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Supplementary Note 1: Graphene mobility and sheet resistance
A small graphene piece from the same graphene batch used for GOEM fabrication was transferred onto a 22 cm2 Si substrate with a 90 nm thermally grown SiO2 layer. Ti/Au (5 nm + 45 nm) was used to define the electrical contacts for the source and drain electrodes, while the Si substrate functioned as a global back gate. The field-effect mobility of graphene was extracted from four-probe field-effect measurements1 by using  shown in Supplementary Figure 1a, where  is the drain-source current along the graphene channel,  is the voltage across the inner contacts,  is the back gate voltage, L is the length of the channel between the inner contacts,  is the SiO2 thickness, W is the channel width,  is the relative permittivity of SiO2, and  is the vacuum permittivity. Direct measurement of the field-effect mobility on the GOEM wafer was not possible due to the lack of a gate to control the doping of graphene. However, since the GOEM and test sample were derived from the same batch of CVD-grown graphene, the mobility of the GOEM wafer cannot exceed the values obtained from the test structure. Sheet resistance was measured using four-probe test structures distributed across the entire wafer, as shown in Supplementary Figure 1b.
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Supplementary Figure 1. (a) Field-effect mobility of graphene on the test sample of Si/SiO2. (b) Histogram of the sheet resistance of graphene, measured across the entire wafer, with an average of 859 ± 156 Ω/square. 

Supplementary Note 2: Optical input and PIC losses
The optical absorption of graphene and the losses associated with metal contacts in the vicinity of the waveguides were characterized using on-wafer optical transmission line structures.
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Supplementary Figure 2. (a) Optical losses as a function of optical waveguide length for various dies on the wafer. The average coupling loss is 5.16 dB per coupler, and the average propagation loss is 2.99 dB/cm. (b) Optical losses as a function of graphene width along the waveguide for various dies on the wafer. The average graphene absorption is 0.077 dB/µm. (c) Optical losses as a function of metal width along the waveguide, for channel lengths of 2 and 3 µm. The metal absorption for a 2 µm channel length is 1.1410−2 dB/µm, and 6.9410−5 dB/µm for a length of 3 µm.

Supplementary Note 3: Raman spectra of graphene
Supplementary Figure 3a shows a representative Raman spectrum of graphene after transfer, exhibiting the characteristic G and 2D peaks of the film. Supplementary Figure 3b presents a histogram of the full width at half maximum (FWHM) of the 2D peak for several devices, measured both directly after transfer and after the complete fabrication process, with all data taken from the center of the GOEM on the waveguides (red circle in the SEM image shown in Supplementary Figure 3d). The 2D peak is known to be highly sensitive to strain variations in graphene, which can strongly affect carrier mobility.2–4 Strain variations arise from the initial quality of the graphene film, the roughness of the substrate, and the interactions between the graphene, the substrate, and the encapsulation layer. CVD-grown graphene and graphene encapsulated with amorphous oxides typically show FWHM values of the 2D peaks of 30 to 40 cm−1. In our case, the majority was approximately at 35 cm−1 after transfer, and shifted to values exceeding 40 cm−1 after encapsulation, indicating higher strain and reduced mobility caused by the waveguide topography and the amorphous Al2O3 encapsulation layer. Further key parameters of the Raman spectra of graphene are the relative positions of the G and 2D peaks, which are sensitive to variations in both strain and doping.5,6 Supplementary Figure 3c shows the distributions of G and the 2D peak positions from a Raman map acquired after transfer (blue) and after complete fabrication (green). These results indicate that, in addition an increased strain, the Al2O3 encapsulation caused higher p-doping levels in the graphene layer.7 However, the doping of graphene is spatially inhomogeneous even within a single device. The green data points correspond to measurements from a single device, highlighted by the green rectangle in Supplementary Figure 3d.
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[bookmark: _Toc196931339]Supplementary Figure 3. (a) Representative Raman spectrum of graphene on a fabricated device. (b) Histogram of the FWHM of the 2D peaks extracted from Raman maps, measured immediately after transfer (blue) and following complete device fabrication (green). (C) 2D versus G peak positions recorded from a die of the wafer in a device region after transfer (blue) and from the graphene channel of a single device from the same die after full fabrication (green). The location of this channel map is indicated by the green rectangle in panel d. The data show an increase in p-doping after encapsulation, together with spatial variation in the doping levels within a single device. (d) SEM image of a device indicating the positions of Raman measurements. The red circle marks the location where the 2D FWHM values in panel b were acquired, and the green rectangle denotes the Raman map of a device channel corresponding to the data in panel c.

