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Supplementary Section 1. 

Device structure and scanning photocurrent spectroscopy  

 To fabricate graphene devices, graphene films were synthesised by chemical vapor 

deposition (CVD) method on copper foil and then transferred to the device substrate with pre-

patterned local bottom back gate electrode (covered by 50 nm Al2O3 as gate dielectric by atomic 

layer deposition). The source and drain contact electrodes for the graphene channel are separated 

by 5 µm, and the contact metal is either palladium (60 nm) or titanium/gold (5/50 nm) deposited 
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by electron-beam evaporation. On top of the graphene channel, another 50 nm Al2O3 film was 

deposited by atomic layer deposition. This top dielectric film also serves as a passivation layer. 

The photoresponses of fabricated graphene devices are characterized using the scanning 

photocurrent spectroscopy
1-3

 as schematically shown in Fig. S1. In this setup, a focused laser 

spot is raster scanned at the surface of a planar graphene transistor, and simultaneously, short 

circuit photocurrent generated from the transistor is detected by the lock-in amplifier. To monitor 

the spatial position of laser spot, a photodetector is incorporated into this setup to detect the 

intensity of reflection light from graphene device. Therefore, the mapping of photocurrent image 

with reflection image provides the spatial information of photoresponse from the graphene 

transistor. 

When spatially probing the gate dependence of photoresponse, the focused laser spot is 

kept to scan along the certain cross section between source and drain contact under different gate 

voltages. The collected data is then demonstrated in our gate-dependent photocurrent maps (Fig. 

2b-d) for comparison.  

 

Figure S1 Scanning photocurrent spectroscopy. This figure schematically shows the setup of 

scanning photocurrent measurement. 
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Supplementary Section 2. 

Gate-dependent photoresponse under low excitation pulse energy 

 The photoresponse induced by the photo-Dember field is the result of nonequilibrium hot 

carrier dynamics. Therefore, by reducing the pulse excitation power, photo-Dember field might 

not be the dominated mechanism for photocurrent generation due to the lower photocarrier 

temperature and photocarrier density. Here, we examine the photoresponse from the device A, 

device B and device C respectively with lower excitation pulse energy. As demonstrated in Fig. 

S2 a-c, the measured gate-dependent photocurrent from the metal/grapheneinterface displays 

polarity reversal.  This feature suggests the photoresponse is not simply dominated by the photo-

Dember field. Instead, the conventional mechanisms, including photovoltaic
1-2

 and photo-

thermoelectric effect
4
, could also play the crucial roles. 

 

Figure S2 Gate-dependent photocurrent under low excitation pulse energy. The measured 

gate-dependent photocurrent generation from the metal/graphene interface from (a) Device A 

with the pulse energy at 2.63 pJ, (b) Device B with the pulse energy at 2.2 pJ and (c) Device C 

with the pulse energy at 0.66 pJ, respectively. 
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Supplementary Section 3. 

Simulation of Drift-Diffusion equations and modelling of hot carrier temperature 

 To simulate the dynamical distribution of hot carriers and the photo-Dember field, we 

solve the continuity equation and Poisson equation: 

𝜕𝑛𝑖

𝜕𝑡
= 𝐺 ± 𝜇𝑖

𝜕(𝑛𝑖𝐸)

𝜕𝑥
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𝜀0𝜀𝑟
  (2) 

where 𝐺 represents photocarrier generation created by a femtosecond pulse, 𝑛 is the density of 

photocarrier (𝑖= e,h represent electrons and holes respectively), 𝜇 is the photocarrier mobility, 𝐷 

is the photocarrier diffusion coefficient, 𝜏 is the photocarrier lifetime, 𝑞 is electron charge, 𝜀0is 

vacuum permittivity and 𝐸  is the photo-Dember electric field induced by the asymmetric 

distribution of excited electrons and holes. We assume the relative permittivity (𝜀𝑟) of graphene 

is 3 [5]. In addition, 𝐷 is related to 𝜇 via the Einstein relation
6
:  

𝐷 =
𝜇𝑘𝐵𝑇

2𝑞
  (3) 

where𝑘𝐵  is the Boltzmann constant and T is the temperature of photocarrier. To numerically 

solve the above equations, it is necessary to know the time evolution of photocarrier temperature. 

