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Abstract—A thin layer of graphene on a light absorbing 
substrate (e.g., Silicon (Si)) is capable of an ultrahigh sensitivity 
for light detection. Demonstrated in both 2 terminal (diode) and 3 
terminal (MOSFET) configurations, graphene on Si devices can 
outperform conventional photodetectors in detecting weak light 
signals. High photo responsivity in graphene on Si originates from 
substrate a combined effect of (i) graphene doping due to photo 
generated carrier injection from substrate, and, (ii) high carrier 
mobility of graphene which enable a large quantum gain. Here we 
explore the design parameters that affect the photo induced 
graphene doping using self-consistent numerical simulations. We 
note that photo response can be substantially improved when 
substrate carriers have low mobility and high lifetime. The 
apparently counter-intuitive dependence of photo response on 
substrate’s mobility is physically explained. 
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I.  INTRODUCTION  

Graphene is a two dimensional mono atomic layer material 
which have demonstrated remarkable electronic and 
optoelectronic properties [1-4], in particular, a very high carrier 
mobility (200,000 cm2V-1S-1 at room temperature) [5, 6]. A 
single layer graphene can be termed as a semiconductor with 
zero bandgap or a semi-metal with tunable Fermi level [7, 8]. 
Due to these extraordinary attributes, Schottky junctions made 
between graphene and conventional semiconductors have 
exhibited unique applications for a variety of devices [9]. In 
particular, graphene-silicon junctions have found a huge interest 
for solar cells and photodetectors due to an easy integration of 
graphene with silicon [10, 11]. Other examples of such junctions 
include gas sensors [12], optical modulator [13], and, the 
barrister [14]. In particular, highly sensitive photodetectors 
based on graphene on silicon (GoS) have demonstrated a 
remarkably high photoresponsivity (R) in various types of 
device configurations [15]. The quantitative modeling and 
simulations based design optimizations of GoS photodetectors 
have however been relatively less explored despite several 
experimental demonstrations of impressive photoresponsivity 
(R).  

In the existing models, the physical origin of photo response 
in GoS is described by: (i) Quantum carrier reinvestment (QCR) 
model [16], and, (ii) substrate induced doping of graphene [17]. 

In QCR model, the photocurrent ( ) in GoS is directly 
calculated from quantum gain (QG) is defined by: ⁄ , where  is the quantum efficiency, and,  is the carrier 
transit time in graphene. The effect of conduction modulation in 
graphene due to its doping variation induced by substrate’s 
carrier injection is not quantitatively modeled in this approach. 
In the 2nd model, the role of graphene doping is explicitly 
considered but so far only the photo-induced electrostatic field 
effect of substrate’s photo generated carriers has been modeled 
while the physical carrier injection from substrate to graphene 
has never been simulated. In this paper, we develop a 
comprehensive approach which not only incorporates both of the 
existing models but also include the effect of self-consistent 
carrier transport from substrate to graphene to accurately predict 
the photoresponse of GoS photodetectors. This paper is divided 
in four sections. Section II describes the device modeling 
approach and simulation details. Section III discusses the results 
and conclusions are presented in section IV. 

Fig. 1  (a) Three dimensional (3-D) illustration of Si/Graphene 
photodetector (b) 2-D cross section of the device model in this work. 
Crystalline silicon (c-Si) acts as photo absorbing material, while single 
layer graphene forms the channel between source and drain. Energy 
band diagram along the direction perpendicular to graphene channel 
for two different back gate voltages ( 1	 ). The 
photogenerated carriers inside Si are transferred into graphene 
depending upon the applied . The electrostatic potential of 
graphene is modulated due to low quantum capacitance ( ) of two 
dimensional graphene. 
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II. DEVICE MODELING APPROACH 

A three dimensional (3 D) illustration and 2 D cross section 
of the investigated device is shown in Fig. 1(a) and 1(b) 
respectively. The structure is a field-effect phototransistor, in 
which graphene forms the channel that is back gated through an 
intrinsic (undoped) silicon (Si) substrate and is contacted at the 
top by source/drain metal.   

The model is independent from any specific process/deposition 
method of graphene. The interfacial properties non-idealities 
such as presence of defects or a native oxide (which are process 
dependent) are ignored to focus on the first order mechanisms.  

The energy band diagram along the direction perpendicular to 
the graphene channel for back gate voltage 1	  is 
shown in Fig. 1(c) and 1(d). The photogenerated electrons or 
holes are transferred into graphene depending upon the polarity 
of . The transferred carriers modulate the graphene potential 
due to smaller quantum capacitance ( , ) of graphene that 
depends upon the  density of states of graphene. ,  can be 
approximated by [17]: 

              , 2 ⋅ 1 ⁄  
 
Where 	 is material constant ( 	1.5 10 ) and 

 is the Fermi level with respect to Dirac point. It is worth 
noting that ,  is the function of  and, hence, depends upon 
the work function (doping) of graphene. 
 
The electrostatic doping modulates the graphene resistance 
( ) and given by [18]: 

 2ℎ 2 1 Γ  

where Γ is the gamma function,  is the Fermi–Dirac integral 
of order s, 	 	 	 	 / , and  is the mean free path 
of the carriers in the graphene [17, 18]. The pre factor 1 
captures the effect of sub unity transmission probability 
between the source/drain metal and the underlying graphene 
[17].  
 
