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Supplementary Note 1: Setup for pump-probe experiment 

We used the experimental setup shown in Fig. S1 to demonstrate the control of the loss of a 

low-power probe light using a high-power pump light. The pump and the probe at different 

wavelengths were generated by two tunable continuous-wave (CW) lasers. The pump was 

amplified by an erbium-doped fiber amplifier (EDFA), followed by a bandpass filter (BPF) to 

suppress the amplified spontaneous emission (ASE) noise. A variable optical attenuator (VOA) 

was employed to adjust the power of the pump light. The pump and the probe were combined 

by a 50:50 coupler before sent to the device under test (DUT). Both of them were adjusted to 

TE polarization using two polarization controllers (PCs). An optical isolator was inserted 

before the DUT to prevent damages induced by the reflected light. The output from the DUT 

went through another BPF to remove the pump, and the remaining probe was sent to an optical 

power meter (OPM). In our experiment, the wavelength tuning range for the high-power pump 

was constrained by the operation bandwidth of the EDFA in Fig. S1, which was capable of 

effectively amplifying signals only within the telecom C band. 

 

Fig. S1 | Experimental setup for the pump-probe experiment. EDFA: erbium doped fiber amplifier. BPF: 



band pass filter. PC: polarization controller. VOA: variable optical attenuator. DUT: device under test. 

CCD: charged-coupled device. OPM: optical power meter. 

Supplementary Note 2: Influence of two-photon absorption (TPA) and free carrier 

absorption (FCA) in Si waveguides 

According to the theory in Ref. [1], the loss induced by the TPA and FCA in Si waveguides can 

be calculated based on  

αTPA-Si + αFCA-Si =
β

TPA-Si

Aeff
 |A(z, t)|2 + σNc-Si                  (S1) 

where βTPA-Si = 5 × 10-12 m/W and σ = 1.45 × 10-21 m2 are the TPA and FCA coefficients of Si, 

respectively [2]. A(z, t) is the slowly varying temporal envelope of optical field propagation 

along the waveguide (i.e., z axis). Aeff is the effective mode area given by [3] 

Aeff =
(∬ SzD

dxdy)
2

∬ Sz
2

D
dxdy

                              (S2) 

where D is the integral domain over the different material regions with optical fields, Sz is the 

time-averaged Poynting vector calculated using FDTD mode simulation software. In Eq. (S1), 

Nc-Si is the free carrier density given by [1]: 
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                       (S3) 

where ℏ is Planck’s constant, ω is the angular frequency, and τc = ~1 ns is the effective carrier 

lifetime. For CW light and once it attains a stable thermal equilibrium state, Nc-Si remains 

constant over time. Consequently, the expression on the left-hand side of Eq. (S3) equals to 

zero.  

     Fig. S2 shows the excess propagation loss (PL) of the uncoated Si waveguide induced 

by TPA and FCA, which was calculated based on Eqs. (S1) ‒ (S3) and plotted as a function of 

input power. As observed, at an input power of 25 dBm, the excess PL remains below 0.03 

dB/mm. This implies that the additional insertion loss caused by TPA and FCA for Si 

waveguides with a length of ~3.0 mm in our experiments was < 0.1 dB. In fact, given that the 

light power decreases along the waveguide, the additional insertion loss caused by TPA and 

FCA was even smaller than 0.03 dB/mm × 3 mm = 0.09 dB. The results reflect that the loss 



induced by TPA and FCA of Si was negligible within the power range we investigated. 

 

Fig. S2 | Excess propagation loss (PL) induced by TPA and FCA in Si waveguide as a function of input 

power.    

Supplementary Note 3: Raman spectra of photo-thermally reduced GO 

To verify that there was reduction of GO induced by the photo-thermal effects, we measured 

the Raman spectra of a monolayer of GO coated on a Si waveguide after injecting different 

input CW powers, as shown in Fig. S3. The Raman spectra were recorded at the start of the 

GO coated segment, where the light power coupled into the GO film was the highest. After 

applying an input power of Pin =19.2 dBm, the measured Raman spectrum did not show any 

obvious difference compared to that obtained at the initial state without light injection. This 

indicates that the GO film did not have permanent changes in its properties at this power level. 

In contrast, a slight decrease in the intensity ratio of the D to G peaks (ID / IG) was observed in 

the measured Raman spectrum for Pin = ~21.0 dBm, and an even lower ID / IG was observed in 

the measured Raman spectrum for Pin = ~22.5 dBm. This reflects that there was permanent 

reduction of the GO film after tuning off the input light, and a higher degree of reduction can 

be achieved by increasing the applied input power. We note that the decrease in ID / IG is similar 

to that observed in Refs. [4, 5] , and can be attributed to the removal of the OCFGs due to the 

photo-thermal effects as well as the partial restoration of the sp2 carbon network.  



 

 

Fig. S3 | Measured Raman spectra of a monolayer of GO coated on a Si waveguide after applying 

different input CW powers (Pin). a. Initial state without applying light power. b. After applying Pin = 

~19.2 dBm. c. After applying Pin = ~21.0 dBm. d. After applying Pin = ~22.5 dBm. The Raman spectra 

were recorded at the start of the GO coated segment. 