Supplementary Note 4: Optical power of the modulated laser light
The optical power from the laser was modulated at frequencies up to 67 GHz using a commercial Mach-Zender modulator (MZM). The optical system output was measured directly with an optical spectrum analyzer (OSA) to characterize the modulated optical power injected into the integrated optical waveguides.
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Supplementary Figure 4. Optical power of the modulated light versus the modulation frequency.

Supplementary Note 5: Photocurrent saturation with bias voltages 
To understand the origin of the photocurrent nonlinearity presented in Fig. 3 of the main text, we analyze the channel current under dark conditions at low drain bias voltages (Supplementary Figure 5a). Following the approach introduced by Tharrault et al.,8 we expand the channel current (Ich) up to third order in the channel voltage (Vch) and introduce a characteristic saturation voltage Vsat, which is related to the saturation current through the linear channel conductance via . This leads to the expression: 

Where Gch is the first order channel conductance. This simplified model neglects interband tunnelling and Dirac pinch-off effect (velocity saturation) in graphene at high biases.9 In practice, GOEMs operate at low bias voltages where these mechanisms are negligible, and the above expression provides an accurate description of the nonlinearity that gives rise to photocurrent saturation. This expression also reflects the fact that the channel current contains no second-order term in Vch, consistent with the symmetry of the device configuration.
By differntiating the I-V curve, the onset of saturation becomes more apparent in the differential conductance (Supplementary Figure 5b). The conductance decreases with increasing . When working with differential conductance rather than the absolute channel current, the corresponding model takes the form: 

The main advantage of analyzing the differential conductance is that the saturation behavior becomes directly visible. Accordingly, we fit the differential conductance curve using the above model, obtaining excellent agreement with a saturation voltage of 3.1 V. For the photocurrent response, the above relations can be rewritten as:
 where  is the photoconductance as a function of optical power (Popt). Using the calculated saturation voltage of 3.1 V, the resulting model reproduces the nonlinear dependence of the GOEM photocurrent on the applied bias voltage (Supplementary Figure 5c). This confirms that the observed photocurrent nonlinearity arises solely from the intrinsic DC response of the GOEM channel.
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Supplementary Figure 5. (a) Current-voltage (I−V) curve of a representative GOEM in dark conditions. (b) Differential conductance extracted from I−V curve in panel a. It shows the gradual suppression of conductance with increasing voltage. The solid red line shows a fit to the third-order saturation model, yielding a saturation voltage of 3.1 V. (c) Photocurrent as a function of , showing nonlinearity originating from the intrinsic DC response of the GOEM channel. The green curve corresponds to the photocurrent predicted using the extracted saturation voltage of 3.1 V, while the orange line indicates the expected response for a purely linear device.

Supplementary Note 6: Statistical photodetection performance of GOEMs
The distribution of the photodetected power, averaged over the photodetection bandwidth of DC−37 GHz, is shown in Supplementary Figure 6. As the channel width increases from 10 to 40 μm, the photodetected power rises, consistent with the increased active area of the wider channels. However, increasing the width does not continuously improve the performance. Instead, the photodetected power saturates at around 40 μm despite the increase in total optical absorption.
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Supplementary Figure 6. Photodetected power averaged over the DC−37 GHz bandwidth for devices with channel lengths of 2 μm (blue) and 3 μm (red). Error bars indicate the standard deviation across all measured devices.

Supplementary Note 7: Optical loss versus channel width
We observed that the optical power attenuation in the graphene channel can reach up to 70% for a channel width of 60 µm, as shown in Supplementary Figure 7. The optical loss % was calculated relative to a reference measurement performed on a waveguide structure without any graphene. In addition to graphene absorption, the metal electrodes also contribute to the total channel loss, as shown in Supplementary Figure 7, where devices with L = 2 μm exhibit slightly higher losses than those with L = 3 μm. We attribute the sublinear behavior to spatial non-uniformities in the illumination of the graphene channel along the waveguide. The region near the optical input experiences higher LO power, while the other side receives weaker illumination due to absorption along the propagation path, leading to a corresponding variation in the local channel conductance. As discussed in the main text, this spatially varying illumination profile provides a consistent explanation for the reduction in mixing efficiency observed for channel widths exceeding 40 μm.
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Supplementary Figure 7. Optical loss as a function of graphene channel width for two channel lengths.

Supplementary Note 8: Measurement setup
The measurement setup is shown schematically in Supplementary Figure 8, and a detailed description is provided in the Methods section of the main text.
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Supplementary Figure 8. Schematic diagram of the measurement setup. Green lines denote optical connections, and black lines indicate electrical connections.
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