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S1 - QUALITY CONTROL DURING FABRICATION
The reactive ion etching process of the electron beam lithography alignment marks left organic residue, which was found to be a major cause of graphene delamination. The resist residue was removed by cleaning in organic solvents and Piranha solution (H2SO4:H2O2). We performed atomic force microscopy (AFM) on the substrate after resist cleaning (but before graphene transfer). The substrate had a root mean square roughness (rms) of 0.24 nm and showed no residues in the measured region (Figure S1a). For comparison, the rms of standard thermally grown SiO2 without any treatment was 0.19 nm.
We verified that the transferred graphene adhered well to the substrate by AFM (Figure S1b) and scanning electron microscopy (SEM, Figure S1c). Typical defects of large-scale transferred graphene, such as wrinkles, are visible in both AFM and SEM images. AFM and SEM revealed no evidence of graphene delamination. The rms after graphene transfer was 1.62 nm.
The graphene quality was further assessed by Raman spectroscopy. A Horiba XPlora Raman spectrometer with a 100x microscope objective was used for Raman measurements. The laser power was set to 1 mW at an excitation wavelength of 532 nm. The median spectra in different regions can be seen in Figure S1d where a D peak in the Raman signal with a low ID/IG ratio of 0.083±0.055 indicated minimal damage during the transfer. 
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[bookmark: _Ref194051458]Figure S1 Material characterization of the substrate and transferred CVD graphene. a) AFM scan of the SiO2 substrate after marker etching. b) AFM scan of a larger area of transferred CVD graphene. Wrinkles are visible as brighter diagonal lines. c) SEM image of a larger graphene area after transfer. d) Median Raman spectra of the transferred graphene with a low ID/IG ratio. The black, red, and blue curves correspond to transferred graphene that is not, partially, or fully covered by HSQ resist, respectively. The vertical line marks the position of the D peak.



S2 - ANTENNA SIMULATION AND ESTIMATION OF THE INCIDENT POWER
To estimate the incident power, we determined 1) the directivity of the antenna in substrate direction, 2) the spot size of the focused beam, 3) the output power of the THz source, and 4) the losses in the beam path.
The impedance and directivity of the bowtie antenna was simulated with the commercial Maxwell-solver CST Microwave Studio. We included the substrate as a half-infinite Si layer (dielectric constant εr = 11.9) with 300 nm SiO2 (εr = 3.9). The antenna was excited with a lumped-element port at the feedpoint. The complex impedance was modeled up to 2 THz (see Figure S2a).
We considered bowtie antennas with a total length of 150 μm (solid lines) and 92 μm (dotted lines). The impedances of these antennas are shown in Figure S2a. The impedance of the 150 μm antenna was not affected by DC pads near the antenna (dashed lines, Figure S2a). The frequency at which the maximum real-part impedance occurs is marked with vertical lines. For the 150 μm antennas (with and without DC pads) it is around 573 GHz and for the 92 μm antennas it is around 940 GHz.
The directivity of the 150 μm antenna was extracted from the radiation pattern in the substrate direction at a target frequency of 0.6 THz. We found a maximum directivity of 13 dBi in substrate direction (no Si-lens included).
Next, we estimated the spot size of the THz beam immediately behind the hyperhemispherical lens. This quantity was simulated with the commercial ray optics software ZEMAX, using the manufacturer’s reported characteristics of the Si lens (diameter 12 mm, height 6.8 mm, dielectric constant εr = 11.9). Based on these values, we estimated the spot to have a diameter of 650 μm (Figure S2b). The spot size is thus smaller than the effective antenna area calculated from the directivity. Hence, it is justified to calculate the responsivity simply from the total transmitted power from the source.
The available power from the THz source was measured directly at the waveguide flange with a PTB-calibrated pyroelectric detector. The output power spectrum is shown in Figure S2c. We considered losses in the beam path to total 30% for devices on high-resistivity Si substrates. The doped substrate introduces an additional 30% absorption, resulting in a total attenuation of -3 dB in the beam path.
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[bookmark: _Ref182842024]Figure S2 Simulation of the bowtie antenna. a) Complex impedance vs frequency for the antennas with a length of 150 μm with and without DC pads (solid and dashed lines) and with a length of 92 μm (dotted lines). The frequency at which the respective peak impedance occurs is marked with a vertical line. The measured frequency range is highlighted by a vertical grey bar. b) Simulated spot size behind the hyperhemispherical Si lens. c) Available power of the THz source, measured directly at the waveguide flange with a PTB-calibrated pyroelectric detector.