 

 

 

 

 

 



 

Supplementary Note 4: Setup for on-off switching experiment 

Fig. S4 shows the experimental setup used in our on-off switching experiment, which was 

modified based on the experimental setup in Fig. S1. The CW pump light was first modulated 

by a Mach-Zehnder modulator (MZM), which was driven by a ~1-ms square electrical signal 

with a pattern of “10000000” generated by an arbitrary waveform generator (AWG). The MZM 

was biased at quadrature point of the transmission curve [6]. The modulated pump was then 

amplified to a power of ~19 dBm using an EDFA, with a BPF inserted afterwards to suppress 

the ASE noise. Following this, the pump and the probe were combined by a 50:50 coupler and 

sent to the DUT. PCs were employed to adjust the input polarizations for polarization-sensitive 

components such as the MZM and the DUT. After going through the DUT, the probe signal 

was isolated from the pump light using a BPF and subsequently directed into an oscilloscope 

for the observation of temporal waveforms. 

 



Fig. S4 | Experimental setup for the on-off switching experiment. PC: polarization controller. MZM: 

Mach-Zehnder Modulator. AWG: arbitrary waveform generator. EDFA: erbium doped fiber amplifier. 

BPF: band pass filter. DUT: device under test. CCD: charged-coupled device.  

Supplementary Note 5: Time constants for the photo-thermal response in GO 

The rising time constant for the photo-thermal response in Fig. 3g was obtained by fitting the 

rising edge in the temporal waveform of the output probe light with  

   I (t) = Imax − (Imax −  Imin) exp [(t −  tr)/cr]                         (S4) 

where I(t) is the intensity of the temporal waveform, which is a function of time t. Imax and Imin 

are the maximum and minimum intensities corresponding to the on and off states, respectively.  

tr is the time at which the intensity starts to rise and cr is the rising time constant.  

Similarly, the falling time constant was obtained by fitting the falling edge in the temporal 

waveform of the output probe light with  

   I (t) = Imax exp [(t − tf)/cf]                           (S5) 

where tf is the time at which the intensity starts to fall and cf is the falling time constant. 

The obtained cr and cf are ∼52 μs and ~98 μs, respectively. These values indicate the time 

intervals during which the waveform intensity increases or decreases to reach a level 

corresponding to 1/e of the maximum variation [7]. 

 

 

 

 

 

 



 

Supplementary Note 6: Setup for demonstration of optical power limiting 

We used the experimental setup shown in Fig. S5 to test the optical power limiting performance 

of GO-coated Si waveguides. In contrast to the experimental setups in Figs. S1 and S4, there 

was only a single input CW light, which was amplified by an EDFA, followed by a BPF to 

suppress the ASE noise. A PC and a VOA were employed to adjust the polarization and power 

of the input light before injecting it into the DUT, respectively. The output from the DUT was 

sent to an OPM for measuring its power. 

 

Fig. S5 | Experimental setup for demonstration of optical power limiting. EDFA: erbium doped fiber 

amplifier. BPF: band pass filter. PC: polarization controller. VOA: variable optical attenuator. DUT: 

device under test. CCD: charged-coupled device. OPM: optical power meter. 

 

 

 

 



 

 

 

Supplementary Note 7: Performance comparison of different waveguide configurations 

In order to optimize the device performance, we compared the loss changes induced by the 

photo-thermal effects in different waveguide configurations. As illustrated in Fig. S6a, we 

fabricated four different types of waveguides, including (I) uncoated Si waveguides, (II) Si 

waveguides coated with a polymer layer, (III) Si waveguides coated with a polymer layer and 

a monolayer of GO, and (IV) Si waveguides coated with a monolayer of GO sandwiched 

between two polymer layers. The order of these four waveguides also aligns with the sequence 

of film coating onto the Si waveguide surface during the self-assembly processes.  

Fig. S6b shows the measured output power (Pout) versus input power (Pin) for a CW light 

propagation through waveguides I ‒ IV, which reflects interesting insights into the photo-

thermal effects in these waveguides. In contrast to waveguides III and IV, waveguides I and II 

did not show any obvious power limiting behaviour for Pin < 22 dBm. This reflects that the loss 

increase in this power range was induced by the GO film. Due to the limited endurability of 

the polymer at high temperatures, waveguides II ‒ IV exhibited a rapid decrease in Pout when 

Pin exceeded a specific threshold, where the polymer suffered from significant thermal damage. 

Compared to waveguides III and IV, waveguide II had a higher power threshold for inducing 

significant thermal damage to the polymer layer. This could probably be attributed to the 

absence of GO, which had significantly increased temperatures at high power levels. 

 



 

Fig. S6 | a. Schematic illustration of different types of waveguides, including (I) uncoated Si waveguide, 

(II) Si waveguide coated with a polymer layer, (III) Si waveguide coated with a polymer layer and a 

monolayer of GO, and (IV) Si waveguide coated with a monolayer of GO sandwiched between two 

polymer layers. b. Measured output power (Pout) versus input power (Pin) for a CW light propagation 

through waveguides I ‒ IV in a. c. Insertion loss (IL) versus Pin for waveguides III and IV. The 

corresponding input power ranges for reversible photo-thermal changes are also indicated. In b and c, 

the arrows indicate a rapid decrease in Pout or increase in the IL once reaching the corresponding input 

power thresholds. The GO film coating length is Lc = 1.0 mm. 

