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The Raman spectra are shown in Figure 1b and Figure S1a. The G and 2D band
peaks are excited by a 514 nm laser and are located at 1582 cm1 and 2698 cm1
respectively. The Raman spectra are homogeneous within one device, and vary less
than 5 cm1 from sample to sample. The Lorentzian lineshape with fullwidth
halfmaximum of the G (34.9 cm1) and 2D (49.6 cm1) band indicates the graphene
monolayer [S1]. The phonon transport properties are represented by the G and 2D peak
positions (varying within 1 cm1 over the sample) and the intensity ratios between the G
and 2D peaks (fluctuating from 1 to 1.5) which indicate single monolayer and ~ 5×1012
cm2pdoping densities. Good uniformity of graphene is also confirmed by the
symmetrical single Raman G peak [S2].
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 Raman G peak
(black line) and its inverse (grey dashed line) to illustrate G peak symmetry. Inset:
optical micrograph of the device with graphene transferred under Raman measurement.
 A centimeterscale graphene film prepared. Optical micrograph of graphene film
transferred to various substrates (polymethyl methacrylate), airbridged silicon
membranes, silicon oxide and partially covered metal surfaces), with graphene
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interface pictured.  scanning electronic micrograph of example airbridged device
sample with graphene covering the whole area except the dark (exposed) region. Scale
bar: 500 nm. Complete Raman spectrum of the graphenecladded silicon membrane
samples.
Figure S1b and S1c illustrates example transfers of largearea CVD graphene into
various substrates including poly(methyl methacrylate) [PMMA], airbridged silicon
membranes, silicon oxide, and partially covered metal surfaces. CVD grown graphene
is thicker and has rough surfaces compared to exfoliated graphene, shown by the
broadened 2D peak and the fluctuation of the 2D versus G peak ratio [S3]. The
thickness of graphene is ~ 1 nm. Wrinkles on the graphene surface are formed during
the cool down process, due to the differential thermal expansion between the copper
substrate and graphene, and consistently appear only at the edges of our samples. We
emphasize that at the device regions most of the devices are covered with a single
unwrinkled graphene layer.
The 2D peak is observable only when the laser excitation energy (EL) and the
energy corresponding to electronhole recombination process (ET) follow the relation:
(ELET)/2 >EF, where EF is the Fermi energy of graphene. With 514 nm laser excitation,
the 2D peak is located at 2698 cm1 (Figure 1b and Figure S1a).
We note that wet transfer of graphene is used in these measurements. While a very
thin (in the range of nanometers) residual layer of PMMA can remain on the sample
after transfer, PMMA typically only has a noncentrosymmetric χ(2) response with a
negligible χ(3) response and hence does not contribute to the enhanced fourwave
mixing observations. The dopants can arise from residual absorbed molecules or ions
on graphene or at the grain boundaries, during the water bath and transfer process. With
the same CVD growth process, we also examined the dry transfer technique which
controls the doping density to be low enough such that the Fermi level is within the
interband optical transition region. In that case, the measured samples have a
significantly increased fiberchipfiber coupling loss from ~0dB to ~ 11 dB over the
120 m length photonic crystal waveguide (~0.01dB/m).The wet transfer technique
significantly reduced the linear absorption, thereby allowing the various nonlinear
optoelectronic measurements first observed in this work.
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Given the fact that CVD graphene is heavily pdoped, the dynamic conductivity for
intra and interband optical transitions [S4] can be determined from the Kubo
formalism as:

σ intra (ω ) =

je 2 
,
π (ω + jτ −1 )

(SE1)

σ inter (ω ) =

je 2  2 |  | − (ω + jτ −1 )
ln(
),
4π 
2 |  | + (ω + jτ −1 )

