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Abstract: A mechanism for self-pulsation in a proposed
graphene-on-silicon microring device is studied. The rel-
evant nonlinear effects of two photon absorption, Kerr
effect, saturable absorption, free carrier absorption, and
dispersion are included in a coupled mode theory frame-
work.We look at the electrical tunability of absorption and
the Kerr effect in graphene. We show that the microring
can switch from a stable rest state to a self-pulsation
state by electrically tuning the graphene under constant
illumination. This switching is indicative of a supercritical
Hopf bifurcation since the frequency of the pulses is
approximately constant at 7GHz and the amplitudes initial
grow with increasing Fermi level. The CMOS compatibility
of graphene and the opto-electronic mechanism allows
this todevice tobe fairly easily integratedwithother silicon
photonic devices.

Keywords: graphene; opto-electronic; self-pulsation; sili-
con photonics.

1 Introduction
Self-sustained pulsations or self-pulsations occur when
there is a repetitive firing to a strong stimulus [1]. Self-
pulsation has applications in spectroscopy and optical
computing [2, 3]. A variety of integrated devices has this
behavior and tends to fall into two categories: semicon-
ductor lasers or nonlinear optical cavities. Semiconductor
lasers can be classified as being either optically injected
[4–12] or electrically injected [1, 13–17]. The reader is
referred to [18] for an in-depth review. However, most
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nonlinear optical cavity devices are all-optical [19, 20]
due to the lack of an electrical injection gain element
[21–23]. Without the gain element, achieving optical
intensities strong enough to induce nonlinear behavior
can be difficult. An electrical input has a lot of benefits
as it is more easily integrable with other systems. This
is particularly important for cascadability in large scale
systems, where integrated electrical gain is more easily
implemented compared to optical gain. Additionally elec-
trical inputs can easily interface with CMOS electronic
systems.Previousworkuses thermaland freecarrier effects
to obtain self-pulsation in a photonic crystal [22] and a
microring [20, 21]. However, these devices are limited to
MHz speeds because of their reliance on thermal effects.
Faster devices typically use the Kerr effect and free carriers
which operate at the femtosecond and nanosecond time
scale, respectively. These two effects compete against each
other due to their opposite signs in silicon, but the free
carrier effect can dominate with higher concentrations
in smaller rings [24]. The reason free carriers can create
self-pulsation is due to a bifurcation. A bifurcation is a
sudden qualitative change in the dynamics of a system
when a parameter is smoothly changed. When dynamical
systems are perturbed, they typically decay to a nearby
constant steady state, also known as a stable fixed point.
A stable limit cycle describes an area of state space
where nearby states limit towards oscillatory behavior.
Self-pulsation is fundamentally created by a bifurcation
in the field evolution dynamics that switches trajectories
between a stable fixed point to limit cycle behavior. A
type of bifurcation that can cause this is a supercritical
Hopf bifurcation, where by definition a stable fixed point
is converted to an unstable fixed point surrounded by
limit cycle. Bifurcations require nonlinear behavior, so
nonlinear materials could enhance self-pulsation; one
such material is graphene.

Graphene comes with a few benefits: Its linear disper-
sion means it is wavelength independent. It can operate
over a large bandwidth because it has no bandgap.
It is CMOS compatible [25], which allows for relatively
easy integration with other silicon photonic devices. Its
absorption tunability is strong since it is related to Pauli
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blocking. When graphene is electrically charged, its Fermi
level increases and fills electron states. Due to the Pauli
exclusion principle, photons cannot excite electrons to
filled states, so the absorption drops significantly. There
are a variety of devices that use this electrical tunability
as a modulator [25, 26] at GHz speeds. However, current
fabrication technology for graphene-metal contacts can
suffer from reproducibility issues which can cause issues
for scalability [27].Most current theoriesdescribegraphene
as a surface conductivity [28]. Its nonlinear behaviors at
high light intensities are captured in intensity dependence
of the surface conductivity. Graphene exhibits two major
nonlinear effects: saturable absorption and the Kerr Effect.
At low optical intensity, the absorption is large until the
intensity reaches the saturation intensity. Beyond the
saturation intensity the absorption decreases [29]. Sat-
urable absorption is particularly important for nonlinear
devices as it can improve the thresholding behavior [18,
30]. The saturation intensity depends primarily on the
electron scattering rate and wavelength and does not
change with Fermi level. The Kerr effect in graphene is
overall less understood. The Kerr coefficient in graphene
has many contradictory values in the literature since it
strongly depends on the Fermi level, electron scattering
rate, frequency, and type of light polarization [31, 32].
There is also evidence that it depends on laser pulse width
as well [33] at the femtosecond scale. Theoretically the
dependence of the Kerr effect on Fermi level is especially
strong near the Dirac point where the conduction and
valence bands meet and where graphene is most often
measured. This has led to measured Kerr coefficient
values orders of magnitude different and occasionally
with different sign [34, 35]. However, all seem to agree
that the Kerr coefficient in graphene is unusually large.
In an integrated device, the mode overlap with graphene
will significantly affect how strong the Kerr effect is on
the overall mode. In this paper, we propose a graphene
on silicon microring device capable of switching between
stable and self-pulsation states by electrically tuning the
graphene. This device is optoelectronic and CMOS com-
patible, making it easily integrated with silicon photonic
platforms and CMOS electronics. We develop a numerical
model, considering all relevant nonlinear effects in silicon
and graphene and discuss how the optical nonlinearities
of graphene can be electrically tuned. The dynamics of the
light energy and free carrier concentration will be inves-
tigated through simulation and show a supercritical Hopf
bifurcation is responsible for the switch to self-pulsating
behavior.

