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Abstract: All-optical tuning of the resonance of an optical cavity is used to realise optical
signal-processing including modulation, switching, and signal-routing. The tuning of optical
resonance is dictated by the two primary effects induced by optical absorption: charge-carrier-
generation and heat-generation. Since these two effects shift the resonance in opposite directions
in a pure silicon-on-insulator (SOI) micro-ring resonator as well as in a graphene-on-SOI system,
the efficiency and the dynamic range of all-optical resonance-tuning is limited. In this work, in
a graphene-oxide-silicon waveguide system, we demonstrate an exceptional resonance-tuning-
efficiency of 300 pm/mW (0.055 7 /mW), with a large dynamic range of 1.2 nm (0.22 ) from linear
resonance to optical bistability. The dynamics of the resonance-tuning indicates that the superior
resonance-tuning is due to large linear-absorption-induced thermo-optic effect. Competing
free-carrier dispersion is suppressed as a result of the large separation between graphene and the
silicon core. This work reveals new ways to improve the performance of graphene-on-waveguide
systems in all-optical cavity-tuning, low-frequency all-optical modulation, and switching.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

All-optical control over optical cavities has been studied for optical transport as well as for
applications in optical signal-processing and optical memory [1-3]. In these systems, the intensity
of the optical signal is used to modulate the resonant wavelength of the cavity. The third order
optical nonlinearity in silicon leads to two-photon absorption (TPA) [3]. TPA generates free
carriers and heat in the silicon optical cavity. The heat produces a positive change in the refractive
index of silicon and causes a red-shift (shift to longer wavelength) of the cavity-resonance
due to the thermo-optic effect in silicon [4]. TPA-generated free carriers cause a negative
change in the refractive index of silicon, leading to a blue-shift (shift to shorter wavelength) in
the cavity-resonance [3,5]. The competition between the thermo-optic effect and free-carrier
dispersion leads to bistability in the transmission response of the optical cavity. Thus the dynamic
range of the cavity-tuning before the onset of bistability is limited by TPA. Suppression of the
free-carrier effects in a silicon cavity, by depletion of the TPA-generated free carriers, is one way
to increase the dynamic range [5]. However, this method involves challenges associated with
fabrication. Material platforms like silicon nitride, that don’t have TPA, are useful for all-optical
cavity-tuning. However, the low thermo-optic effect in silicon nitride makes thermal tuning
inefficient. Enhancing the cavity-tuning requires inclusion of other materials on these platforms.

Graphene has been a material of interest in integrated-optic platforms operating at near-infrared
(near-IR) wavelengths due to its unique dispersive and dissipative interactions at these wavelengths
[6,7]. These interactions have been utilized for electro-optic modulation and resonance-tuning
[8,9]. Novel graphene-based sensing platforms are also being developed on integrated-optic
platforms [10-12]. Graphene-on-waveguide systems have shown promise for all-optical tuning
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and modulation of the spectral response of wavelength-selective devices [13—15]. This is due
to the thermo-optic effect caused by large optical absorption in graphene. The tunability of
optical absorption in graphene makes it an interesting material for this application. When
graphene is integrated over an optical cavity, the thermo-optic effect is significantly enhanced
[16]. Such a system is useful for all-optical tuning of the cavity-resonance. However, enhanced
TPA in graphene leads to optical bistability, thus limiting the dynamic range of the cavity-tuning
[13,14,17-19].

Graphene-on-SiN systems have been shown to have a more efficient all-optical cavity-tuning
than pure silicon or SiN systems [13,14]. However, in these experiments, graphene is placed
directly over the waveguide and hence, interacts with a strong field. Thus, the TPA in graphene
starts at moderate optical powers and the dynamic range from the linear resonance to bistability
is low. The bistability induced by the competition between TPA-generated thermo-optic effect
and free-carriers in graphene has also been experimentally observed in such geometries [19].

