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S1. Simulated propagation loss of supported waveguides
The simulated propagation loss of the supported waveguides (WGs), with the burried silicon dioxide layer underneath, for different rib heights is shown in Figure S1. The rib height ranges from 50 nm to 400 nm, corresponding to fully etched WGs. In the realized device design, the supported photodetector WG is only 194 µm long, resulting in a loss of ~0.13 dB, which is negligible compared with the total optical loss of the system.
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Figure S1. Simulated propagation loss of the supported rib WGs as a function of WG rib height.
	Comment by Kristinn Gylfason: Can we add an inset with a histogram of the slopes (propagation loss) in (a)?	Comment by Kristinn Gylfason: I know that everyone in photonics makes cut-back plots in the way done here, but I think it is wrong to fit a line like this to data on a dB scale. I think it is particularly clear in (b). We can discuss when we talk.	Comment by Parhizkar, Shayan: The histogram, is not that much helpful because we don’t have so many cutbacks. Instead I just added all the slopes to the diagram.
regarding the waveguide loss measurements, sure we can discuss it.
For others who read this: diagram b that Kristinn is mentioning was graphene absorption which I have moved it to the supporting section 5 ☺️
S2. Cladding height and optical profile
The complex effective refractive index of the guided mode in the suspended waveguide was calculated as a function of the aluminum oxide (Al2O3) top cladding thickness by using Lumerical MODE (Ansys Optics). The imaginary part of the effective refractive index corresponds to the extinction coefficient and is used here as a measure of optical loss. The optical mode profile was evaluated using the same device geometry. Metallic split gates are positioned directly above the suspended WG and separated from it by the Al2O3 cladding layer. The split gates are separated by a 1 µm gap and are 100 nm thick. In the simulations, the metal was modeled as Au, whereas Ti was used for the split gates in the final fabricated devices.
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Figure S2. (a) Real and imaginary parts of the effective refractive index of the guided mode as a function of the Al2O3 thickness; the imaginary part corresponds to the extinction coefficient (optical loss). (b) Simulated optical mode profiles for different Al2O3 cladding thicknesses with split-gate electrodes positioned on top of the WG.

[bookmark: _Ref206068585]S3. Device fabrication and suspended platform 	Comment by Christine Hendriks: Number the chapters with S1, S2 etc
Improve Headings (should be as clear and nice to read as in a paper)	Comment by Parhizkar, Shayan: sure
Device fabrication was performed on a Soitec silicon-on-insulator (SOI) wafer with a 400 nm top silicon (Si) device layer and a 3 µm buried oxide (BOX) layer. The wafer was laser-diced from 200 mm to 150 mm to ensure compatibility with the AMO cleanroom facility. Si WGs and grating couplers (GCs) were defined via optical lithography with a Canon FPA-3000 i5+ stepper, followed by reactive ion etching (RIE) with an Oxford Instruments Plasmalab 100 system. Etch-holes along the WGs were patterned by the same lithography and etching process. Following the definition of the photonic layer, the sensing WGs were fully suspended by immersing the wafer in a 5% hydrofluoric acid (HF) solution, which etches the BOX layer isotropically, causing an undercut. Support pillars were introduced every 150 µm by locally modifying the etch-holes pattern and controlling the under-etch time. Scanning electron microscopy (SEM) images of the suspended WGs are shown in Figure S3. The HF under-etch process resulted in cylindrical undercuts with a circular cross-section and a diameter of approximately 15 µm. The support pillars exhibited a diamond-shaped geometry with lateral dimensions of 6.5 µm and 11.7 µm at the top surface of the BOX, which increased to approximately 8 µm and 18 µm at the bottom surface of the BOX.
Next, a monolayer graphene film was transferred onto the wafer by a dry-transfer technique by Graphenea SL. Metal contacts, consisting of 5 nm titanium (Ti) and 50 nm gold (Au), were deposited via electron-beam evaporation (FHR Star 200 EVA) and patterned by a lift-off process. Graphene encapsulation was realized by depositing a 400 nm-thick Al2O3 by using a combination of water-based and plasma-enhanced atomic layer deposition (ALD) on an Oxford Instruments Plasmalab 100 system. Split-gate electrodes were then fabricated by evaporating a 100 nm Ti layer (FHR Star 200 EVA) and patterning via an RIE process. Finally, the vias were opened through the encapsulation layer by using a sequence of optical lithography, RIE, and wet etching steps to expose the contact pads. A photograph of the fully fabricated photothermoelectric (PTE) photodetectors, along with an image of the fabricated 150 mm wafer, is shown in Figure S3.	Comment by Kristinn Gylfason: Should not Amaia and Alba be on the author list in that case?	Comment by Parhizkar, Shayan: I will ask them once again and add them if they want to be on the author list. Thanks for bringing this up
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Figure S3. (a), (b) Top-view SEM images of the suspended WGs, with the support pillars and under-etched regions indicated. (c) A top-view optical image of the fully fabricated device comprising suspended WGs, GCs, and graphene-based PTE photodetectors. (d) Optical image of the fabricated 150 mm SOI wafer with suspended WGs and graphene-based PTE photodetectors. The wafer contains 21 dies.

