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Abstract Graphene-based photodetectors have drawn a large amount of interests owing to its wide spec-

tral response, however, the high dark current greatly limits their applications. In this study, we develop an

efficient graphene in-plane homogeneous p-n-p junction based infrared (IR) photodetector with greatly re-

duced dark current. The devices with p-n-p junctions exhibit excellent photoresponse to 1.0∼4.0 µm IR light

illumination with ultra-low dark current at the order of ∼10−9 A in double p-n-p junctions and 10−13 A in

three p-n-p junctions based photodetector, which is three and seven orders of magnitude lower than pristine

graphene phototransistors, respectively. The excellent IR photodetection capabilities could be attributed to

the synergistic effects of in-plane photovoltaic effects as well as the photogating effects induced carrier injec-

tion from the silicon substrate. Our results suggest intriguing potential of graphene in-plane p-n-p junctions

for applications in high-performance IR photodetectors.
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1 Introduction

Graphene-based photodetectors have attracted immerse attention owing to the unique optoelectronic
properties of graphene including broadband light absorption, high carrier mobility, mechanical flexibility
as well as excellent thermal conductivity [1–3]. Graphene exhibits ultra-broadband light absorption over
wavelengths from ultra-violet to the terahertz region, and a rapid photoresponse [4–6], which provides a
gigahertz-order (GHz) bandwidth over the infrared (IR) spectrum [7–9]. Moreover, graphene films can be
fabricated by a low-cost green method [10, 11], which is in contrast to conventional IR materials [12, 13]
such as indium gallium arsenide (InGaAs), gallium arsenide/aluminum gallium arsenide (GaAs/AlGaAs)
quantum wells and indium arsenide antimony/aluminum arsenide antimony (InAsSb/AlAsSb) superlat-
tices. Homogeneous graphene p-n junctions are promising candidates to achieve excellent photodetection
performances [14–16], because there is no interfacial lattice mismatch and a uniform energy potential
profile [17] is formed across the device. It has been reported that the internal quantum efficiency can
be enhanced in homogeneous p-n junctions [18,19], and some unique physical phenomena, such as Klein
tunneling effect [20] and Veselago lensing [21], have also been predicted and realized. For building p-n
junctions, doping methods including classical interstitial doping [22–24] as well as electrical-gating [25]
have been utilized for fabrication of p- or n-type graphene and thus enabling the formation of graphene
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p-n junctions. Although graphene homogeneous p-n junction based graphene photodetectors exhibits
relatively high photoresponsivity, the dark current is usually very high [26–28], arising from the gapless
nature of graphene. In such photodetectors, the dark current is always much higher than the photore-
sponse signal, resulting in the low ON/OFF ratio and high signal noise of the device. Therefore, how
to reduce the dark current to a lower level and retain excellent IR photodetection capabilities is a main
obstacle that needs to be addressed for the practical applications of graphene photodetectors.

In this study, we develop an efficient graphene in-plane homogeneous p-n-p junction based IR photode-
tector with greatly reduced dark current. In the device, graphene is transferred onto SiO2/Si substrate
with multiple patterned silicon trenches, where graphene directly contacts with silicon substrate in silicon
trenches. The graphene which directly contacts with the exposed silicon is found to be electron doped
with a concentration of 2.4×1012 cm−2, forming n-type graphene, while graphene on SiO2 retains p-type
doping. Highly efficient photodetection behaviors based on this in-plane homogeneous p-n-p junction
are achieved over a broad wavelength region from infrared to mid-infrared (MIR) band (1.0–4.0 µm). It
should be pointed out that a pristine graphene phototransistor with no silicon trenches in the channel
region hardly responds to the MIR light. In our device, the light-activated functionality is provided by
synergistic effects coming from the photovoltaic effects and photogating effects. In the graphene in-plane
homogeneous p-n-p junctions, photo-generated holes are allowed to transfer out and extracted by the con-
tact electrodes, whereas, electrons are trapped in the electron doped graphene. This photogating effect
further induces carrier injection from the silicon substrate, enhancing the photoresponse performance.
Noteworthy, it is found that this device architecture exhibits ultra-low dark current, i.e., ∼10−9 A in
double p-n-p junction architecture with two silicon trenches and ∼10−13 A in three p-n-p junctions ar-
chitecture with three silicon trenches. These findings offer a novel approach to design IR photodetectors
and other optoelectronic devices based on 2D materials.