In this work, we show that a silicon dioxide spacer between graphene and the waveguide reduces
the strength of the field interacting with graphene, thus reducing the TPA in graphene. As a result,
we observe enhanced all-optical tuning of the cavity-resonance, with a large dynamic range of
1.2 nm (0.22 7). We demonstrate all-optical cavity tuning using graphene with an efficiency of
300 pm/mW (0.055 7/mW). We use under-coupled silicon micro-ring resonators, with graphene
at a separation of 100 nm from the waveguide. Optical pump-probe measurements are used to
determine the response-time of all-optical modulation. The modulation-bandwidth is found to be
3 MHz, indicating that the modulation is dominated by the thermo-optic effect. Time-domain
spectral evolution is used for studying the carrier dynamics in silicon micro-ring resonators with
and without graphene to investigate the reason behind the enhanced thermo-optic effect. We
find that at low power levels, the resonator with graphene exhibits only thermo-optic effect due
to cavity-enhanced linear absorption, while no such effect is observed without graphene [16].
The effect of TPA-generated carriers is not observable in both the systems at low optical power.
At higher power levels, both thermo-optic effect and carrier-induced effects are observed to be
competing in the resonator without graphene. On the other hand, in the resonator with graphene,
both linear absorption and TPA make the thermo-optic effect stronger than the carrier-induced
effects. Such a system with dominant thermo-optic effect is useful for all-optical cavity-tuning
with a large dynamic range.

2. All-optical cavity-tuning

Racetrack micro-ring resonators using single-mode silicon-on-insulator (SOI) waveguides
supporting the fundamental quasi-TE mode around 1550 nm wavelength are fabricated using
deep-UV lithography followed by reactive-ion-etching. The cross-section of the waveguide is
500 nm x 220 nm. The circumference of the micro-ring is 52 um and bend-radius is 5 um.
The power coupling coefficient from the straight bus waveguide to the micro-ring resonator is
estimated to be approximately 0.4 %. Mechanically exfoliated few-layer graphene flakes are
transferred onto the micro-ring resonators. The optical micrograph of the device with graphene
is shown in Fig. 1(a). The device with graphene has 3 nm thick graphene covering 7 um (14 %)
of the circumference of the micro-ring. The spectra with and without graphene are shown in
Figs. 1(b) and 1(c) respectively. Similar spectra for a pair of other devices with and without
graphene (1 nm thick covering 10 % of the micro-ring) can be found in the appendix.

All the input powers referred to herein are at the bus waveguide before being coupled into the
micro-ring resonator. It is observed that the device without graphene shows a thermo-optic red
shift of 20 pm with increase in optical input power from —8.1 dBm to 6.6 dBm at the straight
waveguide. However, the device with graphene shows an extra-ordinary red-shift of 1.2 nm
with increase in optical input power from —4.8 dBm to 6.6 dBm at the straight waveguide.
Similar observations have been previously reported using monolayer graphene on Silicon-Nitride
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Fig. 1. (a) Optical micrograph of the micro-ring resonator with graphene, (b) All-optical
tuning in a micro-ring resonator with multi-layer graphene (3 nm thick) covering 14 % of
the circumference: a large tuning-efficiency (red-shift) of 300 pm/mW (0.055 n/mW) and
linear dynamic range of 1.2 nm (0.22 ) are observed, (c) All-optical tuning in a micro-ring
resonator without graphene: a low red-shift of 20 pm for 4 mW optical power is observed.

micro-ring resonators and have been attributed to the thermo-optic effect in graphene at high
optical powers [14]. However, it must be noted that the overall red shift from the cold-cavity
resonance to the onset of bistability in our case is 1.2 nm (0.22 7) and the tuning-efficiency
is 300 pm/mW (0.055 n/mW). These values are much larger than the previously reported
values [14]. A comparison between the all-optical cavity-tuning observed in our devices and
the previously reported values is shown in Table 1. It must be noted that our devices contain
few-layer graphene unlike monolayer graphene in the previous reports. However, the gradual
reduction of the tuning efficiency from the device with 3 nm-thick graphene to the device with
1 nm-thick graphene indicates an estimated tuning-efficiency of the order of 100 pm/mW for
monolayer graphene, that is better than the previous reports. We investigate the reason behind
this large tuning-efficiency and high dynamic range in this article.

