
acterize the fruitful nonlinear processes within integrated
optical waveguides, such as silicon, III-V, and chalcogenide re-
lated. There is great demand for integrated pulse lasers on the
silicon photonics platform because of the advanced advantages
resulting from the shrinkage of footprint, reduction of power
consumption, and solidarity of device stability. Silicon wave-
guides also suffer intrinsic strong two-photon absorption under
pumping light and slow recombination of subsequent free car-
riers, leading to nanosecond recombination time and tens of
picoseconds mode-locking pulse [5,6]. Although the II-V
on silicon pulse laser has been realized, pulse width with typ-
ically a few picoseconds duration is still limited by the transient
process of free carriers in III-V material [7].

Since first deposited by mechanical exfoliation in 2004 [8],
graphene has attracted strong interest in optoelectronics.
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Graphene is regarded as an excellent broadband saturable
absorber (SA) for its ultrafast recovery time [9] and high dam-
age threshold. In recent years, graphene has been widely intro-
duced into optoelectronic platforms for modulators, detectors,
and polarizers [10-14]. Patterned graphene on a waveguide
does not change the original optical mode. Moreover, the in-
teraction between graphene and the evanescent wave of a wave-
guide not only elongates the optical interaction length [15] but
also enhances the performance of the device [16].

Here, we demonstrate an ultrafast laser based on a graphene/
silicon hybrid waveguide (GSHW), which has recently at-
tracted considerable attention as a promising host of free carrier
manipulation at the atomic scale [17]. Besides, graphene resting
on the silicon waveguide, patterned with standard photolithog-
raphy process, provides strong light—matter interaction
(0.045 dB/um), which is almost two orders of magnitude
greater than that of the counterpart of graphene on fiber [18].
The pump—probe experiment shows that the GSHW has an
ultrafast carrier recovery time of 1.82 ps, which is a cornerstone
for the formation of ultrafast pulses. The several 10 pm satu-
rable absorption region working with the evanescent coupling
scheme improves the modulation effect of SA while reducing
the saturable pulse energy within chip-scale, resulting in the
mode-locking self-starting phenomenon, which can still be ob-
served under the condition of large intracavity loss (>20 dB).
Finally, the duration of laser output pulse is measured to be


https://orcid.org/0000-0003-1176-2302
https://orcid.org/0000-0003-1176-2302
https://orcid.org/0000-0003-1176-2302
https://orcid.org/0000-0002-1324-2311
https://orcid.org/0000-0002-1324-2311
https://orcid.org/0000-0002-1324-2311
mailto:dainl@hust.edu.cn
mailto:dainl@hust.edu.cn
mailto:dainl@hust.edu.cn
mailto:ywangwnlo@mail.hust.edu.cn
mailto:ywangwnlo@mail.hust.edu.cn
mailto:ywangwnlo@mail.hust.edu.cn
mailto:ywangwnlo@mail.hust.edu.cn
https://doi.org/10.1364/PRJ.428050

Research Article °

542 fs, with a fundamental repetition rate of 54.37 MHz.
Taking the mode area of the waveguide into account, the peak
power density on-chip exceeds 10 GW /cm?, which provides
convenience for all-optical signal processing and nonlinear
optical applications on chip.

2. SAMPLE PREPARATION AND
CHARACTERIZATIONS

Figure 1(a) shows the structure of the GSHW: the silicon wave-
guide with a ridge height of 200 nm and ridge width of 500 nm
is fabricated on a silicon on insulator (SOI) wafer with a
340 nm top silicon layer. Both ends of the waveguides are con-
nected by strip gratings with an etching depth of 200 nm. The
period and duty cycle of coupling grating are 600 nm and 0.45,
respectively. The grating is optimized for TE polarization
mode; the coupling loss is measured to be 7 dB per facet.
The waveguides and gratings are exposed by electron-beam
lithography (Vistec EBPG 5000plus ES) and then etched by
inductively coupled plasma (Oxford Plasmalab system 100
ICP 180). Then, the monolayer graphene grown on the copper
foil by chemical vapor deposition is transferred onto the silicon
waveguide via wet transfer method [19]. After the transfer pro-
cess, the graphene layer is then patterned by UV exposure and

(a)
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etched by the reactive ion etching process. Finally, a certain
length of graphene remains on the silicon waveguide to form
the GSHW. The optical waveguide mode couples to the gra-
phene layer through the evanescent wave, as shown in Fig. 1(b).
Although the modal confinement factor [20] of the graphene
layer is almost neglectable (I, = fgra |Egm|2d5 / JS1EI*dS =
0.347%), remarkable propagation losses could still be achieved
by the accumulated evanescent interaction between graphene
pads and the silicon ridge waveguides over several tens of
micrometers. Propagation losses of the GSHWSs were charac-
terized by the cutback method [21], which indicates an absorp-
tion coefficient of 0.045 dB/pm. This is close to the
simulation result of 0.04 dB/pm, for which we attribute the
simulation error to the neglect of graphene on both sides of
the waveguide.