2 Device structure and working mechanism

Figure 1(a) shows the optical image of device. As shown in Figure 1(a), a Si/SiO2 (300 nm) substrate with
two silicon trenches is utilized as the substrate. The silicon trenches are defined with photolithography
and etched by reactive iron etching (RIE) methods with a trench width, length and depth of 2 µm, 100 µm
and 600 nm, respectively. Afterwards, the graphene is transferred and assembled onto the above substrate
using a typical wet transfer method [29, 30]. The graphene contacting with SiO2 surface and Si trench
exhibits different doping states caused by silicon (in the silicon trenches) and absorbed chemicals (water
or gas trapped in the SiO2 surface [31]), respectively. To ascertain the doping level of pristine graphene
on SiO2 substrate, we fabricate the pristine graphene field-effect transistors (FETs) based photodetector
on the Si/SiO2 substrate and characterize the electrical performances. The transfer characteristics of the
device under dark conditions are shown in Figure A1 in Appendix. The charge neutral point is located
approximately at 19.2 V, and it means that most carriers are holes because of the doping effects coming
from absorbed chemicals such as water or gas trapped in SiO2 substrate and on the graphene film surface.

Figure 1(b) shows the Raman spectra of graphene films on different regions of the substrate collected to
ascertain the quality and doping state of graphene films. The Raman characteristic peak shift is correlated
with the change of charge density in graphene as previously reported. The upper panel of Figure 1(b)
demonstrates the Raman spectrum of graphene on SiO2 substrate. The result verifies the good quality
and monolayer nature of graphene films on the SiO2 surface (I2D/IG > 2). By comparison, the position
of 2D peak in the lower panel is red-shifted slightly, indicating the increased electron concentration in
the graphene film above the silicon trench. The 2D/G ratio of graphene on silicon decreases evidently
compared with graphene on SiO2 and it is concluded that the graphene on silicon region exhibits n-doping
effects, according to the model developed by Das et al. [32]. Besides, the value of I2D/IG is an important
parameter to estimate the doping carrier density in graphene. The I2D/IG value is calculated to be 2.79
and 1.81, respectively, corresponding to approximately 1.2×1012 cm−2 for hole doping in the graphene
on SiO2 and 2.4×1012 cm−2 for electron doping in the graphene on silicon trench, respectively. The
chemical potential (µ) of graphene is the distance between charge neutrality point and Fermi level. We
could also extract the chemical potential using the formula warning µ = h

2πνF
√
πn [33], where warning

νF = 106 ms−1 is the Fermi velocity, n is the carrier density, and h is Planck’s constant. The work
function difference between the p-doped and n-doped graphene regions is calculated to be 53 meV.

To directly evaluate the band energy offset at the in-plane graphene p-n-p interface, Kelvin probe force
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Figure 1 (Color online) The schematic diagrams and Raman spectra of photodetector based on graphene in-plane homogeneous

p-n-p junctions. (a) Schematic of the device, bottom right: the optical image of device. (b) Raman spectra of the graphene film

on different regions of the substrate.

(a)

(c)

E
f

Source

Ti/Au

Drain

Ti/Au

(f)

Part 1 Part 2 Part 3

np p n p

(e)

0 2 4 6 8 10 12

−300

−200

−100

0

100

200

300

400

Lateral distance (µm)

H
ei

g
h
t 

(n
m

)

−150

−100

−50

0

50

100

150

P
o
te

n
ti

al
 (

m
V

)

(d)

(b)

−200
−100

0

100

200

300

403 nm

X: 13 µm

X: 13 µm

Y
: 9.9 µm

Y
: 9.8 µm

−305

−0.330

−0.200

−0.100

0.000

0.100

0.205 V

−0.250

−0.150

−0.050

0.050

0.150

Figure 2 (Color online) The KPFM characterization and schematic band diagram of the device. (a), (b) The surface topographies

of the device from 2D and 3D views. (c), (d) The surface potential distribution image of the device. (e) The height and potential

profiles extracted from the dotted line in (c). (f) The schematic band diagram of the in-plane homogeneous graphene p-n-p junctions.