(SE2)

where e is the electron charge, ħ is the reduced Plank constant, ω is the radian frequency,
 is chemical potential, and τ is the relaxation time (1.2 ps for interband conductivity
and 10 fs for intraband conductivity). The dynamic conductivity of intra and
interband transitions at 1560 nm are (0.070.90i)×105and (4.150.95i)×105
respectively, leading to the total dynamic conductivity σtotal=σintra+σinter of
(4.11.8i)×105. Given negative imaginary part of total conductivity, the TE mode is
supported in graphene [S5]. The light can travel along the graphene sheet with weak
damping and thus no significant loss is observed for the quasiTE mode confined in the
cavity [S6]. The impurity density of the 250 nm silicon membrane is ~1011 cm2,
slightly lower than the estimated doping density in graphene: ~5×1012 cm2).

Figure S2 compares cavitybased switching and modulation across different
platforms including silicon, IIIV and the hybrid graphene silicon cavities examined in
this work. The thermal or freecarrier plasmabased switching energy is given
byP0th/e×τth/e, where P0th/eis the threshold laser power required to shift the cavity
resonance halfwidth through thermal or free carrier dispersion; τth/e are the thermal and
freecarrier lifetimes in resonator. Note that the lifetime should be replaced by cavity
photon lifetime if the latter is larger (for high Q cavity). Graphene brings about a lower
switching energy due to strong twophoton absorption (~3,000 cm/GW) [S7]. The
recovery times of thermal switching (in red) are also shortened due to higher thermal
conductivity in graphene, which is measured for supported graphene monolayers at 600
W/mK [S8] and bounded only by the graphenecontact interface and strong interface
phonon scattering.
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 The
blue circles are carrier plasmainduced switches with negative detuning, and the red
squares are thermaloptic switches with positive detuning. The dashed lines illustrate
the operating switch energies versus recovery times, for the same material [S916]. L3
(H1) denotes photonic crystal L3 (H1) cavity; MR denotes microring resonator.

The switching energy is inversely proportional to two photon absorption rate (β2).
Table I below summarizes the firstorder estimated physical parameters from: (1)
coupledmode theory and experimental data matching; (2) full threedimensional
numerical field simulations, and (3) directly measured data, further detailed in the
various sections of this Supplementary Information. With the enhanced twophoton
absorption in graphene and firstorder estimates of the reduced carrier lifetimes
(detailed in Section S3), the switching energy – recovery time performance of the
hybrid graphenesilicon cavity is illustrated in Figure S2, compared to monolithic
GaAs or silicon ones.
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Monolayer

Parameter

Symbol

GaAs [S17]

Si

TPA coefficient

β2 (cm/GW)

10.2

1.5 [S18]

GrapheneSi
25[3D]

17

0.44×10

Kerr coefficient

n2 (m2/W)

1.6×1017

Thermooptic coeff.

dn/dT

2.48×104

1.86×104

Specific heat

cvρ(W/Km3)

1.84×106

1.63×106 [cal]

Thermal relaxation time

τth,c (ns)

8.4

12

10 [cal]

Thermal resistance

Rth (K/mW)

75

25 [19]

20 [cal]

FCA cross section

σ (1022m3)

51.8

14.5
13.4

28

3

7.7×1017 [3D]

[S18]

FCD parameter

ζ (10 m )

50

Carrier lifetime

τfc (ps)

8

Loaded Q

Q

7000

7000 [m]

Intrinsic Q

Q0

30,000

23,000 [m]

500 [S20]

200 [CMT]

[CMT]: nonlinear timedependent coupled mode theory simulation; [3D]:
threedimensional numerical field calculation averages; [m]: measurement at low
power; [cal]: firstorder hybrid graphenesilicon media calculations. τfc is the effective
freecarrier lifetime accounting for both recombination and diffusion.