2 Device design
The structure of the studied device is given in Figure 1 with
the dimensions given in Table 1.We use a siliconmicroring
resonator with a bus rib waveguide on an (silicon-on-
insulator) SOI platform. Over the silicon microring, a 7 nm
thick Al2O3 gate layer is deposited. Graphene is placed
over the gate oxide over top of the waveguide and covers
10percent of the ring.Metal contacts aredepositedover the
graphene and doped silicon. The contacts are sufficiently
far away from the waveguide to prevent optical losses.

A)

B)

Figure 1: The physical structure of the proposed device. Note the
diagram is not to scale for clarity.
(A) The cross section where the graphene (black) is over top of the
silicon rib waveguide (green) separated by a gate aluminum oxide
layer (gray). The waveguide is over silicon dioxide (cyan). (B) The
microring resonator with a bus waveguide that carries the input and
output power. Voltage bias is applied to metal contacts (gold) and
doped silicon (red) to change the Fermi level of the graphene.

Table 1: Geometrical parameters.

Symbol Value Definition

R 5 um Ring radius
W 500 nm Rib width
H 220 nm Rib height
h 90 nm Slab height
dAl2O3

7 nm Aluminum oxide thickness
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By applying a bias to the graphene across the aluminum
oxide, the graphene can be charged and its Fermi level
can be modulated. To find the distribution of the electric
field in the waveguide a finite difference eigenmode solver
was used. The horizontal electric field forms the majority
of the energy in the mode. The interaction of the light
with the graphene is strongest when the electric field is
parallel to the graphene because it is treated as a surface
conductivity. We operate the ring in quasi TE-mode and in
this way the graphene on top of the waveguide has more
influence than the graphene on the side of the waveguide.
Applying a voltage bias to the graphene changes its optical
properties; however the overall distribution of the light
in the waveguide changes very little. We approximate the
optical energy distribution in thewaveguide to be constant
with changing Fermi level of graphene. Voltage bias does
change the effective refractive index and these effects are
captured in the next section as perturbations. We obtain
the unperturbed effective refractive index, n0, from the
eigenmode solverwhen the Fermi level is 0.1 eV. This Fermi
level was chosen because the optical behavior of graphene
is relatively constant there.

3 The numerical model
The optical behavior of the ring is captured by treating it
as a cavity [24, 36]. We use the cavity Eq. (1) to simulate
the behavior of the ring. The complex amplitude u is
normalized so that |u|2 is the energy of the mode in
the ring. Light is coupled into the ring via a nearby bus
waveguide with input power Ppump. The external quality
factor Qe determines the strength of the coupling Γc =
𝜔0∕Qe. The imaginary terms in (1) correspond todispersion
effects and the real terms correspond to absorption effects.
The detuning parameter is 𝛿 = 𝜔0 −𝜔d, where 𝜔0 is the
resonant frequency of the ring and 𝜔d is the frequency of
the input mode. Using the detuning parameter, the ring is
biased close to resonance. The cavity itself has an internal
quality factor Q0 which encompasses the constant linear
losses (radiation, bending, sidewall roughness, etc.). Ql is
the loaded quality factor, taken to be half ofQ0 to approach
critical coupling.