microscopy (KPFM) measurements are performed (Figure 2). Figures 2(a) and (b) show the surface
topographies of the device from 2D and 3D views. The SiO2 is removed thoroughly and the silicon etching
depth reach 300 nm. Notably, as shown in Figures 2(c) and (d), an evident potential difference between
graphene films on SiO2 surface and silicon trenches is observed from the surface potential distribution
image. The contact potential difference (VCPD) can reflect the difference in the work function between
the probe tip and the surface of graphene, and the corresponding formula can be written as VCPD =
(Wprobe −Wgraphene) /q, where Wprobe and Wgraphene are the work function of probe tip and graphene
surface, respectively. It is deduced that different VCPD values reveal different work function of graphene
films in different regions, and thus the work function difference can be calculated from the above equation.
Figure 2(e) gives the height and potential profiles extracted from the dotted line in Figure 2(c), from
which it can be obtained that VCPD of n-type graphene on silicon trenches is higher than p-type graphene
on SiO2 surface, indicating higher work function of p-type graphene region than that of n-type graphene
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region. Notably, during the KPFM characterizations, the Kelvin probe is in direct contact with graphene
films, and owing to the trench structure and some non-uniformity in graphene films, the surface potential
distribution is non-uniform with some sharp ups and downs near the edge, as shown in Figure 2(e).
We obtain the work function difference value of ∼70 meV by taking the difference between potential
values where the potential is relatively uniformly distributed. The small inconsistency between the
work function difference obtained from Raman spectra and KPFM measurements is possibly owing to
the non-uniform doping of graphene films or light illumination influence during KPFM measurements.
The unavoidable light illumination during our KPFM measurements may induce slightly light doping in
different graphene regions, and result in a possible work function difference compared to that in dark
conditions. Nevertheless, the KPFM results provides a direct evidence for the formation of effective p-n
junction between graphene films on the SiO2 surface and silicon trenches, where the amount of in-plane
homogeneous p-n junctions depends on the amount of silicon trenches. After contact, the Fermi levels
in p- and n-type graphene region are aligned so as to satisfy the equilibrium condition and the build-in
electric field is formed accompanying with energy band bending, which enables effective transportation
of photo-carriers. Consequently, the schematic band diagram of in-plane homogeneous graphene p-n-p
junctions can be depicted as illustrated in Figure 2(f). When the incident light with a beam spot diameter
of around 2 µm is irradiated to the first junction area denoted by part 1 in Figure 2(f), the electron-hole
pairs are generated immediately. Subsequentlly, the photo-carriers are separated by the built-in electrical
fields and the holes are driven to the source electrode, while the electrons move to the opposite direction
and are trapped in the n-doped region (graphene films on silicon trenches) owing to the potential barrier
formed at part 2 of the structure. The trapped electrons in graphene act as a local gate and attract more
holes from the bottom silicon substrate beneath the graphene film. This photogating effect further induces
carrier injection from the silicon substrate to the graphene film, which in turn elevate the fermi energy
of the n-doped graphene and thus increase the hole conductivity and the photocurrent, resulting in high
responsivity of the device. Consequently, the synergistic effects of photovoltaic effect and photogating
effect induce net photocurrent under short circuit condition.

