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Abstract

The effective control of heat facilitated by advanced thermo-optic materials plays a
crucial role in integrated photonic devices, providing key benefits for their functionality
and stable operation. Here, we experimentally demonstrate the enhanced thermo-optic
performance of silicon microring resonators (MRRs) by co-integrating them with 2D
graphene oxide (GO) films. Precise control over the GO films’ thicknesses and sizes is
achieved, and we characterize thermo-optic response induced by both environmental
temperature changes and coupled input light power for devices with GO films of
different thicknesses and degrees of reduction. Experimental results show that the GO-
coated MRRs exhibit greater wavelength shifts than uncoated MRRs as the
environmental temperature rises, while devices with reduced GO (rGO) exhibit the
opposite trend. On the other hand, we demonstrate enhanced optical bistability and
optical nonreciprocal transmission induced by input coupled light power in the hybrid
MRRs. Our work opens up new opportunities for implementing high-performance

thermo-optic devices through the on-chip integration of 2D GO films.
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1. Introduction

By utilizing the well-developed complementary metal-oxide-semiconductor (CMOS)
fabrication technologies,'” integrated photonic devices benefit from the advantages of
electronic integrated circuits with respect to the device footprint, energy consumption,
and mass producibility. Further, they offer additional benefits such as large processing
bandwidths, strong immunity to electromagnetic interference, and the capability for

massively parallel processing.**

Heat management is essential for optimizing the functionality and stability of

integrated photonic devices.”” The thermo-optic response of materials, which arises

10, 11

from thermally induced changes in their refractive index and light absorption, plays

an important role for heat management in integrated photonic devices. The efficient

control of heat facilitated by advanced thermo-optic materials enables the

12, 13 14, 15

implementation of high-performance thermal emitters, photovoltaics, mode-

16,17 18,19 20,21

locked lasers, optical switches, and sensors.

Over the past decades, significant progress in on-chip integration of advanced

22-24 25-27

thermo-optic materials, such as polymers and two-dimensional (2D) materials,
has opened up new avenues for efficient heat control and manipulation in integrated
photonic devices. With high flexibility in changing its properties via various reduction
methods as well as a strong capability for large-scale integration,”®3° 2D graphene
oxide (GO) has become a highly promising material for implementing hybrid integrated

photonic devices. Previously,’! we characterized the versatile thermo-optic properties

of 2D GO films by integrating them onto silicon nitride microring resonators (MRRs).
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In this paper, we integrate 2D GO films onto the more widely used silicon photonic
platform and characterize the thermo-optic performance of the hybrid devices. We
integrate 2D GO films onto silicon MRRs achieving precise control over their
thicknesses and areas. We characterize the thermo-optic response caused by both
environmental temperature changes and coupled input light power for the fabricated
devices with GO films of different thicknesses and degrees of reduction. Experimental
results show that the GO-coated MRRs exhibit more significant resonance wavelength
shifts in the response of environmental temperature variations as compared to the
uncoated MRRs. In contrast, the devices with reduced GO (rGO) show the opposite
trend. We also demonstrate enhanced optical bistability and improved optical
nonreciprocal transmission (ONT) in the hybrid MRRs induced by input coupled light
power. For optical bistability, the devices with GO and rGO exhibit a broader power
range for bistable behavior compared to the uncoated devices. For ONT based on the
thermo-optic response of dual MRRs, the device with GO achieves the hightest
nonreciprocal extinction ratio (VER), and at a much lower input power. These results
highlight the strong potential of integrating 2D GO films onto silicon photonic

platforms to implement high-performance thermo-optic devices.

2. Device fabrication and material characterization

As an oxidized derivative of graphene, GO consists of a carbon network attached with
a range of oxygen functional groups (OFGs), such as hydroxyl, epoxide, carboxylic,
and carbonyl groups.”® Figure 1a shows the atomic structures of GO, semi-reduced GO

(strGO), and totally reduced GO (trGO), together with corresponding illustrations of
3



their optical bandgaps. The reduction of GO breaks the chemical bonds between the
OFGs and the carbon network, leading to the decrease of sp® hybridization domain and
increase of the sp? hybridization domain. Unlike graphene, which has a fully sp? domain
and a zero optical bandgap,** unreduced GO features a large optical bandgap of AE =
~2.1—3.6 eV due to the presence of isolated sp> domain.>*-* This yields both low linear
and nonlinear light absorption in the infrared wavelength region. For rGO, there is a
gradual decrease in the AF as the degree of reduction increases, leading to variations in
the material properties such as refractive index, optical absorption, and electrical
conductivity.? In practice, GO can be reduced by using various methods, such as
thermal reduction, chemical reduction, microwave reduction, and photoreduction.?® 3>
3¢ For trGO with all the OFGs being removed, the bandgap and material properties

closely resemble those of graphene, with only slight difference mainly induced by the

defects in the carbon network.