 

 



Fig. S6c shows the insertion loss (IL) of waveguides III and IV as a function of Pin, which 

was extracted from Fig. S6b. We also marked the input power ranges for reversible photo-

thermal changes in these two waveguides. As can be seen, the range for waveguide IV is larger 

than that for waveguide III. More specifically, waveguide IV has a lower Pthres1 (i.e., the lower 

limit) and a higher Pthres2 (i.e., the upper limit). The former can be attributed to the diminished 

thermal dissipation within the polymer-coated GO layer, whereas the latter is due to the fact 

that the polymer cover layer can impede the release of the OCFGs into the surrounding air 

during the photo-thermal processes. The improved thermal dissipation in waveguide III is 

further evident through its higher power threshold for inducing thermal damage to the polymer 

layer.  

For applications such as power limiting and non-reciprocal light transmission, a larger 

input power range for reversible photo-thermal changes is desirable. A larger power range, for 

example, facilitates a higher non-reciprocal transmission ratio (NTR). Consequently, we 

selected waveguide IV for our experimental demonstrations. On the other hand, for 

applications such as nonlinear optics, where low loss is essential to enhance nonlinear optical 

processes [8-10], waveguide III with relatively weak photo-thermal effects represents a more 

suitable option. 

 

 

 

 

 

 

 

 



Supplementary Note 8: Performance comparison of TE and TM polarizations 

In our previous work, we found that 2D GO films exhibited significant anisotropy in material 

absorption [11], which results in difference in the insertion loss of GO-coated integrated 

waveguides between TE and TM polarizations. Here, we compare the loss changes induced by 

photo-thermal effects in GO-Si waveguides for TE and TM polarizations. We measured the 

Pthres1, Pthres2, and Pthres3 for both polarizations, using Si waveguides coated with a monolayer 

of GO and the same coating length of Lc = 1.0 mm. As illustrated in Fig. 4c, Pthres1 and Pthres2 

correspond to the lower and upper limits of the input power range for inducing reversible photo-

thermal changes, respectively, while Pthres3 represents the input power threshold for inducing 

permanent thermal damage to the polymer layer.  

 

Fig. S7 | Measured Pthres1, Pthres2, and Pthres3 for TE and TM polarizations in Si waveguide coated with a 

monolayer of GO (N = 1). The GO film coating length is Lc = 1.0 mm. 

As shown in Fig. S7, TM polarization exhibits higher values for Pthres1, Pthres2, and Pthres3 

compared to TE polarization, indicating that the photo-thermal changes induced by a TM-

polarized light are not as strong as those for a TE-polarized light. This is because TE 

polarization supports in-plane interaction between the waveguide’s evanescent field and the 2D 

GO film, which is much stronger than the out-of-plane interaction for TM polarization [12].    



Compared to TM polarization, TE polarization has a larger input power range for 

reversible photo-thermal changes, making it more suitable for applications such as power 

limiting and non-reciprocal light transmission. It is also interesting to note that, while the 

polymer layer does not exhibit significant anisotropy in light absorption, TE polarization has a 

lower value of Pthres3. This phenomenon is likely attributed to the increased heat exchange 

between the polymer layer and the GO layer with a higher temperature during the in-plane 

light-matter interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Note 9: Performance comparison of different waveguide geometries 

We also compare the photo-thermal changes for GO-Si waveguides with different waveguide 

geometries. We measured the Pthres1, Pthres2, and Pthres3 for GO-Si waveguides with the same 

height of 220 nm but different widths ranging from 400 nm to 600 nm. For comparison, all the 

hybrid waveguides were coated with a monolayer of GO, and the GO film coating length was 

kept the same as Lc = 1.0 mm. As shown in Fig. S8a, all of the Pthres1, Pthres2, and Pthres3 exhibit 

a decrease as the waveguide width increases. This can be attributed to the increase in the mode 

overlap with the GO film on the waveguide top surface for a larger waveguide width, as 

indicated by the FDTD mode simulation results in Fig. S8b. These results also reflect that the 

waveguide width can be changed to achieve various Pthres1, Pthres2, and Pthres3 values that meet 

different requirements in practical applications. 

 

Fig. S8 | a. Measured Pthres1, Pthres2, and Pthres3 for GO-Si waveguides with different waveguide widths. 

All the hybrid waveguides are coated with a monolayer of GO, and the GO film coating length is Lc = 

1.0 mm. b. Mode overlap with GO on waveguide top surface versus waveguide width. The height of all 

the waveguides is 220 nm. 

 

 

 

 

 

 



Supplementary Note 10: Setup for demonstration of non-reciprocal light transmission 

Fig. S9 shows the experimental setup used for demonstration of non-reciprocal transmission 

for a CW light. The CW light generated by a tunable laser was amplified by an EDFA, followed 

by a BPF to suppress the ASE noise. The polarization and power of the light input into the DUT 

were adjusted by using a PC and a VOA, respectively. The output from the DUT was directed 

to an OPM for power measurement. Note that the orientations labeled as ‘Forward’ and 

‘Backward’ in the DUT are consistent with those depicted in Fig. 5a. We also demonstrated 

non-reciprocal transmission of a 10-Gbit/s NRZ signal modulated onto a CW light. The 

experimental setup remained identical to that shown in Fig. S9, with the exception that the CW 

light was modulated using an MZM driven by a 10-Gbit/s NRZ signal generated by a pulse 

pattern generator. 

