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ABSTRACT

In this work, we experimentally study the optical Kerr nonlinearities of graphene/Si hybrid waveguides with enhanced self-phase
modulation. In the case of CMOS compatible materials for nonlinear optical signal processing, Si and silicon nitride waveguides
have been extensively investigated over the past decade. However, Si waveguides exhibit strong two-photon absorption (TPA) at
telecommunication wavelengths, which leads to a significant reduction of the nonlinear figure-of-merit (FOM). In contrast, a sili-
con nitride based material system usually suppresses the TPA but simultaneously leads to the reduction of Kerr nonlinearity by
one order of magnitude. Here, we introduce a graphene/Si hybrid waveguide, which maintains the optical properties and CMOS
compatibility of Si waveguides, while enhancing the Kerr nonlinearity, by transferring over to the top of the waveguides. The gra-
phene/Si waveguides are measured to have an enhanced nonlinear parameter of 510 W' m~!, compared with that of the Si wave-
guide of 150 W~'m™. An enhanced nonlinear FOM of 2.48 + 0.25 has been achieved, which is four times larger than that of the Si
waveguide of 0.6 + 0.1. This work reveals the potential application of graphene/Si hybrid waveguides with high Kerr nonlinearity

and FOM for nonlinear all-optical signal processing.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5064832

Optical nonlinear effects in CMOS-compatible integrated
optical devices are of great significance as they can be explored to
realize a variety of functionalities ranging from all-optical signal
processing to light generation.”” A silicon-on-insulator (SOI) has
been regarded as a popular platform for ultra-dense on-chip inte-
gration of photonic and electronic circuitry due to its compatibil-
ity with CMOS fabrication. In addition, the nonlinear optical
properties of silicon waveguides are also heavily explored over the
past decade, such as stimulated Raman scattering, Raman amplifi-
cation, self-phase modulation (SPM), four-wave mixing, and
super-continuum generation.”®? However, the existence of two-
photon-absorption (TPA) at telecom wavelengths (around
1550 nm) in the Si platform leads to a strong degradation in the
value of the nonlinear figure-of-merit (FOM). TPA increases the
photon loss in the process and generates carriers subsequently
producing usually undesired free-carrier absorption (FCA) and
free-carrier dispersion (FCD). TPA and FCA generally cause optical

losses, which in turn lower the peak power inside the waveguide
and therefore reduce the conversion efficiency of the optical non-
linear process.”" In addition, non-negligible single-photon
absorption (SPA) should be taken into consideration not only at
very low power levels but also at moderate powers. "

There are other promising platforms such as chalcogenide
glass and AlGaAs, which possess high nonlinearity and low TPA,
but highly challenging fabrication processes limit their usage in
CMOS compatible applications.*"” Furthermore, CMOS com-
patible platforms such as SizN4 and Hydex glass exhibit low TPA
at telecom wavelengths, thus efficiently reducing the nonlinear
loss as well as linear loss; however, their nonlinear refractive
index is approximately one order of magnitude smaller than that
of silicon.””"” Therefore, the best way to fulfill the requirement
of silicon nonlinear photonics is to integrate them with materials
with a high Kerr coefficient while keeping the silicon platform
for its economic advantages.
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One of the best candidates is graphene, which has out-
standing optoelectronic properties, while remaining compatible
for integration with silicon photonic devices. In the field of pho-
tonics, graphene has attracted widespread research attention in
various optical devices, such as photodetectors, modulators,
optical switches, optical gates, and lasers.”'* ** One of the major
optical properties of graphene is the giant optical Kerr nonline-
arity which has been previously reported by several groups with
Kerr-coefficients ranging from 1077 to 107" m?/W.”*° The
ultrahigh third order nonlinearity can facilitate grooming opti-
cally efficient nonlinear signal processing applications, which
have been widely demonstrated, such as a slow-light graphene-
Si photonic crystal waveguide, fiber pigtail cross-section coated
with a single-layer graphene, and graphene-assisted Si micror-
ing resonator.”” “? But the detailed optical nonlinear mechanism
of graphene decorated Si waveguides as entire devices has not
been experimentally investigated for CMOS compatible nonlin-
ear silicon photonic applications. The understanding of gra-
phene in a hybrid system leading to feasible optical switching
devices can be of great use in future optoelectronic devices. In
this paper, we demonstrate experimental studies of the SPM
process under picosecond pulses in Si waveguides and gra-
phene/Si (G/Si) hybrid waveguides. The positioning of graphene
on Si waveguides was done by the transfer process. The effective
Kerr coefficient n, of the graphene/Si hybrid waveguide is cal-
culated to be ~2 x 10~ m?/W, which is three times larger than
that of the Si waveguide. Furthermore, the FOM has been
enhanced from 0.6 = 0.1 in Si waveguides to 2.48 in G/Si hybrid
waveguides.