S4. Raman analysis of graphene 
The quality of the graphene layer after device fabrication was evaluated by Raman spectroscopy using a 512 nm excitation laser (Horiba system). A representative Raman spectrum is shown in Figure S4, exhibiting the characteristic G and 2D peaks at 1599 and 2685 cm−1, respectively. A D peak was not detected, indicating a low defect density. The inset of Figure S4a presents the full width at half maximum (FWHM) of the graphene 2D peak after encapsulation with a 400 nm Al2O3 layer. The 2D peak FWHM is highly sensitive to strain, which strongly influences carrier mobility.1–3 In our devices, the FWHM is predominantly above 30 cm−1, suggesting strain-induced mobility degradation. This strain is attributed to the underlying WG topography and the amorphous Al2O3 encapsulation layer. The correlation between the G and 2D peak positions is shown in Figure S4b, providing insight into the doping and strain levels in the graphene layer.4 The blue circles correspond to the Raman data acquired after dry transfer and PMMA removal, measured at multiple locations on and off the WGs across the wafer. The green circles represent measurements taken at the center of the photodetector on the WGs for randomly selected devices across the wafer after encapsulation. The data indicate that the graphene layer is highly doped.
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Figure S4. (a) A representative Raman spectrum of graphene measured from a PD. Inset: FWHM of the 2D peaks after encapsulation. (b) Correlations between the 2D and G peak positions from Raman maps after dry transfer of graphene to the substrate (blue circles) and on a device area on the WG post-encapsulation (green circles). The graphene layer is already highly doped after dry transfer, and although encapsulation modifies the Raman peak positions, the overall doping level remains high, consistent with electrical measurements and the observed shift in the Dirac point (Supporting Information section 7).
	Comment by Kristinn Gylfason: Unclear if this this measured on the device or just a general spectrum.	Comment by Parhizkar, Shayan: Rewrote the sentence	Comment by Kristinn Gylfason: Why do you say that? It seems to me that the green dots are, in general, more to the left in the plot. Would that not indicate a change in doping?	Comment by Kristinn Gylfason: Also, the sentence is incomplete.	Comment by Parhizkar, Shayan: Sorry, the sentence was left incomplete. Sorry about that. Yes, there are changes in the doping level after encapsulation. 
I have rewrote the caption 4Sb completely. 	Comment by Kristinn Gylfason: Is this really the case? It seems to me that the "center of mass" of the green dots is closer to the "zero doping" point than that of the blue dots.	Comment by Parhizkar, Shayan: You are right. I removed that sentence. I did not make any specific conclusion as the number of data points after encapsulation is much higher than after device fabrication, in addition, after transfer the data points are everywhere meaning on WG, at the edges of the WGs and also off WG but after encapsulation is only on the WG. 
I only conclude that our graphene is highly doped. 
S5. Electrical characterization of graphene
The carrier mobility and sheet resistance of graphene were measured on-wafer by using a four-probe configuration. The field-effect mobility was extracted by using the transconductance method via ,5 where  is the drain-source current,  is the voltage measured between the inner contacts,  is the top gate voltage, L is the channel length between the inner contacts, W is the channel width,  is the Al2O3 encapsulation thickness,  is the relative permittivity of Al2O3, and  is the vacuum permittivity. Representative mobility extractions as a function of gate voltage are shown in Figure S5a. A violin plot of the extracted field-effect mobilities obtained from top-gate transconductance measurements of seven four-probe graphene test structures across the wafer is shown in Figure S5b. Electron and hole mobilities are shown separately, with individual data points corresponding to different gate sweeps and test structures. Mobility values were extracted from the regions of the transfer characteristics away from the Dirac point. Data points close to the Dirac point were excluded from the statistical analysis. Near charge neutrality, small changes in the gate voltage can shift the dominant carrier type from electrons to holes, whereas disorder and charge puddles introduce local inhomogeneity, resulting in a very small or noisy transconductance slope.5–7 The median hole mobility is 1068 cm2/Vs, while the median electron mobility is 495 cm2/Vs, which is consistent with typical values reported for CVD-grown graphene.5,8 The sheet resistance was extracted from the same four-probe measurements by using , as shown in Figure S5c. The average sheet resistance at the Dirac point is 2267 Ω/□.
	Comment by Kristinn Gylfason: State how many measurements are behind the plot (the N).	Comment by Parhizkar, Shayan: I explained. The violin plot is based on 7 different structures and consist of all the gate values (separated for Electron and hole and Dirac vicinity excluded). The exact N number 570 for each.	Comment by Parhizkar, Shayan: I have also rewrote the paragraph and expanded it 	Comment by Kristinn Gylfason: Is that usual for graphene? Perhaps comment on that.	Comment by Parhizkar, Shayan: Yes, very common values of CVD grown graphene. It could be better quality graphene though😃. 
I have added following sentence: consistent with typical values reported for CVD-grown graphene

