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This study presents the time response characteristics of graphene/n-Si heterojunction 

photodetector that have been estimated by using the room temperature on–off measurements 

under 450 nm and 642 nm illumination with a frequency of 175Hz and 1kHz. We obtained 

rise time values of at most 12.5 μs and 10.6 μs for the device measured under 642 nm and 

450 nm light illumination with a frequency of 1kHz, respectively. Numerical calculations 

at the same frequency show that the light penetration depth (L) increases with increasing λ, 

and the main mechanism is diffusion in the graphene layer, while the drift time is insignificant. 
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Introduction. In the past decade graphene has been one of the most studied material 

due to several unique and excellent properties that make it an ideal candidate for light de-

tection in optical communications and optoelectronic devices. Moreover, the response time 

is an important factor in the detection of rapid modulated optical signal, which is in close 

relation with the photo-generated carriers recombination process. Response characteriza-

tion analysis is used not only to measure the charge-transport properties of organic semicon-

ductors and quantify the initial amount of photogenerated charge, but also to study the re-

combination kinetics in semiconductors, average doping density, and carrier mobility [1]. 

Since such measurements are ultimately a major determinant of benchmark material prop-

erties, it is especially important that their physics be thoroughly understood both conceptu-

ally and analytically. 

Results and discussion. A graphene/Si heterojunction were fabricated as follows. First, 

graphene growth was performed through the atmospheric pressure chemical vapor deposi-

tion using methane as a precursor. After the growth graphene was transferred onto struc-

tured n-Si substrates with metallic contacts by a wet-chemical process without using poly-

meric frame. The area of the heterojunction A formed was A = 0.087 cm2, low doped n-Si 

(ND= 1016 cm-3) was used as a substrate. More details about samples fabrication and charac-

terization can be found elsewhere [2, 3]. 

To characterize the optoelectronic performance of the SWCNT/Si heterojunction pho-

todetectors, time response characteristics were measured under 642 nm and 450 nm illumi-

nation with a frequency of 175 Hz and 1 kHz. By connecting the SWCNT-based photodetector 

to an external resistor we measured the dynamic voltage of the resistor with an oscilloscope 
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with an incident power of 0.32 W/cm2 and 0.57 W/cm2 respectively. It should be noted, that 

further in this paper results of time response studies performed only under 642 nm light 

illumination will be present. 

The time response characteristics of our photodetector are shown in Figures 1, 2. 

It is clear that the sharp voltage switch is observed when the light is turned on or off. It is 

also worth noting that the rise time () and fall time (τfall) were extracted from the dynamic 

voltage signal waveform (Figure 1 a, b) and both these values do not exceed 12.5µs and 

10.6 µs for device measured under 642 nm and 450 nm light illumination respectively. 

     

Figure 1. – One normalized cycle at (a) 1 kHz and (b) 175Hz. Rise (fall) time measured  

in PV mode between 10% and 90% of the rise (fall) fronts 

We also measured the cyclic photoelectric response of the graphene/n-Si photode-

tector. As shown in Fig. 2, the photoinduced voltage amplitude of the photodetector remains 

almost unchanged after experiment, indicating a good photoresponse stability. 

Finally, the photodetectors based on graphene/Si heterojunctions fabricated in this 

work are highly stable over time. In particular, measurements of photodetectors after 2 years 

of storage in laboratory conditions in air demonstrated that the response characteristics 

changed by no more than ~5%. 

 

Figure 2. – Time-dependent measurement under 642 nm illumination  

with a frequency of 175Hz 
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For semiconductor photodetectors, the collection of nonequilibrium carriers created 

via light absorption at a depth L inside the photodetector is treated conventionally through 

drift and diffusion processes. 

The drift component of the photocurrent is determined by a relatively fast movement 

of nonequilibrium carriers in the electric field of a space-charge (depletion) region toward its 

edges (L ≤ W). The diffusion component of the photocurrent is determined by a relatively slow 

movement of nonequilibrium minority carriers driven by carriers’ concentration gradient in 

the charge-neutral (nondepleted) region of a photodiode toward its edges (L > W). In both 

the cases, once the holes have reached the graphene counter electrode, they diffuse along 

this layer to reach the metallic interdigitated electrodes. Therefore, the maximum path the 

holes must travel to be collected by the interdigitated electrodes is L + d/2 where d=200 μm 

is the distance between two adjacent electrode edges. From the Schottky theory, the width 

of the depletion region in a metal/semiconductor junction is given by: 
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where q is the magnitude of electronic charge, Si = 11.8 and 0 = 8.85×10-14 F/cm2 are the 

permittivity in Si and in vacuum, respectively. 

In the case of the photovoltaic configuration, the electrodes used for the charge col-

lections are the top shorted S-D and the bottom G. In all the cases (L ≤ W or L > W) the electrons, 

separated by bult-in potential Vbi, must cross the whole Si substrate. The Vbi is given by 

the expression: 
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where kB is the Boltzmann constant, NC = 2.8×1019 cm-3 is the density of the states at conduc-

tion band for Si and Schottky barrier height (b = 0.42eV) as calculated before [3]. Vbi = 0.22 

Vhas been obtained and, consequently, W = 0.17 μm. The time required for the charges to 

cross the depletion zone under the action of the potential Vbi is: 
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where the drift velocity 
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Considering the calculated values for Vbi and W and taking μ = 400 cm2/V∙s as the mo-

bility of the holes in n- Si with the given donor concentration, one obtains tdr ≈ 3.26×10-12 s. 

The calculated value of tdr is too low to be associated to the response time measured in the 
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presented. At the same time, based on the above calculation, the drift mechanism can be con-

sidered insignificant and that the holes generated at a depth of L ≤ W spend most of their 

time to reach the interdigitated electrodes along the graphene layer. 

In the future, it is useful to analyze the dependence of rise on λ. In this case, rise ≈ 12.5 

µsand rise≈10.6 µs was measured for λ = 642 nm and λ = 450 nm light illumination with a fre-

quency of 1 kHz, respectively. Assuming for the graphene mobility the value of μ = 200 cm2/V∙s [4], 

a diffusion length 
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According to the calculations, for rise≈ 12.5 µs, corresponding to λ = 642 nm, the holes 

travel for a distance Lp = 80 μm, and for rise ≈10.6 µs, corresponding to λ = 450 nm, the holes 

travel for a distance Lp= 73 μm. Both distances are comparable with the Si substrate thickness. 
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