𝜕u
𝜕t

=
√
ΓcPpump + u

(
−𝜔0
2Ql

+ i(𝛿 +Δ�̃�)
)

(1)

The output power of the bus waveguide is described by
Eq. (2)

Pout = |√Ppump −
√
Γcu|2 (2)

The values chosen for the numerical simulation are shown
in Table 2. We follow [37] and use first order variation
theory to take a weighted average (3) of the local relative
change in the complex refractive index over the energy
in the cavity (4). The real part of the complex frequency
Δ�̃� can be thought of as a perturbation to the resonant
frequency of the cavity. The imaginary part corresponds to
a perturbation in the rate of light absorption in the ring.
The surface conductivity of graphene is complex, so its
imaginary part stores a very small amount of the energy in
the ring.

Δ�̃� = −

𝜔0 ∫
cavity

Δ�̃�(r)|E(r)|2d3r− i ∫
graphene

�̃�|E‖(r)|2d2r
4Wcavity

(3)

Wcavity =
1
4 ∫
cavity

[
𝜖0𝜖r(r)|E(r)|2 + 𝜇0|H(r)|2]d3r

+ 1
4 ∫
graphene

𝜕�̃�
(1)
Im

𝜕𝜔
|E(r)|2d2r (4)

We can account for the free carrier and the nonlinear
bulk effects on the dispersion and absorption in the cavity
by using the first term in Eq. (3). Since the change in
refractive index is small compared to the refractive index
of silicon we can use (5).

Δ𝜖r = 2Δnn+ (Δn)2 ≈ 2Δnn (5)

Theeffectof freecarriersonrefractive indexandabsorption
are well known [38] and are captured in the 𝜎FCA, 𝜎e, and
𝜎h terms in (6). Like [39], we assume that the free carrier
concentration,N, in thewaveguide is roughly uniform due
todiffusion effects and canbepulled out of the integral.We
only account for the free carriers in the rib of thewaveguide
so thatVcar = 2𝜋RwH instead of integrating over thewhole
microring cavity which includes the graphene, oxides and
surrounding air.

Δ𝜔FC = 𝜔0𝛾FC

(
𝜎eN + 𝜎eN0.8 + i𝜎FCA

c
2𝜔0

N
)

(6)

Thedimensionless constant 𝛾FC encapsulates theweighted
average over the mode energy.

𝛾FC =
∫
Vcar

nSi|E(r)|2dr
2Wcavity

(7)

A similar procedure is carried out for two-photon absorp-
tion and the Kerr effect in silicon. However, the averaging
over themode energy is presented as an effective nonlinear
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Table 2: Simulation parameters.

Symbol Value Definition

Q0 6E4 Intrinsic quality factor
Qe 6E4 External quality factor
Ppump 25 mW Input power
𝜆0 1550 nm Resonant wavelength
𝛿 −0.000055𝜔0 Frequency detuning
𝜏car 100 ps Free carrier lifetime
n0 2.265479 Unperturbed effective refractive index
𝛽2Si 7.5E− 12 m/W TPA coefficient for silicon
n2Si 4.5E− 18 m2/W Kerr coefficient for silicon
Γ 10 meV Graphene relaxation rate
Wsat 0.14 pJ Saturation cavity energy
𝜎FCA 1.45E− 21 m2 Free carrier absorption coefficient
𝜎e 8.8E− 28 m3 Electron dispersion coefficient
𝜎h 1.35E− 22 m3 Hole dispersion coefficient

volume as is historically common [40]. This is shown in (8)
and (9) respectively. Note thatwe only consider twophoton
absorption in the silicon, since the effect is negligible in
the oxides and in graphene. The Kerr effect in graphene
comes in later using the surface conductivity model.

VTPA = 𝛽2
n20

(2Wcavity)2

𝜖20 ∫
silicon

n2Si𝛽2Si|E(r)|4dr (8)

VKerr =
n2
n20

(2Wcavity)2

𝜖20 ∫
silicon

n2Sin2Si|E(r)|4dr (9)

The optical behavior in graphene is governed by its
conductivity. The linear conductivity is well-known and
is given as (10) and (11), the interband and intraband
contributions, respectively.

𝜎interband1 =
−ie2
4𝜋ℏ

ln 2|Ef|− ℏ𝜔0 + 2iΓ
2|Ef|+ ℏ𝜔0 − 2iΓ (10)

𝜎intraband1 =
−ie2kBT

𝜋

(
ℏ2𝜔2

0 − 2iΓ2
)

×
( Ef
kBT

+ 2 ln
(
1+ e−E f∕kBT

))
(11)

Only the intraband contribution can account for the
thermal distribution of electrons around the Fermi level
analytically, so numerical integration with (12) must be
used to capture these thermal effects for the interband
contribution. Note this formula also applies for the third
order conductivity. The thermal distribution softens the
threshold for Pauli blocking which is the main contributor

to the Fermi level dependence (Figure 2A). All results
presented assume 300 K.

