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Chips with 2D Graphene Oxide Films 

David J. Moss 

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

dmoss@swin.edu.au 

Abstract: On-chip integration of two-dimensional (2D) materials with unique structures and 

distinctive properties endow integrated devices with new functionalities and improved 

performance. With a high flexibility in modifying its properties and a strong compatibility with 

various integrated platforms, graphene oxide (GO) becomes an attractive 2D material for 

implementing functional hybrid integrated devices. Here, we demonstrate novel functionalities that 

go beyond the capabilities of conventional photonic integrated circuits, by harnessing the photo-

thermal effects in 2D GO films integrated onto them. These include all-optical control and switching, 

optical power limiting, and non-reciprocal light transmission. The 2D layered GO films are on-chip 

integrated with precise control of their thicknesses and sizes. Benefitting from the broadband 

response of 2D GO films, all the three functionalities feature a very wide operational bandwidth. By 

fitting the experimental results with theory, we also extract the changes in material properties 

induced by the photo-thermal effects, which reveal interesting insights about 2D GO films. These 

results highlight the versatility of 2D GO films in implementing functional integrated photonic 

devices for a range of applications.  

Keywords: Third-order optical nonlinearity; 2D materials; telecommunications band 

 

Introduction 

The advancement of integrated circuits, featured by compact footprint, low power consumption, 

high scalability, and the ability to significantly reduce cost by mass production, drives many 
technological breakthroughs in this information age1,2. Compared to their electronic counterparts, 

photonic integrated circuits (PICs) offer significantly greater processing bandwidth and robust 

immunity to electromagnetic interference, making them play crucial roles in a wide range of 

applications such as telecommunications, artificial intelligence, sensing, displays, and astronomy3-6.  

Silicon (Si) photonic platform that leverages the well-developed complementary metal-oxide-

semiconductor (CMOS) fabrication technologies has been a leading platform for the state-of-the-art 

PICs7,8. Despite their wide deployment, Si PICs face intrinsic limitations arising from Si’s material 

properties, presenting challenges in meeting the growing demands for device functionalities and 

performance. To address these challenges, on-chip integration of functional materials with superior 

properties has emerged as a promising solution9-11.  

Since the first experimental isolation of graphene in 200412, two-dimensional (2D) materials with 

atomically thin film structures and exceptional properties have garnered significant attention13. 

Among the various 2D materials, graphene oxide (GO) shows attractive advantages for 

implementing hybrid integrated photonic devices with high performance14,15. First, GO exhibits many 

excellent optical properties, such as ultrahigh optical nonlinearity, significant material anisotropy, 

and broadband response16-18. Second, there is a high flexibility in altering GO’s properties through 

various reduction and doping methods, which substantially increases the variety of devices that can 

be developed19,20. Finally, GO has facile synthesis processes and transfer-free film coating with precise 

control over the thickness, showing a strong capability for large-scale on-chip integration21,22. 
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Here, we propose and experimentally demonstrate novel functionalities for Si PICs enabled by 

on-chip integration of 2D GO films. By leveraging the unique property changes induced by photo-

thermal effects in 2D GO films, three different functionalities are realized using GO-Si hybrid 

integrated waveguides, including all-optical control and switching, optical power limiting, and non-

reciprocal light transmission. For all-optical control and switching, we first realize this functionality 

in non-resonant waveguides using continuous-wave (CW) light with low peak powers. For optical 

power limiting, we first demonstrate on-chip integration of a functional material to achieve power 

limiting for light propagation through integrated waveguides. For non-reciprocal light transmission, 

we first realize this functionality through on-chip integration of a 2D material, and our devices 

provide a considerably broader operation bandwidth that has not been achieved previously. Based 

on the experimental results, we further analyze the changes in the material properties induced by the 

photo-thermal effects, providing intriguing insights about 2D GO films. These results highlight the 

extensive opportunities arising from on-chip integration of 2D GO films for implementing functional 

integrated photonic devices.  

Results  

Device design and fabrication 

Figure 1a shows schematic of a Si waveguide integrated with a 2D GO film. The GO film is 

conformally coated onto the Si waveguide, which enables its strong interaction with the waveguide’s 

evanescent field. Compared to integrated waveguides made from silicon nitride and doped silica14, 

Si waveguides provide significantly increased optical mode overlaps with GO films. The enhanced 

mode overlap with GO allows for increased efficiency for the photo-thermal processes within it, 

consequently improving the device performance in the various applications we investigate in this 

study.  
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Figure 1. | Silicon (Si) waveguides integrated with 2D graphene oxide (GO) films. a, Schematic 

illustration of a Si waveguide integrated with a 2D GO film. Insets show schematic of GO’s atomic 

structure and transverse electric (TE) mode profile of the hybrid waveguide with a monolayer of GO. 

b, Microscopic image of fabricated Si chip coated with a monolayer of GO. Inset shows a scanning 

electron microscope (SEM) image of a 2D layered GO film coated on a Si substrate. The numbers 1−3 

refer to the number of GO layers for that part of the image. c, Measured Raman spectra of the uncoated 

Si chip (Si) and the chip coated with a monolayer of GO (GO-Si). 

In the inset of Figure 1a, we show the schematic of GO’s atomic structure. As a common 

derivative of graphene, GO is comprised of carbon networks decorated with various oxygen-

containing functional groups (OCFGs), such as hydroxyl, carboxyl, and carbonyl groups15. These 

OCFGs form bonds with certain carbon atoms in the carbon network through sp3 hybridization, 

giving rise to a highly heterogeneous chemical structure19. Unlike graphene, which possesses a 

gapless Dirac cone20, GO has an open bandgap (typically between 2 ‒ 3.5 eV) that results from the 

presence of isolated sp2 domains within the sp3 C–O matrix15. The large bandgap of GO allows for a 

substantial reduction in its optical absorption, making it advantageous for optical applications that 

demand minimal loss14,21. In addition, the concentrations of sp2 and sp3 hybridizations in GO can be 

adjusted by reducing the OCFGs or doping treatments22,23. This provides a high level of flexibility in 

tailoring GO’s properties, making it a versatile material platform for a variety of applications15,21.  