Table 1. Comparison of All-optical Cavity-tuning using Graphene-oxide-SOI MRR with
Graphene-SiN MRR Systems

Thick-ness Cover-age Tuning-efficiency Dynamic Range
MRR SystemParameter (nm) (%) (pm/mW) (nm)
Graphene-SiN [14] 0.34 20 23 0.4
Graphene-SiN [13] 0.34 23 8(0.003 7) -
Graphene-Oxide-SOI [this work] 3 14 300(0.055 ) 1.2(0.22 x)
Graphene-Oxide-SOI [this work] 1 10 240(0.044 n) > 0.5(0.09 7)

The results in Fig. 1(b) were obtained by a slow wavelength-sweep of a tunable continuous-wave
(CW) laser source. The transmitted power was recorded at a wavelength-step of 1 pm and a
hold-time of 20 us, that is expected to be larger than the life-time of the thermo-optic effect. Thus
the effect of the carrier-generation at all values of detuning from the resonance was observed.
To observe the thermo-optic shift at a fixed detuning from the cold-cavity resonance, we use
a broadband probe laser at the input to monitor the change in the spectrum at different pump
powers. The output of the device from the through-port of the resonator is observed in an optical
spectrum analyzer.

Two consecutive resonances of the device, around 1555 nm and 1565.25 nm, are monitored.
The results are shown in Figs. 2(a) and 2(b). The wavelength of the pump laser is set to be around
the resonance at 1565.25 nm. We perform all-optical cavity-tuning with a pump that is initially
blue-detuned (shorter wavelength) from the resonance by 0.5 nm. The effect of the tuning is
observed by monitoring the broadband probe around the resonance at 1555 nm. We observe that
the cavity-tuning is 0.4 nm for a change in the pump power from 0 dBm to 5 dBm. As expected,
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the tuning is lower than that in Fig. 1(b) due to the large detuning of the pump from the resonance.
Also, no asymmetry in the resonance around 1555 nm is observed at these power levels. Similar
measurements carried out on micro-ring resonators without graphene do not exhibit any shift in

the resonance.

—0dBm |
2.0 —1dBm 345
° —2dBm ]
g -20 ——3dBm g
=—=4dBm
E 40 aasm @ -50
B 3 —1dBm (
£ .40 £ ——2dBm |
1 —3dBm |
£ g — KP/ E .55  saom \
E § 5dBm
= 1564 1565 1566 1567 F 1554 1555 1556
A (nm) A (nm)
(a) (b)

Polarization

Controller EDFA
Polarization High Speed
Controller Photodetector

(c)

= Background
- Device Response

RF Output Power (dBm)
g

-120
-140
10° 102 10*
f (MHz)
(d)

Fig. 2. (a) Single-wavelength CW pump at a blue detuning of 0.4 nm from the cold-cavity
resonance: increase in the pump power cause the resonance to red-shift by 100 pm/mW for
the device with graphene due to the thermo-optic effect, (b) The corresponding cavity tuning
is observed at a consecutive resonance with a broadband probe, (c) Measurement-schematic
for all-optical modulation of a CW probe laser with a sinusoidally intensity-modulated pump,
(d) Frequency response of the all-optical modulation: a 3 dB cut-off frequency of 3 MHz is
observed indicating that the modulation is dominated by the thermo-optic effect.