Figure 1b illustrates a schematic of a silicon MRR integrated with a 2D GO film.
The cross section of the waveguides forming the MRRs (including both the ring and
the bus waveguide) was ~ 550 nm x 220 nm. Figure 1¢ shows a microscopic image of
a fabricated device with 3 layers of GO. In our fabrication, the MRRs on a silicon-on-
insulator (SOI) chip were patterned by using 248-nm deep ultraviolet lithography, and
then formed via an inductively coupled plasma etching process. After this, a 1.5-um-
thick silica upper cladding layer was deposited via plasma-enhanced chemical vapor

deposition. Finally, windows were opened on the silica upper cladding, followed by the



coating of 2D GO films onto the silicon MRRs, which allows for the interaction

between the GO films and the evanescent field of the silicon waveguide mode.
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Figure 1. (a) Schematic illustration of atomic structures and bandgaps of graphene oxide (GO), semi-
reduced GO (srGO), and totally reduced GO (trGO). (b) Schematic illustration of a silicon microring
resonator (MRR) integrated with a 2D GO film. (¢) Microscopic image of a fabricated hybrid MRR with
3 layers of GO. (d) Measured Raman spectra of a silicon-on-insulator (SOI) chip before and after coating
1 layer of GO. (e) Schematic illustration of cross section of the hybrid waveguide with GO. Inset
illustrates the layered GO film fabricated by our self-assembly method. (f) TE and TM mode profiles for
the hybrid waveguide with 3 layers of GO.



Transfer-free and layer-by-layer coating of 2D GO films were achieved by using
a solution-based method we developed previously.*”-*® First, we synthesized negatively
charged monolayer GO nanoflakes dispersed in a solution through a modified Hummers
method.?® Next, the fabricated SOI chip with negatively charged surface was immersed
in a polymer solution, forming a polymer-coated chip with a positively charged surface.
Finally, the chip was immersed in the prepared GO solution with negatively charged
2D GO nanoflakes to complete the coating of 1 layer of GO. By repeating the above
processes, a multi-layer film structure consisting of alternating GO monolayers and
polymer layers was self-assembled via electrostatic forces. Unlike the film transfer
processes employed for other 2D materials such as graphene *° and transition-metal
dichalcogenides (TMDCs),*’ our GO coating approach allows for transfer-free GO film
coating on integrated photonic devices as well as precise control over the film thickness.
In addition, this method enables conformal coating of 2D GO films onto silicon
waveguides with minimal air voids.*'** According to atomic force microscope

measurements, the thickness of the as-fabricated GO film is ~2 nm / layer.

In Figure 1¢, the GO film coated on the SOI chip exhibits high transmittance,
good morphology, and high uniformity. Figure 1d shows the Raman spectra of the same
SOI chip before GO and after coating 1 layer of GO, which were measured by using a
~514-nm pump laser. In the measured Raman spectrum for the GO-coated chip, the
presence of the featured D (~1345 cm™) and G (~1590 cm™) peaks confirms successful

integration of the 2D GO film onto the SOI chip.



Figure 1e illustrates cross section for the hybrid waveguides with 3 layers of GO,
with the inset showing a schematic of the layered GO film fabricated by our self-
assembly method. Figure 1f shows the transverse electric (TE) and the transverse
magnetic (TM) mode profiles for the hybrid waveguide with 3 layers of GO, which
were simulated via commercial mode-solving software (COMSOL Multiphysics). The
corresponding effective refractive indices at 1550 nm were nuep; 72 = ~2.434 and nye v
= ~1.629. In our simulation, the refractive indices of GO and silicon at 1550 nm were
nco = 1.984 and nsiicon = 3.445, respectively. These values were obtained from our

previous measurements in Ref. *' and the experiments discussed in following sections.