The transverse electric (TE) mode profile of the hybrid waveguide with a monolayer of GO is 

also shown in the inset. The GO layer is enclosed between two polymer layers that are incorporated 

during film coating based on self-assembly (See Methods), and such film structure is beneficial for 

enhancing the photo-thermal effects in the GO layer. The cross-section of the Si waveguide is 450 nm 

× 220 nm. We opt for TE-polarization here and in our subsequent experiments because it supports in-

plane interaction between the waveguide’s evanescent field and the 2D GO film. Due to the strong 
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optical anisotropy in 2D materials, the in-plane interaction well surpasses the out-of-plane interaction 

in strength17,24, thereby leading to an enhancement in the photo-thermal processes in GO and hence 

the device performance.  

Figure 1b shows a microscopic image of a Si integrated chip coated with a monolayer of GO film. 

The uncoated Si waveguides were fabricated on a silicon-on-insulator (SOI) wafer using CMOS-

compatible fabrication technologies (see Methods). To enable GO films coating onto the Si 

waveguides, windows were opened on the silica upper cladding of the integrated chip. The coating 

of the 2D GO film was achieved by using a solution-based self-assembly method that enables transfer-

free and layer-by-layer film deposition (see Methods). A scanning electron microscope (SEM) image 

of a 2D layered GO film with up to three layers of GO on a Si substrate is shown in the inset. Our GO 

coating method allows for ultrathin GO film coating with a well-controlled thickness on a nanometer 

scale, offering both high repeatability and compatibility with various integrated material 

platforms14,25,26. The thickness of the as-prepared GO film, characterized via atomic force microscopy 

measurements, was ~2 nm / per layer. In addition, our approach can yield conformal film coating 

with direct contact and envelopment of GO films around the Si waveguides27,28. This results in 

efficient light-matter interaction and holds an advantage in contrast to film transfer methods typically 

employed for coating other 2D materials such as graphene and TMDCs29. The GO film’s length can 

be controlled by adjusting the size of the opened window on the silica upper cladding, providing a 

way to optimize the device performance by changing the film length. In our fabricated chips, the 

length of all Si waveguides was ~3.0 mm, while the lengths of the opened windows varied from 0.1 

mm to 2.2 mm. Figure 1c shows the measured Raman spectra of a Si integrated chip before and after 

coating a GO film. The existence of the representative D (1345 cm−1) and G (1590 cm−1) peaks of GO 

in the Raman spectrum for the GO-coated chip confirms the successful on-chip integration of the GO 

film.  

Photo-thermal effects in 2D GO films 

In Figure 1a, we illustrate that the loss in the GO-Si waveguide decreases along the direction of 

light propagation. Such decrease in loss occurs due to power-dependent photo-thermal processes 

within the GO film, which include a range of effects such as self-heating, thermal dissipation, and 

photo-thermal reduction21. These effects act together and mutually influence each other, resulting in 

alterations to GO’s material properties such as refractive index and optical absorption. As mentioned 

previously, the reduction of the OCFGs in GO leads to changes in its properties. In the GO-Si 

waveguides, localized heating occurs due to optical absorption. Upon reaching a critical light power, 

the reduction of GO can be triggered when the thermal heating initiates a deoxygenation reaction in 

GO30,31. Such reaction leads to an increase in the optical absorption of the GO films14 and hence the 

propagation loss of the hybrid waveguides. As a result, the propagation loss decreases in tandem 

with the attenuation of the light power along the GO-Si waveguides.  

Figure 2 shows a schematic illustration of the changes in GO’s atomic structure induced by the 

photo-thermal effects. Four stages, denoted as I ‒ IV, correspond to different levels of light power 

applied to the GO-Si waveguide. Stage I represents the initial condition, with no incident light into 

the waveguide. At stage II, the light power in the waveguide is below Pthres1 ‒ the threshold to initiate 

the reduction of GO, resulting in minimal and negligible changes in its properties. At stage III, GO 

reduction occurs when the light power in the waveguide exceeds Pthres1. An intriguing characteristic 

of this stage is the reversibility of GO reduction, meaning that when the light power is switched off, 

the waveguide can return to stage I with the same propagation loss. This reversibility is attributed to 

the fact that the reduction of GO induced by the photo-thermal effects is inherently unstable, and the 

reduced GO can readily revert to its initial state after cooling down. At stage IV, as the light power 

continues to rise, the temperature increase due to localized heating becomes sufficiently high to 

permanently break the chemical bonds between the OCFGs and the carbon network. This leads to a 

permanent change in the properties of the GO film, and the power threshold for initiating such a 

change is denoted as Pthres2. In this stage, the waveguide loss can decrease to some extent when the 

optical power is turned off, but it can no longer return to the loss level as observed in stage I. 
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Figure 2. | Schematic illustration of changes in GO’s atomic structure during photo-thermal processes 

in a GO film coated on a Si waveguide. With rising light intensity in the GO-Si waveguide, the 

waveguide temperature increases, leading to photo-thermal effects that alter the atomic structure of 

GO and consequently modify its material properties. I ‒ IV depict four stages, each corresponding to 

a different level of light power applied to the waveguide. Pthres1 and Pthres2 represent the power 

thresholds needed to initiate GO reduction and cause permanent changes in GO, respectively. 

In addition to the reversible photo-thermal reduction, another noteworthy characteristic of the 

photo-thermal effects in GO is their broad response bandwidth. This is enabled by the nearly flat 

absorption spectrum of GO that covers wavelengths from the visible to the infrared14,25, as well as the 

heat-driven nature of these processes. The broadband response of these effects opens up the 

possibility of implementing various functional optical devices with broad operation bandwidths, as 

exemplified in our subsequent experimental demonstrations.  

Previously16,32, we observed relatively weak photo-thermal effects in GO films coated on silicon 

nitride and doped silica waveguides. In these waveguides used for nonlinear optical applications, 

the increased loss induced by photo-thermal reduction of GO deteriorated the device performance. 