 

Fig. S9 | Experimental setup for demonstration of non-reciprocal light transmission. EDFA: erbium 

doped fiber amplifier. BPF: band pass filter. PC: polarization controller. VOA: variable optical 

attenuator. DUT: device under test. CCD: charged-coupled device. OPM: optical power meter. 

 



Supplementary Note 11: Performance comparison of integrated non-reciprocal light 

transmission devices 

In Table S1, we compare the performance of state-of-the-art integrated non-reciprocal light 

transmission devices. Various mechanisms have been proposed to realize non-reciprocal light 

transmission, such as magneto-optics [13, 14], thermo-optics [15, 16], synthetic magnetic [17, 

18], acousto-optics [19, 20], electro-optics [21, 22], mechanical Kerr Effect [23], and Kerr 

nonlinear effect [24, 25]. For simplicity, in Table S1 we choose two representative studies for 

each of these mechanisms.  

Our work based on photo-thermal reduction of 2D GO films provides a new mechanism 

for realizing nonreciprocal light transmission. Benefitting from the broadband response of 2D 

GO films and the non-resonant device structure, our devices offer a considerably broader 

operation bandwidth (~30 nm in experimental demonstration and several hundreds of 

nanometers in principle) that has not been achieved previously. Moreover, our devices are fully 

passive, and feature a simpler device configuration that does not rely on complex external 

sources to generate the electric or magnetic driven fields. In contrast to the difficulties in 

achieving on-chip integration of magneto-optic materials [16, 25], the facile solution-based GO 

synthetic processes and the layer-by-layer film coating method show a high compatibility with 

CMOS fabrication and enable on-chip integration of 2D GO films with precise control [26, 27] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Performance comparison of integrated non-reciprocal light transmission devices. MRR: 

microring resonators. MZI: Mach-Zehnder interferometer. OMC: optomechanical cavity. WG: waveguide. 

NTR: Non-reciprocal transmission ratio. OB: operation bandwidth. 

Device 

structure 
Mechanism 

Maximum 

NTR 
OB

1
 

External 

drive 

Function 

as isolator 
Ref. 

MRR Magneto-optics ~19.5 dB <0.1 nm Yes Yes [13] 

MRR Magneto-optics ~32 dB ~10 nm Yes Yes [14] 

MRRs Thermo-optics ~28 dB <0.2 nm No No [15] 

MRR Thermo-optics ~30 dB <0.2 nm No No [16] 

MZI Synthetic magnetic ~2.4 dB ~20 nm Yes Yes [17] 

OMCs Synthetic magnetic ~35 dB <0.01 nm Yes Yes [18] 

MRR Acousto-optics ~10 dB <0.01 nm Yes Yes [20] 

MRR Acousto-optics ~39 dB <0.01 nm Yes Yes [19] 

WG Acousto-optics ~16 dB ~0.8 nm Yes Yes [28] 

WG Electro-optics ~3 dB ~1.6 nm Yes Yes [21] 

MRRs Electro-optics ~40 dB <0.1 nm Yes Yes [22] 

MRR Mechanical Kerr Effect ~23 dB <0.2 nm No No [23] 

MRR Kerr nonlinear effect ~20 dB <0.2 nm No Yes [24] 

MRR Kerr nonlinear effect ~17 dB, ~35 dB
2
 <0.1 nm No Yes [25] 

WG 
Photo-thermal reduction 

of 2D GO 
~10 dB >>30 nm

3
 No No 

This 

work 

1 Here the OB is defined as the bandwidth within which the NTR is ≥ 10 dB.  

2 Here 17 dB and 35 dB correspond to the results for a single MRR and two cascaded MRRs.  

3 The operation bandwidth is limited by the amplification bandwidth of the optical amplifier in the experimental demonstrations. 

In principle, the broadband response of 2D GO films can span across infrared wavelengths and even extend into the visible 

range. 

 



Supplementary Note 12: Calculation of GO film lengths with different reduction 

behaviors 

In Fig. 6a, 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) 

behaviors, respectively. Here, we discuss the approach used to calculate the lengths of LPR-GO, 

LRR-GO, and LNR-GO based on the experimental results, using the hybrid waveguide with a 

monolayer of GO at a coating length of Lc = ~1.0 mm as an example.  

For input power Pin below ~8 dBm, light propagation through the hybrid waveguide with 

a monolayer of GO had a constant loss of ~2.9 dB. The loss was induced by the linear loss of 

the Si waveguide (with a propagation loss of ~0.3 dB/mm and a total length of ~3.0 mm) and 

the additional loss induced by the GO film (with an excess propagation loss of ~2.0 dB/mm 

and a total length of ~1.0 mm). In this case, only unreduced GO is present, where LUR-GO equals 

Lc, while LPR-GO and LRR-GO are both equal to 0.  