In this regard, we further solve the photocarrier-phonon coupled rate equations
7
.The simulated 

time evolution of photocarrier temperature after a pulse excitation is shown in Fig. S3, and with 

this result, we could model the dynamics of hot electrons, holes as well as the photo-Dember 

electric field for the given electron mobility (𝜇𝑒), hole mobility (𝜇ℎ) and excitation pulse energy. 

 

 



5 

 

Figure S3 Time evolution of photocarrier temperature. The simulated time evolution of 

photocarrier temperature after a pulse excitation. 

 

 

Supplementary Section 4. 

Power dependence of photocurrent generation under CW and pulse laser excitation 

 Fig. S4a shows the power dependence of photocurrent generation from the 

metal/graphene interface under CW laser excitation. The result exhibits that the magnitude of 

photocurrent increases linearly with the excitation power. Notably, this observation is different 

from the result under pulse laser excitation (Fig. 3d, main text), suggesting the mechanism of 

photoresponse induced by CW excitation is different from pulse excitation.  

Additionally, we performed photocurrent measurements under different excitation pulse 

fluences. The measured two devices here are different from the device shown in Fig. 3d of the 

main text. Both devices again show that photocurrent increases super-linearly with the excitation 

fluence, indicating photo-Dember effect is the dominant mechanism for photocurrent generation 

(Fig. S4b&c). 
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Figure S4 Power dependence of photocurrent generation. (a) The power-dependent 

photocurrents were detected by focusing the CW laser beam at the metal/graphene interface. The 

black round symbols are experimental results and the red line is a linear fit to the data. (b-c) 

Power-dependent photocurrents under pulse laser excitation. The black round symbols are 
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experimental results and the red lines represent power-law fit with (b) 𝐼𝑝𝑐 𝛼 𝑃1.08  and 

(c) 𝐼𝑝𝑐 𝛼 𝑃1.15 respectively. 

 

Supplementary Section 5. 

Ultrafast pump probe measurements 

 Fig. S5 presents a schematic diagram of ultrafast pump probe setup. Laser pulses (150 fs 

pulse width) are generated from Ti-Sapphire laser with the repetition rate at 76 MHz and central 

wavelength at 800 nm. The generated femtosecond pulse train is then split into the probe (13.2 pJ) 

and pump (15.8 pJ) beam by a beam splitter (BS). The probe beam is reflected by a fixed mirror 

(M1) and modulated by the mechanical chopper (1.3 kHz). The pump beam is reflected by 

another mirror (M2), mounted on the motorized stage to induce a time delay between two pulses. 

Also, the polarization of pump beam is rotated by 90 degrees with respect to the probe beam in 

order to suppress the interference.  Finally, two beams are collinear focused on the graphene 

device.  

 When measuring the ultrafast photoresponse from the device, two beams are focused on 

the metal/graphene interface and the change of short-circuit photocurrent as a function of the 

time delay is detected by using a lock-in amplifier referenced to the chopping frequency. As 

shown in Fig. S6, the magnitude of photocurrent decays by reducing the time delay between two 

pulses. Based on the drift-diffusion model, this decay curve is related to hot carrier cooling rate. 

However, we note there is no simply analytical relation between the magnitude of photocurrent 

and photocarrier temperature. Therefore, we fitted each decay curve with a single exponential 

decay, and the extracted lifetime from the exponential decay is defined as the response time in 

this work. 
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Figure S5 Ultrafast pump probe spectroscopy. This figure schematically shows the setup of 

ultrafast pump probe measurement. 

 

Figure S6 Ultrafast pump probe experimental results. The figure shows the magnitude of 

photocurrent changes as a function of time delay. Also, different bottom gate voltages are 

applied in order to study the gate-dependent response time. 
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Supplementary Section 6. 
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