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We introduce graphene-silicon hybrid nonlinear devices operating at a few femtojoule cavity circulating
energies, including: (1) dual- and single-cavity optical bistability; (2) detailed and broadband switching
dynamics, and (3) free-carrier and thermal effects in regenerative oscillations. Sub-wavelength
nanostructures confine light in a single mode silicon resonator with high Q/V ratio, enabling strong
light interaction with the graphene cladding layer.
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1. Introduction

The unique photonic properties of graphene - optical transpar-
ency, broadband dispersionless nature, large carrier mobility, and
atomic layer thin structure - make it a unique material for
integrated photonic devices. Graphene has been examined for its
gate-variable optical transitions [1,2] toward broadband electro-
absorption modulators [3] and photoreceivers [4,5] including
planar microcavity-enhanced photodetectors [6,7], as well as
saturable absorption for mode-locking [8]. Third-order nonlinear
susceptibility for graphene is reported as large as [;**I~10~7 esu
[9], along with two-photon absorption (TPA) rate five orders of
magnitude higher than silicon [10] and large nonlinearities in the
terahertz [11]. Coupled with TPA-generated free carrier and con-
sequently thermal dynamics, a wavelength-scale localized photo-
nic crystal cavity enables ultralow power optical bistable switching
and self-induced regenerative oscillations at femtojoule cavity
energies on the semiconductor chip platform [12]. Here we
transfer single layer graphene on suspended silicon photonic
crystal membranes and examine the optical bistability and the
carrier/thermal-nonlinearity-induced regenerative oscillations on-
chip. The refractive index change for the hybrid media, induced by
TPA generated free carriers, is twenty times larger than the
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monolithic sample, and thus significantly reduces the optical
pump power [27].

2. Effective two photon absorption in graphene-Si system

The two-photon absorption coefficient g, in monolayer gra-
phene is estimated through the second-order interband transition
probability rate per unit area as [10]

2
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where vf is the Fermi velocity, # is reduced Planck's constant, e is
the electron charge, and ¢, is the permittivity of graphene at the
drive frequency. For our 1550 nm wavelengths, g, for single layer
graphene is determined through z-scan measurements and first-
principle calculations to be in the range of ~3000 cm/GW [10],
compared to 0.8 cm/GW in silicon.

In the hybrid photonic crystal-graphene structure, most of light
is confined in the 250 nm silicon membrane, and evanescently
coupled to the ~1nm graphene cladding layer (Fig. 1). The
effective TPA coefficient is a balance between graphene and
silicon, weighted by the optical filed distributions. The effective
two-photon absorption coefficient of graphene on silicon is
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Fig. 1. Graphene-cladded silicon photonic crystal cavity. (a) Cross section of the
graphene cladded silicon photonic crystal membrane. The light blue part is silicon.
Silicon oxide (grey part) is released under the photonic crystal part. Graphene (red)
is transferred on the TE polarized light confined in the resonator. (b) Band diagram
of graphene and two photon absorption of the near-infrared light. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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where E(r) is the complex fields in the cavity and n(r) is the local
refractive index. 1 is the wavelength in vacuum, and d=3 is the
number of dimensions. The complex electric field E(r) is obtained
from the three-dimensional finite-difference time-domain com-
putations of the optical cavity [13]. The local two photon absorp-
tion rate is 1.5 cm/GW in the silicon membrane and ~3000 cm/
GW for graphene, and the effective n? can be analogously
calculated.