Single-mode silicon waveguides with a width of 500 nm, a
height of 340 nm, and a length of 3.5mm are fabricated on a SOI
wafer with a buried oxide layer of 3 um. The schematic diagram
of the waveguides is shown in Fig. 1(a). Standard e-beam lithog-
raphy is used to pattern Si waveguides on a JEOL-6300 (100kV)
system with ZEP-520A EB resist. After development, the pattern

Intensity (a.u.)

500 000 | 2500‘1 3000
Raman shift (cm™)

FIG. 1. (a) Schematic diagram of the graphene-Si hybrid waveguide, with the
dimensions of W (500 nm) x H (340 nm) x L (3.5mm). Raman spectra (b) of the
single layer graphene before (red solid curve) and after (blue dotted curve) transfer-
ring onto the Si waveguide. Inset: optical microscopy image of graphene on the Si
waveguide. Tilted SEM images of the (c) sidewall and (d) inverse taper of Si wave-
guides, with a scale bar of 1 um and 500 nm, respectively.

scitation.org/journal/apl

is transferred by inductively coupled plasma (ICP) etching on
Oxford PlasmaPro 100. The good quality of the sidewall is shown
in Fig. 1(c). The inverse taper with a tip width of 100 nm and a tip
length of 50 um, as shown in Fig. 1(d), is designed to improve the
efficiency of adiabatic coupling. Chemical vapor deposition
(CVD)-grown monolayer graphene with a length of 60 um is
then transferred onto the waveguide and close to the input end
by precise positioning.”” Due to the absence of any folding or
wrinkles of graphene under an optical microscope, we confirm
that the graphene is totally flat on top of the silicon waveguides.
The distance between the waveguide and the side silicon is 3 um
on both sides to avoid the mode leakage from the waveguide. It
is noted that for comparison, identical silicon waveguides with-
out graphene are fabricated using the same procedure.

The explicit characterization of monolayer graphene before
and after transferring onto Si waveguides is carried out by
Raman spectroscopic measurements, pumped with a 488 nm
laser. As shown in Fig. 1(b), both the spectra show a G peak
(~1586cm™") with a full width at half maximum (FWHM) of
~18cm™! and a 2D peak (~2700cm™), with a 2D-to-G peak
intensity ratio of about 1.2, implying the good quality of mono-
layer graphene.”

In order to investigate the third-order optical nonlinearity
of G/Si hybrid waveguides, the dispersion and group velocity
dispersion (GVD) are calculated using the standard Sellmeier
equation by Lumerical MODE solutions. The group velocity dis-
persion as a function of wavelength for the silicon waveguide
(denoted by the solid red line) and the G/Si hybrid waveguide
(denoted by the dashed blue line) is presented in Fig. 2. The
insets (a) and (b) in Fig. 1 show the electric field distribution of
the TE mode in the silicon waveguide and the G/Si hybrid wave-
guide, respectively. The thickness of graphene in the simulation
is set to be 1nm, and the dispersive complex refractive index of
graphene was used to calculate the dispersion curves for the

Graphene |

1.0 12 14 16 18 20
Wavelength (nm)

FIG. 2. Group velocity dispersion as a function of wavelength for silicon and G/Si
hybrid waveguides, denoted by solid red and dashed blue curves, respectively.
Inset: fundamental TE-mode optical intensity distribution of the (a) silicon wave-
guide and (b) G/Si hybrid waveguide. The graphene layer is indicated by a solid
white line.
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hybrid G/Si waveguides.”” The group velocity dispersion is cal-
culated to be —4.5 ps?m at 1550 nm. It is noted that compared
with the GVD and dispersion of Si waveguides, the graphene in
G/Si hybrid waveguides has a negligible effect on both GVD and
dispersion.

Both Si and G/Si waveguides are pumped by a PriTel's FFL
series of picosecond fiber lasers. The laser produces pulses with
a center wavelength of around 1548 nm at a repetition rate of
20 MHz and a TE-mode pulse duration of 1.5 ps, which are deliv-
ered with a polarization-maintaining (PM) fiber and polarization
controller. The transverse electric (TE) mode is chosen for the
entire experiments because it supports the in-plane interaction
between the evanescent field and the graphene, which is much
stronger than the out-of-plane interaction due to the large opti-
cal anisotropy of two-dimensional materials.” The pulses are
coupled into and out of the waveguide devices via lensed fibers
and inverse taper with a coupling loss of approximately 10 dB
per facet. It is noted that one meter long PM fiber between the
pulse laser and the waveguide devices is chosen in order to
eliminate the spectrum change induced from the nonlinear
effects within the fiber. To monitor the input spectrum, a 90:10
coupler is inserted in the setup to split off 10% of the laser
power into an optical spectrum analyzer (OSA, Yokogawa
AQ6370D). The propagation loss measurements are carried out
on Si waveguides by the cut-back method. The linear propaga-
tion losses in the silicon waveguide and those induced from gra-
phene absorption are estimated to be (3.5+0.5) dB/cm and
0.2 + 0.02 dB/pm, respectively.