𝜎1,3(Ef,T) =
∞

∫
−∞

dE 1
1+ e(E−Ef)∕kBT

𝜕

𝜕E𝜎1,3(E,0) (12)

Using the second term of (3) on the complex surface
conductivityofgraphene,wearriveat (13).Wepurposefully
look at the change in the imaginary conductivity relative
to 0.1 eV so that the ring is on resonance when𝜔d = 𝜔0 in
low light intensity conditions. The first term will saturate
at high intensities representing saturable absorption of the
graphene.

Δ�̃�gr = i
∫

graphene
𝜎
(1)
Re (Ef )√

1+ 3|u|2
Wsat

4Wcavity

−
∫

graphene
(𝜎(1)

Im(Ef )− 𝜎
(1)
Im(0.1 eV))|E‖(r)|2d2r

4Wcavity
(13)

Saturable absorption has been modelled nonper-
turbatively as it gives more accurate values when the
intensity I is above the saturation intensity Isat. It has
been shown that the absorption of graphene decreases
by 1∕

√
I due to its linear dispersion, unlike many other

materials with saturable absorptionwhich decrease by 1∕I
[29]. Note that like others, we assume that the light in
the graphene is approximately uniform to eliminate the
saturable absorption effect on the weighted average over
thewholewaveguide [23, 36].However, this approximation
breaks down when comparing the graphene on top of the
waveguide with that on the left wall of the waveguide.
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Ef (V1)
Ef (V2)

ħω ħω

A)

B)

C)

Figure 2: The effect of Fermi level on the conductivity of graphene.
(A) Pauli blocking in graphene. The Fermi level allows or prevents
photon absorption in graphene and is tuned by applying voltage|V 1| < |V2|. (B) Linear surface conductivity of graphene as a function
of Fermi level. (C) Third order surface conductivity of graphene as a
function of Fermi level. Both (B) and (C) assume 𝜆0 = 1550 nm,
Γ = 10 meV, T = 300K and are normalized by 𝜎0 = e2∕(4ℏ).

This is because the graphene only affects the tangential
field which is small on the left wall. Inherently, this means
the top graphene saturates before the left graphene, and
would effectively cause saturation effects at two different
cavityenergies.Thiseffect is small overall andcanbesafely
ignoredwhen just the topgraphene is counted.Like [23, 36]
wefind thesaturationcavityenergyusingEq. (14),however
in our case it is un-normalized.

Wsat =
2IsatWcavity
c𝜖0|E‖|2 (14)

Graphene as a material has a significant Kerr coeffi-
cient. The Kerr effect is strongly dependent on the Fermi
level and comes from the third order surface conductivity.
Since we are only interested in the Kerr effect, and not
four-wavemixingwerefer to𝜎3(𝜔,𝜔,−𝜔) assimply𝜎3. The
expression of the third order conductivity of graphene is
longandcomplicated,but is given in [34] and isgraphically
shown Figure 2C. We use this and the application of first
order perturbation theory given in [37] to obtain (15)

Δ𝜔grKerr = −3
∫

graphene
𝜎
(3)
Im (Ef )|E‖(r)|4d2r
16W2

cavity
|u|2 (15)

We restateEq. (1),with all theperturbations accounted
for in equation (16). This equation has a number of implicit
assumptions, such as assuming the distribution of light
energy in the mode changes very little with changing the
Fermi level and the electric field amplitude is roughly
uniform over the graphene. The change in the refractive
index in silicon is small compared to its unperturbed
refractive index.

𝜕u
𝜕t =

√
ΓcPpump + u

(
−
(
𝜔0
2Ql

+ 𝜎FCAcN𝛾FC
2

+ 𝛽2c2
2n20

|u|2
VTPA

+ Im(Δ�̃�gr)
)

+ i
(
𝛿 +𝜔0𝛾FC

(
𝜎eN + 𝜎hN0.8)− n2c𝜔0

VKerrn20
|u|2

+ Re(Δ�̃�gr)+Δ𝜔grKerr
))

(16)

Equation (16) describes the generation of free carriers
by two photon absorption and decay according to an
characteristic lifetime 𝜏car.

𝜕N
𝜕t

= c2𝛽2
n202ℏ𝜔0VTPAVcar

|u|4 − N
𝜏car

(17)

The interplay in the dynamics between equations (16) and
(17) is which leads to the self-pulsation behavior.