This consistent red-shift in the resonance undoubtedly indicates the dominance of the thermo-
optic effect for a CW input. The change in the spectrum, with the intensity of the pump indicates
all-optical modulation. To determine the bandwidth of the all-optical modulation, we replace
the continuous-wave pump with an intensity-modulated pump and the broad-band probe with a
single-wavelength CW laser. The probe input is set at the blue-detuned slope of the resonance
close to 1555 nm. The schematic for the measurement is shown in Fig. 2(c). At the output
of the device, the pump is filtered out using an optical band-pass filter around the wavelength
of the probe laser. The optical output is passed into a high-frequency photo-detector and the
corresponding electrical output of the photo-detector is given as an input into the spectrum
analyzer. The result of the measurement is shown in Fig. 2(d). The modulation of the pump
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power causes modulation of the resonance of the micro-ring resonator. The power of probe laser,
that is at the slope of the resonance, gets modulated at the same frequency. The 3 dB cut-off
frequency of the modulated output in Fig. 2(d) is around 3 MHz. This response-time (=~ 330 ns)
is characteristic of the thermo-optic effect [13].

3. Dynamics of cavity-tuning

To study the transient all-optical response of the device, we use a pulsed laser as the pump. The
probe laser is not used in this measurement. The measurement schematic is shown in Fig. 3(a).
We use pulses of 1 us on-time and 19 us off-time. The on-state power levels used for these
measurements are significantly larger than the CW powers used in Figs. 1(b) and 1(c) respectively,
since the detuning from the cold-cavity resonance is large. The output at the through-port of the
micro-ring resonator is passed into a high frequency photo-detector. We set the input laser at an
initial red-detuning of 0.4 nm from the resonance. Similar measurements are also performed on
a device without graphene. The dynamic tuning of the resonance results in a dynamic change of
the detuning of the optical input from the resonance, as depicted in the left inset of Fig. 3(a). The
normalized results of the measurements on the resonators with and without graphene, for a series
of increasing input powers, are shown in Figs. 3(b) and 3(c) respectively.
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Fig. 3. (a) Measurement-schematic for acquiring time-domain transient response with
a high power pulse-modulated pump laser; the insets depict the dynamic tuning of the
resonance and the time-varying detuning of the pump from the resonance due to red-shift
caused by thermo-optic effect or blue-shift caused by free-carrier dispersion , (b) Time
domain response of the device with graphene for 1 us pulses at different on-state optical
powers: at low powers, cavity-enhanced linear absorption in graphene causes red-shift in the
resonance, producing a dip in the time trace and at higher powers, the thermo-optic effect
becomes stronger the transition becomes sharper, (c) Competition between thermo-optic
effect and free carriers is observed in the resonator without graphene at higher optical powers:
this is due to TPA; no effect of carriers is observable at lower powers.
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For input powers starting from 14 mW upto 104 mW, the output response of the device
with graphene has a fall and a subsequent rise with time. This can be understood as the
transition depicted using red arrows in the right inset of Fig. 3(a). The initial red-detuned (longer
wavelength) input in the on-state, marked by a black circle, initiates the thermo-optic effect in the
micro-ring resonator. The thermo-optic effect causes the overall index of the micro-ring resonator
to increase, thereby producing a red-shift in the resonance. If the red-shift is large enough for
the resonant wavelength to cross the input wavelength, the input is now blue-detuned from the
resonance, depicted by a red circle. The power of the input is fixed during this transition. Hence,
the fall in the output power is attributed to the dynamic change in detuning from the resonance
and the minimum output power is the instant when the input is at the resonance. During this
process, the detuning of the pump laser from the resonance changes dynamically and depending
on the power, the thermo-optic effect may be caused by linear absorption, TPA, or both. We
operate at power levels far below the threshold for saturable absorption in graphene [20]. Hence,
the free-carriers, if generated, are primarily due to TPA.

