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Nanophotonic integrated circuits using graphene oxide 2D thin films for
nonlinear optics

David J. Moss

& Optical Sciences Centre, Swinburne University of Technology, Hawthorn, VIC 3122, Australia

ABSTRACT

We report a significant experimental improvement in the performance of all-optical photonic chips that feature ring resonators
and nanowires, through the integration of 2D GO (graphene oxide) layered thin films. The films are coated onto SiN, high
Hydex glass, and silicon nanowires (SOI), featuring micro-ring resonators (MRRs) and waveguides. We achieve a significantly
increased performance in the nonlinear optical performance based on four-wave mixing (FWM) and the Kerr nonlinearity. Our
coating method is able to cover large scale areas, using processes that do not require transfer, and with a layer-by-layer coating
method. To pattern the devices we use a combination of lift-off with photolithography processes, following processes that are
consistent with complementary metal-oxide-semiconductor (CMOS) standards. For the silicon nanowires, we observe large
self-phase modulation (SPM) induced spectrum broadening of optical pulses after propagating across SOl nanowires coated in
GO induced. Our experimental results show a very large spectral broadening factor (SBF) of a factor of 4.34 for a patterned
nanowire containing a film with ten GO layers. We also observe a substantial increase in the nonlinear figure of merit (FOM)
of the SOI nanowires, by as much as twenty times, which yields a FOM greater than 5. For the SiN and Hydex waveguides,
we observe a significantly increased efficiency in the FWM process by up to 9.1 dB, while in the Hydex waveguides we
increase the conversion efficiency by 6.9dB compared to bare waveguides. For the MRRs, we observe an increase in the CE
of the FWM process of ~10.3 dB because of resonant enhancement. Our work demonstrates the high capability of GO films to
enhance the nonlinear optical performance of ring resonators, waveguides, and nanowires.
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1. INTRODUCTION

The 3 order nonlinear optical susceptibility has many uses in ultrafast optics, quantum photonics, astronomy, measurement,
telecommunications, and others [1-4]. Integrated nonlinear optical chips based on the nonlinear refractive index (Kerr
nonlinearity n,) are capable of much higher speeds compared to electronics, and offer the extra advantages of high stability,
low power operation, small footprint, and large scale manufacturing, critical for high bandwidth signal processing and
generation for optical communications [5-7].

Whereas silicon nanowires have proven to be an important platform for photonic integrated chips, they suffer from high
nonlinear (2 photon absorption TPA) in the 1550nm wavelength range that restricts their performance [5, 6]. Therefore, this
has driven the search for new high nonlinearity materials for photonic integrated chips. Other photonic platforms also offer
compatibility with complementary metal-oxide-semiconductor (CMOS) fabrication, and these include Hydex [8, 9] as well as
SiN [10, 11]. Both of these have negligible TPA in the telecom band, but unfortunately they also degrade their nonlinear
performance because of their much lower 3" order nonlinear response. To overcome this, layered 2D graphene oxide (GO)
films have attracted a lot of interest — more than most 2D materials — because of its facile methods of fabrication as well as
the ability to tune its properties [12-20]. Recently, we demonstrated GO films that exhibited a very large nonlinear Kerr optical
susceptibility that is four to five orders of magnitude larger than Si and a further order of magnitude larger than SiN. [16] We
reported greatly increase efficiency for four wave mixing (FWM) in microring resonators (MRRs) and doped silica waveguides
with integrated GO films [21, 22]. Here, we demonstrate enhanced 3™ order all-optical response in SiN waveguides [24] and
silicon nanowires [23], both using 2D layered films of GO. Because of the very high light-matter overlap between the highly
nonlinear GO films and the integrated waveguides, our results for self-phase modulation (SPM) measurements show
significantly enhanced spectral broadening in patterned GO coated SOI nanowires. The dependence of the Kerr nonlinearity
of the GO films on the number of film layers as well as the optical pulse intensity reveals very interesting trends leading to
physical insights. The GO films evolve from 2D monolayer like behaviour to quasi-bulk behavior. We observe very
substantially increased nonlinear optical response for the hybrid GO waveguides in comparison to uncoated waveguides. We
obtain a nonlinear parameter for the silicon nanowires coated in GO that is enhance by up to a factor of 16 times, and more
importantly, with a figure of merit (FOM) that is more than 20 x higher, yielding a nonlinear FOM greater than 5. We obtain a
FWM conversion efficiency (CE) that is enhanced by = 6.8dB for a Hydex waveguide uniformly coated with 2 GO layers and



an increase of =9.2 dB for a silicon nitride waveguide patterned with five GO layers. We observe an enhancement of up to

