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Additional Details on Varactor Diodes 

CVD graphene was characterized by Raman spectroscopy 

after transfer to silicon wafers and after device 

fabrication. Typical Raman spectrum of the graphene is 

shown in Error! Reference source not found.. 

Logarithmic scale I-V is shown in Fig. S2, where the 

recorded dark current at 50 mV is 1 nA. Contact 

resistance in diodes is not well defined due to the 

nonlinear I-V transfer of the device. Here, transfer length 

modulation method was applied with respect to the device 

contact area. The I-V curves were measured at room 

temperature on devices with varying contact area and the transfer curves were fitted to the general 

formula: . We note that the resistivity of graphene is very small as compared to contact VI Ae

impedance and therefore the device I-V is practically independent from channel length. The statistical 

distribution of the coefficient  was analyzed per contact area of devices as shown in Figure S2. We α

assess that  is independent from contact area as sampled from a set of 47 devices. Therefore, the I-V is α

Figure S1. Raman spectrum acquired from a 
device CVD graphene channel. 



dominated by the contact width and the current flow is from the contact edge to the graphene rather than 

through the entire contact area 1.

Figure S2. Exponential parameter of the diodes I-V as function of the device contact area (a) and the 

graphically illustrated edge contact.

We infer from Figure S2 that the α parameter is independent from contact area and is highly sensitive to 

process variations. We observe clustering of the α values among devices metallized together at the same 

batches and attribute such clustering to small variations in the deposition of contacts.    

Noise Equivalent Power

Current noise spectral density (Figure S4) was measured by the Fourier transform of current sampled 
at a DC bias of 0 mV and 100 mV for 10 seconds at a sampling rate of 6.45 kHz. . NEP is defined as the 

ratio of the current spectral density to the responsivity: , where is the current noise spectral iSNEP
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Here the average responsivity value is 100 mA/W and the measured noise spectral density is shown in 

Figure S3.



Figure S3. Noise spectral density as a fucntion of frequency at (a) 0 mV and (b) 100 mV.

Device Modeling

The measured capacitance and resistance of a varactor is shown in Figure S4 below. For device 

modelling we assumed the circuit model of Figure S5 and the measured capacitance and resistance. 

Within this model, device contacts are modeled as parallel variable capacitor and resistor, while the 

graphene channel as a parallel capacitor – inductor\resistor. The actual device impedance is obtained from 

C-V measurements in the form of . Circuit components values were then fitted to the  𝑍 = 𝑅𝑒{𝑍} +𝑗𝐼𝑚{𝑍}

related model with transfer function  , in such a way that value for the =
𝐶𝑞(𝑅𝑔 + 𝑗𝑤𝐿𝑔)
𝐶𝑞 + 𝑅𝑔 + 𝑗𝑤𝐿𝑔

+
2𝑅𝑝

1 + 𝑗𝑤𝑅𝑃𝐶𝑃

expression  is minimized. Here, the model output and  |(𝑅𝑒{𝑍} + 𝑗𝐼𝑚{𝑍}) ― (𝑅𝑒{𝑇𝐹} + 𝑗𝐼𝑚{𝑇𝐹})| 𝐶𝑝 𝑅𝑝

are the device parallel capacitance and parallel resistance respectively. We have assigned the graphene 

resistance, , the kinetic inductivity, ,  and quantum capacitance,  3, values of 500Ω, 1 pH and 1 𝑅𝑔  𝐿𝑔 2 𝐶𝑞

pF, respectively. 



Figure S4. Device contact capacitance (black) and conductance (blue) as a function of frequency.

Figure S5. Schematic of circiut design of the presented varactor device.

Time-Dependent Photocurrent Measurements

Photocurrent was measured on a varactor diode without applying bias on it using Keysight CX3324A 

Device Current Waveform Analyzer (see inset of Figure 2c), by shining laser light modulated at a 

particular frequency f on the device. The (root mean square) amplitude of the recorded photocurrent 



, was then calculated using the relation  . Finally, the relative  1...
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amplitude was taken as  and presened as blue dots in Figure 2c. 
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Spatial Distribution of Photocurrent

In addition to the measurements conducted with large beam diameter (presented in manuscript), 

photocurrent mapping (Figure S6) were collected at 10 kHz modulation of focused laser beam (532 nm). 

At zero applied bias (Figure S6a) most of the photocurrent is collected from the vicinity of the electrodes, 

owing to the band bending profile of the device and corresponding to a PTE effect (see inset of the 

photocurrent profile along the device channel as indicated by white dash-dot mark. 

Figure S6. (a) Photocurrent map (pA units) acquired with focused laser beam at zero applied voltage showing the 
spatial distribution of photocurrent (inset: cross section along white dash-dot) and (b) mapping with applied bias of 
1V (photocurrent in units of nA).

At a bias of 1V (Figure S6b), the photocurrent changes character – corresponding to the voltage induced 

slope in electrochemical potential along the device channel. Here the map is showing that the entire 

device area is active and that photocurrent is increased by an order of magnitude relative to unbiased 

device – and yet the dark current is very small relative to Ohmic photodetectors at 1V (see Figure 1c).
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