The time-trace of the output signal from the device without graphene has multiple sets of fall
and rise for input powers > 35 mW, while no such dips are observed at lower powers. The first
dip in the time trace is due to the thermo-optic effect, similar to the resonator with graphene.
This transition can be understood by the red arrow in the right inset of Fig. 3(a). After the first
dip, the pump is blue-detuned from the resonance, as shown with a red circle in the inset of
Fig. 3(a). In this state, if the density of the TPA-generated free carriers is sufficient to produce
a blue-shift that compensates for the thermo-optic red-shift, the resonance starts to experience
a net blue-shift. If the blue-shift is large enough, the density of the free carriers reduces and
the input again comes to a red-detuned state (blue circle) due to the thermo-optic effect. This
transition is depicted using blue arrows in the right inset of Fig. 3(a). Thus, the competition
between the thermo-optic effect and the free carriers produces multiple dips in Fig. 3(c) for the
device without graphene. This competition starts at higher powers, further indicating that the
origin of the free-carriers is from TPA. This phenomenon has been extensively studied in optical
cavities made of silicon [1,2]. However, in the device with graphene we do not observe any such
competition and the thermo-optic effect dominates, even for input powers as high as 104 mW.

We then perform the same experiment at multiple values of the initial detuning from the
cold-cavity resonance. The results for an input power of around 100 mW for the devices with
and without graphene are shown in Figs. 4(a) and 4(b) respectively. The observations in the
two resonators remains unchanged when the pump is initially red-detuned from the cold-cavity
resonance. In the last trace in Figs. 4(a) and 4(b), the pump is set at a large initial blue detuning
from the cold-cavity resonance. Since the density of free carriers is insufficient to produce a
large blue shift of the resonance in either case, no crossing of the resonance is observed. The
extended set of data at different combinations of power and wavelength of the pump can be found
in the appendix.

To qualitatively analyze the dynamic density of carriers in both these devices, we follow the
theoretical framework used for similar measurements with silicon optical cavities [1,2]. The
dynamic loss-rate in the micro-ring resonator, that affects the dynamic resonance-tuning, is given
as [2]

Y(1) = freala(®)]® + freaN(@) +v1. 1)

where a(f) and N(¢) are the time-varying mode-amplitude and free-carrier density respectively,
frca is the free-carrier absorption coefficient, y; is the linear absorption rate in the cavity, and
frpa is the TPA-coefficient [2].

The Q-factors of the micro-ring resonators with and without graphene are 2500 and 5200
respectively. The TPA coeflicient (f7pa) is larger for a silicon waveguide with graphene in direct
contact than for an ordinary silicon waveguide [19]. However, the graphene in our device is
100 nm above the waveguide, separated by an oxide spacer. For such a sytem, the TPA is expected
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Fig. 4. Wavelength dependence of the carrier dynamics in resonators (a) with graphene
and (b) without graphene respectively: The resonator with graphene exhibits dominance of
the thermo-optic effect, while the one without graphene shows competition between free
carriers and the thermo-optic effect.

to be almost the same as a silicon waveguide without graphene. We find this to be true using
numerical simulations in a finite-element model using the cross-section shown in Fig. 5(a). The
coverage of graphene is assumed to be 100 %. The results are shown in Fig. 5(b). The TPA due
to graphene is further reduced by maintaining a partial coverage over the micro-ring (< 14% in
our case). On the other hand, the linear absorption rate 7; is significantly larger for the device
with graphene than the one without graphene, even with the 100 nm oxide spacer; the computed
values of propagation loss shown in Fig. 5(c). Free-carrier generation is dependent on TPA (for
the power levels used in our experiments), while thermo-optic effect is dependent on both linear
absorption and TPA. Hence, the relative strength of the thermo-optic effect is expected to be larger
than the free-carrier dispersion (dependent on TPA) in the micro-ring with graphene. Thus, the
higher linear absorption in presence of graphene enhances the thermo-optic effect at low powers
(even at large detuning from the resonance), as is evident from Fig. 3(b) for Poy < 35 mW. On
the contrary, the resonator without graphene, shows no observable cavity-tuning at similar power
levels, as shown in Fig. 3(c).
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Fig. 5. (a) Cross-section of the SOI waveguide with graphene: the gap between the
waveguide and graphene is filled with silicon dioxide, (b) Variation of the normalized
TPA-coeflicients of a SOI waveguide, with monolayer and 3 nm thick graphene, with change
in the oxide-filled gap, (c) Variation of the additional propagation loss due to graphene in
the waveguide-systems: At a gap of 100 nm, the TPA-coeflicient of the SOI waveguide with
3 nm thick graphene is almost the same as that without graphene, but the propagation loss is
significantly larger.