In this study, from a different perspective, we harness the photo-thermal effects in GO films to realize 

several new functionalities for Si PICs. Si waveguides with much stronger mode overlaps with GO 

films coated on them facilitate significantly enhanced photo-thermal effects. In addition, we 

optimized the device design by incorporating a polymer cover layer over the coated GO films (See 

Methods), as opposed to the direct exposure of the GO films to air in our previous studies16,17,32. This 

can effectively prevent the escape of the OCFGs that are released during the photo-thermal processes 

and facilitate their chemical bonding back into the carbon network, thus expanding the power ranges 

for reversible GO reduction (see Note 7, Supplementary Information for detailed performance 

comparison).  

All-optical control and switching 

Here we utilize the photo-thermal effects in GO to realize optical control and switching. Figure 

3a illustrates the operation principle, where a high-power pump light and a low-power probe light 

at different wavelengths were combined before injecting into a GO-Si waveguide with a monolayer 

of GO. After propagation through the hybrid waveguide, the pump light was filtered out, leaving 

only the probe light for characterization (see Note 1, Supplementary Information for detailed 

experimental setup).  
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Figure 3. | Optical control and power switching in Si waveguides coated with a monolayer of GO. 

a, Schematic of the principle. b, Measured insertion loss (IL) of probe light versus pump light power. 

The lower and upper limits of the pump power range for reversible photo-thermal changes are 

denoted as Pthres1 and Pthres2, respectively. At Pthres2, the variation in the IL between the pump being 

switched on and off is denoted as ∆ILmax. The corresponding results for the uncoated Si waveguide 

are also shown for comparison. c ‒ d, Measured Pthres1, Pthres2, and ∆ILmax versus wavelength detuning 

between the pump and probe. e ‒ f, Measured Pthres1, Pthres2, and ∆ILmax versus GO coating length Lc. g, 

Measured and fit waveform of the probe when the pump is modulated by a 1-ms square electrical 

signal and then amplified to ~19 dBm. In b, c, d, and g, Lc = 1.0 mm. In b, e, f, and g, the wavelength 

detuning is ~30 nm. 

Figure 3b shows measured insertion loss (IL) of the probe light (excluding coupling loss between 

chip and fibres) versus power of the pump light (coupled into the waveguide). Both the pump and 

probe were CW light. As the pump power increased, the power of the probe light was maintained at 

a constant level of ~0 dBm. The ‘pump on’ results were recorded when the pump light was tuned on, 

and after the waveguide reached a steady thermal equilibrium state with no significant variations in 

the IL. Whereas the ‘pump off’ results were taken by initially activating the pump light and then 

deactivating it after the waveguide reached the thermal equilibrium state. For comparison, the 

corresponding results for the uncoated Si waveguide are also shown. For the GO-Si waveguide, the 

IL of the probe increased significantly when applying high pump powers. In contrast, the uncoated 

Si waveguide exhibited minimal variations in the IL. This confirms that the loss change was induced 

by the coated GO film. Note that the additional loss induced by two photon absorption (TPA) and 

free carrier absorption of Si is negligible (< 0.1 dB) within the power range we investigate here (see 

Note 2, Supplementary Information).  
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When the pump power was below ~8 dBm, the IL in Figure 3b remained constant, indicating 

negligible variations in the optical absorption of the GO film. This reflects that the light power was 

insufficient to trigger any noticeable changes induced by the photo-thermal effects. When the pump 

power ranged between ~8 dBm and ~19 dBm, the IL of the probe increased as the pump power was 

raised. Upon deactivating the pump, the IL could return to the level observed when the pump power 

was below 8 dBm. These phenomena reflect that the changes induced by the photo-thermal effects in 

GO were reversible, with no permanent changes in the GO film after cooling it down. When the pump 

power exceeded ~20 dBm, the IL measured after turning off the pump no longer returned to the level 

at low powers but instead increased with the pump power, indicating that there were permanent 

changes in the GO film. The change in the intensity ratio of the D to G peaks observed in measured 

Raman spectra provides evidence that the GO at the start of the GO-coated segment experienced 

reduction (see Note 3, Supplementary Information). All of these observations align with the changes 

depicted in Figure 2, providing evidence for the existence of photo-thermal effects in 2D GO films at 

high power levels.  

In Figure 3b, the lower and upper limits of the pump power range for the reversible photo-

thermal changes are marked as Pthres1 and Pthres2, respectively, which align with those used in Figure 2. 

At the pump power of Pthres2, the change in the IL between the pump being switched on and off are 

marked as ∆ILmax. This represents the maximum variation in the IL within the power range associated 

with reversible photo-thermal changes. In Figs. 3c-f, we provide characterization for these three 

parameters by varying the wavelength tuning between the pump and probe and the GO coating 

length Lc. In each figure, the data points represent the average values obtained from the measured 

results of three duplicate devices and the error bars indicate the variations across different samples.  

The results in Figure 3c,d were measured using devices with the same Lc of 0.4 mm. None of the 

three parameters display any significant variations within the investigated wavelength detuning 

range. This is attributed to the broadband response of the photo-thermal effects in the 2D GO films, 

as discussed earlier. Noted that in our experiments the range for wavelength detuning was 

constrained by the operation bandwidth of the optical amplifier, while the absorption response 

bandwidth for the GO films is, in fact, quite extensive, covering infrared wavelengths and even 

extending into the visible range17. The broadband response allows for optical control with the 

wavelengths of the pump and probe separated by several hundreds of nanometres or even higher, 

which is challenging for integrated photonic devices based on bulk materials33.  

Figure 3e,f show the results measured at the same wavelength detuning of ~30 nm using devices 

with different Lc. As Lc increases, both Pthres1 and Pthres2 remain nearly unchanged, with only minimal 

decreases due to the slightly reduced loss along the Si waveguides before reaching the start of the 

GO films (given that the windows of various lengths were opened at the center of the waveguides). 

This reflects the fact that the photo-thermal changes occurred primarily at the initial section of the 

GO film near the waveguide input and gradually diminished as the light power attenuated along the 

film. On the other hand, ∆ILmax initially increases with Lc, and then gradually levels off when Lc 

becomes > 0.4 mm. This reflects that the variation in the IL caused by the photo-thermal effects 

accumulated over a specific GO film length between 0.4 mm and 1.0 mm (See Note 12 for detailed 

analysis). For GO films longer than this length, only the initial section of the films experienced 

substantial changes due to the photo-thermal effects. The remaining portion remained unaffected 

because the light power in it was insufficient to induce any significant photo-thermal changes.  