But to be honest not sure if this sentence makes sense as there are reports of CVD-grown graphene with mobilities around 5k or even higher. 
For our case, our graphene is really low mobility but as we are not doing telecommunication., no problem.	Comment by Kristinn Gylfason: Is this high or low?	Comment by Parhizkar, Shayan: it is not that simple to answer that specially because I am reporting here at Dirac point. Higher is better at Dirac point if it is not due to poor quality of graphene, meaning damage, defects or discontinuity. But typical the sheet resistance is sth between 1-10 kOhm/□.  
we can argue it is typical value for CVD-grown and transferred graphene. 
I did not add any comment.	Comment by Christine Hendriks: ?	Comment by Parhizkar, Shayan: Means square! It is fine ☺️
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Figure S5. (a) Field-effect mobility of graphene as a function of the gate voltage extracted from a few four-probe structures across the wafer. (b) Statistical distribution of the graphene mobility. The median value for the hole mobility is 1068 cm2/Vs, with a standard deviation of 414 cm2/Vs, and the median electron mobility is 495 cm2/Vs, with a standard deviation of 387 cm2/Vs. (c) The sheet resistance of graphene was measured by using the same four-probe configuration. The average sheet resistance is 2267 Ω/□. (d) Optical image of a four-probe structure. The scratches on the contact pads from the probe contact are visible.

