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We experimentally demonstrate high-efficiency and broadband four-wave mixing in a silicon-graphene strip
waveguide. A four-wave mixing conversion efficiency of -38.7 dB and a 3-dB conversion bandwidth of
35 nm are achieved in the silicon-graphene strip waveguide with an optimized light-graphene interaction length
of 60 pm. The interaction length is controlled by a windowed area of silica layer on the silicon waveguide.
Numerical simulations and experimental studies are carried out and show a nonlinear parameter ygos as large

as 104 W-! .m™1. © 2018 Chinese Laser Press
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1. INTRODUCTION

All-optical signal processing is considered a promising technol-
ogy to provide multiple high-speed signal processing functions
without requiring an optical-electrical-optical conversion pro-
cess [1]. Four-wave mixing (FWM), as an important parametric
process, has been widely investigated to realize ultrafast all-
optical signal-processing functions such as wavelength conver-
sion [2], parametric amplification [3], optical logic gates [4],
optical sampling [5], and signal regeneration [6]. Silicon pho-
tonic devices have been used to realize efficient FWM owing to
the advantages of high nonlinearity, compact footprint, and
compatibility with the complementary metal-oxide semicon-
ductor (CMOS) processes [7-9]. However, the two-photon
absorption (TPA) and the free-carrier absorption (FCA)
effects in the silicon devices degrade the FWM conversion
efficiency [10,11].

Graphene has been proved to be an excellent nonlinear op-
tical material [12,13]. In our previous study, we demonstrated a
large Kerr coefficient of graphene (7, = ~107'2 m* - W),
which is 6 orders of magnitude larger than that of silicon
[14]. Combining graphene with silicon photonic devices offers
a possible solution towards high-efficiency and broadband
FWM [15,16]. Nevertheless, the high absorption of the gra-
phene sheet greatly limits the performance of the FWM in
the silicon-graphene hybrid devices [17]. The interaction length
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of the light with the graphene layer, which determines the device
loss, needs to be precisely controlled to achieve optimal FWM
efficiency. This is, however, very challenging due to the fact that
the graphene sheet should be accurately sized and closely con-
tacted with the silicon strip waveguide. Therefore, in the past,
most research efforts were devoted to resonant devices, such as
silicon photonics crystal cavities and microrings [18-20], since
the light-graphene interactions mainly concentrated in the res-
onance areas. Although the conversion efficiency is enhanced
with the resonance structure, the conversion bandwidth is lim-
ited by the cavity bandwidth. In this paper, we propose a design
and fabrication process to accurately control the absorption loss
of the graphene by defining the light-graphene interaction
length in a windowed area ofsilica layer on the silicon waveguide.
Thus the maximum net conversion efficiency can be achieved
with an optimized light-graphene interaction length. The maxi-
mum conversion efficiency of the hybrid waveguide is -38.7 dB,
and the 3-dB conversion bandwidth is 35 nm, which is the wid-
est FWM conversion bandwidth in the silicon-graphene hybrid
devices to our knowledge [21], thanks to the nonresonance
structure of the strip waveguide. Numerical simulations and ex-
perimental studies are carried out and show a nonlinear param-
eter ygos of the graphene-on-silicon (GOS) waveguide as large
as 104 W' . m™!, which is 2 orders of magnitude larger than
that of the silicon waveguide without graphene.
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2. DEVICE DESIGN AND OPERATION
PRINCIPLE

The nonlinear waveguide in our study consists of a monolayer
graphene sheet on top of the silicon strip waveguide, as shown
in Fig. 1(a). The cross-section view along the red dashed line is
depicted in Fig. 1(b). The light-graphene interaction length is
determined by a windowed silica layer on the silicon waveguide.
Here, the silicon-graphene strip waveguide can be divided into
two parts, i.e., the silicon waveguide under the silica layer and
the GOS waveguide with the length determined by the size of
the windowed silica layer. If the pump wavelength and the sig-
nal wavelength are close enough, the maximum conversion
efficiency n of the strip waveguide can be approximately
expressed as [22]

n = (yPpL)?* (1)
Pp = Py, (]
Lg=(0-e")/a, ()

where ¥ is the nonlinear parameter, Pp is the propagating pump
power, L.y is the effective interaction length, Py is the pump
power coupled to the device, a is the linear propagating loss
coefficient, and L is the geometrical length of the waveguide.
Since the conversion efficiency is dependent on the nonlinear
parameter, the propagating pump power, and the effective in-
teraction length, optimizations of these parameters are needed
to obtain the maximum net conversion efficiency.