3. Steady-state bistable switching

We measure and model the nonlinear cavity transmissions
with time-domain nonlinear coupled-mode theory [14] for the
temporal evolution of the cavity amplitude, carrier densities, and
effective cavity temperature as described by
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Fig. 2. Bistable switching in graphene-clad nanocavities. (a) Measured graphene-cladded cavity transmission with asymmetric Fano-like lineshapes at high power
P;;=0.6 mW (red dotted line) and low power P;,=0.1 mW (blue dotted line). The blue dashed line is coupled mode theory curve fitting in the linear region, with Fano-like
interference induced asymmetry. Red dashed line is the coupled mode theory expected transmission lineshape for the same resonance without graphene. Inset: example
E,-field from finite-difference time-domain computations. (b) Measured steady-state bistability at different detunings set at 0.18, 0.23, 0.26, 0.29 nm (from bottom to top),
corresponding to §=1.8, 2.3, 2.6 and 2.9 (6=(Aiaser — Acavity)| AMcaviry). The plots are offset for clarity: green (offset 2 dB), brown (offset 8 dB) and red lines (offset 15 dB).
(c) Normalized transmission of two cavities with resonance separation of §=3. The grey dashed line is measured at —16 dBm input power, and the solid black line is for
0 dBm input. (d) The measured transmission for optical bistability in a two-cavity system as from (c). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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where a is the amplitude of resonance mode; N is the free-carrier
density; AT is the cavity temperature shift. P;, is the power carried
by incident continuous-wave laser. « is the coupling coefficient
between waveguide and cavity, adjusted by the background
Fabry-Perot resonance in waveguide [15]. w; —wg is the detuning
between the laser frequency (w;) and cold cavity resonance (wg).
The time-dependent cavity resonance shift is Aw=Awy—
Awr+ Awg, Where the free-carrier dispersion is Awy=wo¢N/n. The
thermal induced dispersion is Awr=woAT(dn/dT)[n. Awk is the Kerr
dispersion and, in our scenario, is negligibly small compared to the
thermal and free-carrier mechanisms.

The total loss rate is 1/z;=1/zin+ 1/, + 17+ 1/71pa+ 1/7RcA-
1/zin and 1/z, is the loss rates into waveguide and vertical radiation
into the continuum, (1/zjy,=®/Qinyv), the linear absorption 1/,
for silicon and graphene are demonstrated to be small. The free-
carrier absorption rate is obtained from 1/zgcqa=coN(t)/n. The field
averaged two-photon absorption rate is described by 1/zrpa=c2/n?/
Vrpalal®.

The mode volume for two-photon absorption (same as for Kerr)
is described by

v (rmiAn PRy ©
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Examining the results in Fig. 2a, the model shows remarkable
match to the measured transmissions. With the first-order esti-
mates of the thermal properties (specific heat, effective thermal
resistance, and relaxation times), the carrier lifetime of the
graphene-clad photonic crystal cavity is estimated to first-order
at 200 ps.

Table 1 below summarizes the first-order estimated physical
parameters from: (1) coupled-mode theory and experimental data
matching; (2) full three-dimensional numerical field simulations,
and (3) directly measured data. With the enhanced two-photon
absorption in graphene and first-order estimates of the reduced
carrier lifetimes, the switching transmission lineshapes for differ-
ent incident power and cavity energies of the hybrid graphene-
silicon cavity are illustrated in Fig. 2a. Due to the partial reflection
from the facets of the waveguide, a Fabry-Perot mode is formed in
the waveguide, and coupled to the cavity mode [16]. The inter-
ference is weak when the extinction ratio of the cavity is large
(~10dB), but the cavity resonance shift due to interference is
more significant with decreased extinction ratio at high power
due to the induced nonlinear effect. From curve-fitting the

Table 1

transmission spectrum at low power (linear region), we obtained
that waveguide facet reflectivity is ~0.12 for a waveguide length
of 2 mm.

[CMT]: nonlinear time-dependent coupled-mode theory simu-
lation; [3D]: three-dimensional numerical field calculation
averages; [m]: measurement at low power; [cal]: first-order hybrid
graphene-silicon media calculations. 7y is the effective free-carrier
lifetime accounting for both recombination and diffusion.

