Supplementary material
1. Graphene surface conductivity model 
The surface conductivity model is used in our numerical calculation. The surface conductivity of graphene can be expressed as [S1]:
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where  is the intraband term, is the interband term,  is the angular frequency,  is the chemical potential,  is the temperature,  is the graphene carrier scattering time. For 2D material graphene,  could be regarded as equal to the Fermi level, which is modulated by the applied voltage as below:
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 is the fermi velocity,  is the vacuum dielectric constant,  is the dielectric constant of Al2O3,  is the thickness of the Al2O3 layer. Combining the equations of 1.1 to 1.4, we can obtain the formula below, which shows the working principle of the graphene E/O modulator.
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2. Graphene-silicon slot waveguide eigenmode, refractive index and absorption coefficient
The graphene-silicon waveguide absorption coefficient and refractive index can be calculated from the eigenmode of the graphene-silicon waveguide, by employing the surface conductivity model in the simulation software Lumerical.
The finite-element method is used to calculate the optical eigenmode of the graphene-loaded device. The complex effective index  is as below: 
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The is the refractive index of the silicon-slot waveguide E/O modulator. 
The corresponding propagation loss can be obtained by the imaginary part of the effective index:
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where 4.343×10-6 is the constant for converting from m-1 to dB/µm. Both the electro-refractive modulation and the electro absorption modulation are voltage dependent.
3. Graphene electro-refractive and electro-absorption modulation 
Using the model and methods mentioned above, we calculate the graphene-loaded slot waveguide absorption coefficient and refractive index change versus applied voltage at the wavelength of 1.55 µm. In the simulation, the graphene-loaded slot waveguide was assumed to have the graphene carrier scattering time of 10 fs and the dielectric layer thickness of 35 nm.
Fig.3.1 shows the graphene-silicon slot waveguide absorption coefficient and refractive index change versus the applied voltage. The graphene was assumed to have no pre-doping and show intrinsic properties. In the low voltage region, the inter-band transition plays the dominant role and graphene shows high absorption. In the high voltage region, the inter-band transition gradually vanishes, and the intra-band transition plays the dominant role. In this region, graphene becomes transparent for the incident photon and shows large electro refractivity. The graphene modulator working in the graphene transparency region can achieve a large phase change with a low insertion loss.
 Figure 3.1: Effective refractive index and absorption coefficient change versus the applied voltage.

 
 

4. Optimization of dielectric layer thickness 
The dielectric layer thickness between the top and bottom graphene layers will affect both the modulation bandwidth and the modulation efficiency of the modulator. A thick dielectric layer could decrease the overlap capacitance of the double-layer graphene and lead to a large bandwidth, while on the other hand it also reduces the mode overlap between the graphene and the optical field, leading to a reduced modulation efficiency. There is a trade-off between the modulation bandwidth and efficiency.
We first calculate the absorption coefficient of the graphene-silicon slot waveguide, and then we obtain the normalized extinction ratio for different dielectric layer thickness (assuming a driving voltage of 6 V), as shown in Fig. 4.1.
Figure 4.1: Normalized extinction ratio of the silicon-slot waveguide E/O modulator.

 
 

Fig.4.2 shows the normalized bandwidth, normalized modulation efficiency as a function of dielectric layer thickness. The bandwidth is calculated based on the device RC model (section 9). The figure of merit (FOM) is the modulation bandwidth-efficiency product, the highest FOM was obtained for the modulator with the dielectric layer thickness of 35 nm.
Figure 4.2: Normalized modulation bandwidth, normalized modulation efficiency and calculated modulation bandwidth-efficiency product as a function of dielectric layer thickness for double-layer graphene integrated micro-ring modulator.


 
 

5. Optimization of double-layer graphene overlap width 
A small double-layer overlap will lead to a large bandwidth and large modulation efficiency-bandwidth product. Ideally, the overlap width should equal to the slot width. In the experiment, the double-layer graphene overlap width of 110 nm was used for the 50-nm wide slot waveguide, which is limited by the e-beam alignment accuracy.
Figure 5.1: SEM image of the transferred first graphene layer that shows the high e-beam alignment accuracy between 20 nm to 30 nm.
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6. Graphene carrier scattering time τ 
Graphene carrier scattering time τ stems from different scattering mechanisms including long-range charged impurity scattering, short-range surface-roughness and defect scattering, which will affect the surface conductivity of graphene. In addition, the scattering rate represents the quality of graphene. Charged or neutral defects as sources of scattering could reduce the mean free path of carriers. This results in reduced mobility and increased scattering time. Carriers in the graphene with an increased scattering time will have longer interaction distance, which will lead to higher absorption coefficient and refractive index changes.  
Figure 6.1: Effective refractive index and absorption coefficient change as a function of Fermi level for graphene with different scattering time.

