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We demonstrate the enhanced four-wave mixing of monolayer graphene on slow-light silicon

photonic crystal waveguides. 200-lm interaction length, a four-wave mixing conversion efficiency

of �23 dB is achieved in the graphene-silicon slow-light hybrid, with an enhanced 3-dB conversion

bandwidth of about 17 nm. Our measurements match well with nonlinear coupled-mode theory

simulations based on the measured waveguide dispersion, and provide an effective way for

all-optical signal processing in chip-scale integrated optics. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894830]

Recently, graphene, with its unique dispersionless

and broadband band structure, provides an alternative plat-

form for condensed matter physics and nanoscale devices

including electronic, thermal, mechanical, and photonic

applications. In the optical domain, exciting graphene

enhanced applications include ultrafast mode-locking, mod-

ulators, detectors, photovoltaics, and optical frequency con-

version.1–6 Frequency conversion based on four-wave

mixing (FWM) in mesoscopic devices has been examined in

silicon nanowires and photonic crystal waveguides

(PhCWGs).7–10 In the communications (C) band, the bulk

Kerr coefficient n2 of silicon (�4� 10�18 m2/W) can achieve

enhanced four-wave mixing with engineered phase-matching,

long waveguides, and/or slow group velocity interactions in

engineered PhCWGs.11–15 Graphene has even larger third-

order nonlinearity susceptibility, a few orders of magnitude

larger than bulk silicon and other semiconductors, with a cor-

responding Kerr coefficient �10�13 m2/W. FWM is observed

in graphene recently,4,16–18 such as with microcavities and

detuning within the cavity linewidth.4 With the wider band-

width waveguide implementation, here, we show the experi-

mental observations of FWM in graphene-photonic crystal

waveguides. Our measurements demonstrated up to a 17 nm

(3-dB) conversion bandwidth in the slow-light region and 2D

efficiency maps of the graphene-silicon idler conversion with

a maximum �23 dB conversion efficiency, matching well

with our theoretical modeling.

Inset of Fig. 1(a) shows the scanning electron micro-

graph (SEM) of the air-bridged silicon photonic crystal

nanomembrane of 250 nm thickness and with monolayer gra-

phene transferred on the top surface. The PhCWG consists

of a missing row of holes in a W1 configuration with disper-

sion examined earlier,19 fabricated by deep-ultraviolet opti-

cal lithography and with an effective cross-sectional model

area (Aeff) about 0.55 lm2. In our measurements here, the

PhCWG total length is 200 lm. The monolayer graphene is

grown by chemical vapor deposition (CVD) and wet-

transferred onto the W1 PhCWG.20,21 The central PhCWG

area is covered by large-area monolayer graphene for

evanescent-field graphene interaction. Raman spectroscopy is

used to identify the single-layer graphene, with five selected

Raman spectra shown in Fig. 1(a). Excited by a 532 nm wave-

length laser, most of the graphene area has a G peak full-

width half-maximum (FWHM) about 20 cm�1, a 2D peak

FWHM about 38 cm�1, and a 2D-to-G peak intensity ratio

(�2). This indicates the PhCWG is covered by uniform mono-

layer graphene.22,23 The transmission of the chip is tested by a

tunable laser (Ando AQ4321A) scanning from 1510 nm to

1555 nm, as shown in Fig. 1(b). The transmission before

(red solid line) and after (blue solid line) transferred with

graphene are presented. The group index of graphene-

PhCWG is measured by the phase-delay method (green

dots) and fitted by black line.12 This transferred graphene

layer has an intrinsic absorption of �0.05 dB/lm (or about

10 dB) for this sample, at 1510 nm and far from the slow-

light band edge.

Fig. 2(a) shows the experimental setup used to achieve

the degenerate FWM in the graphene-PhCWG. Two

continuous-wave tunable lasers are amplified by two erbium-

doped fiber amplifiers (EDFA; IPG EDA-3K-C, and Amonis

AEDFA-PA-35-B-FA), serving as the pump and signal sour-

ces, respectively. A 50:50 optical fiber coupler combines the

pump and signal prior to coupling into the graphene-PhCWG

sample with a lensed fiber coupler. The coupling loss is

about 4 dB, for a maximum pump power coupled into the

waveguide of about 17 dBm. Another lensed fiber is placed

after the waveguide to collect the output into an optical spec-

trum analyzer (OSA; Advantest Q8384). This all-fiber sys-

tem is very robust. Before we mount the chips, the fiber to

fiber transmission measurement is taken to observe the loop

transmission as the background transmission in order to
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obtain the actual chip transmission. The transmission differ-

ence is 61 dB or less.