For Pin ranging between Pthres1 and Pthres2, which are the lower and upper power thresholds 

for reversible photo-thermal changes, a portion of the GO film at the start exhibited RR 

behavior, while the remaining section retained the NR behavior. In this case, LPR-GO equals to 

0, and the sum of LRR-GO and LUR-GO equals to Lc. As illustrated in Fig. S10, an input light with 

a power of Pin (dBm) first experiences a constant loss of 0.3 dB/mm × 1.0 mm = 0.3 dB before 

reaching the start of the GO-coated section. In the GO coated section, the light power at the 

start of the NR-GO segment is Pthres1 - 0.3 dB. This is because, according to the experimental 

results in Fig. 3 and 4, Pthres1 is determined by the GO film properties and remains consistent 

despite variations in Lc. The subtraction of 0.3 dB from Pthres1 is because Pthres1 represents the 

measured input power to the hybrid waveguide in our experiment (i.e., at L = 0 mm in Fig. 

S10), and the actual power reaching the GO coated section (i.e., at L = 1 mm in Fig. S10) needs 

to be reduced by 0.3 dB from this value. In the NR-GO segment, the light experiences a 

constant linear propagation loss of 0.3 dB/mm + 2.0 dB/mm = 2.3 dB/mm. Subsequently, the 

output from the GO-coated section encountered a constant loss of ~0.3 dB before reaching the 

waveguide output. Considering the above processes, it can be deduced that: 

(Pthres1 - 0.3) - 2.3 × LNR-GO - 0.3 = Pout                     (S6) 



where Pout is the measured output power from the hybrid waveguide. According to Eq. (S6), 

for a given input power Pin (dBm) ranging between Pthres1 and Pthres2, LNR-GO can be calculated 

by 

LNR-GO = (Pthres1 - 0.6 - Pout) / 2.3                     (S7) 

 

Fig. S10 | Schematic illustration showing propagation loss of different parts of the hybrid waveguide 

with a monolayer of GO. a. For an input power Pin in the range between Pthres1 and Pthres2, the GO film 

is divided into two segments corresponding to reversible reduction (RR), and no reduction (NR), with 

lengths denoted as LRR-GO and LNR-GO, respectively. b. For Pin exceeding Pthres2, The GO film is divided 

into three segments corresponding to permanent reduction (PR), RR, and NR, with respective lengths 

denoted as LPR-GO, LRR-GO, and LNR-GO. In a and b, Pthres1 and Pthres2 denote the lower and upper power 

thresholds for the reversible photo-thermal changes, respectively. All power values are expressed in the 

unit of dBm. The propagation loss for the uncoated Si waveguide and the NR-GO segment are 0.3 dB / 

mm and 2.3 dB / mm, respectively. 

 



Given the relation between LNR-GO and LRR-GO in this power range, LRR-GO can be calculated 

by 

LRR-GO = Lc – LNR-GO                           (S8) 

For example, for Pin = Pthres2 = 19.2 dBm, the measured output power was ~6.1 dBm. 

Considering that Pthres1= 8.0 dBm for the hybrid waveguide with a monolayer of GO, we can 

obtain that LNR-GO = (8.0 - 0.6 - 6.1) / 2.3 = 0.57 mm, and subsequently, LRR-GO = 1.0 - 0.57 = 

0.43 mm. 

When Pin exceeds Pthres2, there exists permanently reduced GO, meaning that LPR-GO is no 

longer equal to 0. In this scenario, the power first decreases to Pthres2 - 0.3 dB after going 

through the PR-GO segment, and subsequently decreases to Pthres1 - 0.3 dB after passing the 

RR-GO segment. Following this, it experiences a constant propagation loss of 2.3 dB / mm in 

the NR-GO segment. According to the above processes, LNR-GO can still be calculated based on 

Eq. (S7), while LRR-GO remains fixed at 0.43 nm, corresponding to the value derived for Pin = 

Pthres2 as discussed previously. Therefore, LPR-GO can be calculated by 

LPR-GO = Lc – LNR-GO – LRR-GO                          (S9) 

Although the propagation loss is non-uniform and varies with the reduction degree in both 

the PR-GO and RR-GO segments, the method mentioned above allows us to calculate the 

respective lengths of these segments. This serves as the basis for our subsequent extraction and 

analysis of material properties for the permanently and reversibly reduced GO films. 

 

 

 

 

 

 

 



Supplementary Note 13: Calculation of power evolution along the hybrid waveguides 

In the uncoated Si segment and the NR-GO segment with a constant propagation loss of 0.3 

dB / mm and 2.3 dB / mm, respectively, the power experiences exponential decay, making it 

straightforward to calculate the power evolutions. Therefore, here we focus on discussing the 

approach to calculate the power evolution along the RR-GO and PR-GO segments.  

 

Fig. S11 | Schematic illustration showing calculation of power evolution along the RR-GO segment. 

For an input power Pin = Pthres2, the GO film is divided into RR-GO and NR-GO segments with lengths 

of LRR-GO = 0.43 nm and LNR-GO = 0.57 nm, respectively. P(x) denotes the light power as a function of 

the length along the GO film, where 0 ≤ x ≤ 0.43. 