A numerical simulation analysis based on the finite
element method (FEM) is used to investigate the enhancement
of the nonlinear parameter of the GOS waveguide. Figures 1(c)
and 1(d) illustrate the fundamental quasi-TE mode electric
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Fig. 1. Structure of the proposed GOS waveguide. (a) 3D view;
(b) cross-section view along the red dashed line in (a); (c) fundamental
quasi-TE mode electric field distribution of the silicon waveguide;
(d) fundamental quasi-TE mode electric field distribution of
the GOS waveguide. The light-graphene interaction length is labeled

in (a).

field distributions of the silicon waveguide and the proposed
GOS waveguide, respectively. In the simulations, the cross
section of the silicon waveguide is 480 nm x 220 nm, and
the thickness of the graphene sheet is 0.5 nm. The refractive
indices of the silicon, the silica, and the graphene are set to be
ng = 3.455, ngic, = 1.445, and ngaphene = 2.829 + 2.857 at
1550 nm wavelength, respectively [23].

According to the modal profile, the effective nonlinear
parameter ¥ is calculated by the following equation [19]:

_ 2_ﬂffS%n2(x,y)dxdy
A (J] Sydxdy)?

where S is the time-averaged Poynting vector and 7, is the
nonlinear Kerr coefficient. The integrals are performed in
the core and cladding materials with either the propagating
or the evanescent electric field. The nonlinear Kerr coefficients
of the silicon, the silica, and the graphene are set to be
4.5x1071%, 3x107%°, and 1x 10712 m? - W', respectively
[14,24,25]. Based on Eq. (4), the nonlinear parameters of
the silicon waveguide yg; and the GOS waveguide ygog are
calculated to be 1.71 x 10? and 1.81 x 10% W1 . m™, respec-
tively. Note that the nonlinear parameter is increased by
2 orders of magnitude after transferring the graphene sheet
on top of the silicon waveguide, which is similar to the results
reported before [16].

The effective interaction length and the propagating pump
power are greatly influenced by the linear propagating loss of
the GOS waveguide, which mainly comes from the absorption
of the graphene. Therefore, the maximum net conversion
efficiency can be obtained by carefully controlling the light-
graphene interaction length with our proposed fabrication
process, which balances between the effective interaction length
and the propagating pump power.

4 (4)

3. DEVICES FABRICATION AND RESULTS

Figure 2(a) depicts the fabrication processes of a number of
silicon-graphene strip waveguides, which can be divided into
four steps: (1) preparation of the silicon strip waveguides;
(2) deposition of the windowed silica layer; (3) etching the chip
edges for coupling; and (4) transferring the graphene sheet.
First, electron beam lithography (EBL) and inductively
coupled plasma (ICP) etching were used to define the wave-
guides on the ZEP520A resist. The cross section and the length
of the fabricated waveguide were 480 nm x 220 nm and
3 mm, respectively. A silicon reverse taper with a 200-nm-wide
tip was designed for butt-coupling. To avoid the free-space
light coupling directly between the input and output fibers,
the input and output waveguide ports are offset by 160 pm
and connected by two quarter-circle bends with a radius of
10 pm, which are not shown in Fig. 2(a). Second, a 600-nm-
thick and windowed silica layer was introduced by the EBL,
depositing, and lift-off processes. This step was to control
the light-graphene interaction length by patterning a silica win-
dow. Compared with patterning the graphene using the photo-
lithography and oxygen plasma etching processes, the
graphene, transferred onto the windowed silica layer, was free
from the influences of contamination, wrinkles, and cracks
during the fabrication processes. Thus, the loss caused by
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Fig. 2. (a) Fabrication processes of the GOS waveguides; (b) SEM
images of the GOS waveguides with different interaction lengths.
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the graphene sheet is reduced. Third, lithography and deep-
silicon etching processes were used to fabricate the chip edges
for butt-coupling. Finally, a monolayer graphene sheet, grown
with the chemical vapor deposition (CVD) approach, was
transferred on top of the silicon waveguide using a poly(methyl
methacrylate) (PMMA)-assisted wet-transfer method [26]. The
fabricated silicon-graphene waveguides with different interac-
tion lengths are shown by the scanning electron microscope
(SEM) images in Fig. 2(b). Here, the interaction length
ranges from 30 to 120 pm, which is determined by the length
of the windowed silica layer on the silicon waveguides. In the
experiment, the 60-pm interaction length turns out to be the
optimum.