With increasing input power, the transmission spectra evolve from symmetric
Lorentzian to asymmetric lineshapes as illustrated in the examples of Figure 1d and
Figure S3. Through secondorder perturbation theory [S7], the twophoton absorption
coefficient β2 in monolayer graphene is estimated through the secondorder interband
transition probability rate per unit area as:
 v e2
 F
β2 =
4 3 c
εωω  
4π 2






2

,

(SE3)

where νF is the Fermi velocity, ħ is the reduced Planck’s constant, e is the electron
charge, and εω is the permittivity of graphene in the given frequency. At our 1550 nm
wavelengths, β2 is determined through Zscan measurements and firstprinciple
calculations to be in the range of ~ 3,000 cm/GW [S7].
We track the L3 cavity resonance in the transmission spectra with different input
powers as illustrated in Figure S3. With thermal effects, the cavity resonance redshifts
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1.2 nm/mW for the graphenecladded sample (Q ~ 7,000) and only 0.3 nm/mW for
silicon sample (similar Q ~ 7,500). These sets of measurements are summarized in
Figure S3c where the thermal redshift is sizably larger in the graphenecladded sample
versus a nearidentical monolithic silicon cavity. In addition, Figure S3d shows the
tuning efficiency for a range of cavity Qs examined in this work – with increasing Q the
monolithic silicon cavity shows an increase in tuning efficiency while the converse
occurs for the graphenesilicon cavity. Figure S4a shows the steadystate bistable
hysteresis for more detunings, and Figure S4b shows the temporal switching with an
illustrative detuning of 0.8 and 0.6 nm.
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    Measured quasiTE transmission spectra of a
graphenecladded L3 cavity with different input power levels (with extracted insertion
loss from the facet of waveguides in order to be comparable to simulation in b). 
Nonlinear coupled mode theory simulated transmission spectra. The estimated input
powers are marked in the panels.  Measured cavity resonance shifts versus input
power, with the graphenecladded cavity samples (in red) and the monolithic silicon
control cavity sample (in blue).  Tuning efficiencies for graphenecladded cavity
samples (in red) and control cavity samples (in blue) for a range of cavity loaded
Qfactors examined.
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         Measured
steadystate bistability at different detunings set at 0.18, 0.23, 0.26, 0.29 nm (from
bottom to top). The plots are offset for clarity: green (offset 2 dB), brown (offset 8 dB)
and red lines (offset 15 dB). Coupledmode equations calculated switching dynamics
with triangular input. The output power versus input power for the positive (red) and
negative (blue) detuning with triangular input.
We model the nonlinear cavity transmissions with timedomain nonlinear coupled
mode theory for the temporal rate evolution of the photon, carrier density and
temperatures as described by [S21]:
da
1
)a + κ Pin ,
= (i (ωL − ω0 + ω ) −
2τ t
dt

1
VTPA
dN
N
| a |4 −
=
,
2
dt 2ω0τ TPA VFCA
τ fc
Rth
d T
T
,
=
| a |2 +
dt
τ thτ FCA
τ th

(SE4)
(SE5)
(SE6)

where a is the amplitude of resonance mode; N is the freecarrier density; T is the
cavity temperature shift. Pin is the power carried by incident continuouswave laser. κ is
the coupling coefficient between waveguide and cavity, adjusted by the background
FabryPerot resonance in waveguide [S22]. ωLω0 is the detuning between the laser
frequency (ωL) and cold cavity resonance (ω0). The timedependent cavity resonance
shift is ω=ωNωT+ωK, where the free carrier dispersion is ωN=ω0ζN/n.The
thermal induced dispersion is ωT=ω0T(dn/dT)/n. ωK is the Kerr dispersion, and is
negligibly small compared to the thermal and freecarrier mechanisms.
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The total loss rate is 1/τt= 1/τin+1/τv+1/τlin+1/τTPA+1/τFCA. 1/τin and 1/τvis the loss rates
into waveguide and vertical radiation into the continuum, (1/τin/v =ω/Qin/v), the linear
absorption 1/τlinfor silicon and graphene are demonstrated to be small. The free carrier
absorption rate 1/τFCA=cσN(t)/n. The field averaged twophoton absorption
rate1/τTPA= β 2 c2/n2/VTPA|a|2, where the effective twophoton absorption coefficient is

defined as:

β2 = (

2
2
* 2
d
λ0 d ∫ n (r ) β 2 (r )(| E (r ) ⋅ E (r ) | +2 | E (r ) ⋅ E (r ) | )d r
)
, (SE7)
2π
( ∫ n2 (r ) | E (r ) |2 d d r )2

The mode volume for twophoton absorption (same as Kerr):
VTPA/ Kerr =

( ∫ n 2 ( r ) | A( r ) |2 dr 3 ) 2
,
∫ Si n 4 ( r ) | A( r ) |4 dr 3

(SE8)

The effective mode volume for freecarrier absorption is:
V 2 FCA =

( ∫ n 2 ( r ) | A( r ) |2 dr 3 )3
.
∫ Si n 6 (r ) | A( r ) |6 dr 3

(SE9)

The model shows remarkable match to the measured transmissions. With the
twophoton absorption and Kerr (Supplementary Information, Section 5) coefficients
of the hybrid cavity calculated from 3D finitedifference timedomain field averages
and firstorder estimates of the thermal properties (specific heat, effective thermal
resistance, and relaxation times), the carrier lifetime of the graphenecladded photonic
crystal cavity is estimated to firstorder at 200 ps.



From the nonlinear coupled mode modeling, the dynamical responses of the hybrid
cavity to step inputs are shown in Figure S5a, illustrating the switching dynamics and
regenerative oscillations. Free carrier dispersion causes the switching on the negative
detuned laser, and the thermal nonlinearity leads to the switching on the positive side.
The interplay of the freecarrierinduced cavity resonance blueshift dynamics with the
thermalinduced cavity redshift time constants is observed. Figure S5b shows the
correspondent radio frequency spectrum. By tuning the laser wavelength, the
fundamental mode can be set from 48 MHz (zero detuning) to 55 MHz (0.3 nm
detuning). The dependence of oscillation period to the detuning and input laser power is
further provided in Figure S5c and Figure S5d respectively.
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The output versus input powers for
positive and negative detunings (lasercavity detunings are set from 0.06 to 0.37 nm).
Input laser power is set at 0.6 mW. The cavity switching dip is observed for all
detunings, and regenerative oscillation exists only predominantly for positive detuning.

Frequency response of the cavity switching and oscillation dynamics with conditions
as in  (in log scale). The laser detuning is set from 0.06 to 0.37 nm.  and 
Oscillation period versus laser detunings and input powers respectively.
Regenerative oscillations were theoretically predicted in GaAs nanocavities with
large Kerr nonlinearities [S23], or observed only in highQ silicon microdisks (Q at
3×105) with V at 40(λ/nSi)3, at submW power levels [S24]. The grapheneenhanced
twophoton absorption, freecarrier and thermal effects allow regenerative oscillations
to be experimentally observable with Q2/V values [of 4.3×107(λ/n)3] at least 50× lower,
at the same power threshold levels. The regenerative oscillations with lower Qs allow
higher speed and wider bandwidth operation, and are less stringent on the device
nanofabrication.
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Thirdorder nonlinearity susceptibility for graphene is reported as large as
|χ(3)|~107esu in the wavelength range of 760 to 840 nm [S25]. When two external
beams with frequency ω1 (pump) and ω2 (signal) are incident on graphene, the
amplitude of sheet current generated at the harmonics frequencies (2ω1ω2) is
described by:

je = −

3 e2
ev ε
2ω 2 + 2ω1ω2 − ω22
ε 2 ( F 1 )2 1
,
ω1ω2
ω1 (2ω1 − ω2 )
32 

(SE10)

whereε1, ε2 are the electric field amplitudes of the incident light at frequencies ω1 and
ω2 respectively. vF (=106 m/s) is the Fermi velocity of graphene. Under the condition
that both ω1 and ω2 are close to ω, the sheet conductivity can be approximated as:

σ (3) =

je

ε1ε1ε 2

= −

9 e 2 evF 2
(
) ,
32  ω 2

(SE11)

Since most of the sheet current is generated in graphene, the effective nonlinear
susceptibility of the whole membrane can be expressed as:

χ (3) =

9 e 4 vF 2 λ 5
σ (3)
= −
,
ωd
32 3c 5 d

(SE12)

where d is the thickness of the graphene (~1 nm), λ is the wavelength, and c is the speed
of light in vacuum. The calculated χ(3) of a monolayer graphene is in the order of
107esu (corresponding to a Kerr coefficient n2 ~ 1013 m2/W), at 105 times higher than
in silicon (χ(3)~ 1013esu, n2 ~ 4×1018 m2/W) [S26].
Effective n2of the hybrid graphenesilicon membrane is then calculated for an
inhomogeneous crosssection weighted with respect to field distribution [S27]. With a
baseline model without complex graphenesurface electronic interactions, the effective
n2 can be expressed as:
2
2
* 2
d
λ0 d ∫ n (r )n2 (r )(| E (r ) ⋅ E (r ) | +2 | E (r ) ⋅ E (r ) | )d r
n2 = ( )
,
2π
(∫ n2 (r ) | E (r ) |2 d d r )2

10

(SE13)
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where E(r) is the complex fields in the cavity and n(r) is local refractive index. The
local Kerr coefficient n2(r) is 3.8×1018 m2/W in silicon membrane and ~1013 m2/W for
graphene, λ0 is the wavelength in vacuum, and d=3 is the number of dimensions. The
complex electric field E(r) is obtained from 3D finitedifference timedomain
computations of the optical cavity examined [S28]. The resulting fieldbalanced
effective n2 is calculated to be 7.7×1017 m2/W (χ(3)~ 1012esu), close to the best reported
chalcogenide photonic crystal waveguides [S29, S30]

 Fieldbalanced thirdorder nonlinear parameter.
Computed parameters

n2 (m2/W)

β 2 (m/W)

Graphene

1013

107

Silicon

3.8×1018

8.0×1012

Monolayer graphenesilicon

7.7×1017

2.5×1011

Chalcogenide waveguide

7.0×1017

4.1×1012

Likewise, the effective twophoton absorption coefficient is computed in the same
fieldbalanced approach, with a result of 2.5×1011m/W. The resulting nonlinear
parameter γ (=ωn2/cAeff) is derived to be 800 W1m1, for an effective mode area of 0.25
m2.


The conversion efficiency of the single cavity η=|γPpL’|2FEp4FEs2FEc2, where FEp,
FEs, and FEc are the field enhancement factors of pump, signal and idler respectively
[S31]. The effective length L' includes the phase mismatch and loss effects. Compared
to the original cavity length (~ 1582.6 nm), the effective cavity length is only slightly
modified by less than 1 nm. However, the spectral dependent field enhancement factor
is the square of the cavity buildup factor FE2=Pcav/Pwg=Fcav(U/Umax)ηp2, where U/Umax
is the normalized energy distribution with the Lorenzian lineshape. ηp=0.33 is the
correction term for the spatial misalignment between the quasiTE mode and graphene,
and the polarization. The field enhancement effect in the cavity is proportional to the
photon mode density: Fcav=Qλ3/(8πV) [S32].
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 Measured idler power versus signal power at the transmitted port, with the
pump power is fixed on the cavity resonance and the the signal laser detuned by 200 pm.
Experimental data (×) and quadratic fit (solid line). Inset: corresponding conversion
efficiency versus signal power.
The enhanced twophotonabsorption and induced freecarrier absorption would
produce nonlinear loss. To investigate the direct effect of twophoton absorption and
freecarrier absorption on the four wave mixing, we measure the conversion efficiency
with varying input signal power as shown in Figure S6. Extra 4dB loss is measured
when the input signal power increases from 22 to 10 dBm, with the additional
contribution from nonlinear absorption of the graphenesilicon cavity membrane.
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