As discussed in Note 12, for a given input power Pin, the corresponding LPR-GO, LRR-GO, 

and LNR-GO can be calculated based on Eqs. (S6) ‒ (S9). For example, when Pin = Pthres2, only 

the RR-GO and NR-GO segments are present, and the calculated LRR-GO is 0.43 mm. As shown 

in Fig. S11, in order to calculate the power evolution along the RR-GO segment, we represent 

the light power as a function of the length along the GO film, denoted as P(x), where 0 ≤ x ≤ 

0.43 mm. Assuming that the loss of the reversibly reduced GO is only influenced by the light 

power injected into the waveguide cross-section, the length of the RR-GO segment from P(x) 

to the end (with a length of 0.43-x) should be the same as the LRR-GO calculated for an input 

power of P(x) + 0.3 (dBm). In other words, for an input power of Pin = P(x) + 0.3 (dBm), the 

calculated LRR-GO based on the approach discussed in Note 12 should be 0.43-x. Note that the 

input power we are referring to here is the power injected at the start of the Si waveguide (i.e., 

L = 0 mm in Fig. S11). Therefore, it was adjusted based on P(x) by adding a 0.3-dB loss along 

the uncoated Si waveguide before reaching the GO-coated section. 



According to the above discussion, for a given input power Pin, the corresponding P(x) = 

Pin - 0.3 and x = 0.43 - LRR-GO can be calculated. By performing a polynomial fit on the 

relationship between the obtained x and P(x), using data calculated for various Pin values, we 

obtained a curve showing the relation between x and P(x), as depicted in Fig. S12. This curve 

reflects the power evolution along the RR-GO segment. 

 

Fig. S12 | Relationship between x and P(x) in Fig. S11. For an input power Pin in the range between 

Pthres1 and Pthres2, the corresponding LRR-GO can be calculated from experimental results based on Eqs. 

(S6) ‒ (S8). This yields a pair of values (x, P(x)), where x = 0.43- LRR-GO and P(x) = Pin - 0.3. The curve 

was generated by conducting a polynomial fit on the relationship between x and P(x), using the data 

points obtained for various Pin values (indicated as red triangles). 

For Pin > Pthres2, there exists permanently reduced GO, and so the GO film can be divided 

into PR-GO, RR-GO, NR-GO segments. In this case, LRR-GO remains constant at 0.43 mm and 

the power evolution along the RR-GO segment is consistent with that for Pin = Pthres2. In the 

PR-GO segment, the power evolution can be obtained using the same approach previously 

discussed for obtaining the power evolution along the RR-GO segment. 

Based on the approach discussed above, we calculated the power evolution along the 

hybrid waveguide for four different input power levels across various power ranges and 

illustrates the results in Fig. 6c.  

 



Supplementary Note 14: Extracting extinction coefficient of photo-thermally reduced GO 

Prior to extracting the extinction coefficient of photo-thermally reduced GO, we first calculated 

the propagation loss of the GO-Si hybrid waveguides. In both the uncoated Si segment and the 

NR-GO segment, the propagation loss remains constant at 0.3 dB/mm and 2.3 dB/mm, 

respectively. For the NR-GO and PR-GO segments, the propagation loss can be expressed as a 

function of the input light power, and it can be calculated by taking the derivative of the power 

evolution shown in Fig. 6c. In Fig. 6d, the calculated propagation loss for the GO-coated 

waveguides is plotted as a function of Pin, hybrid, where Pin, hybrid is the light power injected into 

the hybrid waveguide cross-section. Assuming that the loss induced by the GO film is 

determined by the light power injected into the waveguide cross-section, Pin, hybrid is directly 

related to the power-dependent propagation loss of the hybrid waveguides.   

     Based on the propagation loss of the hybrid waveguides, we calculated the corresponding 

imaginary part of the waveguide refractive index ni based on the following equations [11, 29]:  

 a = exp(-2π‧ni‧L/λ)                           (S10) 

 PL - 0.3 = -10 ‧ log10(a
2)                     (S11) 

where a is the amplitude of the optical field, L = 1.0 mm is the waveguide length, λ is the light 

wavelength, and PL is the propagation loss in the unit of dB/mm. In Eq. (S11), the squaring of 

a is performed to convert the field amplitude into the corresponding optical intensity. The 

subtraction of 0.3 dB/mm is done to exclude the propagation loss of the uncoated Si waveguide. 

By substituting Eq. (S11) into Eq. (S10), ni can be expressed as  

ni = ln [10
-(PL - 0.3)

20 ] ‧
-λ

2π ‧10
-3

 
                          (S12) 

Finally, we obtained the fitted extinction coefficient, kGO, for the 2D GO films by 

employing commercial mode solving software. This involved adjusting kGO to ensure that the 

simulated imaginary part of the waveguide effective index aligned with the value of ni 

calculated through Eqs. (S10) ‒ (S12) (assuming extinction coefficients for other materials 

were 0). By repeating the above processes, we obtained the fitted kGO values for various Pin, 

hybrid levels and depicted them in Fig. 6d.  



Supplementary Note 15: Thermal simulations for the hybrid waveguides 

The steady-state temperature profiles within the waveguide cross-section were simulated using 

commercial software (COMSOL Multiphysics®) based on the finite-element method (FEM). 