3. Transmission spectra of the hybrid MRRs

After device fabrication, we characterized the transmission spectra of the fabricated
MRRs with GO films of varying thicknesses and degrees of reduction. For all the
experiments performed in this section, we used silicon MRRs with a radius of ~40 pm,
and the length of the opened windows in these MRRs (i.e., the GO film coating length)
was ~5 um. Lensed fibers were employed to achieve light coupling into and out of the
fabricated MRRs with inverse-taper couplers at both ends of the bus waveguides. The
fiber-to-chip coupling loss was ~5 dB / facet. A polarization controller (PC) was
employed to adjust the input light to either TE or TM polarizations when measuring the

corresponding transmission spectra.
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Figure 2. (a) Measured (i) TE- and (ii) TM-polarized transmission spectra of the hybrid MRRs coated
with 1-3 layers of GO. The corresponding results for the uncoated silicon MRR (GO-0) are also shown
for comparison. (b) Measured (i) TE- and (ii) TM-polarized transmission spectra of a hybrid MRR with
1 layer of GO. The same GO-coated SOI chip was heated on a hot plate for 15 minutes at various
temperatures 7 prior to the measurement of its transmission spectra. The corresponding results for the

GO-coated SOI chip at room temperature before heating (initial) are also shown for comparison.

Figure 2a compares the measured transmission spectra of the same MRR after
coating 1-3 layers of GO. Here we show the results for both TE and TM polarizations,
and the corresponding results for the uncoated silicon MRR are also shown for
comparison. In order to minimize the wavelength shift induced by thermo-optic effects,
we measured all the transmission spectra by scanning the wavelength of an input
continuous-wave (CW) light with a power of ~-15 dBm. Unless otherwise specified,
the input power in our following discussion represents the value excluding the fiber-to-
chip coupling loss. As shown in Figure 2a, the MRRs coated with GO films exhibited

resonance redshifts compared with the uncoated MRR. As the GO film thickness



increases, the GO-coated MRRs exhibited more significant resonance redshifts. This
can be attributed to the change of waveguide effective refractive induced by the coated
GO films. Compared to the uncoated silicon MRR, a decrease in the resonance
extinction ratios (ERs, which refers to the ratio of the maximum to the minimum
transmission in the transmission spectra) was observed for the GO-coated MRRs as the
GO layer number increases. This is mainly due to the fact that the coated GO films led
to an increase in the waveguide propagation loss. By using the scattering matrix method
4. 45 to fit the measured transmission spectra, we obtain that the TE-polarized
propagation losses of the uncoated waveguide and the hybrid waveguide with 1 layer
of GO are ~4 dB/cm and ~18 dB/cm, respectively. This indicates that the excess
propagation loss induced by 1 layer of GO is ~14 dB/cm, which is about two orders of

magnitude lower than the reported values for graphene.*® 47

Figure 2b shows the measured transmission spectra of a silicon MRR coated with
1 layer of GO for both TE and TM polarizations. We employed a CW light with a power
of ~-15 dBm (i.e., the same as that used in Figure 2a) to scan the transmission spectra.
Before scanning the transmission spectra, the integrated chip was heated on a hot plate
for 15 minutes at various temperatures 7z. The measured transmission spectra for the
same MRR after heating at different 7r are plotted together with those measured at
room temperature prior to heating (labelled as ‘initial’). We chose 7z < 200 °C in our
experiments mainly due to the fact that the polymer layers in the self-assembled films

cannot withstand temperatures beyond 200 °C.



In Figure 2b, there were no significant changes in the transmission spectra of the
MRR after heating at 7z = ~50 °C, compared to that measured at room temperature
prior to heating. For Tz > ~100 °C, the decrease in the ER and the redshift of the
resonance wavelength reflects that the GO was reduced after the heating process, and
rGO exhibits both higher light absorption and refractive index than unreduced GO. A
more significant decrease in the ER was observed as the degree of reduction increases.
This indicates that the changes in the light absorption and refractive index becomes
more significant for highly rGO. These results reveal that the coated GO film
significantly influences the MRR’s transmission spectrum, which can be tailored by

controlling the GO film thickness and degree of reduction.