Figure 1(c) shows the scanning electron microscope (SEM)
image of fabricated GSHWSs. Each GSHW contains a 60 pm
long monolayer graphene. The figure inset shows the detailed
graphene pad patterned on the ridge waveguide, from which
the patterned graphene rests on the silicon waveguide. The sam-
ples are analyzed with a Raman microscopy system (LabRAM
HRB800) using a 532 nm wavelength laser [Fig. 1(d)]. Raman
spectrum of the GSHW shows that the graphene pads are with
single layer and high crystallinity. The G peak of graphene is
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Fig. 1. Hybrid graphene/silicon waveguide device. (a) Diagram of the GSHW. (b) Quasi-TE mode distribution of GSHW. It can be seen from
(a) and (b) that graphene is located in the optical field region of the silicon waveguide and interacts with the evanescent wave. (c) SEM image of
prepared GSHWs. Inset shows the patterned graphene on silicon waveguide. (d) Raman spectrum of monolayer graphene on silicon waveguide.
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located at 1595 cm™!, the 2D peak is at 2681 cm™!, and the
I,p/1 is calculated to be 1.94. Therefore, it turns out that gra-
phene is monolayer [22,23]. The state of low defects keeps the
carrier mobility of graphene at a high level, ensuring the ultrafast
carrier response time of the atomic-thin graphene/silicon
junction.

3. EXPERIMENT SETUP AND RESULTS

A. SA of GSHW

A saturation absorption detection system shown in Fig. 2(a) is
buile [24]. The light source is 2 home-made nonlinear polari-
zation rotation (NPR) mode-locked fiber laser, delivering stable
900 fs pulses at a central wavelength of 1556 nm with a
92.9 MHz repetition rate. The pulsed laser is amplified by
an erbium-doped fiber amplifier (EDFA) and then connected
to a variable optical attenuator (VOA) and a polarization con-
troller (PC). The 90/10 fiber optical coupler (OC) splits the
power into two parts. The smaller part is used as the
reference value of the input optical power of the graphene—
silicon hybrid waveguide, which is monitored by the power
meter (PM1), while the greater part is directed to GSHW, and
the optical power output from the hybrid waveguide is moni-
tored by another power meter (PM2). In Fig. 2(b), the trans-
mittance variation of the GSHW is plotted with the increased
average power of incident light. The fitting curve represented
by solid red line is obtained from the typical two-level saturable
absorber model [25]:

a.f

(i) = 1—@—0%5, (1)
where T'(/) is the transmittance of the GSHW, and «, and ayg
are the respective saturable and nonsaturable losses, in which a;
represents the modulation depth of GSHW. It can be derived
from the fitting curve that the average saturable power /g of
GSHW is 0.060 mW. The saturable pulse energy, defined
as the pulse energy corresponding to half of the SA transmit-
tance change, is 0.646 pJ. Taking the effective mode area of
waveguide (0.18 pm?) into consideration, the saturation flu-
ence of GSHW is calculated to be 0.37 GW /cm?, which is
consistent with the saturable power density of the graphene
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Table 1. Saturable Absorption Parameters of Graphene-
Related SA

Ref. a, [%] ays [%] Saturable Pulse Energy [p]]
[27] 1.7 — 31.93

[28] 1.3 34.3 121.17

[29] 2 - 135

This work 10.5 38.2 0.646

reported in Ref. [26]. The a; and ayg of GSHW are about
10.5% and 38.2%, respectively. We summarize the saturable
absorption parameters of the GSHW with typical references,
as shown in Table 1.

As can be seen from Table 1, because of the strong coupling
effect between the graphene pad and waveguide evanescent
wave, the modulation depth of our GSHW is relatively higher
than in previous results. Our GSHW only needs tens of
micrometers of graphene to achieve a better modulation effect
than the millimeter-scale graphene of fiber lasers. Benefiting
from the ultrasmall mode area of the silicon waveguide, our
GSHW needs low pulse energy to reach saturation, which is
two orders of magnitude lower than the previous results.
Futhermore, the evanescent coupling way of GSHW increases
the damage threshold of graphene compared with the tradi-
tional sandwich structure.

