
S1 
 

Supporting information 

Graphene Field-Effect Transistor as a High-Throughput Platform to Probe Charge 

Separation at Donor-Acceptor Interfaces  

Bhupal Kattel,1 Liang Qin,1,2 Tika R. Kafle,1 Wai-Lun Chan1,* 

1. Department of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, US 

2. Key Laboratory of Luminescence and Optical Information, Ministry of Education, Beijing 

JiaoTong University, Beijing 100044, China 

*Email: wlchan@ku.edu 

 

1. Measuring the optical absorption coefficient of the ZnPc films 

To determine the optical absorption coefficient of our films, we deposited ZnPc films with 

different thicknesses (t) onto a glass substrate. Similar to the ZnPc film grown on C60, the ZnPc 

film on a glass substrate has an edge-on orientation. The transmitted intensity through the 

ZnPc/glass samples T(t), compared to the transmitted power through the bare glass substrate 𝑇𝑇(𝑡𝑡 =

0): 

 𝐴𝐴(𝑡𝑡) = 1 − 𝑇𝑇(𝑡𝑡)/𝑇𝑇(𝑡𝑡 = 0),       (S1) 

is used as the experimental observable to compare with the same quantity calculated by the optical 

model. Note that A(t) is not strictly equal to the absorption of the ZnPc films because a small 

portion of the light is reflected at air/ZnPc and ZnPc/glass interfaces. However, because the exact 

same quantity is compared between the experiment and calculation, the absorption coefficient of 

ZnPc can be determined accurately. The measurement are done with an incident angle of 0° and 

the same wavelength (700 nm) as used in the ultrafast experiment.  

To model the intensity transmitted through the film, we solve the standard Fresnel 

equations for the multi-layer structure shown in Figure S1 using the transfer-matrix method.S1-S3 

The refractive index of glassS4 and the real part of the refractive index of ZnPcS5-S6 are obtained 

from the literature. The only fitting parameter is the imaginary part of the refractive index k of 

ZnPc, which relates to the optical absorption coefficient α by: 

 𝛼𝛼 = 4𝜋𝜋
𝜆𝜆0
𝑘𝑘.         (S2) 
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λ0 is the wavelength in vacuum. Figure S2 shows the comparison between the experiment data and 

the solution obtained from the optical model for k = 0.6 and 0.7. The value of k is within the range 

of 0.6 - 0.7. In the subsequent calculation, we take k = 0.65. The corresponding value for α is 1.2 

× 105 cm-1, which is consistent to the α measured by others.S7 

 

 
Figure S1: The optical model used to determine the complex dielectric constant of ZnPc. 

 

 

 
Figure S2: The optical transmission of the ZnPc/glass samples at 700 nm determined by 
experiment and modeling.  
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2. Modeling the optical absorption of the ZnPc-C60 films 

To determine the actual number of photons absorbed in the ZnPc/C60/graphene/SiO2/Si 

multilayer structure, we cannot simply use the product of α and the ZnPc thickness because of the 

reflection from interfaces and the interference between different reflected/transmitted rays. To 

determine the absorption in the ZnPc layer, we use the optical model as shown in Figure S3. The 

complex refractive index k of ZnPc determined above is used in this model. The refractive index 

for graphene,S8 C60,S6 SiO2 (thermal oxide),S9 SiS10 found in the literature are used in our 

calculation. The values of refractive indexes and thicknesses of each layer used in the model are 

summarized in Figure S3. The percentage of incident photons absorbed by the ZnPc layer in the 

two samples used in our experiment: 5 nm ZnPc/2 nm C60 and 5 nm ZnPc/10 nm C60 are found to 

be 7.8% and 9.6% respectively. Note that the amount of light absorbed in the two samples are 

slightly different even though the ZnPc thickness is the same. The small difference in absorption 

is originated from reflection and multi-layer interference effects.  

To determine the number of absorbed photons in our devices, we use the measured laser 

beam parameters (a pulse energy = 344 nJ and fwhm size = 1.2 mm). We assume a Gaussian beam 

profile with the beam centered at the center of the device. The device diameter is taken as 1 mm.  

 
Figure S3: The optical model use to determine the light absorption in the ZnPc layer. 

 

3. Optimizing the time resolution of our measurement circuit 

The time resolution of our setup can be limited by the design of the measurement circuit in 

addition to the resolution of the oscilloscope. For an ideal measurement circuit, the oscilloscope 

draws no current from the circuit. This can be achieved only if the total impedance of the 

measurement circuit, which contains the oscilloscope probe and the oscilloscope (the gray box in 

Figure S4a), is much larger than R0. The resistance of the oscilloscope probe Rp is on the order of 
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10 MΩ, which is much larger than R0. However, for high frequency signal, the reactance Xc (in the 

unit of Ω) of the oscilloscope probe capacitance Cp can be very small because 𝑋𝑋𝑐𝑐 = 1/2𝜋𝜋𝜋𝜋𝐶𝐶𝑝𝑝. 

High frequency components of the signal can be lost unless Xc (f) > R0. This limits the smallest 

signal rise time that can be captured by the setup. The cutoff frequency fc, i.e. the effective 

bandwidth of the measurement, is given by 𝜋𝜋𝑐𝑐~ 1
2𝜋𝜋𝜋𝜋0𝐶𝐶𝑝𝑝

. Because the signal rise time τ ~ 0.35/fc, the 

minimum rise time (i.e. the time resolution) that can be measured is:S11  

𝜏𝜏 ≈  2.2𝑅𝑅0𝐶𝐶𝑝𝑝.          (S3) 

Hence, τ decreases with R0 until it reaches the time resolution of the oscilloscope.  

Figure S4b shows the normalized signal obtained from a 1.5 nm ZnPc/2 nm 

C60/graphene/glass sample by using different R0 in the measurement circuit. This sample have the 

fastest CS dynamics among our samples, because of the ultrathin organic films. The signal rise 

time τ is plotted against R0 (inset of Figure 4b). A linear dependence as predicted by Eq. (S3) is 

observed. The probe capacitance Cp can be determined from the slope of this curve, which is ~ 10 

pF. This is roughly equal to the capacitance of our 300 MHz oscilloscope probe (12 pF). The rise 

time τ ~ 2 ns for R0 = 100 Ω, which approaches the temporal resolution (1.75 ns) of our 

oscilloscope. In our main text, results such as those shown in Figure 4 are done with this optimized 

setup. The signal rise time is then limited only by the resolution of the oscilloscope and the actual 

CS dynamics.  

 

Figure S4: (a) The circuit diagram of the setup. (b) The time-resolved signal measured with 
different R0. Inset: the rise time of the signal as a function of R0. 
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