4 Results and discussion
Due to the Pauli exclusion principle, it is Fermi level
relative tohalf thephotonenergy thatprimarilydetermines
conductivity. If the Fermi level is below half the photon
energy, an electron can be excited from the valence band
to the conduction band. However, if the Fermi level is
abovehalf thephotonenergy,anelectroncannotbeexcited
because the state in the conduction band is filled. In this
way, the optical behavior of graphene is switched on and
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off by changing the Fermi level. The temperature and
electron scattering rates effectively blur the states between
on and off by introducing a probability whether the state
is filled or not. They primarily only have an effect when
the Fermi level is roughly equal to half the photon energy.
The change in absorption is the dominant effect overall,
but the dispersion effects also change. The change in the
effective refractive index of the ring is minor due to the
small portion of light in the graphene compared to the rest
of thewaveguide. Graphene as amaterial has a strong Kerr
effect, however in this device its overall effect is negligible
compared to the Kerr effect in silicon. This is primarily
because there is farmore silicon in themicroring compared
to graphene. Additionally, the electric field is stronger in
the middle of the waveguide and weaker at the surface
where graphene sits. The absorption of graphene is still
the dominant effect, and dominates over the linear and
two-photon absorption loss in the ring when it is on. This
is important, because it controls theoverall photon lifetime
in the ring. In order for self-pulsation to occur, the photon
lifetime and the free carrier lifetime must be roughly the
same order of magnitude. When they are not the same
order of magnitude, the ring decays to a constant steady
state.

The self-pulsation behavior comes from the oscil-
lations of the free carrier concentration. The nonlinear
behavior of the graphene has very little to do with the
self-pulsation. In fact, the saturable absorption makes
switching more difficult at higher light intensities because
the change in absorption is smaller. The electrical tunabil-
ity of the linear absorption of graphenemerely controls the
photon lifetime in the ring.When the Fermi level is low, the
absorption is high, and light is absorbed before it has the

chance to generate a significant number of free carriers.
When the Fermi level is high, the absorption is low, and
light is allowed to generate free carriers. The free carriers
begin to dominate the absorption and dispersion effects.
As free carriers increase, the absorption increases and the
ring is pushed further away from resonance (see Figure 3).
This causes less light to build up in the ring, so the free
carriers decrease. With less free carriers, the absorption
decreases and the ring is pushed towards resonance
causing light build up again. Thus free carriers increase
and the cycle begins again. Twophoton absorption and the
Kerr effect are both present during these cycles as well, but
they are smaller overall. Generally speaking, two photon
absorption has less of an effect than the absorption of the
free carriers it induces. The Kerr effect typically competes
with the free carriers in silicon based devices due to their
opposite signs. The Kerr effect in graphene slightly hinders
the silicon Kerr effect with its negative Kerr coefficient;
however this change in the total Kerr effect in the ring is
negligible because themode overlap is significantly higher
over the silicon than the graphene. This is especially true
when the Fermi level is above 0.5 eV when the imaginary
third order conductivity becomes a small value.

Figure 4 shows some important behavior for the
system. The first pulse does not change the output power
by much because the Fermi level is still far enough away
from half the photon energy that Pauli blocking does not
take place. The second pulse brings the Fermi level equal
to half the photon energy, so Pauli blocking occurs, but
not completely due to scattering and temperature effects
around the Fermi level. This is enough to perturb the
system off of its previous fixed point. The system oscillates
a bit until it settles on the new fixed point. Note that the

Figure 3: Flow chart of the self-pulsation behavior. The dotted line indicates the bifurcation between the constant state and the
self-pulsation state.
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A)

B)

Figure 4: Tuning the Fermi level to induce dynamic behavior.
(A) The applied Fermi level pulsed in time. (B) The resultant output
power in the bus waveguide.

fixed point is still stable, a bifurcation has not occurred
yet. When the second pulse ends, there is an oscillatory
decay back to the original fixed point. The large third
pulse is enough to cause the bifurcation. Previously, the
oscillations settled to a fixed point, but now that fixed
point has become unstable and trajectories progress away
from the point and form a stable limit cycle around it. This
is shown as the oscillations reach a constant height and
self-pulsation continues until it is turned off by lowering
theFermi level again. Thedynamicsof the secondand third
pulse are shown in Figure 5 as phase space diagrams. The
amplitude of the oscillations can change with the input
Fermi level Figure 6. At 0.45 eV, the output power barely

A)

B)