We also demonstrated on–off power switching using the hybrid waveguide, where the pump 

light was modulated with a 1-ms square electrical signal and then amplified to ~19 dBm (see 

experimental setup in Note 4, Supplementary Information). We chose a GO film length of Lc = 1.0 mm 

in order to minimize the loss of the unreduced portion and reduce the IL of the hybrid waveguide. 

As the pump light at ~1560 nm switched between the on and off states, the photo-thermal effects in 

GO resulted in corresponding changes of the probe light at ~1530 nm. The extinction ratio between 

the on and off states at the probe wavelength was ~10 dBm ‒ consistent with the value of ∆ILmax at a 

pump power of ~19 dBm in Figure 3b. In Figure 3g, by fitting the temporal waveform of the probe 

light after propagation through the hybrid waveguide, we obtained the rising and falling time 
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constants of ∼52 μs and ~98 μs, respectively (see Note 5, Supplementary Information). These values 

show agreement with the typical thermo-optic responses31,34, providing further evidence that the 

changes were induced by the photo-thermal effects in GO.  

Although all-optical switching with much faster time responses can be achieved based on 

saturable absorption (SA)35, it usually necessitates optical pulses with high peak powers to trigger the 

SA, and in Si waveguides the high peak powers also induce significant TPA5. In contrast, our device 

in Figure 3a operates effectively with CW light at considerably lower peak powers that do not cause 

any significant SA or TPA. This makes it attractive for applications that use CW light and do not 

demand ultrafast response times. In addition, our device is based on non-resonant waveguides that 

provide a very broad operation bandwidth. This distinguishes it from all-optical switching based on 

wavelength shifts of resonators36, where the operation bandwidths are constrained by the resonance 

bandwidths of the resonators. 

Optical power limiting 

Here we employ the photo-thermal effects in GO to realize optical power limiting, which 

provides protection against potential damages induced by excessive light power37. As illustrated in 

Figure 4a, the light with a higher power propagation through the GO-Si waveguide experiences a 

greater loss compared to the light with a lower power. Despite the difference between the input 

powers, the output powers remain nearly identical in both cases.  
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Figure 4. | Characterization of power limiting properties of 2D GO films coated on Si waveguides. 

a, Schematic of the principle. b, Measured output power (Pout) versus input power (Pin) for a 

continuous-wave light propagation through an uncoated Si waveguide and a hybrid waveguide with 

a monolayer of GO. c, An enlarged view for the result of the hybrid waveguide in b, which is divided 

into four sections separated by Pthres1, Pthres2, and Pthres3. d, Measured Pout versus Pin for the waveguides 

with different GO coating lengths (Lc). e, Measured Pthres1, Pthres2, and Pthres3 versus Lc. f, Measured 

maximum output power (Pout, max) versus Lc. g, Measured Pout versus Pin for the waveguides with 

different numbers of GO layers (N). h, Measured Pthres1, Pthres2, and Pthres3 versus N. f, Measured Pout, max 

versus N. In b, c, d, and g, the arrows indicate a rapid decrease in Pout once reaching the corresponding 

input power thresholds. In b ‒ f, N = 1. In b, c, and g ‒ i, Lc = 1.0 mm. 

Figure 4b compares the measured output power (Pout) versus input power (Pin) for a CW light 

propagation through the uncoated waveguide and the hybrid waveguide with a monolayer of GO 

(see experimental setup in Note 6, Supplementary Information). Note that the Pin and Pout mentioned 

here and in our subsequent discussions refers to the average power at the start and end of the 3-mm-

long Si waveguides (excluding coupling loss between chip and fibres), respectively. As Pin increased 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0321.v1

https://doi.org/10.20944/preprints202311.0321.v1


 10 

 

from ~0 to ~25 dBm, Pout from the uncoated Si waveguide exhibited a linear increase. In contrast, Pout 

from the hybrid waveguide showed a power limiting behaviour when Pin exceeded ~8 dBm. Such 

behaviour was enabled by the photo-thermal effects in GO, which introduced additional propagation 

loss in the GO-coated segment. Due to the light-driven nature of the photo-thermal effects, the 

increase in the IL of the hybrid waveguide, once naturally reaching a stable thermal equilibrium state, 

was self-adjusting. It matched the rise in Pin, and consequently resulted in a limited Pout. 

In Figure 4c, the measured curve for the hybrid waveguide in Figure 4b is further divided into 

four sections, each corresponding to a different input power range. For Pin below ~8 dBm, the power 

limiting phenomenon was not observed because the photo-thermal changes at such low powers are 

negligible. For Pin in the range between ~8 dBm and ~19 dBm, where reversible photo-thermal 

changes occurred, Pout increased very slightly when Pin < 13 dBm and remained nearly constant when 

Pin > 13 dBm. In addition, the power limiting behaviour was repeatable upon reinjection of the same 

light power. When Pin ranged between ~20 dBm and ~22 dBm, despite the permanent changes in the 

GO film, the power limiting capability was still maintained. This is because the increase in loss arising 

from the permanent photo-thermal changes also adjusted itself to align with the increase in Pin. For 

Pin exceeding ~23 dBm, a decline in the output power was observed due to the limited durability of 

the polymer layers that enclosed the GO layer (see Methods for GO film coating based on self-

assembly), which were unable to endure the elevated temperatures at such high power levels. When 

Pin reached ~25 dBm, the polymer layers suffered substantial thermal damage, resulting in a rapid 

drop in Pout. Nevertheless, even in this situation, the film still protected the output power from 

overloading.  

The above characteristics allow the 2D GO films to function as fuses in integrated photonic 

devices, similar to their role in electronic circuits. It is worth noting that although a range of power 

limiting materials have been studied38, the results here represent the first demonstration of on-chip 

integration of a functional material to achieve power limiting for light propagation through 

integrated waveguides. In addition, the broadband response of 2D GO films, along with their ease of 

removal (e.g., via plasma oxidation17) and subsequent recoating, enhances their practical utility over 

a wide wavelength range. 

