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S1. S11 Curve fitting results for the small-signal model  

The figures below are measured S11 under forward bias. It can be seen from the figure that for 

the Si p-i-n junction, as the bias increases, the S11 magnitude and phase rarely change throughout 

the frequency range.  For the G-Si p-i-n junction, S11 magnitude goes down while the phase varies 

little with an increased bias.  
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Figure S1. Measured and simulated S11 for Si and G-Si p-i-n junction under 0 V, 2 V, 4 V, 6 V 

and 8 V bias: (a) magnitude of Si, (b) magnitude of G-Si, (c) phase of Si; (d) phase of G-Si p-i-n 

junction. 

Advance system design (from Keysight) is used for the curve fitting. Standard error is utilized 

for the error bar as the reference. Measured S parameter (S11) is set as the optimization goal, and 

parameters are optimized to fit simulated S11 towards measured S11. The error can be represented 

as: 

𝑒11(𝑉) =
√∑ |𝑆11,fitted(𝑓𝑖, 𝑉) − 𝑆11,measured(𝑓𝑖, 𝑉)|

2𝑁
𝑖

√𝑁
 

Where fi is the ith frequency point, N is the total number of frequency points in the frequency range 

and V stands for each bias. 
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Global optimization was used for circuit elements fitting under every bias during the simulation 

process. For the simulated circuit elements (R, L, C) under each bias, they may not be the only 

values, but they serve to achieve the smallest standard error referring to the optimization goal. It 

can be seen from Session S3 in this supporting information file that the fitting results seem to be 

reasonable and consistent for the range and scale.  

S2. Simulated built-in electric field components Ex, Ez at hybrid junction interface (xz cross-

sectional plane) of G and Si n region under bias of 0 V, 2 V, 4 V, 6 V, 8 V 

Figure S2 shows that the simulated built-in electric field components, Ex and Ez, increase around 

the G and Si n-region interface as the bias increases. 
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Figure S2. Simulated built-in electric field components at hybrid junction interface of G and Si n 

region varying with bias: (a~e) Ex under bias of 0 V, 2 V, 4 V, 6 V, 8 V; (f~j) Ez under bias of 0 

V, 2 V, 4 V, 6 V, 8 V. 
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S3. Estimation of graphene inductance, resistance 

In order to verify the fitting results of small signal model, estimation of graphene inductance and 

resistance is essential for reference. 

Researchers have studied on-graphene kinetic inductance based on graphene model as a 

transmission line. The kinetic inductance is as followingS1: 

𝐿𝑘𝑊 =
𝜋ћ

𝑒2𝑣𝐹
×

1

√𝑛0

 

Where the parameters showing on the equation can be seen from the following table: 

Table S1. Parameters used for calculating graphene inductance. 

 Description Value 

𝒗𝑭 Fermi velocity 106 m/s 

e Electric charge  1.6× 10−19 𝐶 

ћ Reduced Planck’s constant 1.0545718 × 10−34 𝐽 ∙ 𝑠/𝑟𝑎𝑑 

𝒏𝟎 Carrier density 1010~1014𝑐𝑚−2 

W Width of graphene 2.5 𝜇m 

Lk 
Kinetic inductance of 

graphene per unit length 
 

 

Here we estimate a range for the carrier density to be 1010 to 1014 cm-2, and plot it using Matlab: 

 

Figure S3. Calculated graphene inductance varying with carrier density. 
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As shown in Figure S3, the graphene inductance ranges from 7.301~730.1 pH per square as density 

varies from 1010~1014 cm-2. In Figure 5(a) of the main text, extracted graphene inductance after 

curve fitting ranges approximately from 8~24 pH which is corresponding to the carrier density 

from 8.31~0.93×1013 cm-2 referring to Figure S3.  

For the graphene resistance, calculated results are compared with the fitting results in the main 

text. 