S6. Graphene optical absorption
The optical absorption of graphene integrated on the WG at a wavelength of 4.2 µm was evaluated by incrementally increasing the graphene width (along the WG) from 0 to 200 µm and measuring the corresponding transmission (loss) (Figure S6). The slope of the linear fit corresponds to an optical absorption coefficient of approximately 0.01 dB/µm. The data points are obtained from multiple dies across the wafer and exhibit significant scatter, attributed to various process-induced contaminants on the suspended WGs during fabrication. Despite this variability, the measurements can provide a reasonable estimate of the evanescent absorption of graphene at a wavelength of 4.2 µm.
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Figure S6. Transmission of the graphene-integrated WGs as a function of the graphene width. The average optical absorption of graphene at a wavelength of 4.2 µm is estimated to be 0.01 dB/µm.
	Comment by Kristinn Gylfason: Are you sure about three digits here?	Comment by Parhizkar, Shayan: It is what Origin calculated. You are right. It does not make sense to report three digit accuracy for such scattered data 
S7. Optoelectronic measurement setup
A free-space mid-IR laser (MLQD4232, Thorlabs) was modulated at a frequency of 22.7 kHz and subsequently coupled into an InF3 fiber (Thorlabs). The fiber delivered light to the wafer and injected it into one end of the WG. The local CO2 concentration near the wafer and along the free-space optical path was actively controlled by continuous nitrogen purging. Low-frequency gate voltages (13.3 Hz) were applied to the split gates after amplification. The photodetector contact electrodes were connected to a lock-in amplifier (HF2LI, Zurich Instruments) to record the PTE signals. The transmitted light was collected from the opposite end of the WG, coupled into an optical fiber, and directed to a commercial photodiode (Lab M-I-5, Vigo Photonics) for active alignment and as a reference detector.
To measure the noise equivalent power (NEP), we used the noise spectral density function of the Zurich Instruments lock-in amplifier under dark conditions but used gate voltages for the same PD when measuring the photovoltage under light illumination. A schematic of the experimental setup is shown in Figure S7.
The optical power incident on the graphene PD was estimated from the measured WG transmission. Accurate calibration was required to account for the insertion losses of the grating couplers, the propagation losses of the WGs, and the optical absorption in graphene. The calibration was performed by using a cutback method to determine the WG and grating coupler losses, while the graphene absorption was calculated as described in Section 6 of the Supporting Information.
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Figure S7. Schematic diagram of the measurement setup.

S8. Electrical characterization of the PDs 
Figure S8a shows the drain−source current−voltage () characteristics of a representative die on the wafer with various devices with different widths (10 to 100 µm). All the devices exhibit linear behavior, indicating good ohmic contact with the graphene layer. The extracted device resistances vary significantly with device geometry, ranging from approximately 100 Ω to 400 Ω for devices with a channel width of 100 µm. These variations originate from differences in graphene quality across the channel area and variations in the metal–graphene contact resistance.
The transfer characteristics of two representative devices with a channel width of 100 µm are shown in Figures S8b and S8c. Pronounced hysteresis and long-term drift are observed, which are characteristic signatures of charge trapping in the gate dielectric (Al2O3). Charge trapping in oxide layers can lead to long-term variations in transfer characteristics during device operation under a gate bias, a phenomenon commonly referred to as bias-temperature instability (BTI). In graphene devices, this effect appears as a shift in the Dirac voltage. When the Dirac point shifts toward more positive gate voltages, it is referred to as positive bias temperature instability (PBTI), whereas a shift toward negative voltages is referred to as negative BTI (NBTI).
In Figure S8b, the gate voltage of the single-gate devices was swept from −80 V to 80 V (forward sweep, V+) and back (backward sweep, V−) with a sweep rate S = Vstep/tstep of 25 Vs−1 (corresponding to a step frequency of 25 Hz). Under these conditions, the hysteresis width (ΔVH) of the representative device is approximately 40 V. The magnitude of the hysteresis depends strongly on both the gate voltage range and the sweep rate. 	Comment by Kristinn Gylfason: We have two (split) gates. Was same voltage applied to both?	Comment by Parhizkar, Shayan: Yes and no. We also have devices with a single gate on the mask. These measurements were performed on those devices. I have added the following words to the sentence:
… the gate voltage of the single-gate devices... 
As shown in Figure S8c, repeated transfer measurements (V+) reveal a gradual shift of the Dirac point toward more positive gate voltages. When the sweep rate is reduced to 6 Vs−1, the PBTI becomes significantly more pronounced, and the Dirac voltage shifts to values exceeding 100 V. Previous studies have shown that the defect band in Al2O3 responsible for charge capture and emission processes is dominated by electron traps.9 Al2O3 is widely used as a top-gate dielectric or encapsulation layer in many two-dimensional (2D) material devices, owing to its high dielectric constant and compatibility with direct deposition on 2D materials without causing significant damage.10 However, it typically exhibits a relatively high density of oxide trap states.11,12 PBTI originates from electron trapping in oxide defects under positive gate bias. As electrons are captured by these defect states, the trapped charge shifts the Dirac point of graphene progressively toward higher gate voltages. This effect becomes particularly pronounced in our devices because of the relatively thick Al2O3 layer (400 nm), which increases the total number of available trap states. The electron traps in Al2O3 exhibit a broad distribution of capture and emission time constants.9
For the PTE measurements, an alternating gate voltage with a modulation frequency of 13.3 Hz was applied. Although this AC gating scheme reduces the accumulation of trapped charges compared with static DC gating, where oxide traps can become fully charged, it is not sufficiently high to completely suppress charge trapping due to experimental limitations. Consequently, we associate the unusual photothermoelectric voltage map as a function of the two split-gate voltages shown in Figure 3 of the main text with shifts in the graphene Dirac point induced by defect-related charge trapping in the thick Al2O3 layer.
Electrical measurements across the wafer were conducted by Cascade Summit 12000 A semiautomatic prober connected to a Hewlett-Packard 4156B Precision Semiconductor Parameter Analyzer and a Hewlett-Packard E5250A Low Leakage Switch Mainframe, and executed by Keysight WaferPro Express test routine software.
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Figure S8. (a) I−V characteristics of PTE detectors on a representative die across the wafer, showing linear behavior for all devices. (b) Transfer characteristics of a representative device measured by sweeping the gate voltage from −80 V to +80 V in the forward (V+) and backward (V−) directions. The sweep rate is 25 Vs−1, resulting in a hysteresis width of approximately 40 V associated with positive bias temperature instability (PBTI). (c) Transfer characteristics of another representative device obtained by repeatedly sweeping the gate voltage (V+ only) from −80 V to +80 V. Measurements were first performed with a sweep rate of 25 Vs−1, showing a gradual shift in the Dirac point, and subsequently with a reduced sweep rate of 6 Vs−1, which resulted in a pronounced shift in the Dirac point to values exceeding 100 V.