In Figure 4d‒f, we characterize the power limiting performance of the hybrid waveguides with 

different GO coating length Lc. For comparison, all the waveguides were coated with a monolayer of 

GO. As shown in Figure 4d, for the waveguides with a Lc smaller than 1.0 mm (i.e., the same as that 

in Figure 4c), the input power range exhibiting reversible power limiting behaviour is diminished. 

This is because at high powers the loss increase accumulated along the relatively small GO film length 

was insufficient to compensate for the rise in Pin. On the other hand, the input power range for power 

limiting does not further increase for the waveguide with a Lc larger than 1.0 mm. This is due to the 

fact that, after propagation through the initial 1.0-mm-long GO film section, the light power becomes 

inadequate to induce substantial photo-thermal changes. In Figure 4e, we provide characterization 

for Pthres1, Pthres2, and Pthres3, which are the input power thresholds dividing different sections in Figure 

4c. Similar to that in Figure 3e, all of them exhibit minimal changes with increasing Lc, further 

confirming that the photo-thermal effects mainly took place at the initial portion of the GO film. As 

shown in Figure 4f, the increase in Lc leads to a decrease in the maximum output power from the 

hybrid waveguide. This is mainly due to the increased loss induced by a longer GO film length, and 

can be utilized to customize the output power according to various needs in practical applications. 

Figs. 4g‒i show characterization for the power limiting performance of hybrid waveguides 

coated with different numbers of GO layers (N = 1‒ 4). For all the waveguides, Lc = 1.0 mm. In Figure 

4g, the input power range with power limiting behaviour decreases for an increased N. In Figure 4h, 

the three power thresholds also decrease as N increases. These observations reflect the fact that the 

photo-thermal effects become more significant in thicker GO films, which can be attributed to the 

increased GO mode overlap and reduced thermal dissipation. In addition, the increase in impurities 

and defects within the GO layers, along with the unevenness and imperfect contact within the multi-

layered film structure, result in reduced power endurance in thicker GO films. Similar to that in 
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Figure 4f, there is a decrease in the maximum output power as N increases, mainly resulting from the 

increased loss for thicker GO films.  

We compared the Pthres1, Pthres2, and Pthres3 for different waveguide configurations, including 

uncoated Si waveguides, Si waveguides coated with a polymer layer, Si waveguides coated with a 

polymer layer and a monolayer of GO, and Si waveguides coated with a monolayer of GO 

sandwiched between two polymer layers (see Note 7, Supplementary Information). The results show 

that the last configuration, which is also the one we employed to obtain the results in Figures 3‒5, 

provides the largest input power range for reversible photo-thermal changes. The performance for 

different light polarizations and Si waveguide geometries is also compared, as detailed in Notes 8 

and 9, Supplementary Information. In practical applications, the values of Pthres1, Pthres2, and Pthres3 can 

be tailored by adjusting the input polarization and waveguide geometry to meet different 

requirements.  

 

Figure 5. | Characterization of broadband non-reciprocal light transmission in GO-Si waveguides. 

a, Schematic of the principle. A part of the GO film coated on a Si waveguide is permanently reduced 

(PR-GO) with a consistent loss unaffected by the light power. b, Measured insertion loss (IL) versus 

wavelength for continuous-wave (CW) light traveling in both the forward and backward directions. 

c, Non-reciprocal transmission ratio (NTR) extracted from b. d, Measured NTR versus input power 

(Pin) when the PR-GO is over reduced or not. e, Measured NTR versus Pin for both a CW light and a 

10-Gbit/s non-return-to-zero (NRZ) signal. f, Measured maximum NTR (NTRmax) and corresponding 

Pin versus GO coating length (Lc). g, Measured NTRmax and corresponding Pin versus GO layer number 

(N). In b ‒ e, Lc = 1.0 mm and N = 1. In f, N = 1. In g, Lc = 1.0 mm. 

Non-reciprocal light transmission 

In linear and time-invariant optical transmission media, as those commonly found in PICs, the 

Lorentz reciprocity theorem imposes constraints that prohibit the breaking of time-reversal 
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symmetry and reciprocity39. Nevertheless, achieving non-reciprocal light transmission holds 

fundamental significance for PICs and forms the basis for functional devices like optical diodes39-41 

and isolators42-44. In previous reports, non-reciprocal light transmission was realized by introducing 

various nonlinear mechanisms into PICs, such as those based on magneto-optic materials45,46, 

Brillouin scattering or optomechanically induced transparency47,48, Kerr optical effect43,46, acousto-

optic modulation42,44, Parity-time symmetric devices49,50, and thermo-optic effects40,41. Although these 

methods have been successful in achieving high NTRs, challenges remain in achieving non-reciprocal 

light transmission over broad bandwidths. This is primarily because most of them rely on optical 

resonators with limited resonance bandwidths for enhancing the nonlinear response.  

The photo-thermal effects in GO coated on integrated waveguides provide a new mechanism 

for realizing broadband nonreciprocal light transmission based on all-passive and non-resonant 

devices. As shown in Figure 5a, a part of the GO film coated on a Si waveguide is permanently 

reduced. Compared to pristine GO, the permanently reduced GO (PR-GO) has significantly increased 

light absorption and does not show any obvious loss increase induced by the photo thermal 

effects25,26. For a high-power light traveling in the forward direction, it first goes through the PR-GO 

segment and subsequently enters the GO segment. After passing the PR-GO segment with substantial 

loss, the power entering the GO segment is insufficient to induce significant photo-thermal effects. In 

contrast, a light with the same power but propagating in the backward direction first encounters the 

GO segment, where it experiences additional loss due to the photo-thermal effects, before reaching 

the PR-GO segment with a consistent loss. Hence, it experiences higher loss compared to light 

traveling in the forward direction, leading to non-reciprocal light transmission. The broadband 

response of the photo-thermal effects in GO enables non-reciprocal light transmission over wide 

spectral ranges. Because the photo-thermal effects in GO are driven by light power in the hybrid 

waveguide, the nonreciprocal behaviour is influenced by the input power levels. This makes the 

hybrid waveguide cannot function as an optical isolator39,51. Nevertheless, the nonreciprocal 

transmission property can be effectively utilized in applications such as optical diodes, nonreciprocal 

switching, and signal processing41,49.  