~10.3 dB in the FWM conversion efficiency for GO coated MRRs. Our results indicate the strong ability of 2D GO films to
enhance the nonlinear optical performance of CMOS compatible photonic platforms.

2. INCREASED KERR NONLINEARITY IN SILICON NANOWIRES COATED WITH GO

Fig. 1a illustrates a GO film integrated with an SOI nanowire waveguide. The SOI nanowire fabrication can be done using
either e-beam lithography or deep ultraviolet photolithography to achieve the patterning. The devices are then etched using
inductively coupled plasma enhanced processes. All of our processes are compatible with well established fabrication methods
used for silicon chips [25, 26]. The thickness of the GO films was about two nanometers per layer [23]. The deposition of the
layers was accomplished with a solution based method to achieve single layer at a time fabrication [20, 21, 27]. In comparison
to the elaborate procedures that are typically used to transfer many 2D materials including TMDCs and graphene [28, 29], our
approach results in film coatings that are conformal and achieved without the need for transfer processes. Furthermore, it results
in high repeatability, extremely robust adherence of the film to the surface of the photonic chip, greatly enhanced fabrication
stability, and finally the ability to precisely control the thickness of the films as well as the layer number [30].

Figure 1b illustrates a silicon chip fabricated with a 400 micron long window. Aside from enabling the accurate control and
placement of the GO film coating length contacted to the nanowires, the openings also allowed us to measure devices with
much shorter lengths of GO films and with a much greater thickness — up to twenty layers. This offered much greater degree
of control to engineer the SPM spectral broadening performance. Figure 1¢ shows a scanning electron microscope picture of a
silicon nanowire conformally coated with one GO layer. Note that the fact that the GO layers were coated conformally on both
the top and sides of the nanowires differs from our previous work where the Hydex devices were coated with GO layers on
only the waveguide top [30, 31]. In comparison to the low index contrast, large mode field size doped silica waveguides, the
SOI nanowires studied here yielded a much larger overlap between the GO film and the optical field extending from the
waveguide. This is important for enhancing the nonlinearity for FWM, SPM and other processes. Fig. 1(d) illustrates devices
integrated with GO films together with the Raman spectra showing the G (1590 cm-1) peaks and D (1345 cm-1) peaks arising
from the GO. The SOI chip was coated with GO 5 layers. Microscope images before and after GO coating of the same SOI
chip are shown in the insets, indicating high quality film morphology.
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Figure 1. (a) Schematic diagram of a SOI nanowire coated with a GO film. (b) Optical image of a silicon waveguide with a 400 micron
opened window in the upper cladding coated with a GO film. (c) SEM (scanning electron microscope) image of a conformally coated SOI
nanowire for 1 GO layer (d) Raman spectra of a Si device with no GO and five GO layer. Insets show the corresponding microscope images.

Figure 2 shows the experiments for the SPM measurements, including the normalized spectra (Figure 2a-i) of the input and
output pulses after propagatin across 2.2-mm-long SOl nanowires containing one to three GO layers, as well as the
corresponding bare nanowire output optical spectrum. All of the measurements had pulses of energy ~51.5 pJ ( peak power
~13.2 W) coupled into the waveguides. In comparison to the pulse input spectrum, after transmission across the uncoated
nanowire, the output spectrum displayed significant SPM broadening. This was expected because of silicon’s large Kerr optical
nonlinearity. The GO coated silicon devices, in contrast, showed much greater SPM broadening in the spectra relative to the
uncoated devices, reflecting the significantly increased nonlinear suspeptibility of the coated devices. Figure 2a-ii illustrates
the analogous measurements for the silicon devices having a length of 400 microns with five to twenty GO layers. These
measurements used the same optical pulse energy as that used in the measurements shown in Figure 2a-i. Devices that contained
short lengths of GO films but having a larger thickness clearly display higher SPM broadening compared to the uncoated
devices. In s Figures 2a-i and 2a-ii, the largest SPM broadening is obtained for waveguides having an intermediate number of
layers of GO - 10 and 2 GO layers in a-ii and a-i, respectively. This results from a trade-off intrinsic to enhancing the nonlinear
Kerr response that is dominant in devices having short lengths of GO films, while mitigating the increase in linear loss that
becomes larger as the waveguide length increases.