Fig. 2(b) shows the observed FWM results in the

graphene-PhCWG sample (red solid), compared with the mon-

olithic silicon-only PhCWG (blue dashed). To avoid the ampli-

fied pump and signal transmission submerging the output idler

laser spectrum, the pump and signal wavelength are kept at

500 pm detuning. In this example, the pump wavelength is at

�1540 nm. We consider the Gidler ¼ Poutput
idler =Poutput

signal by taking

the ratio of idler output power and signal output power. This

definition can cancel differences caused by any residual fluctu-

ation of the coupling condition. To ensure the FWM is not gen-

erated in the auxiliary fibers, the optical spectra before the

graphene-PhCWG sample is checked by the OSA and there is

negligible idler generated. In addition, for our measurements,

we tune the signal laser to TM-polarization which provides

more evanescent light interaction with graphene, resulting

higher conversion efficiency. The conversion efficiency in

graphene-PhCWG is about �23 dB compared to the mono-

lithic silicon-only PhCWG control sample at about �31 dB.

The FWM conversion efficiency, Gidler, in the graphene-

PhCWG device is described by11,12

Gidler ¼
Pidler

Psignal
¼

c�graphene�siliconPp

g
sin h gLð Þ

 !2

e�a�L; (1)

where a* is group index dependent propagation loss of the idler,

L is the waveguide length, Pp is the effective average pump

power (modified by loss a* along the waveguide length L), and

c*graphene-silicon is the group index dependent nonlinear parame-

ter of the graphene-silicon hybrid, c*graphene-silicon¼ c(ng/n0)
2,

c¼ 2pn2/Aeffk.12 Here, Aeff is a wavelength-dependent term,

with larger cross-section at the slow-light region.19,24 n2 is the

overall graphene-silicon Kerr coefficient weighted by the E-

fields,4,25 and is computed to be �7.7� 10�17 m2/W. Here, g is

the parametric gain, described as11,12

g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c�graphene�siliconPp

� �2

� DKL þ DKNL

2

� �2
s

; (2)

where DKL � ðDxÞ2b2ðkpumpÞ þ ðDxÞ4b4ðkpumpÞ=12 and

DKNL ¼ 2c�graphene�silicon
�Pp is the linear and nonlinear phase

mismatching, respectively. Dx ¼ jxpump � xsignalj, the sec-

ond and fourth order dispersion parameters (b2(k) and b4(k))

can be numerically calculated from the experimental disper-

sion curve of the device.11 With the large c*graphene-silicon

(and n2) and high group index, when we pump at 1540.0 nm

and probe at 1540.5 nm, with a simulated FWM conversion

efficiency Gidler of ��40 dB matches the experimental result

in Fig. 3(a).

The complete experimental and modeled FWM conver-

sion efficiency maps are shown in Figs. 3(a) and 3(b).

FIG. 2. The schematic of the experimental setup and the output spectra of the FWM before and after graphene is transferred onto PhCWG. (a) The experimen-

tal setup schematic diagram for degenerate FWM in graphene-PhCWG; (b) FWM spectra in graphene-PhCWG (red solid) and the control silicon-only

PhCWG (blue dashed). The pump wavelength is at �1540 nm, and the signal detuning is about 500 pm. The FWM conversion efficiency in PhCWG and

graphene-PhCWG are about �31 dB and �23 dB, respectively.

FIG. 1. The Raman spectra, transmission spectra, and group index of the Graphene-PhCWG device. (a) Five selected Raman spectra of the graphene on

PhCWG; (b) Transmission spectra before (red solid line) and after (blue solid line) graphene transfer as well as the measured group index of graphene-

PhCWG. Green dots are the measured group index of the graphene-PhCWG and the black line shows the fitted group index. Inset in (a) is the SEM of the

graphene-PhCWG device. The central area is continuously covered by large-area monolayer graphene.

091111-2 Zhou et al. Appl. Phys. Lett. 105, 091111 (2014)
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Different pump wavelengths, with their group indices de-

pendence, and signal detunings are illustrated. In the meas-

urements, the pump wavelength is tuned from 1534.5 nm to

1540 nm with 500 pm step-sizes and the signal is detuned

from the pump between �4 nm and þ4 nm with 200 pm

step-sizes. The signal-pump detuning is defined as (ksignal �
kpump). The pump and signal powers are kept constant in our

measurements at �9 dBm. The input power is slightly

decreased to avoid the device damage caused by intensity

fluctuations when detuning the wavelength. The simulations

are modeled in the same optical spectra as the measurements.