In the experimental demonstration, we first measured a hybrid waveguide with a monolayer of 

GO. The PR-GO segment was fabricated via direct laser writing on the coated GO film with a length 

of Lc = ~1.0 mm (see Methods). By adjusting the laser power and writing length, we achieved a 

consistent loss of ~10.6 dB for the PR-GO segment, which remained unaffected by a Pin up to ~25 dBm. 

Such loss aligned with the value of ∆ILmax in Figure 3d, which was aimed to improve the non-

reciprocal transmission ratio (NTR) and minimize the extra loss caused by the PR-GO. Figure 5b 

shows the measured waveguide IL as a function of wavelength for light propagating in both the 

forward and backward directions (see experimental setup in Note 10, Supplementary Information). 

The input power for light in both directions was kept the same as Pin = ~19 dBm. Clearly, the light in 

the forward direction experienced a lower loss than that in the backward direction. The NTR, defined 

as the difference in the IL between light traveling in opposite directions, is further extracted and 

depicted in Figure 5c. We obtained a flat NTR curve with uniform NTR values of ~10 dB across the 

entire C-band, which has not been achieved in previous reports (See detailed comparison in Note 11, 

Supplementary Information). In our demonstration, the wavelength tuning range was limited by the 

operation bandwidth of the optical amplifier. As previously mentioned, the photo-thermal effects in 

GO exhibit a much broader response bandwidth. This allows for a significantly wider bandwidth for 

non-reciprocal transmission than what was demonstrated in our experiments. 

In Figure 5d, we show the NTR as a function of the input power Pin for the hybrid waveguide 

measured in Figure 5b,c. The corresponding result for another hybrid waveguide with over-reduced 

PR-GO is also shown for comparison. For the over-reduced PR-GO, we increased the length of the 

PR-GO segment to achieve a higher loss of ~15.0 dB, in contrast to ~10.6 dB for the PR-GO that was 

not over-reduced. For both cases, the NTR started to increase above 0 at Pin = ~8 dBm and reached a 

maximum value of ~10.1 dB at Pin = ~19 dBm. The power thresholds and the maximum NTR match 

with Pthres1, Pthres2, and ∆ILmax in Figure 3b. For the waveguide with PR-GO that was not over-reduced, 

the NTR began to decrease as Pin exceeded ~20 dBm. This occurs because the PR-GO segment was 
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unable to entirely offset the surplus input power above Pthres2, allowing the forward-propagating light 

to still induce photo-thermal changes after passing through the PR-GO segment. Whereas for the 

waveguide with over-reduced PR-GO, despite having a higher IL, the maximum NTR could be 

sustained within a certain input power range where the excess input power can be adequately 

compensated. Note that when the input power of the backward-propagating light exceeded ~19 dBm, 

there was a permanent increase in the IL for both waveguides, but this did not impact the NTR values. 

In Figure 5e, we compare the non-reciprocal transmission performance for both a CW light and 

a 10-Gbit/s non-return-to-zero (NRZ) signal, using the device with PR-GO that was not over-reduced. 

Both the CW light and the NRZ signal exhibited similar NTRs at the same average power, reflecting 

that the photo-thermal effects are primarily influenced by the average power. Due to the substantial 

delay in the response of the photo-thermal effects compared to the rapid variations in the NRZ signal, 

the loss induced by the photo-thermal changes can be considered constant for the NRZ signal. This 

results in a similar NTR as observed with the CW light.  

Figure 5f,g show characterization for the non-reciprocal transmission performance of hybrid 

waveguides with different GO film lengths (Lc) and layer numbers (N), respectively. The change in 

the maximum NTR (NTRmax) with Lc is consistent with the trend observed for the change of ∆ILmax in 

Figure 3f. As N increases, NTRmax decreases, showing a trend similar to that observed for the 

maximum output power in Figure 4i. In addition, the input powers to achieve NTRmax values follow 

similar trends as those for Pthres2 in Figures 3 and 4. These observations indicates that the three 

functionalities rely on the same fundamental mechanism of photo-thermal effects in 2D GO films. 

Theoretical analysis and discussion 

Based on the above experimental results, we theoretically model the photo-thermal changes in 

2D GO films coated on integrated waveguides and analyze the film property changes with varying 

light power and temperature.  

As the light power attenuates along the waveguide, the photo-thermal effects become weaker, 

leading to a smaller difference in properties between the photo-thermally reduced GO and the 

unreduced GO. This non-uniform behaviour represents an interesting characteristic for the photo-

thermal changes in GO films coated on integrated waveguides. Figure 6a shows a schematic 

illustration of a GO-Si waveguide with photo-thermal changes in GO induced by light propagation 

through. The GO film is divided into three segments with lengths of LPR-GO, LRR-GO, and LNR-GO, which 

exhibit permanent reduction (PR), reversible reduction (RR), and no reduction (NR) behaviours, 

respectively. Figure 6b shows the lengths of the three GO segments versus input power Pin, which 

was calculated based on the experimental results for the hybrid waveguide with N = 1 and Lc = ~1.0 

mm in Figure 4 (see Note 12, Supplementary Information). As can be seen, for Pin < ~8 dBm, LNR-GO 

equals to Lc, indicating the presence of exclusively unreduced GO. Within the power range for 

reversible photo-thermal changes, LRR-GO increases with the input power, while LNR-GO shows an 

opposite trend, showing agreement with the observations in Figures 3b and 4c. In addition, LPR-GO 

remains at 0 until Pin exceeds Pthres2, reflecting that the permanent changes only manifest within this 

specific power range. In a waveguide with permanently reduced GO, LRR-GO remains constant at ~0.43 

mm. This constancy occurs because when the light power decreases to a level associated with 

reversible photo-thermal changes, the behaviour of GO closely resembles that observed within this 

power range, and LRR-GO = ~0.43 mm corresponds to Pin = Pthres2. 
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Figure 6. | Analysis for the photo-thermal changes in GO-Si waveguides. a, Schematic of a GO-Si 

waveguide with photo-thermal changes, where the GO film is divided into three segments exhibiting 

permanent reduction (PR), reversible reduction (RR), and no reduction (NR) behaviours, with 

respective lengths denoted as LPR-GO, LRR-GO, and LNR-GO. b, LPR-GO, LRR-GO, and LNR-GO versus input power 

(Pin). c, Evolution of different Pin along the hybrid waveguide. d, Propagation loss of the hybrid 

waveguide (PLhybrid) and extinction coefficient of GO (kGO) versus light power injected into the hybrid 

waveguide cross-section (Pin, hybrid). e, Measured temperature distribution along the hybrid waveguide 

for different Pin. f, Thermal conductivity of GO (KGO) versus Pin, hybrid extracted from e. g, Simulated 

temperature variation at the GO film (∆TGO) versus Pin, hybrid. In b-f, we show the results for the hybrid 

waveguide with a monolayer of GO (N = 1) at a coating length of Lc = ~1.0 mm. 

