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We characterize the nonlinear response of graphene-covered SiN waveguides by means
of degenerate four-wave mixing. It is shown that the nonlinear response of graphene is
highly dispersive and decreases strongly with increasing detuning between the pump and
the signal. The measured magnitude of the nonlinear parameter 7y ranges from ~150
m~ W= to over 1600 m~'"W~!, the corresponding nonlinear susceptibility from ~ 2 -
10715 10 ~ 21074 m—2v =2,

Introduction

Graphene has extraordinary electrical and optical properties, originating from its two-
dimensional crystal structure and its linear and gapless band structure [1]. In optics,
graphene has been successfully used to make mode-locked fiber lasers [2], by making
use of its strong broadband absorption and ultra-fast carrier dynamics. Graphene is also
compatible with conventional CMOS technology, which has lead to the demonstration of
integrated electro-absorption modulators [3]. Both theoretical predictions [4—6] and ex-
perimental studies [7-10] have indicated that graphene also has a strong and broadband
optical nonlinearity ¥(3). However, there seems to be a strong discrepancy between the
different reported values. The reasons for this were discussed by Dremetsika et al. in [10].
The nonlinearity of graphene is also expected to be tunable, as multiple theoretical papers
have suggested that the dependence of doping level can be remarkably strong [4-6].

In this work, we have integrated the graphene with a SiN waveguide, and we characterize
the nonlinearity through four-wave mixing (FWM). FWM experiments have the advan-
tage that they can be done using CW sources. This way difficulties regarding the use of
ultrashort pulses are avoided (damage, uncertainties of the exact pulse shape, etc.).

Device fabrication

A set of straight waveguides (made in a CMOS pilot line) of different widths and lengths
was prepared. The SiN structures are initially covered with an oxide layer of 1 ym which
was thinned down by means of RIE (Reactive lon Etching). Figure 1a shows the waveg-
uide cross-section. The thickness of the waveguide is about 330 nm and the residual oxide
layer is about 30 nm thick. Subsequently, CVD-grown (Chemical Vapor Deposition) sin-
gle layer graphene was transferred to the samples at Graphenea [11]. Figure 1b shows the
fundamental TE-mode in such a waveguide.
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(a) SEM image of the cross-section  (b) TE mode profile (amplitude of the E-field,
of a SiN waveguide. COMSOL Multiphysics®). The waveguide width
is 1.2 um, the wavelength A = 1550 nm.

Figure 1: (a) Cross-section of a waveguides and (b) the simulated first order TE mode.

Four-wave mixing in the SiN/graphene waveguide

Theory In a (degenerate) FWM experiment a strong pump (amplitude Ag),, frequency
o) and probe signal (amplitude A, frequency @, = @, + A®) are injected in the waveg-
uide. If the nonlinearity is large enough, an idler wave at frequency ®; = w, — A® arises
(Ag,). For the experiments, we can assume that |Ag, | > [Agp,| > |Ag|, A, (z=0) =0and
that the process is always phase matched. The latter is the case due to the short effective
interaction lengths. Based on the coupled wave equations one can then prove that:
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1 is the nonlinear conversion efficiency, L,sr = 1 the effective interaction
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length, o, ot; and @; the respective absorption coefficients for pump, signal and idler.
By measuring 1 as a function of signal detuning A® we can calculate the nonlinear co-
efficient of the waveguide |Yrwr, 0y, 0 |. From this, the surface third order susceptibility

]xs(3) (wp, wp, —0y)| can be estimated using:
J6Fo,| Fo))Fa, | Fa,)dS
JIZ |F o [Pdxdy

F refers to the normalized mode profile, [ is a line integral along the graphene surface
and the subscript || refers to the component of the field parallel to the graphene sheet.
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Setup In figure 2 a sketch of the setup used for the FWM experiment is shown. For
the pump, a Syntune S7500 laser with a wavelength around 1550 nm is amplified using

Pump % é
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Signal [————]
Laser * Graphene
Waveguide

Figure 2: Sketch of the setup used for the four-wave mixing (FWM) experiment.
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Figure 3: Example of a FWM measurement on a graphene-covered waveguide, output
spectrum of the waveguide when injecting the pump and signal (L = 500um).
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(a) Estimated nonlinear coefficient of the (b) Estimated surface and bulk nonlinear
waveguide as a function of signal wave- susceptibilities as a function of signal wave-
length. length.

Figure 4: (a) The corresponding estimated nonlinear coefficient and (b) the estimated
surface and bulk nonlinear susceptibilities. The on-chip pump power was estimated to be
P,(0) =33.5mW, L = 500 um and A,=1549.6 nm.

an Opto-Link C-band Single Channel 33dBm EDFA. For the signal a Santec Tunable
Laser TSL-510 is used. Both lasers are combined and injected into a graphene-covered
SiN waveguide. At the end of the waveguide, pump light is being filtered out by a fiber
Bragg grating (FBG) and the signal and idler are collected and measured using an Anritsu
MS9740A optical spectrum analyser (OSA).

Experiments and results Figure 3 shows an example of a FWM measurement, for
this measurement the FBG has been removed for illustrative purposes. A strong pump
(1549.61 nm) and a weaker signal (1548.67 nm) are injected. A clear peak at the idler
wavelength (1550.55 nm) arises. Note that another small peak arises at 1547.73 nm, this
due to a FWM process where the roles of the pump and the signal have been switched.
Next, the nonlinear parameter was measured as function of the signal detuning, for this
the signal wavelength was swept and the conversion efficiency 11 was measured for each
signal wavelength. This data is then corrected for the wavelength-dependence of the
grating couplers and the fiber-optic components and equation (1) was used to estimate
|Yrwm, ), 0 |. The result is shown on figure 4a. Using equation (2) the surface nonlinear

susceptibility 15(3) (@wp, 0y, — o) can be estimated. The result is plotted in figure 4b. The
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axis on the left-hand side shows the surface susceptibility, the axis on the right-hand side
the effective bulk susceptibility (assuming a monolayer thickness of 0.345 nm).

Conclusion

From figure 4 it is clear that the nonlinear response of graphene is highly dispersive.
When the detuning is small there is strong resonant enhancement and Y 3) >2.107
m~2V~2, For large detunings x®) drops by more than an order of magnitude, nonetheless
the bulk susceptibility remains very large compared to other materials (for Si, 1(3) ~3-
1078 m~2V~2 [12]).The waveguide nonlinearity ranges from several hundreds to ~1600
m~'W~! close to resonance. This is comparable to the values found for a Si nanowire
waveguide. For now, the main drawback of graphene as a nonlinear material is its large
linear absorption (roughly two orders of magnitude larger than the state of the art Si
an III-V waveguides). It remains to be seen whether gating can mend this problem, by
simultaneously decreasing the absorption and increasing the nonlinearity. In the future,
we aim to gate the graphene using an ionic gel [13]. This way the dependence of the
nonlinear susceptibility and linear absorption on doping level can be probed. This work
was partly supported by the Graphene Flagship Project and FWO Flanders.
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