Resistance is defined as following: 

𝑅 =
𝜌𝑙

𝐴
 

Resistivity 𝜌 has the relationship with conductivity 𝜎: 

𝜌 =
1

𝜎
 

Relationship between conductivity 𝜎, mobility 𝜇, mean free path 𝑙𝑐 is shown as: S2 

𝜎 = 𝑒𝑛𝜇 =
2𝑒2(𝑘𝐹𝑙𝑐)

ℎ
 

where 

𝑘𝐹 = (𝜋𝑛)
1
2 

The resistance of graphene can be written as the following: 

𝑅 =
𝜌𝑙

𝐴
=

𝑙

𝜎𝐴
=

ℎ ∙ 𝑙

2𝑒2(𝑘𝐹𝑙𝑐)𝐴
=

ℎ ∙ 𝑙

2𝑒2((𝜋𝑛)1/2𝑙𝑐)𝐴
 

Based on the equation above, for our device, parameter values of graphene resistance can be 

noted in the following table:  
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Table S2. Parameters used for calculating graphene resistance. 

 Description Value 

𝒉 Planck’s constant 6.626 × 10−34 𝐽 ∙ 𝑠 

l length 2.5 𝜇m 

e Electric charge  1.6× 10−19 𝐶 

𝒍𝒄 Mean free path 3.5 𝜇m 

A Area of graphene 3 𝜇m 

𝒏𝟎 Carrier density 1010~1014/𝑐𝑚2 

 

 

Figure S4. Plot of graphene resistance varying with carrier density. 

Figure S4 shows based on calculated results, that the graphene resistance ranges from 1.7~173.8 

Ohm as the carrier density varies from 1010~1014 cm-2. In Figure 5(b) in the main text, extracted 

graphene resistance after curve fitting ranges approximately from 2~6 Ohm which corresponds to 

the carrier density 7.58~0.83×1013 cm-2 referring to Figure S4. The estimated carrier density based 

on graphene resistance is very close to the estimated carrier density based on graphene inductance. 

These results show the consistency and reasonableness for the carrier density estimation based on 

the fitting results. 

S4. Bias dependent junction parameters 
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The figures below are the remaining circuit element variations under different biases. For junction 

resistances Rpi and Rin, junction capacitances Cpi and Cin, capacitance C1, resistances R1 and R2, they 

all vary significantly as the bias increases, while resistances R3 and R5 don’t fluctuate remarkably.  

 

Figure S5. Remaining extracted circuit elements varying the bias from 0 V to 8 V for Si and G-Si 

p-i-n junction: (a) junction resistances Rpi, Rin; (b) junction resistances Cpi, Cin; (c) silicon oxide 

capacitance C1; (d) resistances R1, R2; (e) resistances R3, R5. Error bar indicates standard errors of 

the mean for extracted parameters. For Rpi, Rin, C1, R1, and R2, the errors are very small compared 

to their values and can be neglected – thus not shown in the figures. 
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S5. Summary of G based Photodetectors and modulators 

Selected research tasks involving graphene photodetectors are shown in the Figure S6 (a) for 

comparison. Graphene metal heterojunction photodetectors have been demonstrated which can 

achieve over 100 GHz but with very low Signal-to-Noise Ratio (SNR) less than 1 dB,S6 or attain 

25 dB SNR and over 70 GHz bandwidth.S5 Other works using graphene silicon directly contacted 

photodetectors have SNR less than 15 dB and very low bandwidth.S8-9 Graphene integrated on a 

slot waveguide to create a p-n junction is demonstrated with 65 GHz bandwidth but SNR is still 

not very high.S7 Comparing with other types of graphene-based photodetector, our work of G 

directly contacted Si p-i-n junction based on G absorption not only offers very high SNR over 50 

dB but provides bandwidth over 60 GHz as well. For High speed Graphene-based modulators have 

been investigated by other researchers these years. S10-20 Different types of modulators based on Si 

only and G and Si can be seen in Figure S6 (b). For modulators based on Si–insulator–Si capacitor, 

or travelling wave Mach–Zehnder interferometer lateral Si p-n junction, the bit rate and extinction 

ratio in the performance matrix cannot be achieved very high simultaneously. S10-14 Graphene-

based modulators can achieve high bit rate or extinction ratio. S15-19 We believe G Si p-i-n 

modulator based on Graphene absorption will have high bit rate at high extinction ratio and will 

work on that in future.  
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Figure S6: (a) Comparison of the optoelectronic bandwidth and signal-to-noise ratio of G-based 

photodetectors, (b) comparison of bit rate and extinction ratio of Si and G modulators. 
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