S3 - GATED TRANSFER-LENGTH MEASUREMENTS
We extracted key device properties such as mobility and the mean free path from gated transfer-length measurements. 
Transfer-length measurements (TLM) were performed on dedicated test structures in a Cascade probe station connected to a HP4156B precision semiconductor parameter analyzer under ambient conditions. We measured the gate-dependent resistance of graphene channels with patterned and unpatterned Ti/Au contacts from gated TLM structures, i.e., graphene channels that contain many triangular holes below the metallic contact (see the inset in Figure 1d in the main text). We have used separate devices for each channel length from 10 μm to 82 μm with an equal width of 10 μm, shown in the optical micrograph in Figure S3a. For each channel length of the TLM structures we performed a gate sweep from -50 to +50 V, measured the current through the two-terminal device at a source-drain voltage of 100 mV, and calculated the total device resistance  from the ratio of source-drain voltage to current.
The measured - (resistance vs gate voltage) curves were recentered on the charge neutrality point  located between +5 and +10 V (shown in a contour plot for both device types in Figures S3b and c). For each , we performed a linear fit of the resistance with respect to the channel length . The R-intercept  (at l = 0 μm) of the linear regression of the resistance vs channel length yielded the contact resistance via , where  is the channel width (w = 10 μm). From the slope  , we extracted the sheet resistance of the graphene channel via . The gate-dependent contact and sheet resistances are shown in Figures S3d and e, respectively. The patterned contact (red line) has a significantly lower contact resistance at negative , i.e., in the p-type conduction region, compared with that of the unpatterned contact (black line). The extracted sheet resistances between both sets of TLM structures correspond well with each other, indicating consistent electrical graphene quality across different devices.
Next, we extracted the charge carrier mobility from the transfer length measurements1. The mobility  can be calculated from the sheet resistance  as follows:
	
	(1)


Here,  is the electron charge and  is the total charge carrier concentration in graphene, consisting of an intrinsic2 carrier density   (: Fermi velocity) and a gate-induced carrier density . The gate-induced carrier density can be calculated as , where we have used the normalized oxide capacitance  with the dielectric constant = 3.9 for SiO2 and the oxide thickness = 90 nm.
The mobility of unpatterned and patterned devices reaches a mobility of 2787 and 3464 cm2/Vs, respectively, without applied gate voltage ( -5 V) (Figure S3f). Overall, the hole mobility is larger than the electron mobility, which we attribute to effects of the remaining HSQ resist layer on top of the channel3.
The mean free path length
	
	(2)


(: Planck’s constant) is about 40 nm near the CNP and increases for holes up to 72 (unpatterned) and 65 nm (patterned), as shown in Figure S3g.
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[bookmark: _Ref194055223]Figure S3 Measurements of the CVD graphene mean free path length on 90 nm SiO2 at room temperature. We measured the resistance of separate two-terminal devices with different channel lengths (transfer-length measurement). Some of the devices are shown in an optical micrograph in a) (scale bar: 200 μm). The resistances at different gate voltages (normalized to the charge neutrality point) and different channel lengths are shown in b) and c) for unpatterned and patterned contacts, respectively. The contact resistance in d) and sheet resistance in e) are extracted from these measurements through a set of linear regressions. We used the sheet resistance to calculate the channel mobility at different carrier densities in f), which allowed us to estimate the mean free path of the charge carriers in the graphene channel in g). The hole mean free path reached about 65-72 nm, and the electron mean free path reached about 35 nm.


S4 – DISCUSSION OF ALTERNATIVE RECTIFICATION MECHANISMS
If the rectification was due to a rectifying graphene–metal contact at one of the input terminals, the curvature should show the same polarity regardless of the applied gate voltage. In older two-terminal devices that had been exposed to air for several months, we indeed observed this effect. Previously fabricated two-terminal graphene devices that had been exposed to air for an extended period of time showed oxidation at random graphene/metal contact or both. We attribute this effect to the oxidation of the Ti adhesion layer by oxygen diffusion through the relatively thin Au layer on top, thereby forming a rectifying metal-insulator-graphene junction. An example of how such an oxidation changes the two-terminal resistance measurement of a graphene device is shown in Figure S4a. There, strong diode-like behavior has been observed in two-terminal I‒V sweeps; however, this behavior does not depend on the applied gate voltage. Importantly, the sign of the rectifying behavior is flipped in some devices. 
The rectennas reported in this work do not exhibit this oxidation (Figure S4b), as evidenced by the linear current-voltage curves for the input and output of the single- and triple-funnel rectennas between -100 mV and +100 mV DC. Although the contact metal and fabrication processes for the samples (corresponding to Figures S4a and S4b) were identical, the rectenna sample presented here (Figure S4b) was not exposed to air long enough to oxidize.
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[bookmark: _Ref193717086]Figure S4 Current-voltage characteristics of graphene-metal contacts. a) Previously fabricated graphene/metal two-terminal devices that were exposed to air for a long time show oxidation either at one or the other contacts, which leads to asymmetric current-voltage curves. b) The devices we present in this work (single-funnel and triple-funnel rectifiers) do not show such an asymmetry, indicating that the graphene/metal contacts are not oxidized. The current-voltage characteristics measured at DC at the input and output terminals are entirely linear.
Moreover, because of the sign reversal of the curvature (Figure 2), we can discard the formation of an oxide layer as a cause of rectification in these devices. Furthermore, we do not expect photothermal effects or plasma-wave mixing effects to play a role in DC, as the measurements were performed both in the dark and under illumination with a microscope light without a change in the output voltage.
Next, we considered whether the rectification could be a simple effect arising from the conductance modulation by an applied gate voltage. The source–drain voltage required to drive the current  is approximately 1–5 V, depending on the overall source–drain resistance of the device. This value is within one order of magnitude of the gate voltage required to reach the CNP. Hence, the source–drain voltage can tune the resistivity of the graphene channel to a significant extent. For a CNP at +5 to +10 V, applying a voltage of +1 V at the source while grounding the drain would induce an electric field of 0.48 MV/m in the channel. Assuming a horizontal offset of 25 nm between the L and U terminals in this geometry, the electric field should result in a measured voltage difference of 12 mV, which is much smaller than the voltage required to shift the charge carrier concentration by a significant amount. The sign of the voltage difference follows that of the applied source voltage. Of note, the relationship between the measured L-U voltage difference and the applied source voltage (in the push-fix configuration where the drain is grounded) should be linear, not quadratic. The linear term is indeed observed in our measurements, as described above. However, it does not account for the quadratic component, which, in some measurements, can yield a voltage difference of the same polarity regardless of the input voltage polarity. While the modulation of graphene conductivity certainly plays a role, it is evidently not the primary cause of the rectification observed in our device.