S9. Optoelectrical measurements
We investigated the photovoltage response of the graphene-based PTE photodetectors under both DC and AC split-gate biasing conditions. In addition, on−off measurements of the optical excitation were performed to verify that the detected signal originated from the graphene photodetector. All measurements were carried out by using a lock-in amplifier, as described in Section S7 of the Supporting Information. The photovoltage of a representative detector measured under static DC gating, where +25 V and +100 V are applied to the two split-gate electrodes, is shown in Figure S9a. As time progresses, the measured photovoltage gradually decreases and approaches the noise level of the LIA. This behavior arises from charge trapping in defect states within the thick Al2O3 encapsulation layer (Section S8 in the Supporting Information). The resulting electrostatic charging induces shifts in graphene's electronic properties, including the position of the Fermi level. The photovoltage measured by using the AC gating scheme is shown in Figure S9b. In this configuration, AC square-wave voltages at a frequency of 13.3 Hz are applied to the split-gate electrodes, with amplitudes corresponding to +100 V and +50 V. Compared with the DC case, the AC scheme partially mitigates the influence of charge trapping, resulting in a more stable photovoltage response. In both panels, the secondary y-axis shows the transmitted optical signal measured with a commercial mid-infrared detector at the output of the WG, coupled through the outcoupling GC. Figure S9c shows an on–off measurement of the same device by manually blocking the laser light while operating under the same AC gating scheme. These measurements confirm that the detected photovoltage originates from the graphene photodetector. In Figure S9c, the secondary y-axis corresponds to the transmitted optical power. The applied AC split-gate voltages are schematically shown in Figure S9d, while Figure S9e presents the measured photovoltage as a function of the phase difference between the two gate voltages. By varying the phase difference between the AC gate signals, the photovoltage can be tuned. The maximum photovoltage is obtained for zero phase difference between the two gate voltages.	Comment by Kristinn Gylfason: It would be helpful to draw a time plot illustrating the AC gating. The plot could illustrate the possible combinations of positive and negative. It is quite difficult to visualize all this mentally unless you are intimately familiar with the setup.	Comment by Parhizkar, Shayan: I added AC gating schematics to the setup section.
[image: ]Figure S9. (a) Photovoltage as a function of time measured under DC split-gate biasing for a representative device, with gate voltages of +25 V and +100 V applied to the two split gates. The photovoltage gradually decreases over time and approaches the LIA noise floor after ~100 s, due to changes in the electronic properties of graphene, caused by charge trapping in the Al2O3 dielectric. (b) Photovoltage measured by using the AC gating scheme, where square wave voltages with amplitudes of +50 V and +100 V are applied to the split gates, resulting in a more stable photovoltage response. (c) On−off measurement of the photodetector obtained by manually blocking the laser illumination. (d) Schematic illustration of the AC gating scheme. (e) Measured photovoltage as a function of the phase difference between the two gate voltages for a representative PD with peak voltages of VG1 = 25 V and VG2 = 100 V. The maximum photovoltage is obtained at zero phase difference between the two gate voltages.