With thermal effects, the cavity resonance red-shifts 1.2 nm/mwW
for the graphene-clad sample (Q~7000) and only 0.3 nm/mW for
silicon sample (similar Q~7500). These sets of measurements are
summarized in Fig. 2a where the thermal red-shift is sizably larger
in the graphene-clad sample versus a near-identical monolithic
silicon cavity. With increasing Q the monolithic silicon cavity shows
an increase in tuning efficiency while the converse occurs for the
graphene-silicon cavity. Fig. 2b shows the steady-state bistable
hysteresis for controlled and varied detunings. In addition, we
examined two side-coupled cavities to the same photonic crystal
waveguide [21,22], for dual bistability. Due to the large tunability of
the graphene integrated device, double hysteresis loop for two
independent cavities with sub-mW inputs (Fig. 2c and d) are
observed.

4. Dynamic bistable switching

To verify the bistable switching dynamics, we input time-
varying intensities to the graphene-cladded cavity, allowing a
combined cavity power - detuning sweep. Fig. 3a shows an
example time-domain output transmission for two different initial
detunings [§;—0y=—1.3 and &;_0)=1.6] and for an illustrative
triangular-waveform drive, with nanosecond resolution on an
amplified photoreceiver. With the drive period at 77 ns, the
observed thermal relaxation time is ~40ns. The dispersive
bistable switching is similar to numerical simulations [23]. Cavity
resonance dips (with modulation depths ~3 dB in this example)
are observed for both negative detuning [in the range from
—0.15 nm (6= —0.75) to —0.10 nm (6= —0.5); Fig. 3b] and positive
detuning [up to 0.34nm (5=1.4); Fig. 3c]. With the negative
detuning and the triangular pulses, the carrier-induced (Drude)
blue-shifted dispersion overshoots the cavity resonance from the
drive frequency and then thermally pins the cavity resonance to
the laser drive frequency. Since the free carrier lifetime of the
hybrid media is about 200 ps and significantly lower than the
drive pulse duration, these series of measurements are thermally
dominated; the clear (attenuated) resonance dips on the intensity
up-sweeps (down-sweeps) are due to the measurement sampling
time shorter than the thermal relaxation timescale and a cooler
(hotter) initial cavity temperature.

Estimated physical parameters from time-dependent coupled-mode theory-experimental matching, three-dimensional numerical field simulations, and measurement data.

Parameter Symbol GaAs [17] Si Monolayer graphene-Si
TPA coefficient f2 (cm/GW) 10.2 1.5 [16,18] 25 [3D]

Kerr coefficient ny (M2/W) 1.6x10°" 0.44 x 10~ [16,18] 7.7 x 1017 [3D]
Thermo-optic coefficient dn/dT 248 x10°4 1.86 x 10~4

Specific heat cyp (W/Km~—3) 1.84 x 10° 1.63 x 10° [cal]

Thermal relaxation time Ten,c (NS) 84 12 10 [cal]
Thermal resistance R (K/mW) 75 25 [19] 20 [cal]

FCA cross section o (10722m?) 51.8 14.5

FCD parameter ¢ (1072%m3) 50 134

Carrier lifetime 7 (ps) 8 500 [16,18,20] 200 [CMT]
Loaded Q Q 7000 7000 [m]

Intrinsic Q Qo 30,000 23,000 [m]
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Fig. 3. Switching dynamics with triangular waveform drive input. (a) The input experimental waveform is shown in the dashed grey line. The measured bistable resonances
are observed for both positive and negative detuning. Blue empty circles: 5— )= — 1.3 (4jaser=1562.10 nm), red solid circles: 5;_oy=1.6 (4jaser=1562.68 nm). Inset: schematic
of high- and low-state transmissions. (b) The measured output switching dynamics with the input as in (a), at negative detunings (b) and positive detunings (c). Due to
limited cavity linewidth, no resonance dips are observed for detunings between —0.1 nm and 0.03 nm. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