S5 - DRIFT-DIFFUSION MODEL OF THE DC RECTIFIER
We used a drift-diffusion model to verify the operation of our rectifier at DC. Figure S5a and b show the simulated and the fabricated device. The quadratic voltage component of the measured output at room temperature is compared to the simulated values in Figure S5c. The connected dots show only the quadratic voltage component, which has been derived from the measured output voltage (shown in the main text in Figure 2b) by forming the average at each symmetric current bias:
	
	(3)


This effectively eliminates the linear component we observe in all measurements. The black line corresponds to the simulated open circuit voltage output difference close to the CNP. The drift-diffusion model used here has many open parameters, which we have estimated here as well as possible from experimental measurements. Near the CNP, we assume a mobility of 5000 cm2/Vs and a charge density of 0.25·1016 m-2.
Near the CNP (which we determined at +5 to +10 V applied gate in our samples), we see good qualitative agreement between the simulation and the experimentally determined values.
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[bookmark: _Ref193972578]Figure S5 Drift-diffusion model of the dc rectifier. a) Simulated device dimensions. The input current is applied at the left and right terminals, and the voltage output is measured under open circuit conditions at the upper and lower terminals. b) SEM image of the fabricated device, which has been characterized in the main article. c) Comparison of experimental (connected circles) and simulated (black line) voltage output under similar assumptions.



S6 - ADDITIONAL THZ MEASUREMENTS
The measured voltage output from the single- and triple-funnel rectennas with 150 μm antennas on high-resistivity Si/SiO2 is presented in Figure S6a. The absolute voltage output with a blocked THz beam is reduced by a factor of ~100. The voltage output shows a clear dip in the region around 557 GHz, which corresponds to the absorption of water in humid air. 
We measured the voltage output from additional single-funnel devices on a different high-resistivity wafer. The antennas on this additional wafer have a length of 92 μm. The voltage responsivity is shown in Figure S6b. Compared with the relatively flat frequency response of the 150 μm rectennas, the 92 μm rectennas show a slightly increasing response towards higher frequencies. This observation is explained by the higher resonance frequency of the shorter antenna, which we estimated from simulations (Figure S2a) to be at 940 GHz and thus outside of our measurement window. We attribute the peak in the responsivity at approximately 557 GHz to the difference in air humidity between the power measurement with a calibration detector and rectenna voltage measurement.
Furthermore, we fabricated additional samples on doped Si substrate to enable gated measurements. The doped substrate adds an additional 30% absorption loss. We performed two measurements on a triple-funnel rectenna (150 μm bowtie length), with a gate-sweep at a fixed frequency at 653 GHz and a frequency sweep at fixed gate voltages of 0 V and +20 V. The measured voltage output is shown in Figures S6c and d. Voltages up to 40 V had to be applied to move the graphene towards the charge neutrality point, which we attribute to an imperfect contact between the contact needle and the substrate. Qualitative agreement can be found in the expected maximum responsivity close to the CNP (red dots in Figure S6c).
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[bookmark: _Ref193699725]Figure S6 Additional THz measurements. a) Open circuit voltage output of both 150 μm rectennas with open and blocked THz beam. The line at 557 GHz marks the absorption line of water in humid air. b) Open circuit voltage output of additional rectennas. The rectennas in light blue were fabricated on a separate wafer and have a shorter bowtie antenna (92 μm). This design results in a responsivity that increases slightly with frequency, as the peak impedance of the shorter antenna is expected at 940 GHz instead of 573 GHz. c) and d) Measured voltage output under gate and frequency sweeps on a lightly doped substrate.
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