Based on the results in Figure 6b, we calculated the evolution of light power along the hybrid 

waveguide (see Note 13, Supplementary Information). In Figure 6c, we show the results for four 

different input power levels. At Pin = ~7.0 dBm that is insufficient for any noticeable photo-thermal 

changes, there is only linear loss in both the uncoated and the GO-coated segments, which are ~0.3 

dB/mm and ~2.3 dB/mm, respectively. For Pin = ~14.5 dBm and ~19.2 dBm that fall within the range 

for reversible photo-thermal changes, the light power undergoes a substantial decrease in the RR-GO 

segment, followed by the same linear loss of ~2.3 dB/mm in the NR-GO segment. At Pin = ~21.0 dBm, 

the light power first diminishes in the PR-GO segment to reach Pthres2 = ~19.2 dBm, and then 

experiences a loss similar to that observed for Pin = ~19. 2 dBm.  

Figure 6d shows the propagation loss of the hybrid waveguide (PLhybrid) as a function of the light 

power injected into the hybrid waveguide cross-section (Pin, hybrid), which was calculated based on the 

results in Figure 6c (see Note 14, Supplementary Information). Note that the Pin, hybrid is directly related 

to PLhybrid, and it is slightly different from Pin in Figure 6b,c. As Pin, hybrid increases, PLhybrid first remains 

at a constant level, and then gradually increases in the power range for reversible photo-thermal 

changes. After that, there is a steep rise near the power threshold for permanent photo-thermal 

changes, followed by a subsequent gradual increase. In Figure 6d, the extinction coefficient of the GO 

film (kGO) is also plotted as a function of Pin, hybrid, which was extracted from the results for PLhybrid (see 
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Note 14, Supplementary Information). The reversibly reduced GO exhibits higher light absorption 

compared to unreduced GO, and the permanently reduced GO shows even higher absorption. In a 

hybrid waveguide with significant photo-thermal effects, the reduced GO at the start of the 

waveguide absorbs a significant portion of light power, acting as a barrier to prevent reduction in the 

subsequent GO film. The degree of reduction in the reversibly reduced GO decreases as the light 

power attenuates along the film. This, in turn, amplifies the non-uniformity of the photo-thermal 

changes along the GO film. 

Figure 6e shows the temperature distributions along the hybrid waveguide for four different 

input powers Pin that match those in Figure 6c, which were measured by scanning a probe along the 

direction of the waveguide after it had achieved a stable thermal equilibrium state. The probe was 

positioned at a distance of ~2.5 μm from the bottom of the Si waveguide (i.e., ~2.28 μm away from the 

GO film coated on the waveguide top surface). At Pin = ~7.0 dBm, the temperature gradually decreases 

along the waveguide as the optical power attenuates, and there is no significant difference between 

the uncoated and GO-coated segments. As Pin increases, the rise in the temperature at the start of the 

GO-coated segment (i.e., L = 1 mm) becomes more obvious, indicating the presence of more significant 

photo-thermal effects. The temperature experiences a rapid increase followed by a return to a typical 

level within the GO-coated segment, providing further evidence for the non-uniform photo-thermal 

changes in the GO film.  

Figure 6f shows the thermal conductivity of the 2D GO film (KGO) as a function of Pin, hybrid, which 

was obtained by fitting the results in Figure 6e with theoretical simulations (see Methods and Notes 

15 and 16, Supplementary Information). In the fitting process, we also used the data from Figure 6c,d. 

With an increase in Pin, hybrid, KGO also increases, and the increase becomes more obvious at higher Pin, 

hybrid levels. These results, along with those in Figure 6d for the extinction coefficient, reflect the 

transition from GO to reduced GO, which exhibits enhanced light absorption and increased thermal 

conductivity. At a high Pin, hybrid of ~21.7 dB, KGO reaches ~312.4 Wm-1K-1. This value is much higher 

than the reported value for a 40-μm-thick reduced GO film52, indicating a substantial increase in the 

thermal conductivity for reduced GO film in 2D form. We also note that this value is close to that 

reported for graphene on a dielectric substrate53, which confirms the similarity in material properties 

between highly reduced GO and graphene. 

 The temperature distributions in Figure 6e were measured using a probe positioned at a certain 

distance from the GO film. As a result, they cannot accurately reflect the temperature changes within 

the GO film during the photo-thermal processes. Based on the results in Figure 6f, we performed 

simulations to estimate the temperature variations within the GO film (see Note 16, Supplementary 

Information). Figure 6g shows the simulated temperature variation ∆TGO as a function of Pin, hybrid. As 

expected, ∆TGO increases with Pin, hybrid. The increase becomes more prominent within the power range 

for reversible reduction, and even more so within the power range for permanent reduction. At Pin, 

hybrid = ~18.9 dB, ∆TGO = ~23.0 K. We note that this value is lower compared to the reported values for 

much thicker GO films subjected to permanent reduction52,54. Such difference can be attributed to 

several factors, such as the much lower thicknesses of our films, the improved heat-trapping in the 

2D GO layer enclosed by the polymer layers, and the existence of air voids in the layered film 

structure.  

The various OCFGs in GO exhibit different bonding energies, resulting in the difference in their 

reduction temperatures15. Previous studies have found that hydroxyl (‒OH) and carbonyl (C=O) 

groups possess much lower bonding energies compared to carboxylic (‒COOH) and epoxy (‒O‒) 

groups54. Therefore, we infer that the reversible reduction of GO films at relatively low temperatures 

was primarily induced by changes in these two types of OCFGs. The difference between Pthres1 and 

Pthres2, which corresponds to the input power range for revisable photo-thermal changes in the GO 

films, is a crucial parameter in applications such as power limiting and non-reciprocal transmission. 