To calculate the heat power density required for thermal simulation, the optical waveguide was 

treated as a conductor with a high resistance. Based on the vector form of the Ohm’s law used 

in electromagnetics and material science [30], the relationship between the electrical current 

density and the electric field can be expressed as: 

J = σE                              (S13) 

where J and E are the vectors for the current density and electric field, respectively. In Eq. 

(S13), σ represents the material-specific electrical conductivity (in the unit of S/m), which is 

the reciprocal of electrical resistivity ρ. For a conductor with length L, cross-sectional area A, 

and electrical resistivity ρ, the heat power generated by the electrical current passing through 

it can be given by:  

Pthermal = I2R = (JA)2 ρL

A
 = J2ρAL                  (S14) 

where Pthermal is the heat power, I is the electrical current, and R is the electrical resistance. By 

substituting Eq. (S13) into Eq. (S14), and considering that σ ‧ ρ = 1, Eq. (S14) can be simplified 

as:  

Pthermal = σE2AL                          (S15) 

Hence, the heat power density, denoted as Qthermal and defined as the heat power within a unit 

volume, can be expressed as:  

Q
thermal

 =
Pthermal

AL
 = σE2                         (S16) 

For time-varying electromagnetic fields like an optical field, Eq. (S16) can be reformulated as:  

Q
thermal, avg

 = 
1

2
σE0

2                         (S17) 

where Qthermal,avg is the time-averaged heat power density, and E0 is the amplitude of the optical 



field.  

    According to classical electromagnetic field and wave theory, the energy density of an 

electromagnetic field propagating in a dielectric medium can be expressed as [31]: 

Q
EM

 = 
1

2
𝜀E0

2                             (S18) 

where QEM is the energy density and ε is permittivity of the medium. In the context of optical 

waveguides, the energy of light passing through the waveguide cross section during a time 

interval of ∆t can be given by  

W = Q
EM

∙ V =
QEM ∙ A ∙ ∆t ∙ c

n
                       (S19) 

where V is the volume through which light propagates, A is the cross-sectional area, and c/n is 

the speed of light propagating in the waveguide, with c denoting the speed of light in vacuum 

and n the effective refractive index of the waveguide. Based on Eq. (S19), the light intensity 

on the waveguide cross section, which is defined as the light power on a unit area, can be 

written as:  

I = 
P

A 
=

W

A ∙ ∆t
=

QEM ∙ c

n
=

𝜀 ∙ E0 
2 ∙ c

2n
                     (S20) 

where P is the total light power within the waveguide cross-section. By substituting Eq. (S20) 

into Eq. (S17) and eliminating E0, Qthermal,avg can be rewritten as  

Q
thermal, avg

 = 
P ∙ σ ∙ n

𝜀 ∙ c ∙A
                         (S21) 

Using Eq. (S21), the heat power density in a uniform optical waveguide can be calculated for 

a given input power P. For a hybrid waveguide, different material regions act as different heat 

sources. In this case, Eq. (S21) can be modified based on the optical mode distribution to 

calculate the heat power density within a particular material region as follows:  

Q
thermal, avg

 = 
P ∙ η ∙ σ ∙ n

𝜀 ∙ c ∙A
                         (S22) 

where η is the optical mode overlap with the material region, and P is the overall light power 



in the waveguide cross section. Given the relation between n and ε given by [31] 

𝑛 = √ε ∙ μ                            (S23) 

and assuming that all the materials in the waveguide cross section are non-magnetic materials 

with a permeability μ =1, Eq. (S22) can be simplified as:  

Q
thermal, avg

 = 
P ∙ η ∙ σ 

n ∙ c ∙A
                     (S24) 

In Eq. (S24), σ and n represent the material property parameters associated with the specific 

material region, and A denotes the area of the material region in the waveguide cross section. 

 

Fig. S13 | Simulated temperature profiles in cross section of the hybrid waveguide with a monolayer of 

GO at different Pin, hybrid, which are the input powers injected into the waveguide cross-section. a. Pin, 

hybrid = 6.7 dBm. b. Pin, hybrid = 14.5 dBm. c. Pin, hybrid = 18.9 dBm. d. Pin, hybrid = 20.7 dBm. 

In the FEM thermal simulation software, we set the heat power densities in different 

material regions to match the values calculated using Eq. (S22) and specified the thermal 



conductivities for each of the material regions. This allowed us to obtain the steady-state 

temperature profiles within the cross-sections of the hybrid waveguides.  

Fig. S13 shows the temperature profiles in the cross section of the hybrid waveguide with 

a monolayer of GO, with simulations conducted at various input powers injected into the 

waveguide cross-section (i.e., Pin, hybrid), as described previously. The corresponding zoom-in 

views with marked isotherms are provided in Fig. S14. In our simulation, the optical mode 

overlap η was calculated using FDTD mode simulation software. The values of the thermal 

conductivities for air, silicon, and silica used were 0.025, 149, and 1.4 Wm-1K-1 [32, 33], 

respectively. The thermal conductivity for unreduced GO was 25.6 Wm-1K-1, which was 

obtained from our previous measurements of GO films prepared using the same method [34, 

35]. The values of the thermal conductivities for the reduced GO at various Pin, hybrid were 

obtained by fitting the experimentally measured temperature variation with theoretical 

simulations, as elaborated in detail in Note 16. The simulation results also show that the 

polymer-GO-polymer sandwiched films structure (as shown in Fig. S6a-IV) hampers heat 

dissipation and augments the temperature within the GO film. 