B. Mode-Locked Laser Setup Based on GSHW

Figure 3 shows the experimental setup of the hybrid graphene/
silicon ultrafast laser. The commercial erbium-doped fiber
[LIEKKI Er110-4/125, group velocity dispersion (GVD),
12 ps? km™'] with high doping concentration is used as the
gain medium in the cavity. The cavity was optically pumped
by a 980 nm laser diode (980 LD); the maximum pump power
of 980 LD is 900 mW. A 980/1550 WDM, a polarization-
independent isolator, and a polarization controller are con-
nected by single-mode fiber (SMF-28; GVD, -22 ps®> km™!)
in order in the cavity. Our GSHW is embedded in the laser
cavity system as a saturable absorber. The 90/10 fiber optical
coupler is inserted into the ring cavity for laser output. Taking
the coupling loss of the grating, the absorption loss of the
hybrid waveguide, and the insertion loss of other devices into
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Fig. 2. Saturable absorption property of the GSHW. (a) Schematic of GSHW saturation absorption experiment setup. VOA represents the
variable optical attenuator; PM is the power meter. (b) The transmittance as a function of the average optical power. The average power is
the remaining input power by exclusion of the insertion loss of single-ended grating coupler. Experimental data are represented by black dots.
The red solid line corresponds to a fit with a two-level saturable absorber model.
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Fig. 3. Schematic of mode-locked laser setup based on GSHW,
where the GSHW acts as saturable absorber.

account, the total loss in the cavity is about 20 dB. The total
cavity length of the laser system is 3.77 m, which contains a
0.8 m erbium-doped fiber, 0.15 m pigtails of WDM (OFS
980; GVD, 4.5 ps’km™'), and 2.82 m single-mode fiber.
The dispersion of GSHW (1.09 x 10~ ps?) can be ignored
due to its short length. The total dispersion of the system is
calculated to be -0.0518 ps?. An oscilloscope, a spectrometer,
and an autocorrelator are connected to the output port of the
laser, respectively.

Although the cavity loss is large, the laser still achieves a self-
starting passive mode-locking operation at the pump power of
200 mW. The reason for this phenomenon is that GSHW only
needs low pulse energy to reach saturation. Figure 4(a) shows
the optical spectrum of the laser output, the 3 dB bandwidth is
measured to be 3.57 nm at a central wavelength of 1546 nm. At
mode-locked state, the pulse train measured at the output port
is shown in Fig. 4(b). Figure 4(b) shows that the pulse trains
have a pulse interval of 18.3 ns, which matches the cavity
roundtrip time for the total cavity length. The pulse duration
is measured by a commercial autocorrelator (Pulsecheck, APE).
Due to the large coupling loss of the grating, the maximum
output power of the laser cavity at mode-locked state is
0.5 mW, which is lower than the power response range of
the autocorrelator, so an EDFA is connected to the output
end to characterize the pulse duration. The measured intensity
autocorrelation (AC) trace is shown in Fig. 4(c). Fitting the
autocorrelation trace with a hyperbolic-secant profile and
multiplying the AC trace width with a decorrelation factor,
the actual duration of the measured pulse is 542 fs. We also
measured the RF spectrum of the mode-locked pulses with
a span of 200 MHz and a resolution of 100 Hz. As shown
in Fig. 4(d), the fundamental repetition rate is 54.37 MHz.
The insert shows that the background noise level of the spec-
trum is 47 dB, which means the mode-locking operation works
at a stable state. Once the mode-locking state is achieved, there
is no need to use external feedback. Mode-locking operation
maintains stable for almost 1 h during the experiment. In ad-
dition, we introduce a silicon waveguide with the same struc-
tural parameters as GSHW into the same laser cavity. Even if
the pump power is increased to the maximum output value
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Fig. 4. Characteristics of passively mode-locked operation. (a) Laser
output optical spectrum with 3 dB bandwidth of 3.57 nm. (b) Pulse
train of fundamental mode-locked operation. Insert shows a pulse in-
terval of 18.3 ns. (c) Autocorrelation trace of mode-locked operation.
The experimental data are represented by black lines. Red curve rep-
resents fitting using a hyperbolic-secant function. The FWHM of the
autocorrelation trace is 836 fs, corresponding to a pulse duration of
542 fs (a deconvolution factor of 0.648 is used to account for the hy-
perbolic-secant pulse shape). (d) The RF spectrum of the mode-locked
pulses, corresponding to the repetition frequency of 54.37 MHz.
Insert shows that the SNR is equal to 47 dB.

of 980 LD (900 mW), the mode-locked state does not occur.
This also confirms that our GSHW plays a fundamental role in
pulse narrowing,.
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Fig. 5. Ultrafast carrier response of graphene/silicon junction. (a) Schematic of the carrier response measurement setup with a pump—probe
system. (b) The carrier response of GSHW under pump light. The blue solid line is the experimental measurement result. The falling edge
of the experimental curve shows that the carrier relaxation recombination time of the graphene/silicon junction is as short as 1.82 ps.
Hlustration @ represents the carrier recombination state shown on the falling edge of the curve. Illustration @ shows the recombination state

of photogenerated carriers in a pure silicon waveguide.