4. Thermo-optic response induced by environmental temperature changes

Thermo-optic effects can arise from variations in environmental temperature, leading
to changes in effective refractive indices of optical waveguides and hence resonance
wavelength shifts of MRRs. In this section, we characterized the thermo-optic response
of hybrid MRRs induced by environmental temperature changes. For the experiments
discussed in this section, we employed silicon MRRs with a radius of ~20 um and with
half of each MRR coated by GO films. Compared to those used in Section 3, these
MRRs can magnify the difference in the measured wavelength shifts caused by GO
films. To adjust the temperature of the MRRs, the fabricated chip was placed on a

temperature controller with a minimum resolution of ~0.1 °C.
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Figure 3. (a) Resonance wavelength .. versus chip temperature 7 for hybrid MRRs with 1-3 layers of
GO. (i) and (ii) show the results for TE and TM polarizations, respectively. The corresponding results for
the uncoated MRR (GO-0) are shown for comparison. (b) 4. versus T for a hybrid MRR with 1 layer of
GO. The hybrid MRR underwent heating at various temperatures 7 ranging from ~50 to 200 °C prior to

the measurement. (i) and (ii) show the results for TE and TM polarizations, respectively.

Figure 3a shows the measured resonance wavelength 4. as a function of chip
temperature 7 for hybrid MRRs with 1-3 layers of GO. Here we show the results for
both TE and TM polarizations, together with the corresponding results for uncoated
MRR. To avoid changes in GO film properties induced by thermal reduction, the chip
temperature was kept below 50 °C. For all the MRRs, it can be seen that the resonance
wavelengths redshifted as the chip temperature increases. Compared to the uncoated
MRR that redshifted at a rate of ~130.1 pm/°C for TE polarization, the hybrid MRR

with 1 layer of GO exhibited a higher rate of ~130.9 pm/°C, and the rate further
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increased to ~132.5 pm/°C for the device with 3 layers of GO. This trend is also
observed for TM polarization, with the uncoated MRR and the hybrid MRR with 3
layers of GO redshifting at rates of ~98.4 and ~104.3 pm/°C, respectively. These results
indicate that the MRRs exhibited more significant resonance wavelength shifts after
integrating 2D GO films. By fitting the measured wavelength shifts with mode
simulations, we further extracted the thermo-optic coefficients for 1 layer of GO, which
are ~6.5 x 10*/°C and ~2.6 x 10*#/°C for TE and TM polarizations, respectively. These
values are higher than that of silicon (i.e., ~1.8 x 10#/°C*), and show agreement with
our previous measurements in Ref. [31]. The difference between the thermo-optic
coefficients for TE and TM polarization also reflects the material anisotropy in 2D GO
films, which arises from the stronger in-plane light-matter interaction for TE

polarization compared to the out-of-plane interaction for TM polarization.***

Figure 3b shows the measured 4,.; versus 7 for a hybrid MRR with 1 layer of GO
after heating at various temperatures 7z. Before measuring 4.5, the GO-coated SOI chip
was heated on a hot plate at different 7% for 15 minutes (as we did for the experiments
in Figure 2b). In contrast to the trend observed in Figure 3a, the MRRs with rGO (i.e.,
for 7> 100 °C) exhibited lower rates of resonance wavelength redshift as compared to
the uncoated MRR for both TE and TM polarizations. For instance, the device with 1-
layer of rGO at Tk = ~200 °C redshifted at a rate of ~125.3 pm/°C for TE polarization,
in contrast to ~130.1 pm/°C for the uncoated MRR. These results reflect interesting
changes in the thermo-optic response of the hybrid MRRs due to GO reduction, which

can be attributed to the fact that rGO at Tz = ~200 °C has a negative thermo-optic
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coefficient (e.g., ~-2.5 x 107 /°C as we measured in Ref. [31]). The decrease in the
redshift rates for silicon MRRs with rGO also highlights its potential to mitigate thermal
drift caused by temperature fluctuations and enhance the thermal stability of silicon

photonic devices.

5. Optical bistability induced by coupled light

In addition to the thermo-optic response caused by environmental temperature changes,
high coupled input light intensities can also generate localized temperature variations,
leading to changes in the refractive indices of materials. This optically induced thermo-
optic response can result in optical bistability phenomena,>® which are characterized by
sharp asymmetric transitional edges and hysteresis loops. By leveraging the transitions
between distinct states in the resonator’s response to different input power levels,
optical bistability can be used for implementing high-performance optical switches,

memories, and logic devices.>!">

In this section, we investigate optical bistability in hybrid MRRs with 2D GO films.
For all the experiments performed in this section, we chose silicon MRR the same as
those in Section 2, with a radius of ~40 um, and an opened window length of ~5 um.