Prior to the SPM measurements, as shown in the insets of
Fig. 3, we measure the temporal characteristics of the pulse by
means of a frequency-resolved optical gating (FROG) instrument

1515 (a) e (b)
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FIG. 3. Experimental results of the transmission spectra of comparison between
the Si (green solid curve) and G/Si hybrid (blue solid curve) waveguides under the
same input energy with 1.5 ps input pulse (spectrum denoted by the red dashed
curve). Inset: (a) autocorrelation spectrum in the time domain and (b) second har-
monic generation (SHG) FROG trace of a transform-limited Gaussian pulse with an
FWHM of 1.5 ps.
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(Coherent Solutions HR150). A FROG scan records the spectrum
of the nonlinear optical signal at each temporal delay. These
data can be illustrated in the form of a so-called FROG trace. It
contains both the temporal and spectral information about the
pulse, as shown in the insets of Fig. 3. Note that because of the
polarization sensitive nature of the FROG measurements, a
short fiber length here was utilized to ensure that there was no
significant depolarization during propagation. The pulse inten-
sity and phase were characterized based on a spectrally resolved
second harmonic generation (SG) autocorrelator. The Gaussian
shape pulse of 1.5 ps has been confirmed as shown in the insets
of Fig. 3. SPM measurements are carried out by measuring the
transmission spectra in both Si waveguides and G/Si hybrid
waveguides. It is shown in Fig. 3 that the dotted red curve repre-
sents the spectrum of the original input pulse, while the green
and blue solid curves represent the output spectra for both the
Si waveguide and the G/Si waveguide under identical input
pulse energy, respectively. Of note, both waveguides have the
same length of 3.5 mm. The input pulse has a spectral line-width
of 2.1nm. It shows the strong enhancement of third-order non-
linearity by integrating graphene with Si waveguides. The energy
dependent measurements of the G/Si hybrid waveguide are
shown in Fig. 4, with input pulse energies ranging from 5 pJ to 16
pJ. Since SPM alone is known to yield a symmetric spectral dis-
tribution around the injected laser frequency, the asymmetry
must stem from other factors such as chirped injected laser
pulses, self-steepening, GVD, or changes in the free carrier den-
sity by TPA. Self-steepening can be ruled out. First, the change
of n, within the narrow spectral bandwidth of the ps-pulse is
negligible. Second, the self-steepening induced spectral red-
shift is absent in our experiments.”*** GVD should be of minor
influence, as will be discussed in detail later. Therefore, the FCA
and TPA effects play a dominant role in this work.

Prior to the analysis of the nonlinear transmission, the
relation between the average output power P, and the
average input power P, is recalled in the case of a dominant
TPA effect

-
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FIG. 4. The output spectra of the G/Si hybrid waveguide under various coupled
energies. The red curve denotes the 1.5 ps pulse spectrum.
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where Im(y) = frpa/(2Acf) is the imaginary part of the y, nonlin-
ear coefficient due to TPA, frpa, is the two-photon absorption
coefficient, L. is the effective length reduced by the linear
propagation loss through Leg = (1—e *) /o, L is the physical
length, «=3.5dB/cm is the linear propagation loss, and A
(~0.16 um?) is the effective mode area of waveguide. Thus, Eq. (1)
discloses a linear relation between the ratio Pj,/Po,: and the
measured input power Py, with the slope being proportional to
the nonlinear coefficient frpa. The TPA coefficients fps for both
Si waveguides and G/Si hybrid waveguides can be extracted
with similar values of 0.5 cm/GW.

We calculated the case where a Gaussian-shape laser pulse
is coupled into the Si waveguide and G/Si hybrid waveguide. By
using the nonlinear Schrodinger equation (NLSE) with the split-
step Fourier method, the on-chip SPM process can be simulated
with the following equation:**

A 1 B OA L, O

—= ;W&—m+1y|A| A-5(I+inNA, ()
where A(z, t) is the slowly varying temporal envelope along the
length z of a nonlinear medium, y = woh,/CcAs is the nonlinear
parameter, wy is the optical frequency, f,, is the m-th order dis-
persion coefficient, n, is the nonlinear Kerr coefficient, ¢ is the
free carrier absorption coefficient, p is the free carrier disper-
sion coefficient, and N is the free carrier density. N, can be
obtained by solving

ONe  Prea A" Ne

ot " 2ho Al ®)

where 1. is the effective lifetime of free carriers with an esti-
mated value of 0.5ns."’ Noting that pulse width Ty < <, the .
term can be ignored as carriers do not have enough time to
recombine over the pulse duration. The pulse dynamics are gov-
erned by the interplay of SPM and dispersion whose relative
strengths can be determined by several characteristic lengths,
namely, the GVD, defined as Lp = T2/|f,|, and the nonlinear
length, defined as L, = 1/yPin.