C. Pump-Probe Experiment

Regarding the formation mechanism of the ultrafast pulse in
the laser cavity, it can be attributed to the ultrafast carrier re-
sponse of graphene/silicon junction in GSHW. To confirm
this, we quote a pump—probe experiment system, as shown
in Fig. 5(a). The system consists of two NPR pulsed light
sources with a central wavelength around 1560 nm. The du-
ration of the two pulses is about 700 fs; the bandwidth is about
15 nm. In our system, the repetition rates of the pump light
(Pulse 1) and probe light (Pulse 2) are 92.868 and
92.867 MHz, respectively. The repetition rate difference be-
tween the two pulses is 1 kHz, which results in a time scaling
up factor of 92,800. Pulse 1 is filtered by a bandpass optical
filter to produce pump light with a central wavelength of
1555 nm and a bandwidth of 8 nm. The pump light enters
the GSHW through Port 1 of the optical circulator. The probe
light enters GSHW through ISO, VOA, and PC and then
transmits by the optical circulator from Port 2 to Port 3.
There is also a bandpass filter connected to the detection part
that only allows light with wavelength larger than 1560 nm,
thus avoiding the detection of pump light reflected by the gra-
ting coupler. Polarization controllers (PCs) are adopted to
achieve optimized coupling efficiency. The VOA is used to con-
trol the intensity of the pump and probe light. The blue line in
Fig. 5(b) shows the spectrally integrated transmission change
AT [Ty = (T -Ty)/T, of the probe light as a function of
the pump—probe delay (7', T: the transmission of GSHW

with and without pump excitation). Our experimental data are

obtained by using the high-speed asynchronous sampling
method [30-32]. The falling edge of the curve indicates that
the free-carrier recombination time of the GSHW is as short as
1.82 ps, which is three orders of magnitude faster than that of
the silicon waveguide [33-35]. Illustration @ in Fig. 5(b) rep-
resents the recombination state of photogenerated carriers in
GSHW. Compared with that of silicon waveguides, as shown
in Illustration @, the carrier recombination in GSHW occurs at
the interface between graphene and Si, while the recombination
of Si waveguides occurs inside bulk Si, which results in a larger
carrier recombination area and slower recombination rate. The
recombination process occurs at the graphene/silicon interface
ensures the ultrafast carrier response time and facilitates pulse
narrowing. Besides, there is negative “tails” of kinetics shown in
Fig. 5(b). Previous literature attributed that negative A7 /T,
region to the thermal diffusion and shrinkage of band separa-
tion caused by lattice heating [36,37]. The carrier exchange be-
tween substrate (Si) and graphene also leads to similar
experimental phenomena [38,39].

4. CONCLUSION

In summary, we have experimentally demonstrated an ultrafast
laser based on a GSHW. When the incident light enters
GSHW, a large number of photogenerated carriers are gener-
ated. Then, the photogenerated carriers tend to recombine at
the silicon—graphene interface rather than in silicon. The re-
combination time of the carrier near the graphene/silicon
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junction is as short as 1.82 ps, which is three orders of magni-
tude faster that of than silicon. Our result is different from the
previous conclusions of Cheng ez al. [40]. This is because the
pump light used in their experiment was a square-wave pulse
with a pulse width of 5 ps. Under that condition, the FCA
effect in Si cannot be ignored [41], which resulted in a longer
carrier response time.

Compared with the silicon waveguides, the carrier response
rate of GSHW is increased by nearly three orders of magnitude.
The ultrafast carrier response of the GSHW is conducive to
pulse narrowing. Based on the fact that GSHW can reach sat-
uration at low pulse energy, although the intracavity loss is
higher than 20 dB, the laser cavity can still achieve a self-start
mode-locking state. The pulse width is measured to be 542 fs
with a repetition rate of 54.37 MHz. Mode-locking operation
maintains stability for hours during experiments. The power
density on the hybrid waveguide in the mode-locked state ex-
ceeds 10 GW /cm?, which is sufficient to excite various non-
linear effects of the silicon waveguide [42—44]. This is a
favorable result for the application of on-chip supercontinuum
sources and other nonlinear effects. Our work, along with pre-
vious results, provides broad application prospects for nonlinear
optics and a feasible solution for silicon-based integrated pulsed
light sources.
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