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Abstract: Position-sensitive detectors (PSDs) are essential 
components to the realization of displacement and vibra-
tion detection, optical remote control, robot vision, etc. 
The light sensitivity of PSDs is a crucial parameter, which 
determines the operating range or detection accuracy of 
the measurement systems. Here, we devise an ultrasensi-
tive PSD based on graphene/Si hybrid structure by using 
the synergistic effect of charge injection and interfacial 
gating. Photogenerated carriers in Si are separated by the 
built-in electric field at the surface. Holes diffuse laterally 
in inversion layer and then inject into graphene to form 
photoresponse. Meanwhile, the electrons in bulk Si that 
move to the area under graphene cause a gating effect, 
thus introducing a high gain. With the benefit of synergis-
tic effect, the detection limit power of our device can be 
pushed to pW level, which is reduced by two orders of mag-
nitude compared to previously reported graphene based 
PSD. Furthermore, even for infrared light of 1064 nm, the 

PSD still retains position sensitivity to 1 nW weak light, 
as well as fast response speed at the μs level. This work 
provides the potential of graphene as a promising mate-
rial for ultraweak light position sensitive detection.

Keywords: graphene; charge injection; interfacial gating; 
position-sensitive detector.

1  �Introduction
Position-sensitive detector (PSD), a kind of optical  
inspection systems for the precise measurement of posi-
tion, distance, displacement, angle, and other relevant 
physical variables, is a crucial component for diverse 
applications, including optical engineering, aerospace, 
real-time tracking and nanorobotics [1–4]. In tracking 
or remote measurement systems, high sensitivity and 
ultra-weak light detection capability are crucial, which 
determine the accuracy and operating distance of the 
systems. Heterojunction structures, including silicon (Si) 
P-N or P-I-N junctions [5, 6], and metal-Si Schottky junc-
tions [7–10], are the most common structures for current 
PSD. The sensitivity of these devices is still not satisfac-
tory and they normally operate under μW or mW incident 
light. In addition, for the purposes of eye safety and con-
cealment, the infrared light is the routine operating wave-
length for sensing systems, which is also a bottleneck for 
PSD based on these structures due to the weak light absorp-
tion and lack of gain. Recently, by virtue of the excellent 
properties, various two-dimensional materials have been 
employed to fabricate PSDs and some new structures were 
proposed [11–16]. In our previous studies, we designed a 
graphene-based PSD using interfacial amplification [15], 
and its detection limit power can be reduced to nw level by 
introducing gain. However, detection of weaker light (pW 
level ultraweak light) is still desirable, because it implies 
greater accuracy and precision. Moreover, the infrared 
detection capability of PSDs also needs to be further 
improved. Therefore, it is significant to continue to low 
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down the detection limit power and realize the ultraweak 
light position detection.

In conventional heterojunction based PSDs, separated 
photogenerated holes (electrons) diffuse laterally in the 
surface layer to form photoresponse. While in our previ-
ously reported PSD based on interfacial amplification effect, 
photogenerated electrons at the interface of SiO2/Si cause a 
gating effect and a high photoresponse. For both of them, 
only one type of carrier (electron or hole) contributes to pho-
toresponse and position sensitivity [12–17]. Here, we present 
an ultrasensitive graphene based PSD on lightly n-doped Si 
substrate by using synergistic effect of charge injection and 
interfacial gating. Both photo-induced holes and electrons 
are involved and contribute to the PSD performance. Due to 
the synergistic effect, the detection limit power of the PSD 
has been pushed to ~10 pW, which is two orders of magni-
tude lower than that of previous PSD. In addition, it is worth 
noting that, even for infrared light of 1064 nm, the PSD still 
retains position sensitivity to 1 nW weak light. Meanwhile, 
the PSD possesses fast response speed at the μs level. The 
outstanding performance combined with simple fabrication 
and compatibility with silicon technology let this device has 
an important development potential.

2  �Materials and methods
The Si employed in the experiment was lightly n-doped 
with resistivity of 1–10 Ω cm. The surface impurities and 
oxide layers of the Si were first removed by hydrofluoric 
acid, followed by cleaning the Si with acetone, ethanol, 
and deionized water in order. Then, the Si was placed in a 
drying oven at room temperature for 2 h to form a uniform 
native oxide layer on the surface. The mechanically 
exfoliated graphene was deposited on the Si substrate, 
and then the source and drain electrodes (Ni (5  nm)/

Au (50  nm)) were patterned by electron-beam lithogra-
phy (FEI, FP2031/12 INSPECT F50), thermal evaporation 
(TPRE-Z20-IV), and lift-off processes. Electrical, photo-
electric data and position sensitive characteristics of the 
PSD were measured using a Keithley 2612 analyzer. The 
light source was a femtosecond laser (Chameleon Ultra 
II), which can obtain different wavelength lasers by mod-
ulating the optical parametric oscillators. In the response 
speed measurement, light was modulated by an acoustic 
optical modulator (R21080-1DS) with frequency of 1 kHz. A 
digital storage oscilloscope (Tektronix TDS 1012) was used 
to measure the transient response. All the measurements 
were performed in air at room temperature.