The initial wavelength detuning ¢ in our following discussion was defined as follows:
0= (j*laser - j*res) / AA (1)

where Aiuser 1s the wavelength of the input CW light, 4. is the resonance wavelength of
the MRR measured at a low input power of P, =~-15 dBm (i.e., the same as that in

Figure 2a, which does not induce any significant thermo-optic response), and A/ is the
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resonance 3-dB bandwidth. In our following measurements, we chose the same 0 = 0.2
to compare the performance of different devices including an uncoated MRR, hybrid

MRRs with 1 and 3 layers of GO, and a hybrid MRR with 1 layer of rGO.

Figures 4a-i and 4a-ii show the measured output power P, versus input power
Pj, for TE- and TM- polarized resonances of the uncoated silicon MRR, respectively.
We first conducted an upward sweeping by slowly increasing P;, from ~0.05 mW to
~1.00 mW, and then a downward sweeping with a gradual decrease of P;, back within
the same power range. For both TE and TM polarizations, in the upward sweeping,
there was a gradual increase in the output power as the input power increased, before a
sudden drop toward a lower output power. On the other hand, the output power first
decreased during the downward sweeping, followed by a sudden jump toward a higher
output power. Consequently, hysteresis loops are observed in these figures, serving as
a key characteristic of optical bistability and confirming its presence. The power
thresholds for the jumps during the upward and downward sweeping are denoted as

Pires1 and Pies2, respectively.

14



GO-0, TE

0.15
—e— Upward
§~ 0 10'—0— Downward
E
:5
0.00 - © e ; , ,
0.0 0.2 0.4 0.6 0.8 1.0
(a-i) P, (MW)
0.15 GO-1, TE
’ —a— Upward
E 0.10 —a— Downward
E
l%
00 02 04 06 08 10
(b-i) P, (MW)
0.15 GO-3, TE
' —o— Upward =
E 0 10_—0— Downward -
E
QE 0.05-
o'oo C 1 i 1 1
0.0 0.2 0.4 0.6 0.8 1.0
(c-i) P;, (mW)
0.8 rGO-1, T, =200 °C, TE
' —a— Upward
E 0.6 -—— Downward
E o4}
3
o’ 0.2¢
0.0t . , , , (
0.0 0.2 0.4 0.6 0.8 1.0
(d-i) P;, (mW)

GO

-0, TM

—o— Upward
| —— Downward

00 02 04

(avil) P

GO

06 08 10
(mW)

-1, TM

—a— Upward
—a— Downward

—o— Upward
S o0.10
£
n.§ 0.05-
0.00 -
0.0
(c-ii)
0.8 rGO-1, T, =200 °C, TM
T —e— Upward
E 0.6 -—— Downward
E o4
s
o’ 0.2- o
0.0 | . . ‘ ,
0.0 0.2 0.4 0.6 0.8 1.0
(d-ii) P, (mW)

Figure 4. (a) Measured output power P, versus input CW power P;, for (i) TE- and (ii) TM-polarized

resonances of an uncoated silicon MRR (GO-0), respectively. (b) Measured P, versus P;, for (i) TE-
and (ii) TM-polarized resonances of a hybrid MRR with 1 layer of GO (GO-1), respectively. (¢) Measured
P, versus Pj, for (i) TE- and (ii) TM-polarized resonances of a hybrid MRR with 3 layers of GO (GO-
3), respectively. (d) Measured P, versus P;, for (i) TE- and (ii) TM-polarized resonances of a hybrid
MRR with 1 layer of rGO after heating the chip at 7z = ~200 °C, respectively. In (a) — (f), the red and

blue arrows indicate the increasing and decreasing of the input power, respectively. The initial

wavelength detuning was 6 = 0.2.
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Figures 4b and 4c¢ show the corresponding results for the hybrid MRRs with 1 and
3 layers of GO, respectively. We carried out the same sweeping processes as those for
the measurements in Figure 4a. Compared to the uncoated MRR, the MRR with 1 layer
of GO showed a larger power range between Pies1 and Pies2, and the power range
becomes even larger for the device with 3 layers of GO. This indicates that there was
enhanced optical bistability in the GO-coated MRRs arising from more significant
thermo-optic effects in the GO films. Compared to the TM-polarized resonance, the
TE-polarized resonance exhibited a larger power range between Pies1 and Pies2. This
reflects a more significant thermo-optic response for TE polarization driven by its in-
plane light-matter interaction, which is much stronger than the out-of-plane interaction
for TM polarization.** ** This result also shows agreement with the relatively large

redshift of the resonance wavelength for TE polarization in Figure 3.