5. Regenerative oscillation with thermal and free-carrier
nonlinearities

When the input laser intensity is well above the bistability
threshold, the graphene-cavity system deviates from the two-state
bistable switching and becomes oscillatory. Regenerative oscilla-
tion has only been suggested in a few prior studies, such as
theoretically predicted in nanocavities with large Kerr nonlinea-
rities [24-27] or observed in high Q (3 x 10°) silicon microdisks
[28]. These regenerative oscillations are formed between the
competing phonon and free carrier populations, with slow ther-
mal red-shifts (~10 ns timescales) and fast free-carrier plasma
dispersion blue-shifts (~200 ps timescales) in the case of our
graphene-silicon cavities. The self-induced oscillations across the
drive laser frequency are observed at threshold cavity powers of
0.4 mW, at ~9.4 ns periods in these series of measurements which
gives ~106 MHz modulation rates, at experimentally-optimized
detunings from 6;—0y=0.68-1.12. The graphene-enhanced two-
photon absorption, free-carrier and thermal effects allow regen-
erative oscillations to be experimentally observable with Q?/V
figure-of-merit values [of 4.3 x 107(4/n)?] at least 50 x lower. The
regenerative oscillations with lower Qs allow higher speed and
wider bandwidth operation, and are less stringent on the device
nanofabrication [29].

The system transits to the regime of self-sustained oscillations as
the power coupled into the cavity is above the threshold. As illustrated
in Fig. 4a, the fast free-carrier response fires the excitation pulse (blue
dashed line; cycle initiation). Heat diffusion (red solid line) with its
slower time constant determines the recovery to the quiescent state in
the graphene-cladded suspended silicon membrane. The formal
definition of the intrinsic cavity energy U, is U.= QjuyinsicPi/®w, Where
P, is the power loss from the cavity and w is the excitation frequency
[30]. The beating rate between the thermal and free carrier population
is around 50 MHz, as shown in the inset of Fig. 4b, with the matched
experimental data and coupled-mode theory simulation. The beating
gives rise to tunable peaks in the radio frequency spectra (Fig. 4b; blue
solid line), which are absent when the input power is below the
oscillation threshold (grey dashed line). By tuning the laser detunings,

the fundamental mode can be set from 48 MHz (zero detuning) to
55 MHz (0.3 nm detuning).

The high two-photon absorption in the graphene-silicon
hybrid system generates large free-carrier Drude plasma disper-
sion (negative cavity resonance shift) and large thermal red-shifts
from the eventual free-carrier non-radiative recombination (posi-
tive cavity resonance shift). Either of the processes is demon-
strated to show optical bistability in optical cavities [15,31-34].
Free-carrier dispersion dominates the resonance shift at first
instances [35] while thermal red-shift dominates the longer-
term response. We use coupled mode theory to separate the
negative free carrier dynamics from the positive thermal
dynamics, and the effective resonance shift is the combination of
the two (Fig. 4c). Kerr nonlinearity induced dispersion is negligible
here. Free-carrier and thermal dispersion versus the energy
circulating in cavity are shown in left plot of Fig. 4d, while the
right plot shows the combined resonance shift oscillations versus
cavity energy.

In comparison with different material platforms such as IlI-V
and monolithic silicon, graphene brings about a lower switching
energy due to strong two-photon absorption (~3000 cm/GW)
[10]. 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 and
bounded only by the graphene-contact interface and strong inter-
face phonon scattering.

6. Conclusion

Here we describe graphene-silicon hybrid optoelectronic
devices operating at a few femtojoule cavity recirculating energies,
including ultralow power resonant optical bistability and self-
induced regenerative oscillations. These phenomena, in compar-
ison with control measurements on solely monolithic silicon
cavities, are enhanced by the dramatically-large 43’ nonlinearities
in graphene and the large Q/V ratios in wavelength-scale photonic
crystal cavities. These nonlinear results demonstrate the feasibility
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and versatility of hybrid two-dimensional graphene-silicon nano-
photonic devices for next-generation chip-scale radio-frequency
light sources and optical modulators for optical signal processing.
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