After transmission through the nanowires, the output spectra of the pulses (Figures 2b-i and b-ii) show that the spectra
increase in SPM broadening with input pulse power. The experiments were performed with devices having (i) two and (ii) ten
GO film layers. The optical pulse spectra were measured at the output for ten pulse energies, varying from ~8.2 to ~51.5 pJ
(coupled energy), corresponding to optical peak pulse powers ranging from ~2.1 to ~13.2 W (in-waveguide). As we expect,
with increasing pulse energy, the output pulse SPM broadening also increased, and with a measurable spectral asymmetry due
mainly to free-carriers generated in the silicon, creating both free carrier dispersion (FCD) and absorption (FCA). Since the
free carrier response time is much longer than the optical pulse, the influence of the FCA on the shape of the pulse is delayed,
and this creates the asymmetry in the output optical pulse spectrum. FCD induced by FCA increases the asymmetry further.
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Figure 2. Results of the SPM experiments. (a) pulse optical spectra before and after propagation across the GO-coated silicon hanowires with
a pulse energy of ~51.5 pJ (coupled). (b) Spectra of the optical pulses for a range of pulse energies for SOI nanowires coated in GO films.
(c) Output spectra BFs taken for a range of different numbers of GO layers, all with constant pulse energies of 8.2 and 51.5 pJ (coupled). (d)
Measured BFs of the pulse spectra for different pulse energies. In (a), (b) and (d), the graphs shown in (i) and (ii) illustrate the measurements
for 2.2-mm-long silicon devices having one to three GO layers and for a 400 micron long coating with five to twenty GO layers, respectively.
For comparison, in (a), (c) and (d), the measurements obtained with uncoated SOI nanowires are also shown.

To quantitively analyze the output SPM broadening, we define a broadening factor (BF - the square of the pulse RMS spectral
width at the waveguide output facet normalized to the input [31]). Figure 2¢c shows the measured output pulse spectra BFs after
propagation across uncoated nanowires along with coated devices, for pulse energies 8.2 and 51.5 pJ. The coated silicon
nanowires exhibited larger BFs compared to uncoated devices, while the BFs measured with a (coupled) pulse energy of 51.5
pJ are larger than the results measured for pulse energies of 8.2 pJ. This is in agreement with the measurements shown Figs 2a
and 2b. For a pulse energy of 51.5 pJ, we obtain BFs as high as 3.75 to 4.34 for devices having two and ten layers of GO,
respectively. These results agree with those shown in Fig. 2a — where the greatest SPM broadening occurred for devices having
an intermediate number of film layers. Again, this was a result of the intrinsic trade-off between enhancing the nonlinear Kerr
response and minimizing the increase in linear loss. The SPM BFs of the output pulse spectra as a function of pulse energy are
illustrated in Figs. 2d-ii and 2d-i for silicon devices with 520 GO and 3 layers of GO, respectively. This indicates that the
SPM BF increases as the pulse energy increases, and indicates a larger SPM broadening in agreement with the measurements
shown in Fig. 2b.