Figure 4d shows the corresponding results for a hybrid MRR with 1 layer of rGO
after heating at 7 = ~200 °C. The device with rGO exhibited a larger power range
between Pies1 and Pues2 as well as smaller power jumps within the hysteresis loop than
the comparable device with GO in Figure 4b. The former suggests stronger optically
induced thermo-optic response in rGO, and the latter mainly results from the decreased

ER for the device with rGO, as confirmed by the results in Figure 2b.

6. Optical nonreciprocal transmission induced by localized light powers

The thermo-optic response can also be harnessed to realize ONT, where light
traveling in opposite directions experiences different levels of loss. ONT is of

fundamental importance for photonic integrated circuits and forms the basis for optical
16



diodes and isolators.>* > In this section, we characterize ONT in hybrid MRRs with 2D
GO films. In our experiments, we used a fabricated device consisting of dual MRRs,

each with a radius of ~20 pm and an opened window length of ~10 pm.
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Figure 5. (a) Schematic of dual MRRs with forward and backward light propagation. (b) Microscopic
image of a fabricated device with 1 layer of GO. (¢) Experimental setup for measuring ONT in the
fabricated devices. TCL: tunable continuous-wave laser; VOA: variable optical attenuator; PC:

polarization controller. In (a) and (c), the red and blue arrows indicate the directions for forward and

backward propagation, respectively.

Figure 5a shows a schematic of dual MRRs with forward and backward light

propagation. For forward transmission, the input light first goes through MRR and then

17



MRR>, whereas for backward transmission, the input light passes through MRR; first
and then MRR;. A microscopic image of the fabricated device coated with 1 layer of

GO is provided in Figure Sb.

Figure Sc shows the experimental setup for measuring ONT using the fabricated
device in Figure Sb. Previously, similar experimental setups were used for measuring
ONT in silicon MRRs.’® In our experiments, two CW lights generated from tunable
lasers were employed. The first one, with a power of P;, and a wavelength of 4., served
as a high-power input. The second CW light with a low input power of ~-15 dBm (i.e.,
the same as that in Figure 2a, achieved by using a variable optical attenuator (VOA))
was used to scan and characterize the transmission spectrum. These two CW lights were
coupled by a 50:50 fiber coupler before being sent to the device under text. The output
signal was recorded by an optical power meter (OPM), which was synchronized with
the scanning tunable CW laser. Two PCs were used to adjust the two CW lights to TE

polarization, and two isolators were employed to protect the lasers from back reflection.
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Figure 6. (a) Measured transmission spectra of the uncoated dual MRRs (GO-0) and the same device
after coating 1 layer of GO (GO-1). (b) Measured forward / backward transmission spectra for GO-0 at
an input power of P;, = ~6.0 dBm. (¢) Measured forward / backward transmission spectra for GO-1 at
P;, = ~-3.0 dBm. (d) — (e) Nonreciprocal extinction ratio (VER) at various P;, for GO-0 and GO-1,
respectively. (f) Maximum NER versus P;, for GO-0 and GO-1.

Figure 6a shows the transmission spectra of the uncoated dual MRRs and the same
device after coating 1 layer of GO. These spectra were measured by tuning off the first
CW light (i.e., at Py = 0). Due to fabrication errors, the two MRRs with the same
designed structural parameters had slightly different resonance wavelengths. For the
uncoated MRRs, the resonance wavelengths of MRR | and MRR> were ~1542.242 nm
and ~1542.216 nm, respectively. After coating 1 layer of GO, these two resonance
wavelengths shifted to ~1542.466 nm and ~1542.440 nm, respectively. After coating
GO, the extinction coefficient of the MRRs became lower, due to a combined result of
both the higher propagation loss of GO-coated waveguides and the under-coupled state

of the MRRs.*37

Figure 6b shows the forward and backward transmission spectra of the uncoated
dual MRRs (GO-0), which were measured by tuning on the first CW light and slightly
tuning its wavelength 4;, around the centre between the resonance wavelengths of
MRR; and MRR». Note that in our experiments A, was tuned around resonances
different from those depicted in Figure 6a, resulting in the absence of the input CW
light in the measured spectra. We tuned A, from blue to red until the maximum

difference between the forward and backward transmission spectra was achieved.