 

Fig. S14 | Zoom-in view of the temperature profiles in Fig. S13. The lines indicating equal temperatures 

(isotherms) are highlighted. 



Supplementary Note 16: Extraction of thermal conductivities and calculation of 

temperature changes  

As illustrated in Fig. S15, in the same plane perpendicular to the light propagation direction, 

there are two points denoted as A and B. In our experiment, the temperature probe was 

positioned at point A, which was situated at a distance of ~2.5 μm from the bottom of the Si 

waveguide. Point B is located within the GO film, and its proximity to the heat sources results 

in a higher temperature compared to that at Point A.  

First, we simulated the temperature at point A for a hybrid waveguide with unreduced GO, 

denoted as TA, GO, using the FEM thermal simulation software. The heat power densities at 

different material regions were calculated based on Eq. (S22) discussed in Note 15, using the 

thermal conductivities of Si and unreduced GO. By properly setting the simulation area and 

boundary temperature, TA, GO was adjusted to be consistent with the measured value in the 

experiment. 

Subsequently, we obtained the thermal conductivity for the reduced GO film by fitting the 

measured temperature difference ∆T between the reduced and unreduced GO segments. This 

involved adjustment of the thermal conductivity of the GO region in the FEM thermal 

simulation software, denoted as KGO, to ensure that the simulated temperature variation at point 

A equals to TA, GO + ∆T. In the fitting process, we neglected the slight difference in n and A 

between the unreduced and reduced GO when calculating the heat power density in the GO 

region using Eq. (S24). According to classical electromagnetic field and wave theory, the 

relationship between a material’s electrical conductivity and its relative permittivity can be 

given by [36]:  

 εr = εr+ i ∙ εi = εr+ i ∙ 
σ

ω
                       (S25) 

where ԑ is the complex permittivity, with ԑr and ԑi denoting its real and imaginary parts, 

respectively. σ is the electrical conductivity and ω is the angular frequency. Therefore, it can 

be deduced that 

 
σRGO

σGO
 =

εi, RGO

εi, GO
= 

Im [(nRGO+ i ∙ kRGO)2]

Im [(nGO+ i ∙ kGO)2]
=

 2nRGOkRGO

 2nGOkGO

≈
 kRGO

 kGO
            (S26) 



where σGO, εi,GO, nGO, and kGO are the electrical conductivity, imaginary part of the permittivity, 

refractive index, and extinction coefficient of unreduced GO, respectively. σRGO, εi,RGO, nRGO, 

and kRGO are the corresponding parameters for reduced GO, respectively. In Eq. (S26), we 

neglect the slight difference between nGO and nRGO. At a certain Pin, hybrid that corresponding to 

a specific degree of reduction, σRGO was calculated based on Eq. (S26), using a σGO obtained 

from our previous measurements [34, 35] and the data from Fig. 6d for kGO and kRGO. The 

calculated σRGO was employed to further calculate the corresponding heat power density based 

on Eq. (S24). When calculating the heat power density, the difference between the input power 

injected into the reduced and unreduced GO segments was also considered. By repeating the 

above fitting processes, we obtained the fitted KGO values for various Pin, hybrid levels (which 

correspond to different degrees of reduction) and depicted them in Fig. 6f.  

Finally, by using the fitted KGO values for various Pin, hybrid, we calculated the 

corresponding temperature variations at point B, using the same simulation software. Since this 

point is situated within the GO films, it can serve as an indicator of temperature changes for 

the photo-thermal effects in GO. 

 

Fig. S15 | a. Simulated temperature profiles in cross section of the hybrid waveguide with a monolayer 

of GO at Pin, hybrid = 20.7 dBm. b. Zoom-in view of a around the GO film. In a and b, points A and B 

represent two different positions within the waveguide cross section. The location of Point A is 

consistent with that of the temperature probe in our experiment. Point B is situated within the GO film. 

 

 

 



Supplementary Note 17: Influence of GO films coated on sidewalls of Si waveguides 

As shown in Fig. S16a, our self-assembly GO film coating method allows for conformal 

coating of 2D GO films onto Si waveguides, covering both their top surfaces and sidewalls. 

Fig. S16b shows the ratio of the power in GO on both sidewalls to that in all of the GO material 

regions, which was calculated for TE polarization using FDTD mode simulation software. As 

can be seen, the ratio remains below 3% for all the different GO layer numbers (N) employed 

in our device fabrication. This suggests that the mode overlap with GO on the sidewalls is 

minimal compared to that on the waveguide’s top surface.  

In principle, GO films conformally coated on the sidewalls interact with the waveguide’s 

evanescent field in an out-of-plane manner. Nevertheless, due to the minimal mode overlap 

with GO on the sidewalls compared to that on the waveguide’s top surface, our thermal 

simulations, as described in Notes 15 and 16, 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. 

 

Fig. S16 | a. Simulated TE mode profile of Si waveguide conformally coated with a monolayer of GO. 

Inset shows a scanning electron microscope (SEM) image of a fabricated GO-Si waveguide. b. Ratio 

of power in GO coated on both sidewalls to that in all GO material regions (R) as a function of GO layer 

number (N).  
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