For instance, a larger difference between them enables a higher NTR. Further improving this 

parameter can be achieved by increasing the oxidation level of the unreduced GO, optimizing the 

film fabrication to better restrain the release of OCFGs, and minimizing the air voids and impurities 

within the multi-layered film structure. The thermal stability of the polymer layers (which enclose 
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the GO layers) at high temperatures can also be improved by replacing the polymer used in our film 

coating (See Methods) with polyimide, which has a notably high thermal stability55. These results 

have wide applications to GO based devices 58-74 as well as other novel photonic platforms. 75-87 

Ultimately this could be useful for both classical and quantum microcomb based applications.88-158 

Conclusion 

In summary, we harness the photo-thermal effects in 2D GO films integrated onto Si photonic 

waveguides to realize three new functionalities that are challenging for conventional PICs. These 

include all-optical control and switching, optical power limiting, and non-reciprocal light 

transmission. The 2D layered GO films are integrated onto Si photonic waveguides with precise 

control over their thicknesses, sizes, and placement. Owing to the broadband response of 2D GO 

films, all the three functionalities exhibit an exceptionally wide operational bandwidth. Based on the 

experimental results, we provide detailed analysis for the changes in material properties induced by 

the photo-thermal effects, providing insights into the characteristics of 2D GO films. These results 

provide a new route towards implementing high-performance functional integrated photonic 

devices though on-chip integration of 2D GO films.  

Methods 

Fabrication of Si waveguides. The Si waveguides were fabricated on a SOI wafer with a 220-

nm-thick top Si layer and a 2-μm-thick buried silicon dioxide (SiO2) layer. The device layout was first 

defined on a negative photoresist using 248-nm deep ultraviolet photolithography and subsequently 

transferred to the top Si layer through photoresist development and inductively coupled plasma 

etching. Following this, a 1.5-μm-thick silica layer was deposited using plasma enhanced chemical 

vapor deposition to serve as the upper cladding layer. Finally, windows of different lengths were 

created down to the buried SiO2 layer through the processes of photolithography and reactive ion 

etching. Lensed fibres were employed to butt couple light into and out of the fabricated Si 

waveguides with inverse-taper couplers at both ends. The coupling loss was ∼5 dB per facet.  

GO synthesis and film coating. First, a GO solution composed of negatively charged GO flakes 

was prepared using a modified Hummers Method56 that is facile and shows a high compatibility with 

CMOS fabrication. Vigorous sonication was employed to ensure that the dissolved GO flakes were 

in monolayer thickness and with lateral sizes < 100 nm. Second, the Si chip with a negatively charged 

surface was immersed in a 2.0% (w/v) polyelectrolyte polydiallyldimethylammonium chloride 

(PDDA) solution to obtain a polymer-coated integrated chip with a positively charged surface. Next, 

the polymer-coated Si chip was immersed in the prepared GO solution, where a GO monolayer was 

in-situ self-assembled onto the top surface through electrostatic forces. Finally, the Si chip with GO 

film on the top surface was re-immersed in the polymer solution to create a protective polymer top 

layer, shielding the GO film from direct exposure to air. The strong electrostatic forces enable 

conformal film coating with a high uniformity. Following the coating of each polymer or GO layer, 

the film surface was subjected to nitrogen gas blowing using an air gun. This was done to achieve a 

firm contact between the polymer and GO layers. By repeating the above steps, layer-by-layer coating 

of GO films can be realized, with high scalability and accurate control of the layer number or the film 

thickness25,26. After the GO film coating, the chip was dried in a drying oven at low temperature. 

Laser reduction of GO films. The permanently reduced GO films in the non-reciprocal light 

transmission experiments were fabricated via direct laser writing using femtosecond optical pulses 

(~140-fs pulse width, ∼800 nm wavelength) generated by an optical parametric oscillator. The laser 

writing system was modified on the basis of a Z-scan measurement system used in our previous 

studies57,58 which has been used on a wide range of devices.59-92 The generated laser beam was first 

expanded using a concave lens and two convex lenses, and then focused by an objective lens, 

resulting in a spot size of ∼1.6 μm. The GO-Si waveguides were positioned perpendicular to the 

direction of the beam axis. The alignment of the light beam to the target position was achieved 

through a high-definition charge-coupled device (CCD) imaging system. To adjust the incident light 

power, a half-wave plate in conjunction with a linear polarizer was employed as a power attenuator. 
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We did not fabricate permanently reduced GO induced by photo-thermal effects in the hybrid 

waveguides. This was because the difference between Pthres2 and Pthres3 was not sufficient to provide a 

loss of over 10 dB for the PR-GO segment. In addition, it proved challenging to precisely control the 

loss increase by raising the input power once the polymer layer sustained permanent thermal 

damage. 

Thermo-optic modeling and simulation. The steady-state temperature distributions in the 

waveguide cross section were simulated using commercial finite-element multi-physics software to 

solve the heat equation described by the Fourier’s law as 

q = -K ·∇T (1) 

where q is the heat flux density, K is the material’s thermal conductivity, and ∇T is the 

temperature gradient. In our simulation, the heat power densities in different material regions were 

calculated individually, using the corresponding optical mode distribution and material property 

parameters (as detailed in Note 15, Supplementary Information). The values of K for each of the 

material regions were also specified, with the exception of those that needed fitting. By fitting the 

experimental results with theoretical simulations, we obtained the fitted K values of reduced GO at 

different input light powers. This was achieved by analyzing the measured temperature difference 

in the GO-coated segment (see details in Note 16, Supplementary Information). With the fitted K 

values, the temperature variations within the GO film (as shown in Figure 6g) were further calculated 

through thermal simulation using the same software. Due to the much lower mode overlap with GO 

on the sidewalls compared to that on the waveguide’s top surface (see Note 17, Supplementary 

Information), our thermal simulations did not account for the variations in material properties arising 

from the anisotropy of 2D layered GO films, including parameters such as the extinction coefficient 

and thermal conductivity. 
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