Here, the nonlinear length Ly, and the dispersion length
Lp, are calculated to be 0.65mm and 19.26 mm, respectively.
Given that Lp is much longer and Ly, is much shorter than the
waveguide length (3.5mm) for both Si and G/Si hybrid wave-
guides, the pulse dynamics will be dominated by the third-order
nonlinearity rather than the dispersion.

As shown in Fig. 5, the simulated spectra have relatively
good agreement with our experimental results under various
input energies. The extracted n, value of the G/Si hybrid wave-
guide is here calculated to be 2 x 107" m?/W, which is three
times larger than that of the Si waveguide. Furthermore, the cal-
culated nonlinear parameter 7 is about 510 W 'm™", In contrast,
the calculated n, and nonlinear parameter y of the Si waveguide
are 6 x 10~ m?/W and 150 W~ 'm~", respectively.

The nonlinear figure-of-merit can be defined as FOM =n,/
(ApTea), which is a measure of the optical nonlinear efficiency of
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FIG. 5. Experimentally measured and numerically calculated spectra of the output
picosecond pulse propagating along G/Si hybrid waveguides for various coupled
pulse energies, denoted by solid and dashed curves, respectively.

the medium when both the nonlinear refractive index and non-
linear loss mechanisms are accounted for.””* In addition, it
provides a useful dimensionless measurement of the suitability
of the material for nonlinear switching. In this work, nonlinear
FOM of the bare Si waveguide is ~0.6 = 0.1 at 1.55 um, insuffi-
cient for optical switching applications, while the FOM of the G/
Si hybrid waveguide is calculated to be approximately 2.48,
which is higher than that reported in Si (0.83),” SiGe (0.26),”* and
hydrogenated amorphous-Si (0.66)*"*” waveguides.

In addition, for those platforms which possess low or negli-
gible TPA in the telecom region, another figure of merit,
7 X Left max, 1S more suitable. It provides a metric for comparison
between nonlinear waveguides, where the acquired nonlinear
phase scales linearly with the incident peak power. Leftmax =1/
is the maximum effective length achievable in a waveguide with
a loss coefficient of o, and y is the nonlinear parameter. The fig-
ures of merit y X Lefrmax for Hydex glass® (loss=0.06 dB cm !
and y ~ 022W'm™) and ultra-low-loss silicon nitride*”
(loss=0.5dB cm ™' and y ~ 1TW 'm™) are calculated to be 0.16
and 0.087W™, respectively. For the G/Si waveguides used in
this work, y X Lefrmax =198 WL which suggests that nonlinear
waveguide devices implemented on this platform are able to
achieve 10 times more nonlinear phase shift than ultra-low-loss
platforms at the same peak power level. Furthermore, the field
strength interaction between the silicon waveguide and gra-
phene would be enhanced as the silicon waveguide changes to
220 nm in height due to the much higher electric field distribu-
tion, and this would further enhance the nonlinear behavior. The
significant improvement in both the optical Kerr nonlinearity
and nonlinear FOM in G/Si raises the prospect to provide a truly
practical and viable platform for nonlinear photonic applications
in the telecommunication wavelength window. This reveals that
the incorporation of single layer graphene can be employed to
increase the nonlinear performance of silicon-based waveguides
in all-optical signal processing.

In summary, enhancement of third-order nonlinearity in
the G/Si hybrid waveguide has been studied here by self-phase
modulation experiments, and enhanced spectrum broadening
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has been observed in the G/Si hybrid waveguide. Although the
decorated graphene exhibits a relatively weak evanescent fields
in such a structure, three times larger Kerr nonlinearity is still
achieved on the G/Si hybrid waveguide with an overall optical
nonlinear parameter of 510 W~ /m, higher than that of the sili-
con waveguide of 150 W~'/m. The FOM has been improved as
well from 0.6 = 0.1 to 2.48 compared with that of the Si wave-
guide. The FOM for comparison with those platforms without
TPA and G/Si hybrid waveguides is able to achieve 10 times
more nonlinear phase at the same peak power level. This work
provides an insight that on-chip integration of graphene with
CMOS-compatible silicon platform enables the realization of
devices that possess many all-optical functions at telecommuni-
cation wavelength.
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