3. INCREASED FWM EFFICIENCY SIN AND HYDEX WAVEGUIDES COATED WITH GO

The Hydex waveguides [5] (Fig. 3a) coated with GO films had a 2 x 1.5 um cross section. The waveguide is clad by silica with
the top cladding removed to allow coating the waveguide with GO films. The GO films have a thickness of 2 nm per layer,
and integrated on top of the waveguide to enhance the optical overlap of the mode with the GO film. The GO Kerr nonlinearity
is 102° to 10" m?/W [16, 19], somewhat less than graphene, which is 1023 m2/W [19, 32, 33], but nevertheless is much larger
than Hydex, at 1071 m?/W, or silica, which is 102° m?/W [5]. The devices were produced with processes that were compatible
with CMOS standards [34, 35]. Doped silica high-index glass films (n = ~1.60 at 1550 nm) were first grown using PECVD,
followed by patterning using stepper mask aligners. They were then etched using reactive ion etching (RIE) to fabricate the
waveguides that featured very low surface roughness. Next, silica glass (n = ~1.44 at 1550 nm) was deposited via PECVD and
the waveguide upper cladding removed by chemical mechanical polishing (CMP). Finally, the GO film was deposited on top
of the waveguide using a solution-based approach that enables layer-by-layer deposition of GO films [20]. Fig. 3b shows a
picture of a waveguide having 2 GO layers GO, clearly showing that the surface quality is good, resulting in relatively low



loss. The presence of GO on the waveguide is confirmed by Raman spectroscopic measurements (Figure 3c) that show the
representative D (1345 cm™) and G (1590 cm™) peaks of GO [16].
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Figure 3. (a) Diagram and (b) Photo of the Hydex waveguides coated with GO films. (c) Raman spectra taken from the chip coated in GO.
(d) waveguide FWM spectra for devices without GO and two GO layers. (e) idler spectra from the FWM process in the devices coated with
0to 5 GO layers. (f) Overall enhancement in the CE for a range of coupled pump powers, for 1 to 5 GO layers.

Figure 3d shows the FWM results from an uncoated waveguide that is 1.5 cm in length and with 2 GO layers. The power of
the pump was kept constant at 1W input and ~ 22 dBm coupled into the waveguide. Even though the propagation loss of the
coated device increased by ~2.6 dB, it nonetheless yielded higher output idler powers relative to uncoated waveguides. The
conversion efficiency (CE, defined as the ratio of the idler output power to the output signal power , i.e., Pout, idier/Pout, signat) OF
the waveguide with and without GO were ~-47.1 dB and ~-56.6 dB, respectively, corresponding to a CE enhancement of ~9.5
dB. After accounting for the increase in propagation loss, the resulting enhancement in the CE, which is defined as the increase
idler output power at a fixed input pump power, was 6.9 dB. Figure 3e shows the idler spectra (input pump power 22 dBm) for
the devices coated with one to five GO layers. For the device coated with one and two GO layers, an overall enhancement in
the CE resulted. For devices having more than two GO layers, the CE became smaller, resulting from the supra-linear increase
in propagation loss as a function of the number of GO layers. The idler output powers as a function of pump power for the bare
devices and for two GO layers are illustrated in Fig. 3f.
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Figure 4. (a) Diagram of silicon nitride waveguide coated with GO. (b) Photo image of a silicon nitride waveguide patterned with 10 GO
layers. (c) silicon nitride chip Raman spectra with no GO and 10 GO layers. Insets: related images from microscope.

Figure 4a shows the SiN waveguide (cross section 1.6 um x 0.66 pm) integrated with a GO film. The waveguides were
fabricated using an annealing-free and crack-free CMOS compatible process [36, 37]. A silicon nitride layer was first deposited
using LPCVD in two stages, each depositing 370nm layers so as to minimize stress and avoid cracking. To deposit top quality
films, we used extremely low growth rates at less than two nanometers per minute. We then fabricated waveguides by
patterning with deep UV stepper mask photolithography and fluorine dry etching that produces very small surface roughness.
We then deposited a 3um upper cladding composed of silica using high-density PECVD to prevent formation of voids. To
enhance the optical mode field overlap with the GO films, the silica upper cladding was removed with highly selective CMP,
with very little etching of the silicon nitride and little remaining topography. A microscope photo of a silicon nitride waveguide



patterned with ten layers of GO (Fig. 4b) shows the high films morphology and transmittance. Scanning electron microscope
images of GO films having as high as five layers of GO (Fig. 4b), clearly illustrated the layered nature of the film. The Raman
spectra of a silicon nitride chip with no films and with ten uniformly coated GO layers (Figure 4c) clearly indicate the successful
incorporation of the GO films because of the presence of the G (1590 cm-1) and D (1345 cm-1) resonances.