The device under observation is solved numerically using a 
2 D simulation tool Padre [ref] which solves the coupled set of 

Poisson and drift-diffusion equation self-consistently. The 
Poisson equation is given by: 
 
                  	  

 
where  is charge on electron,  is permittivity of the absorber, 	  are donor (acceptor) concentration,  and  are 
position dependent hole and electron concentration 
respectively. The continuity equation for electrons is given by: 
 

                            ⋅  

 
where  is electron current density,  and  are carrier 
generation and recombination rates respectively. The drift-
diffusion equation for electrons is given by: 
 

                                

 
where  is the mobility of electron and  is the diffusion 
constant for electrons respectively. 

III. RESULTS AND DISCUSSION 

The change in graphene potential ( ) along the 
channel for different  under dark and illumination is shown 
in Fig. 2. Under illumination, the photo generated carriers are 
transferred into graphene and the graphene potential is 
modulated. Under illumination,  is much higher 
as compared to that of dark. The responsivity ( ) and 
photocurrent ( ) of the photodetector as a function of 
incident photon power ( ) is shown in Fig. 3. The 
photodetector exhibits a high  ( 10 	 / ) for   as low 
as 10 	 . The red line shows the power law fit ( ∝ ) 

Fig. 2. Change in graphene potential  along the 
channel under dark and illumination for different	 . Under 
illumination, the photogenerated carriers are transferred into graphene
and graphene potential is modulated. 

Fig. 3.  Responsivity ( ) and photocurrent ( ) as a function of 

incident photon power ( ). The photodetector exhibits a high 10 / 	for 	 10 	 . The red line shows the power law fit 
( ∝ ) for the simulated data with 0.80. 
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for the simulated data with 0.83. Fig. 4(a) shows the 
 as a function of  for a range of carriers mobility in 

silicon. It is important to note that a lower  results into a higher 
, an observation which is contrary to the intuition since 

drift length ( ) is proportional to  and given by 	.  
 
We however note that the  for carriers in substrate is high 
enough for the given range of  due to  and a relatively high 
 for c-Si. So, recombination in Si is negligible implying 100% 

carrier collection efficiency. Since injected  is constant in 
this case, a lower  results in a higher density of carriers at 
Si/graphene interface and hence a higher graphene doping to 
lower the  and hence,   is enhanced. Fig. 4(b) represents 
the ℎ  as a function of  for a range of carriers lifetime 
in silicon. For higher , more number of photo generated 
carriers are transferred into graphene to modulate the graphene 
potential that results in higher graphene doping. High graphene 
doping lowers the graphene resistance and hence ℎ  
increases. The comparison of  and ℎ  as a function of 

 for the modeled device vs the experimental data of [2] is 
shown in Fig. 5(a) and 5(b) respectively. 
 

The Si/graphene photodetector exhibits a good match with 
experimental data of [2] for both  and ℎ . Fig. 5(c) shows 
the comparison of ℎ  as a function of wavelength ( ) for 
modeled device vs experimental data of [2]. A high ℎ  is 
achieved for higher energy photons due to higher absorption in 
silicon due to higher absorption coefficient ( ) for such 
photons. For low energy photons, ℎ  drops significantly 
due to lower absorption in Si and hence lesser number of 
carriers can transfer into graphene to modulate . Fig. 5(d) 
shows the comparison of ℎ  as a function of source/drain 
voltage ( ) for the modeled device vs experimental data of 
[2]. ℎ  increases linearly with  due to higher electric 
field ( ) between source and drain for higher . The high , 
hence, increases the carriers drift length ( ) and more 
number of carriers can flow between source and drain, and 
hence,  is increased. 
 

IV. CONCLUSION 

We show that the photoresponse of GoS photodetectors can be 
effectively improved through optimizing the substrate material 
properties. Our computational approach allows incorporating 
the photo induced graphene doping model as well as the 
quantum gain model in a self-consistent unified model. The 
graphene/Si photodetector exhibits a high responsivity of 105 

/  for power incident of 10−12 . High carrier lifetime in  is 
required to attain a high photocurrent. A lower carrier mobility 
in silicon results in higher accumulation of photogenerated 
carriers near graphene/silicon interface which increases the 
electrostatic doping in the graphene channel. A lower carrier 
mobility in substrate therefore provides a high photocurrent and 
photoresponsivity. A high photoresponsivity is maintained for a 
relatively broad range of wavelength conforming to trends 
observed in the experiments.  
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Fig. 4.   as a function  for different carrier mobility in
silicon. For lower , more number of photogenerated carriers ( ) are
transferred into graphene to keep injected 	
constant, and hence results in higher graphene doping.	  as a
function  for different carrier lifetime in silicon. For higher ,
more number of photogenerated carriers ( ) are transferred into
graphene to modulate graphene resistance, and hence results in
higher	 . 

Fig. 5  (a) Comparison of  as a function  for modeled device 
vs experimental data of [2]. (b) Comparison of  as a funciton of 

 for modeled device vs experimental data of [2]. The Fig. shows a 
good match of  and  with the experiment. Comparison of  
as a function wavelength ( ) for modeled device vs experimental data 
of [2]. A high  is achieved for higher energy photons due to
higher absorption in silicon. For low energy photons,  drops 
significantly due to lower absorption in Si and hence lesser number of
carriers can transfer into graphene. Comparison of   as a function 
source/drain voltage ( ) for modeled device vs experimental data of 
[2]. As  is increased,  increases linearly due to larger dirft
length ( ) of carries inside graphene that can transfer into 
source/drain metal and high  is achieved. 
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