Figure 5: Phase diagram before and after the supercritical Hopf
bifurcation.
(A) Fermi level is set to 0.4 eV. Oscillations decay to a stable fixed
point. (B) Fermi level is set to 0.55 eV. Oscillations are sustained in a
stable limit cycle.

begins oscillating and the maximum and minimum of the
peaks increasing. The frequencyof pulses is approximately
7.35 GHz when the input power is 25 mW. The frequency
of the system can change slightly with pump power (see
Figure 7). The frequency increase is due to the increase in
the generation of free carriers. The frequency can also be
designed to slightly different values by using a microring
ring with a different quality factor and free carrier lifetime.
Note this system displays no hysteresis; the oscillations
can be turned on and off by returning the Fermi level back
to its original state. The frequency invariance and growth
of the oscillations with the bifurcation parameter indicate
that this is a supercritical Hopf bifurcation.
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Figure 6: The maxima and minima of the output power after the
transient effects have subsided. Before the bifurcation, the system
has a stable fixed point so the maximum and minimum output power
is identical. After the bifurcation self-pulsation begins so the
maximum and minimum separate and the amplitudes grow. The
relaxation rate of graphene has a small effect on the exact position
of the bifurcation.

Figure 7: The pulsation frequency and pulse energy as the pump
power is varied. Ef = 0.6 eV and Γ = 10 meV.

5 Conclusions
We have discussed the electrical tunability of the linear
and nonlinear optical effects in graphene. This paper has
described how graphene on a silicon microring can be
modelled in coupledmode theory. Theoptical properties of
graphenewere shown tochange thebehavior of themicror-
ing and were electrically tunable. We have demonstrated
that this tunability can be utilized to switch the microring
from stable state to a self-pulsating state. This effect is
fundamentally due to Pauli blocking and disappearance
of the interband conductivity at high Fermi energies. The
self-pulsation behavior is due to the oscillations of the
free carrier concentration in the microring. The frequency
of the pulses was roughly 7 GHz and could be slightly

tuned by adjusting the pump power. This device used
graphene primarily for its electrically tunable absorption
to effectively switch from a low-intensity linear regime
to a high intensity nonlinear regime. In principle, this
could be used in other devices to electrically activate other
nonlinear behaviors.

Author contributions: All the authors have accepted res-
ponsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: The authors acknowledge and appre-
ciate the financial support from the Natural Sciences and
Engineering Research Council of Canada.
Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

References
[1] J. L. Dubbeldam and B. Krauskopf, ‘‘Self-pulsations of lasers

with saturable absorber: dynamics and bifurcations,’’ Opt.
Commun., vol. 159, nos. 4−6, pp. 325−338, 1999..

[2] P. J. Delfyett, S. Gee, M.-T. Choi, et al., ‘‘Optical frequency
combs from semiconductor lasers and applications in
ultrawideband signal processing and communications,’’
J. Lightwave Technol., vol. 24, no. 7, p. 2701, 2006..

[3] P. Barnsley, H. Wickes, G. Wickens, and D. Spirit, ‘‘All-optical
clock recovery from 5 gb/s rz data using a self-pulsating 1.56
mu m laser diode,’’ IEEE Photon. Technol. Lett., vol. 3, no. 10,
pp. 942−945, 1991..

[4] T. Van Vaerenbergh, M. Fiers, P. Mechet, et al., ‘‘Cascadable
excitability in microrings,’’ Opt. Express, vol. 20, no. 18,
pp. 20292−20308, 2012..

[5] W. Coomans, L. Gelens, S. Beri, J. Danckaert, and G. Van der
Sande, ‘‘Solitary and coupled semiconductor ring lasers as
optical spiking neurons,’’ Phys. Rev. E, vol. 84, no. 3,
p. 036209, 2011..

[6] B. Garbin, J. Javaloyes, G. Tissoni, and S. Barland,
‘‘Topological solitons as addressable phase bits in a driven
laser,’’ Nat. Commun., vol. 6, no. 1, pp. 1−7, 2015..

[7] B. Kelleher, C. Bonatto, G. Huyet, and S. Hegarty, ‘‘Excitability
in optically injected semiconductor lasers: contrasting
quantum-well-and quantum-dot-based devices,’’ Phys. Rev.
E, vol. 83, no. 2, p. 026207, 2011..

[8] M. Turconi, B. Garbin, M. Feyereisen, M. Giudici, and
S. Barland, ‘‘Control of excitable pulses in an injection-locked
semiconductor laser,’’ Phys. Rev. E, vol. 88, no. 2, p. 022923,
2013..