S10. Details on the simulation and PTE photodetector modeling
Assuming that the photoresponse of our photodetector is dominated by the PTE, the photovoltage is given by13,14

where Te(x) is the electronic temperature profile along the length of the graphene channel and S(x) is the spatially varying Seebeck coefficient. The temperature profile is determined from the 1D heat equation:13,15

where κ is the electronic part of the thermal conductivity, Lc is the cooling length of hot electrons,  is the fraction of light absorbed along the graphene channel width (W), Lα is the optical absorption length of graphene, and P(x) is the power profile of the WG optical mode incident on the graphene layer. The parameters S, κ, Lc, and Lα all depend explicitly on the doping level and DC conductivity of graphene. Here, we assume that the DC conductivity is given by σ0 = σmin + enμ, where σmin is the conductivity at the charge neutrality, μ is the carrier mobility, e is the electron charge, and n is the carrier density. The carrier density is expressed as , where ħ is the reduced Planck constant, vF is the graphene Fermi velocity, and ϕ is the electrostatic potential in the graphene layer. The Seebeck coefficient and the thermal conductivity are then given as follows:16



where  is the normalized conductivity, T is the temperature, h is the Planck constant, and f is the Fermi-Dirac distribution. The cooling length of hot electrons is given by:15
where  is the electronic heat capacity of graphene, kB is the Boltzmann constant, D(ϕ) = 2|ϕ|/(ħvF)2/π is the density of states of graphene, and γ is the carrier cooling rate. We consider three different contributions to γ: direct acoustic phonon emission, disorder-assisted cooling, also known as supercollision, and direct optical phonon emission. Expressions for the first two can be found in Ref.17, and the final mechanism is described in Ref.18. The absorption length depends on the intrinsic absorption of graphene, plus its coupling to the WG, which is given by the following equation:19



where ω is the optical frequency, k is the refractive index of graphene, ε and μ are the surrounding permittivity and permeability, respectively, d = 0.35 nm is the graphene thickness,20 σ0 is the DC conductivity of graphene, τ is the carrier scattering time, and Θ is the Heaviside step function. This expression includes both the Drude and the interband contributions to the optical conductivity of graphene. Finally, the parameter η describes how well the graphene layer is coupled to the optical mode of the WG. Specifically, it is the proportion of the optical power of the WG mode that is incident on the graphene layer. Using WG simulations, we estimated that η ≈ 0.024%. However, to match the measured absorption in graphene (≈ 0.01 dB/µm, corresponding to Lα = 434 µm), we found that η ≈ 0.0033%.
Finally, we calculated the variation in the electrostatic potential along the graphene channel, ϕ(x). The electrostatic potential depends on the split gate voltages and can be determined through a self-consistent calculation of the charge and potential in the graphene photodetector.


where ε is the spatially varying permittivity, ρ is the charge density, and ρ0 is the residual doping of the graphene layer, chosen to account for shifts in the Dirac point away from a gate voltage of VG = 0 and to account for hysteresis in the measurements. Here, the Poisson equation is solved over a 2D cross section of the photodetector to get the 2D electrostatic profile, and the charge density ρ is determined from the value of ϕ at the graphene layer (and is equal to zero everywhere else). We solve the above equations over a range of split gate voltages using the device dimensions indicated in Figure 1 of the main text. The parameters are set to σmin = 0.275 mS (corresponding to the measured resistance of a reference device), μ = 1000 cm2/Vs, and an optical power profile P(x) described by a Gaussian distribution with a width of 0.67 µm, which is consistent with WG simulations, and an input power of 1 µW incident on the graphene channel. The absorption length is taken as Lα = 434 µm at zero applied gate voltages, corresponding to a measured absorption of 0.01 dB/µm.
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