Both experiments and simulations show that, for each pump

wavelength examined (between 1534.5 nm and 1540.0 nm),

the conversion efficiency increases as the signal wavelength

is red detuned. As noted in Eq. (1) and previous studies,11,12

the highest conversion efficiency region should be when the

signal is detuned for optimal phase matching region and

when the group velocity is slowed for increased light-matter

interaction. Our measurements and modeling results show an

asymmetry in the FWM conversion efficiency because the

Graphene-PhCWG chip has an increased propagation loss

for the signal or idler light at the mode cutoff (towards the

longer wavelengths). For a more clear comparison of the

FWM conversion efficiency difference between Graphene-

PhCWG and monolithic silicon PhCWG, the pump wave-

length is fixed at 1540 nm and the signal is detuned from

�3 nm to þ3 nm, as shown in Fig. 3(c). When the signal

detunes from �1 nm to þ1 nm, the FWM conversion effi-

ciency is 3 dB to 6 dB enhanced by graphene. For long

detuning wavelength, the conversion efficiency is increased

and for short detuning wavelength the conversion efficiency

is decreased equal to that in silicon because of the increased

loss towards longer wavelengths. Moving into the longer

wavelength slow-light region for the pump, the FWM con-

version efficiency is somewhat constant due to the tradeoff

between the slow-light enhancement and the higher gra-

phene loss in this region. The conversion efficiency of

FWM in graphene-PhCWG and PhCWG when the signal

detuning is fixed at �0.2 nm and the pump wavelength is

tuned from 1536 nm to 1540 nm, as illustrated in Fig. 3(d).

Each data point show that the FWM conversion efficiency

is about 4 dB enhanced by graphene compared to mono-

lithic silicon-only PhCWG. We note that, with our

continuous-wave pump-signal lasers and at our �17 dBm

coupled-in chip powers, the nonlinear absorption and non-

linear losses are not significant since, when we increased

the pump power, the conversion efficiency increased line-

arly instead of decreasing, as shown in Fig. 4(a). Simulated

results of conversion efficiency vs. waveguide length are

shown in the inset of Fig. 4(a). The black line shows the

FWM conversion efficiency in silicon, which becomes con-

stant when the waveguide length is over 600 lm. The rela-

tionships between conversion efficiency of FWM in

graphene-PhCWG and waveguide length are indicated by

the red curve (graphene absorption 0.05 dB/lm) and blue

curve (graphene absorption 0.06 dB/lm). The conversion

efficiency increases fast with waveguide length because of

the high n2. And then it drops very fast because the FWM is

limited by the high absorption from graphene when the

waveguide length increases. This result indicates the

graphene-silicon hybrid structure can achieve higher con-

version efficiency in a shorter device with the proper band

gap engineering to decrease the absorption in graphene.

Our further work will focus on this.

FIG. 3. The experimental and modeling results of the FWM conversion efficiency map and the FWM conversion efficiency difference in graphene-PhCWG

and PhCWG. (a) Experimental 2D conversion efficiency map of graphene-PhCWG as a function of pump and signal wavelength, with pump laser from

1534.5 nm to 1540 nm with 500 pm step-sizes. The signal detuning is from �4 nm to þ4 nm with 200 pm step-sizes; (b) Corresponding modeling results of the

FWM conversion efficiency, with similar pump and signal ranges as the measurements; (c) Different conversion efficiency of FWM in graphene-PhCWG and

PhCWG when the pump wavelength is fixed at 1540 nm and the signal is detuned from �3 nm to þ3 nm; (d) The conversion efficiency of FWM in graphene-

PhCWG and PhCWG when the signal detuning is fixed at �0.2 nm and the pump wavelength is tuned from 1536 nm to 1540 nm.
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Next, we investigate the 3-dB detuning bandwidth for

different signal detunings and for different central pump

wavelengths, as shown in Fig. 4(b). We define the whole

detuning range over which the idler output power is within

3-dB (61.5 dB) of the idler output power measured when the

detuning range is þ500 pm. (We did not use a 3-dB from the

peak FWM conversion efficiency because the FWM conver-

sion efficiency continuously increases for longer wave-

lengths due to the increased signal and pump scattering loss

at the longer (slow-light) wavelengths.) When the signal is

detuned to a shorter wavelength than the pump (negative

detuning D and for smaller absolute values of D), there is a

sharp decrease in the output idler intensity due to the higher

loss in the signal intensity. This higher loss arises from both

increased scattering loss in the slow-light region due to mi-

nute disorder in the PhC lattice and increased graphene linear

absorption. When the signal is detuned to a longer wave-

length than the pump (positive detuning D and for larger

absolute values of D), the output idler intensity is somewhat

constant due to relatively uniform transmission of the idler

in the normal group velocity region—this gives rise to the

large FWM bandwidth of 17 nm (at 1534 nm pump). This

bandwidth is several times larger than in monolithic silicon

PhCWGs. Within this �17 nm bandwidth, there are local

spectral fluctuations due to nonlinear phase-matching.

In this work, we demonstrate the enhanced FWM gener-

ation in silicon photonic crystal waveguides with monolayer

graphene, in which a �23 dB conversion efficiency and a

17 nm 3-dB detuning bandwidth are observed. We experi-

mentally and numerically analyze the effects of graphene

enhanced nonlinear coefficients, linear losses, the graphene-

PhCWG group indices, and waveguide length on the conver-

sion efficiency. The FWM conversion efficiency can be fur-

ther improved through engineering and reducing the linear

absorption of graphene, for all-optical signal processing in

next-generation communication modules.
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