[9] S. Wieczorek, B. Krauskopf, T. B. Simpson, and D. Lenstra,
‘‘The dynamical complexity of optically injected
semiconductor lasers,’’ Phys. Rep., vol. 416, nos. 1−2,
pp. 1−128, 2005..

[10] H. Wünsche, O. Brox, M. Radziunas, and F. Henneberger,
‘‘Excitability of a semiconductor laser by a two-mode
homoclinic bifurcation,’’ Phys. Rev. Lett., vol. 88, no. 2,
p. 023901, 2001..



M. Tamura et al.: Optical self–pulsation by gating graphene on a silicon microring | 4025

[11] T. Heil, I. Fischer, W. Elsäßer, and A. Gavrielides, ‘‘Dynamics
of semiconductor lasers subject to delayed optical feedback:
the short cavity regime,’’ Phys. Rev. Lett., vol. 87, no. 24,
p. 243901, 2001..

[12] T. Deng, J. Robertson, and A. Hurtado, ‘‘Controlled
propagation of spiking dynamics in vertical-cavity
surface-emitting lasers: towards neuromorphic photonic
networks,’’ IEEE J. Sel. Top. Quant. Electron., vol. 23, no. 6,
pp. 1−8, 2017..

[13] M. A. Nahmias, B. J. Shastri, A. N. Tait, and P. R. Prucnal,
‘‘A leaky integrate-and-fire laser neuron for ultrafast cognitive
computing,’’ IEEE J. Sel. Top. Quant. Electron., vol. 19, no. 5,
pp. 1−12, 2013..

[14] F. Selmi, R. Braive, G. Beaudoin, I. Sagnes, R. Kuszelewicz,
and S. Barbay, ‘‘Relative refractory period in an excitable
semiconductor laser,’’ Phys. Rev. Lett., vol. 112, no. 18,
p. 183902, 2014..

[15] G. Spühler, R. Paschotta, R. Fluck, et al., ‘‘Experimentally
confirmed design guidelines for passively q-switched
microchip lasers using semiconductor saturable absorbers,’’
J. Opt. Soc. Am. B, vol. 16, no. 3, pp. 376−388, 1999..

[16] H.-T. Peng, M. A. Nahmias, T. F. De Lima, A. N. Tait, and B. J.
Shastri, ‘‘Neuromorphic photonic integrated circuits,’’ IEEE J.
Sel. Top. Quant. Electron., vol. 24, no. 6, pp. 1−15, 2018..

[17] M. Hejda, J. Alanis, I. Ortega-Piwonka, et al., ‘‘Resonant
tunneling diode nano-optoelectronic excitable nodes for
neuromorphic spike-based information processing,’’ Phys.
Rev. Appl., 2022. https://doi.org/10.1103/physrevapplied.17
.024072.

[18] P. R. Prucnal, B. J. Shastri, T. F. de Lima, M. A. Nahmias, and
A. N. Tait, ‘‘Recent progress in semiconductor excitable lasers
for photonic spike processing,’’ Adv. Opt. Photon., vol. 8,
no. 2, pp. 228−299, 2016..

[19] M. Brunstein, A. M. Yacomotti, I. Sagnes, F. Raineri, L. Bigot,
and A. Levenson, ‘‘Excitability and self-pulsing in a photonic
crystal nanocavity,’’ Phys. Rev. A, vol. 85, no. 3, p. 031803,
2012..

[20] L. Zhang, Y. Fei, T. Cao, Y. Cao, Q. Xu, and S. Chen,
‘‘Multibistability and self-pulsation in nonlinear high-q
silicon microring resonators considering thermo-optical
effect,’’ Phys. Rev. A, vol. 87, no. 5, p. 053805, 2013..

[21] T. J. Johnson, M. Borselli, and O. Painter, ‘‘Self-induced
optical modulation of the transmission through a high-q
silicon microdisk resonator,’’ Opt. Express, vol. 14, no. 2,
pp. 817−831, 2006..

[22] A. M. Yacomotti, P. Monnier, F. Raineri, et al., ‘‘Fast
thermo-optical excitability in a two-dimensional photonic
crystal,’’ Phys. Rev. Lett., vol. 97, no. 14, p. 143904, 2006..

[23] A. Jha, C. Huang, H.-T. Peng, B. Shastri, and P. R. Prucnal,
Photonic Spiking Neural Networks and Cmos-Compatible
Graphene-On-Silicon Spiking Neurons, 2021, arXiv preprint
arXiv:2109.13797.