FWM measurements are shown in Fig. 5 for the uncoated and uniformly coated (one and two GO layers) silicon nitride
devices (Figure 5a-i). The power remained constant at 200mW for both signal and pump at the device input, equating to 18
dBm coupled power. The variation in the spectra baselines is a result of the different propagation losses for the devices.
Although the hybrid waveguide with 1 layer of GO had an increased propagation loss of =7.1 dB, it clearly displays an increased
idler output power relative to uncoated waveguides. The CE of the SiN devices for one GO layer and the uncoated device were
-58.4 dB and -65.7 dB, respectively, reflecting an enhancement of the CE of 7.3 dB relative to the bare device. In contrast to
the net enhancement in the CE enhancement for the coated devices with one GO layer, the devices coated with two GO layers
had a lower CE.

The FWM spectra for the SiN devices having five and ten layers of patterned GO films are shown in Fig. 5a-ii. The coupled
CW signal and pump powers were both 18 dBm, as for Fig. 5a-i. The devices with patterned films had a larger insertion loss
than bare waveguides, whereas waveguides coated with both five and ten layers of GO layers resulted in an increase in the
idler output power. We measured the largest increase in the CE at 9.1 dB for devices patterned with five GO layers, which is
even larger than the uniformly coated device with 1 layer of GO. This arises due to the intrinsic balance between enhancing
the efficiency of the FWM process, that is largest for devices patterned with short GO films, and minimizing the loss that is
largest for the long uniformly coated devices. Figure 5b illustrates the measured CE as a function of pump power for the
patterned and uniformly coated devices, where the results shown are an average of 3 measurements for every sample. With
increasing pump power , the CE linearly increased without any sign of saturating behaviour for the uncoated SiN and coated
waveguides, reflecting the low TPA in both coated and uncoated SiN waveguides. For the uncoated devices, the variation in
CE with pump power is almost linear, with a slope of around 2 as predicted by theory [38]. For the coated devices, the
dependence of CE on input power deviated slightly from linear, again with a slope near two, but which increased for larger
powers. Figure 5¢c compares the CE of the bare devices for four different GO layer numbers (1, 2, 5, and 10), where it is evident
that devices coated with an in-between number of GO layers had the largest CE. Again, this was due to the balance between
increasing the nonlinearity y and minimizing the loss in the coated devices — both of these get larger as the number of GO
layers increases.
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Figure 5. Results for the FWM experiments. (a) optical spectra. Insets illustrate a zoom-in near the idler and signal. (b) CE as a function of
coupled pump power. In (a) and (b), graph (i) reflects the measurements for SiN devices coated uniformly with one and two GO layers while
graph (ii) indicates the results for SiN devices patterned with five and ten GO layers. (c) Theoretical CE versus number of GO layers. In (c),
the measurements for uncoated SiN devices are also shown as a reference. The coating length is 1.5 mm and GO coating position is near the
waveguide beginning.



4. FWM IN INTEGRATED RING RESONATORS WITH GO FILM COATINGS

The MRR integrated with the GO film (Figure 6a) was fabricated in high index doped silica glass with CMOS compatible
processes [8, 39] using chemical mechanical polishing (CMP) as the final process to planarize and remove the upper cladding
in order to coat the top of the waveguide surface with the GO film. High index doped silica glass has been extremely successful
as an integration platform for nonlinear optics because of its extremely low linear loss and together with its negligible nonlinear
loss [9, 40, 41]. Its Kerr coefficient n, (~1.3 x 10" m?/W) is admittedly lower than that of silicon (~4.5 x 1018 m2/W), but this
is more than compensated for by its negligible nonlinear loss even at extremely high light intensities, resulting in an essentially
infinite nonlinear figure of merit (>>1), or at any rate much higher than silicon, which is about FOM ~0.3 [5]. Figure 6b shows
microscope photos of a MRR with 50 patterned GO layers of length 50 um. We mention that, of the 9 concentric rings, only
the central on was connected to the drop or through bus nanowires — the rest were included just to assist in alignment. The
Raman spectra of the devices with no GO and with 2 layers of uniformly coated GO film are shown in Fig. 6¢c. The successful
integration of the GO film onto the top surface is confirmed by the representative D (1345 cm-1) and G (1590 cm-1) GO peaks.