The degenerate FWM experiments with multiple GOS
waveguides of different light-graphene interaction lengths were
performed using the setup shown in Fig. 3(a). Two continuous-
wave lights from tunable lasers are amplified by two erbium-
doped fiber amplifiers (EDFAs; KEOPSYS CEFA-C-PB-HP
and PriTel), which serve as the pump and signal sources,
respectively. In each path, a tunable bandpass filter (BPF) and
a polarization controller (PC) are employed to suppress the
sideband noise of the EDFA and to ensure that the input light
is TE-polarized, respectively.

A 50:50 coupler is used to combine the pump and the signal
lights. In order to avoid damage from the reflection at the edge
of the silicon waveguide, an isolator is introduced in the setup.
Then the light is coupled into and out of the device under test
(DUT) through two lensed fibers with a coupling loss of
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Fig. 3. (a) Experimental setup for testing the degenerate FWM of
the fabricated devices; (b) FWM spectra of the silicon waveguide
(black dashed line) and the silicon-graphene strip waveguide with a
60-pm GOS length (red solid line); insets are the zoom-in traces

of the pumps and idlers.

6.7 dB/facet. For the silicon waveguide, the linear propagating
loss is 3.6 dB/cm. The output light is detected by the optical
spectrum analyzer (OSA; Yokogawa, AQ6370). For the TM
polarization, the electric field is less confined in the device; thus
it is sensitive to device imperfections. Therefore, only the TE
polarization is used in our study.

Here the conversion efficiency of the FWM is defined as the
ratio of output idler power to the input signal power [3]. After
being coupled into the device, the pump power is 13.8 dBm at
1550 nm, and the signal power is 3.8 dBm at 1549.5 nm. The
output power spectra of the silicon waveguide and the silicon-
graphene strip waveguide are plotted in Fig. 3(b). The idler
power at the end of the silicon-graphene strip waveguide is
-41.6 dBm, with an output coupling loss of 6.7 dB. Thus,
the measured maximum conversion efficiency is -38.7 dB
by excluding the coupling loss. For the silicon-graphene strip
waveguide, the total length of the silicon waveguide is 3 mm,
and the optimum light-graphene interaction length is 60 pm.
Compared with the 3-mm-long silicon waveguide without
graphene, the conversion efficiency of the GOS waveguide is
increased by 4.8 dB, as shown in the inset of Fig. 3(b).

If the input pump power is increased from 2.8 to 13.8 dBm,
the conversion efficiencies of the silicon waveguide and the
GOS waveguide increase linearly with the similar slopes of
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Fig. 4. (a) Experimental and calculated conversion efficiencies of
the silicon waveguide and the silicon-graphene strip waveguide versus
the input pump power; (b) experimental conversion efficiencies of the
silicon waveguide (black circle) and the silicon-graphene strip wave-
guide (red square) versus the signal wavelength; calculated conversion
efficiency of the silicon-graphene strip waveguide (blue solid line) ver-
sus the signal wavelength.

~2, as shown in Fig. 4(a), indicating that the nonlinear absorp-
tions and nonlinear losses are not significant in the FWM proc-
esses [21,27]. The calculated conversion efficiencies based on
Egs. (1)—(3) are also plotted in Fig. 4(a). Equation (1) neglects
the phase mismatch if the pump wavelength and the signal
wavelength are close enough, while the wavelength spacing
between the pump and the signal lights is 0.5 nm in the
experiment. Thus, small discrepancies between the experimen-
tal results and the theoretical results of the two waveguides are
observed. For the silicon-graphene strip waveguide, a detectable
idler can be produced with a pump power of 2.8 dBm, showing
the high nonlinearity of the GOS waveguide. Here, the
conversion processes in the nonlinear waveguide come from
two parts, i.e., the nonlinear conversion from the silicon
waveguide under the silica layer and that from the GOS
waveguide. To characterize the FWM performance of the
3-mm-long nonlinear waveguide, the nonlinear parameters
and the figures of merit [28] for the two waveguides are ob-
tained, respectively, by Egs. (1)—(3). Based on the experimental
results, ys; and ygos are calculated to be 1.04 x 102 and
1.0 x 10 W' . m™!, respectivel. The figure of merit,
¥ x Leg, is 0.27144 and 0.4912 W! for the silicon waveguide
and the GOS waveguide, respectively. Thus the conversion
efficiency is mainly contributed by the GOS waveguide.

Figure 4(b) shows the conversion efficiency versus the signal
wavelength when the pump wavelength is fixed at 1550 nm
and the input power is 13.8 dB. The 3-dB conversion band-
widths of the silicon waveguide and the silicon-graphene strip
waveguide are 9 and 35 nm, respectively. The conversion effi-
ciency and the bandwidth of the FWM process are affected by
the interaction length of the waveguide and wave vector mis-
match between the pump and signal lights [7]. Since the thick-
ness of the graphene layer is only 0.5 nm, the difference of the
effective refraction indices between the GOS waveguide and
the silicon waveguide is negligible, according to the simulated
results. Thus, the wave vector mismatch is mainly produced by
the propagation in the waveguide.