[24] S. Chen, L. Zhang, Y. Fei, and T. Cao, ‘‘Bistability and
self-pulsation phenomena in silicon microring resonators
based on nonlinear optical effects,’’ Opt. Express, vol. 20,
no. 7, pp. 7454−7468, 2012..

[25] M. Liu, X. Yin, E. Ulin-Avila, et al., ‘‘A graphene-based
broadband optical modulator,’’ Nature, vol. 474, no. 7349,
pp. 64−67, 2011..

[26] B. S. Lee, B. Kim, A. P. Freitas, et al., ‘‘High-performance
integrated graphene electro-optic modulator at cryogenic
temperature,’’ Nanophotonics, vol. 10, no. 1, pp. 99−104,
2021..

[27] T. Cusati, G. Fiori, A. Gahoi, et al., ‘‘Electrical properties of
graphene-metal contacts,’’ Sci. Rep., vol. 7, no. 1, pp. 1−11,
2017..

[28] G. W. Hanson, ‘‘Dyadic green’s functions and guided surface
waves for a surface conductivity model of graphene,’’ J. Appl.
Phys., vol. 103, no. 6, p. 064302, 2008..

[29] A. Marini, J. Cox, and F. G. De Abajo, ‘‘Theory of graphene
saturable absorption,’’ Phys. Rev. B, vol. 95, no. 12,
p. 125408, 2017..

[30] B. J. Shastri, M. A. Nahmias, A. N. Tait, A. W. Rodriguez, B. Wu,
and P. R. Prucnal, ‘‘Spike processing with a graphene
excitable laser,’’ Sci. Rep., vol. 6, no. 1, pp. 1−12, 2016..

[31] N. Savostianova and S. A. Mikhailov, ‘‘Optical kerr effect in
graphene: theoretical analysis of the optical heterodyne
detection technique,’’ Phys. Rev. B, vol. 97, no. 16, p. 165424,
2018..

[32] E. Dremetsika, B. Dlubak, S.-P. Gorza, et al., ‘‘Measuring the
nonlinear refractive index of graphene using the optical kerr
effect method,’’ Opt. Lett., vol. 41, no. 14, pp. 3281−3284,
2016..

[33] S. Thakur, B. Semnani, S. Safavi-Naeini, and A. H. Majedi,
‘‘Experimental characterization of the ultrafast, tunable and
broadband optical kerr nonlinearity in graphene,’’ Sci. Rep.,
vol. 9, no. 1, pp. 1−10, 2019..

[34] J. L. Cheng, N. Vermeulen, and J. Sipe, ‘‘Third-order
nonlinearity of graphene: effects of phenomenological
relaxation and finite temperature,’’ Phys. Rev. B, vol. 91,
no. 23, p. 235320, 2015..

[35] B. Semnani, A. H. Majedi, and S. Safavi-Naeini, ‘‘Nonlinear
quantum optical properties of graphene,’’ J. Opt., vol. 18,
no. 3, p. 035402, 2016..

[36] V. G. Ataloglou, T. Christopoulos, and E. E. Kriezis, ‘‘Nonlinear
coupled-mode-theory framework for graphene-induced
saturable absorption in nanophotonic resonant structures,’’
Phys. Rev. A, vol. 97, no. 6, p. 063836, 2018..

[37] T. Christopoulos, O. Tsilipakos, G. Sinatkas, and E. E. Kriezis,
‘‘Degenerate four-wave mixing in nonlinear resonators
comprising two-dimensional materials: a coupled-mode
theory approach,’’ Phys. Rev. B, vol. 98, no. 23, p. 235421,
2018..

[38] R. Soref and B. Bennett, ‘‘Electrooptical effects in silicon,’’
IEEE J. Quant. Electron., vol. 23, no. 1, pp. 123−129, 1987..

[39] D. Dimitropoulos, R. Jhaveri, R. Claps, J. Woo, and B. Jalali,
‘‘Lifetime of photogenerated carriers in silicon-on-insulator
rib waveguides,’’ Appl. Phys. Lett., vol. 86, no. 7, p. 071115,
2005..

[40] T. Uesugi, B.-S. Song, T. Asano, and S. Noda, ‘‘Investigation
of optical nonlinearities in an ultra-high-q si nanocavity in a
two-dimensional photonic crystal slab,’’ Opt. Express, vol. 14,
no. 1, pp. 377−386, 2006..

https://doi.org/10.1103/physrevapplied.17.024072
https://doi.org/10.1103/physrevapplied.17.024072

	1 Introduction
	2 Device design
	3 The numerical model
	4 Results and discussion
	5 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