For forward transmission, the resonance wavelength of MRR; redshifted from

~1542.242 nm to ~1542.260 nm at P;, = ~6.0 dBm and 1, = ~1550.072 nm. In contrast,
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no significant redshift was observed for the resonance wavelength of MRR>, resulting
in an increased gap between the resonance wavelengths of MRR; and MRR». This is
because, after passing through MRR;, the light power was attenuated and insufficient
to induce any significant thermo-optic redshifts in MRR,. For backward light
propagation, the resonance wavelength of MRR, redshifted from ~1542.216 nm to
~1542.244 nm at the same P;, and Ai,, whereas the resonance wavelength of MRR; did
not exhibit significant changes. Consequently, the gap between the resonance
wavelengths of MRR; and MRR:» decreased, and the resonances from the two

resonators merged into a single one.

In Figure 6b, the difference between the forward and backward transmission
spectra confirms the presence of ONT in the dual MRRs. Here we select P, = ~6.0
dBm because, at this power, the resonances from the two MRRs nearly merged into a
single one, leading to the highest nonreciprocal extinction ratio (NVER), defined as the

maximum difference between the forward and backward transmission spectra.

Figure 6¢ shows the forward and backward transmission spectra of the dual MRRs
in Figure 6b after coating with 1 layer of GO (GO-1), which were measured using the
same method as that for Figure 6b. Similarly, ONT phenomenon was observed for the
GO-coated device, and the maximum NER was achieved at a much lower input power
of Pi, = ~-3.0 dBm. This highlights the benefits of introducing 2D GO films to reduce
the power threshold of photo-thermal effects. It is also worth noting that the maximum
NER value for the GO-coated device (i.e., ~18.7 dB) is lower than that for the uncoated

device (i.e., ~24.0 dB). This is mainly caused by the lower ERs of the GO-coated MRRs,
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as we discussed in Figure 6a. By replacing the under-coupled MRRs with over-coupled
ones, the ERs of the GO-coated MRRs will increase compared to the uncoated MRRs,

which can help improve the NER for the GO-coated device.

In Figure 6d, we plot the NER spectra at various P;, for the uncoated device. The
corresponding results for the GO-coated device is shown in Figure 6e. The NER spectra
were calculated by subtracting the backward transmission spectra from their
corresponding forward transmission spectra. For the uncoated device, no obvious ONT
behaviour was observed for P, = ~-12.0 dBm, indicating the input CW power was not
sufficient to induce any significant photo-thermal effects. By increasing the input CW
power, the maximum NER value in the spectra increased to ~9.0 dB at P;, =~-3.0 dBm,
and then ~24.0 dB at P;, = ~6.0 dBm. Similar trends were also observed for the GO-
coated device, where the ONT phenomenon was absent for P, = ~-12.0 dBm and a

maximum NER value of ~18.7 dB was achieved at P, = ~-3.0 dBm.

Figure 6f shows the maximum NER versus Pi, for both the uncoated and GO-
coated devices. Compared to the uncoated device, the GO-coated device exhibited a
lower power threshold for exhibiting the ONT behavior. At Py, = ~-9.0 dBm, the
maximum NER values for the uncoated and GO-coated device were ~0.2 dB and ~3.0
dB, respectively. The curve for the GO-coated device increases more rapidly than that
of the uncoated device. This reflects the fact that the GO-coated MRRs experienced a

more significant wavelength shift resulting from photo-thermal effects.
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7. Conclusion

In summary, we investigate the thermo-optic performance of silicon MRRs integrated
with 2D GO films. We fabricate devices with precise control over the GO films’ areas
and thicknesses, and characterize the thermo-optic response induced by both
environmental temperature changes and input coupled light power for devices with GO
films of different thicknesses and degrees of reduction. Experimental results show that
the GO-coated MRRs exhibit larger resonance wavelength shifts caused by
environmental temperature variations compared to the uncoated MRRs. Conversely, the
devices with reduced GO (rGO) exhibit the opposite behavior. In addition, we
demonstrate an enhanced optical bistability as well as ONT induced by input coupled
light in the hybrid MRRs. These results confirm the effectiveness of integrating 2D GO
films onto silicon photonic platforms to implement high-performance thermo-optic
devices and will have implications for a wide range of devices such as optical
microcombs, [54 - 137] advanced circuits, [139-146] graphene oxide and other 2D

material based devices, [147 - 173] and quantum optics. [174 - 189]
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