With longer interaction length, the mismatch of the wave
vector between the pump and signal lights is more severe,
which leads to a narrower conversion bandwidth [27].
Although in the device the length of the silicon waveguide
under the silica layer is 2.94 mm, the conversion efficiency
and the bandwidth of the device are mostly determined by
the GOS waveguide, where the highly nonlinear process hap-
pens. In the example of 60-pm light-graphene interaction
length, such a short interaction length would not produce sig-
nificant wave vector mismatch, while for the silicon waveguide
without graphene, the conversion takes place in the 3-mm-long
silicon waveguide, resulting in a larger wave vector mismatch.
As a result, a broadband conversion bandwidth is achieved in
the GOS waveguide. The operation wavelengths of the two
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Fig.5. (a) Absorption loss of the graphene sheet versus the length of
the GOS waveguide; (b) conversion efficiency of the silicon-graphene
strip waveguide versus the length of the GOS waveguide.
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Table 1. Characteristics of FWM Process for Devices on CMOS Platforms?

Device Conversion Efficiency Bandwidth Length Pump Power Nonlinear Coefficient
PhC cavity [18] -30 dB ~200 pm 0.12 mm 600 pW n =48x10"7 m?/W
PhcWG [21] -23 dB 17 nm 200 pm 17 dBm ny = 4.8x 1077 m?/W
SGM [19] -37 dB - - 8 mW ny = 1.5 x 1017 m? /W
SiNy waveguide [29] -46 dB >16 nm 8 mm 10 dBm ny =3%x10"1% m?/W
Si;Nj3 waveguide [30] -40 dB >90 nm 7 mm 4.7 dBm ny =28x10""7 m?/W
USRN waveguide [31] 27 dB ~100 nm 10 mm 26 W y =330 W.m!
Our work -38.7 dB >35 nm (experimental) 3 mm 13.8 dBm Yeos = 1.0 x 104 W' . m™!
~140 nm (calculated) (60-pm GOS)

“PhC, photonic crystal; PhcWG, photonic crystal waveguide; SGM, silicon-graphene microring; USRN, ultra-silicon-rich nitride.

lasers are limited in the C-band, and no obvious roll-off of the
conversion spectrum is observed. The bandwidth of the GOS
waveguide is theoretically calculated by taking into the second-
and fourth-order dispersion effects as described in Ref. [7]. A
3-dB conversion bandwidth of 140 nm is expected.

The absorption loss of the graphene layer is measured with
the cutback method. By changing the lengths of the windowed
silica layer on the silicon waveguides, the lengths of the GOS
waveguides range from 30 to 120 pm with a 30-pum step size.
The measured absorption losses of the graphene are provided in
Fig. 5(a). The absorption loss varies proportionally with the
GOS waveguide length, indicating the effectiveness by intro-
ducing the windowed silica layer. According to the fitted
result, the absorption coefficient of the GOS waveguide is
0.03 dB/pm.

In Fig. 5(b), the conversion efficiencies of the silicon-gra-
phene strip waveguides with different GOS waveguide lengths
are plotted. The experimental results show that the conversion
efficiency first increases with the interaction length, and then
decreases at the longer interaction lengths due to the absorption
loss. The maximum conversion efficiency of -38.7 dB at an
optimum GOS waveguide length of 60 pm is achieved in
our study. Since the TPA coefficient of the GOS waveguide
is assumed to be 25 cm/GW [18], the conversion efficiency
can be enhanced by further increasing the pump power.

Table 1 provides comparisons of our work versus several re-
cently reported devices on CMOS platforms. In our work, the
GOS waveguide enables a high conversion efficiency and broad
bandwidth due to a large ygos of the GOS waveguide.

4. CONCLUSION

In summary, we have experimentally demonstrated high-effi-
ciency and broadband FWM using the silicon-graphene strip
waveguide by accurately controlling the light-graphene interac-
tion length. A conversion efficiency of -38.7 dB and a 3-dB
conversion bandwidth of 35 nm are achieved using a GOS
waveguide with an optimal 60-pm interaction length. The non-
linear parameter of the GOS waveguide, which is as large as
104 W-'.m™!, is calculated from experimental results and
numerical simulations. The proposed GOS waveguide offers
a new possibility for future high-speed and large-capacity
all-optical signal processing.
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