A
a o b | c
Without GO
n : A BEEN -
S : H —=
w With GO 'Y
3 2 ]
- E -
Do::am p—— ' T N
silica ] \ .
’/"O Go : 600 800 1000 1200
Sigcen “Yon ' s RRIRNIRNEE . Raman shift (cm™)

Figure 6. (a) Diagram of MRR coated with GO. Inset: GO atomic structure. (b) Microscopic photo of an integrated MRR coated with 50
patterned GO layers. Inset shows zoom-in view of the patterned GO film. (c) Raman spectra of a device with no GO and with 2 layers of
GO. Inset: microscope photo images.

The FWM spectra of the uniformly coated and MRRs with 1-5 GO layers along with the uncoated MRR are shown in Figure
7a. We kept the coupled pump power constant at ~22 dBm coupled inside the MRRs, with factoring out the extra propagation
loss of the input bus waveguide induced by the GO film as well as the coupling loss from the input SMF array to the input bus
waveguide. The signal and pump had equal power and separated in wavelength by two MRR FSRs. The GO-coated MRRs had
an excess insertion loss relative to the uncoated MRRs, whereas the MRRs coated with one and two GO layers clearly indicate
larger idler powers. The MRR CE for uncoated devices and with one GO layer were ~ -48.4 dB, ~ -40.8 dB, respectively,
yielding an enhancement in the CE of 7.6 dB for the coated device. The FWM spectra of the MRRs for 10-50 GO layers
patterned with a length of ~50 um, and for an input pump power of 22 dBm (as in Figure 7a) are shown in Figure 7b. The
patterned MRRs also had an increase in insertion loss relative to the uncoated devices. All coated devices displayed an increased
idler power. The CE increased with a maximum of ~10.3 dB for a ring resonator with 50 patterned GO layers. The increase
in CE enhancement and insertion loss obtained from Figs 7a,b are displayed in Figs. 7c,d. It is evident that the increased
insertion loss gets larger with increasing numbers of GO layers. For the MRRs that are coated uniformly, the relative increase
in CE becomes less with fewer number of GO layers, while the patterned MRRs show the reverse behaviour. This could result
from the balancing between increasing the FWM efficiency, that is largest for MRRs having short patterned GO film lengths,

and minimizing the overall linear loss, that is largest for uniformly coated MRRs.
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Figure 7. (a)—(b) Optical spectra of FWM at a pump power of 22 dBm for the MRRs with 1-5 layers of uniformly coated and 1050 layers

of patterned GO films, respectively. (c)—(d) CE enhancement and additional insertion loss extracted from (a) and (b), respectively. In (a) and
(b), the results for uncoated MRR (GO-0) are also shown for comparison.



5. CONCLUSION

We report increased efficiency for third-order nonlinear optics based on the Kerr nonlinearity and FWM in ring resonators,
nanowires, and waveguides integrated with 2D layered GO films. We obtain precise control of the thickness, length, and
placement, of the GO films through the use of a layer-by-layer GO film coating process together with photolithography and
lift-off processes. Because of the strong overlap between the GO films and the optical mode, we obtain a high nonlinear
parameter for SOl nanowires coated with GO films — achieving up to 16x higher nonlinearity together with an increased
nonlinear FOM by as much as 20 times. In addition, we see a significant increase in the CE of the FWM process of =6.1 dB
Hydex device coated uniformly with two GO layers and ~9.1 dB for a SiN device patterned with GO films having five layers.
We obtain as high as ~10.3 dB enhancement in the four wave mixing conversion efficiency for the MRRs. Calculations show
that our results can be significantly advanced [42-47] particularly with improved techniques of integration. [48] This work will
is relevant for integrated microcomb devices and their application to new technologies. [49-169] In conclusion, this work
verifies the ability to greatly increase the nonlinear device performance of waveguides, ring resonators, and nanowires by
incorporating them with layered 2D graphene oxide films.
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