 
 

7. Graphene silicon slot-waveguide micro-ring resonator transmission calculation 
For an all-pass microring resonator with a graphene length of Lg, transmission through a bus waveguide coupled to a ring resonator could be expressed as [S2] Figure 7.1: All pass microring resonator with roundtrip transmission coefficient of , field coupling coefficient of κ, and transmission coefficient of t.
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Where  is the amplitude transmission coefficient of the microring, is the round-trip transmission coefficient, is a function of the surface conductivity and can be expressed as: 
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is the length of micro-ring that is not covered by the graphene,  is the graphene absorption loss,  is the silicon absorption loss. The phase () accumulated in the micro-ring can be expressed as:
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the effective index of graphene, and the effective index of silicon that not covered with graphene. 
When graphene works in the transparency region, the transmission through a bus waveguide could be expressed as:
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Using the data in the section 2, the transmission for the graphene slot-waveguide micro-ring working in the graphene transparency region is shown in Fig.7.2.
Figure 7.2: Calculated transmission for the double-layer graphene micro-ring modulator working in the graphene transparency region.


 
 

8. Device fabrication process
[bookmark: _Toc96685469]Figure 8.1: (a). Device fabrication process and (b). graphene wet transfer process.


 
 
(a)
(b)

9. Calculation of the modulator bandwidth  based on the measured 
The modulation bandwidth could be calculated through the relationship between the transmission loss S21 (ω) and return loss S11 (ω), as shown below [S3].
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where  equals to 50. Combining the equation 9.1 and 9.2, we can derive: 
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is frequency dependent and can be measured by VNA for the frequencies below 40 GHz. Based on the measured  and the RC model of the device, capacitance and resistance could be numerically fitted. Then, we could calculate the  for the frequencies above 40 GHz.
Figure 9.1: The RC model of the double-layer graphene E/O modulator.

 
 

The RC model of the slot waveguide based double-layer graphene E/O modulator is shown in Fig.9.1. The impedance could be divided into three parts as below:
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The total impedance  is as below:
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As shown in this equation,  and  are cubic function of the frequency  Cubic fitting was then used to fit the measured and the fitting matches well with the measured for the frequencies below 40 GHz, as shown in Fig.9.2.  with the frequencies above 40 GHz was calculated as well.
Figure 9.2: Calculated and measured S11 response for the graphene slot-waveguide E/O modulator.
.

 
 

was calculated by using the relationship between  and  Fig.9.3 shows the calculated electro-optic response up to 180 GHz, and the calculated 3-dB bandwidth is 160 GHz. 
Figure 9.3: Calculated S21 response for the graphene slot-waveguide E/O modulator.

.

 
 

10. Calculation of the micro-ring modulator bandwidth  based on the measured 
The overall modulation bandwidth of the micro-ring modulator is determined by both the micro-ring photon lifetime and the device RC determined bandwidth, as below [S4]: 
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 is the bandwidth determined by the device RC,  is the bandwidth determined by the resonance quality factor. The relation between the microring bandwidth and the quality factor is:
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High quality factor which corresponds to a long photon lifetime will lead to a small modulation bandwidth.
For the double-layer graphene slot-waveguide micro-ring modulator, the 3-dB bandwidth of the micro-ring is 57 GHz and the bandwidth related with the device RC is 160 GHz. Thus, the overall bandwidth was calculated to be 53 GHz, as shown in Fig. 10.1. The calculated bandwidth matched well with the measurement.
Figure 10.1: Calculated and measured bandwidth for the double-layer graphene slot-waveguide micro-ring modulator.

.

 
 

The overall bandwidth could be increased by reducing the micro-ring quality factor, which can be achieved by reducing the perimeter of the micro-ring. Fig.10.2 shows the relation between the micro-ring perimeter, micro-ring resonator bandwidth and the overall modulator bandwidth. Modulation bandwidth of 100 GHz can be achieved using a micro-ring perimeter of 100 µm. 
Figure 10.2: Relation between micro-ring resonator bandwidth, modulator E/O bandwidth and the micro-ring perimeter.

.

 
 

11. Critical coupled micro-ring resonator 
Critical coupling condition was satisfied in the graphene transparency region where the micro-ring transmission constant (a) equals to bus-micro-ring transmission coefficient (t). Based on this relation, the a and t could be calculated through the following equation:
	
	11.1


Bus-micro-ring transmission coefficient t was calculated to be 0.52. We further calculated the round-trip transmission constant (a) for the graphene modulator at each specific voltage, as indicated by the orange dots.
Figure 11.1: Transmission contours. Orange dots indicate the working points of the device in the experiment.

.
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