3  �Results and discussion

3.1  �High photoresponse of graphene device

The representative schematic of our device was shown in 
Figure 1A, which is a two-terminal graphene device (the 
channel is 15 μm in length, 8 μm in width) deposited on the 
lightly n-doped Si substrate. The Raman spectrum shows 
that it is a few-layer graphene flake (See Supplementary 
Material Figure S1). The I–V curve of this device demon-
strates the higher conductivity of graphene as compared 
to the Si substrate, indicating that the current is mainly 
transported in graphene channel (Figure S2). The pho-
toresponse characteristics of the device were recorded 
with laser focused on the edge of graphene channel 
(X = 0 μm), where the laser wavelength was 532 nm and 
the spot size was ~1.5 μm. As shown in Figure 1B, the 
device exhibits fast and high photoresponse capability, 
which could respond to weak light as low as 0.4 pW. The 
obtained photoresponsivity has reached nearly ~106 A/W 

A B CLaser 107

104

101

10–2

30

20

10

0

0 4 8 12

2 pW
20 pW
0.2 nW
2 nW
20 nW

X

P
ho
to
cu
rr
en
t (

µA
)

R
 (
A
/W

)

0
n-Si

1E–31E–61E–91E–12
Time (s) Power (W)

Figure 1: Photoresponse of the graphene device.
(A) Schematic view of the graphene devices on lightly n-doped Si. X represents the distance of the laser illumination position from the 
graphene channel. (B) Photo-switching characteristics and (C) photoresponsivity of the device act as a photodetector at different power 
(X = 0 μm, Vds = 1 V).
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(Figure 1C), which is comparable to that of graphene-Si 
heterojunction photodetectors reported previously. This 
high photoresponsivity is ascribed to the high mobility of 
graphene and absorption of Si, as well as the presence of 
a high gain of more than 104 in graphene-Si hybrid struc-
ture devices [15, 18, 19]. Recently, the graphene-Si hybrid 
structure has attracted great attention in practical appli-
cations, including solar cell [20–22], array imaging [23], 
etc. Here we mainly focus on the photoresponse outside 
the graphene channel, that is, the position-sensitive pho-
toresponse characteristic. The high photoresponse per-
formance suggests promising potential of our graphene 
device for ultrasensitive position detection.

3.2  �Position-sensitive characteristics of the 
device

The photoresponse was collected at different distances 
(different X labeled in Figure 1A) from the graphene 
channel. Figure 2A shows typical photo-switching char-
acteristics of the device under different position. It can 
be seen that a considerable photocurrent generates and 
its magnitude declines significantly with increasing the 
distance, implying excellent position sensitivity of the 
device. This also implies that our device can be acted as 
a PSD capable of detecting the position of ultraweak light 

(pW level). The observed lateral photoeffect can be attrib-
uted to the presence of a built-in electric field at the surface 
of Si substrate, which will be discussed in detail later. To 
investigate the position sensitive characteristics, the pho-
tocurrent as a function of position at different power was 
displayed in Figure 2B. We note that, even at ultraweak 
incident power of 10 pW, the device still displays excel-
lent position sensitive response, suggesting ultrasensitive 
property of our device to weak light signal. In addition, the 
power response range of the device cover from pW to mW, 
and the detection distance can reach mm level for uW and 
mW light, enhancing potential of our device for promising 
application. To prove the role of graphene in the device, 
control experiments were carried out. A pure Si device 
with the same channel length was fabricated, and the 
position sensitive characteristic was conducted. Although 
pure Si devices also have photoresponse capability and 
position sensitive characteristics, they require strong inci-
dent power above μW level. The photocurrent of pure Si 
device drops rapidly from 32 nA to zero at ~30 μm under 
incident light of 10 μW which is negligible compared to 
the photoresponse of graphene device on Si (Figure 2C). 
It is high mobility of graphene and structure design that 
makes our device as a promising ultrasensitive PSD. Fur-
thermore, the detection capability of the device can be 
modulated by bias to further improve (Figure S3). Spatial 
position resolution was also calculated by considering the 

A B

104103102101100

104103102101100

0 200 400

P
ho
to
cu
rr
en
t (

µA
)

P
ho
to
cu
rr
en
t (

µA
)

P
ho
to
cu
rr
en
t (

µA
)

100 nw10 pw
1 nw 10 µw

1 µm

10 µm
20 µm
30 µm

5 µm
1 mw

3 4 50 1 2

3

4

5
100

10

1

0.1

0.01
0

1

2

6 7

Time (s) Position (µm)
C D 60

40

20

0

Graphene-Si
Pure Si

10

0.1

1E–3

R
es
po
ns
e 
tim

e 
(µ
s)

Position (µm) Position (µm)

Figure 2: Position-sensitive characteristics of the device.
(A) Photo-switching characteristics of the device at different position (532 nm laser, Vds = 0.1 V) (B) Photocurrent as a function of position 
under different incident light powers. (C) The comparison of the position sensitive characteristics of the graphene-Si and pure Si devices 
under 10 μW. (D) The position dependence of response time of the device.
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detection limit of photocurrent, which was less than 1 μm 
(Figure S4).