At higher powers (Poy > 35 mW), multiple dips are observed in the response of the resonator
without graphene, as seen in Fig. 3(c). We identify this as the onset of TPA in the resonator
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Fig. 6. (a) All-optical tuning in a micro-ring resonator with multi-layer graphene (1 nm
thick) covering 10 % of the circumference of the micro-ring: a large tuning-efficiency
(red-shift) of 240 pm/mW and linear dynamic range of > 0.5 nm are observed, (b) All-optical
tuning in another micro-ring resonator without graphene.

without graphene. The optical power for the onset of TPA in the resonator with graphene can
be expected to be double, since the Q-factor is half that of the resonator without graphene.
Even at higher optical powers, only a single dip is observed in the response of the device with
graphene. Thus, the thermo-optic effect dominates over the free carriers in the resonator with
graphene. This is the reason behind the large dynamic range and tuning-efficiency of all-optical
cavity-tuning in presence of graphene.

4. Conclusion

In conclusion, we have demonstrated enhanced all-optical cavity-tuning in an under-coupled
silicon micro-ring resonator in presence of multilayer graphene covering < 14 % of the micro-ring
resonator. The resonator shows a tuning of 300 pm/mW (0.055 n/mW), dominated by the
thermo-optic effect and an overall dynamic range of 1.2 nm (0.22 7) from linear resonance to
bistability. On the contrary, a similar micro-ring resonator without graphene is shown to have
negligible tuning for the same power levels. The reason behind the superior resonance-tuning
of the micro-ring resonator with graphene has been investigated. All-optical pump-probe
modulation and the dynamics of all-optical resonance-tuning with an optical pump indicate
dominant thermo-optic effect even at high optical powers. Numerical estimates of the variation
of linear absorption and TPA, with separation between graphene and the silicon core, indicate
that at a separation of 100 nm, the additional contribution of TPA in graphene to the TPA in
silicon is minimal and the linear absorption dominates. Hence, red-shift of the resonance due
to linear-absorption-induced thermo-optic effect outweighs the blue-shift due to TPA-induced
free-carrier dispersion. Therefore, enhanced all-optical cavity-tuning is observed in the graphene-
oxide-silicon waveguide system. This device-configuration is useful for applications in controlled
low frequency all-optical modulation and switching.

Appendix A. Cavity tuning on a second pair of devices with and without graphene

The results of all-optical cavity tuning for a second pair of devices with and without graphene is
shown in Fig. 6. The graphene flake is 1 nm thick and covers 10 % of the circumference of the
micro-ring resonator. A tuning-efficiency of 240 pm/mW and linear dynamic range of > 0.5 nm
are observed for the device with graphene.
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Appendix B. Extended data: time-domain measurements with a pulse-modulated
pump on devices with and without graphene

The extended data for time-domain measurements on the pair of devices with and without graphene
is shown in Fig. 7. The device without graphene shows competition between thermo-optic effect
and free-carrier dispersion, while the one with graphene shows dominant thermo-optic effect.
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Fig. 7. Wavelength and power dependence of the carrier dynamics in resonators (a)-(c)
with and (d)-(f) without graphene: The resonator with graphene shows dominant thermo-
optic effect, while competition between thermo-optic effect and free-carrier dispersion are
observed in the resonator without graphene (in traces with multiple dips).
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