Next, the response speed of the device was studied and 
response time was obtained by fitting the transient response 
using a single exponential function (Figure S5). The position 
dependence of response time was shown in Figure 2D. The 
increase of response time with distance could be understood 
as the increase of transit time of the carriers from light spot 
to the graphene channel. Despite the increase, the response 
time is in the tens of microseconds, which enables the PSD 
to achieve high frequency (up to ~10 kHz) detecting.

3.3  �High performance of the PSD in  
near-infrared range

Infrared sensitivity is an important property of PSD for the 
eye safety and concealment. To prove the capability of our 
PSD, the position sensitive characteristics under 800 nm, 
950 nm, 1064 nm were recorded, as shown in Figure 3A. 
It can be seen that the photoresponse changes signifi-
cantly with position, indicating excellent position sen-
sitivity under infrared light. Figure 3B shows the spatial 
position resolution of the PSD as a function of power. The 
resolution gradually improves as the power increases, and 
reaches to tens of nanometers. More important, even for 
the infrared light of 1064 nm, the detection limit power of 
our PSD can still be ~1 nW. The ultrasensitive performance 
of the PSD for visible-near infrared will enable the PSD to 
work under complex environment.

3.4  �Mechanism for ultrasensitive graphene 
PSD

In order to better understand the ultrasensitive PSD, we 
proposed a synergistic effect mechanism model. Many 

studies have confirmed the presence of charged surface 
states in lightly doped semiconductors, which is due to 
the dangling bonds, surface reconstruction, adsorbed 
ions, etc [24–26]. The surface states with donor or 
acceptor levels in the band gap will be emptied and 
filled through carrier dynamic process. Consequently, 
surface bands bending and a built-in electric field 
forms, generating depletion layer as well as an inver-
sion layer. The inversion layer can provide a high speed 
path for carrier transport, which has been confirmed by 
previous studies [13, 14, 27–29]. For lightly n-doped Si, 
the surface bands bend upwards, leading to the elec-
tric field directing from bulk Si to the surface (Figure 4). 
Under illumination, the generated electron-hole pairs 
are separated by the built-in electric field. Holes will 
drift to the surface, while electrons will move into bulk 
Si. The holes then diffuse laterally in the inversion 
layer until they are recombined or transfer to graphene 
channel to form photocurrent. It is worth noting that 
the native oxide layer (between the inversion layer and 
graphene channel), which is generally 1–2  nm thick, 
allows holes to tunnel through it quite freely [30] 
and therefore does not affect injection. However, the 
collection of holes is not sufficient to produce such a 
high photoresponse in our device. As can be seen from 
the comparison results in Figure 2C, the number of holes 
diffused into the channel should be the same under the 
same operating conditions, but the photoresponse of 
pure Si devices is much lower than that of graphene-Si 
structures. It is suggested that another photoresponse 
mechanism should exist.

Another potential contributor to the photoresponse 
is the electrons in bulk Si. The electrons can also diffuse 
laterally inside the Si [25], and the existence of the built-
in electric field can effectively suppress the recombina-
tion of electrons in the bulk Si and holes in the inversion 
layer during diffusion. When the distribution of carrier 
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Figure 3: Infrared performance of the PSD.
(A) Position dependence of photocurrent of the PSD at infrared light of 800 nm, 950 nm, 1064 nm. (B) The spatial position resolution of the 
PSD as a function of power.
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reaches a dynamic equilibrium, the electrons under gra-
phene will introduce a gating effect, i.e. interfacial gating 
effect [26]. In this gating effect, the depletion layer (up to 
hundreds of nanometers thick) can act as dielectric layer, 
while the dielectric effect of the native oxide layer is neg-
ligible due to its ultrathin thickness. Since the lifetime 
of electrons generated in lightly doped Si is much longer 
than the transit time of carriers in graphene channel [19], 
high gain can be introduced and will greatly increase the 
photoresponse. Therefore, it is reasonable to attribute 
the high photoresponsivity of the device or ultrasensitive 
characteristic of the PSD to the synergistic effect of inter-
facial gating and charge injection.

4  �Conclusions
In summary, we present an ultrasensitive PSD based on 
the graphene-Si hybrid structure by using synergistic 
effect. The holes generated in Si are directly transferred 
and injected into graphene to form photoresponse, 
while the electrons remaining in Si introduce a high 
gain through the interfacial gating effect. Both holes 
and electrons promote the photoresponse and position 
sensitivity. This PSD can operate under ultraweak light 
at the pW level for visible light and 1 nW for 1064 nm. At 
the same time, it retains fast response speed at μs level. 
This work therefore provides important advances and 
new development opportunity for future weak signal 
sensing.
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