3 Optoelectronic characterization and broadband photodetection behaviors

Next, we examine the photodetection behaviors of this in-plane homogeneous graphene p-n-p junctions
based photodetector device. Figure 3(a) plots the characteristic drain-source current (IDS) in logarithmic
plot versus drain-source voltage (VDS) of the device in dark and under 1064 nm IR light illumination
at room temperature. Notably, the IDS-VDS curve in Figure 3(a) is asymmetry in positive and negative
voltage regions, different from the theoretical symmetry arising from the symmetric structure of device.
The observed asymmetry between negative and positive voltage regions could be attributed to the uneven
potential barrier distribution along the device channel induced by the non-uniform doping in graphene
films or contact resistance. Under 1064 nm light illumination, the IDS-VDS curve shifts upward and right
slightly, implying the existence of photovoltaic effects. The photocurrent could be generated at zero
external bias under 1064 nm light illumination as shown in Figure 3(b), which suggests the realization
of a self-driven IR photodetector. At zero external bias, the photocurrent changes periodically when
switching on and off the 1064 nm incident laser with different power ranging from 0.2 to 5.8 µW, and the
largest photocurrent value of ∼29 nA is obtained in the “on” state under 5.8 µW IR light illumination.
It is worthy pointing out that good ON/OFF operation stability and reproducibility of the device can
be achieved considering the photoresponse remains identical after several tens of switching cycles. The
bias-dependent photoresponse of the device is also investigated at no external bias voltage in comparison
with that under a bias voltage of 1 V under the same illumination conditions (Figure A2 in Appendix).
The photocurrent at the bias voltage of 1 V increases remarkably, which is over three times higher than
that at zero external bias. The external bias voltage induces an external electrical field in the in-plane
graphene junction and then enlarges the built-in potential, which contributes to the transportation of
photo-induced carriers and promotes the increase of photocurrent. This result offers the possibility of
tuning the photoresponse of the device by applying an appropriate bias voltage. Moreover, the rise time
and fall time of our photodetector (defined as the time required for the current transition from 10% to
90% and 90% to 10%, respectively) are found to be 6 53 ms and 6 78 ms, respectively (Figure 3(c)). This
measured response speed value is not advantageous in comparison to other reported graphene junction
based photodetectors owing to the limitations of the measurement setup in our experiments, and could
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Figure 3 (Color online) Photodetection behaviors of the device under different incident powers. (a) The characteristic drain-

source current in logarithmic plot versus drain-source voltage in dark and under 1064 nm IR light illumination at room temperature.

(b) The photoresponse to periodical light pulses of device at zero external bias. (c) The rise time and the fall time of the device.

(d) The dependence of photocurrent on illuminated light power at zero external bias voltage.

be characterized more precisely by combining more accurate analyzers. The photocurrent (Iph) as a
function of light power intensity at zero external bias voltage is depicted in Figure 3(d). As we can see
from the plot, the photocurrent increases steadily with the increase of light power ranging from 0.2 to 5.8
µW. The curve can be described by the power law, Iph ∼ P θ, where θ is the exponent and determines
the linearity of the photocurrent to light power. The value of θ is derived to be 0.91 by fitting the curve,
implying the existence of few trap states and recombination current at low light power intensities.

To further assess the IR light detection capability of the device, we further carry out a series of
photodetection measurements of the device at optical bands in the wavelength range of 1064–2200 nm.
Figures 4(a) and (b) show the IDS versus VDS curve and corresponding temporal photoresponse character-
istics under light illumination of different infrared wavelengths at the same laser power, respectively. The
device exhibits obvious photoresponse to 1064–2200 nm IR light illumination, and rapid response/recovery
to periodical light pulses. The key figure-of-merit of the photodetector, photoresponsivity (R), is given by
R = Iph/Pphoto, where Pphoto represents the light power illuminated on the active area of photodetector.
Figure 4(c) shows the responsivity versus light power curves of the device. The largest responsivity is
estimated to be around 14 mAW−1 under the 1064 nm incident light with a power of 0.03 µW. Im-
portantly, our device can also operate effectively in MIR light region, which is beyond the response of
intrinsic silicon. Figure 4(d) shows the self-driven photoresponse behaviors of the device under 4 µm MIR
light irradiation. It is observed that the photocurrent changes periodically as the light source is switched
on and off, and this ultra-wide spectrum detection capability of the device could expand its potential
applications in mid-infrared light sensing. Notably, the response speed decreases obviously compared to
that in shorter IR light wavelength regions, and we attribute this phenomenon to the thermal heating
effects of graphene films, which could appear when graphene is irradiated by MIR lasers. It deserves
further work to distinguish the dominant mechanism for the generation of photocurrent in MIR region
in the graphene p-n-p junction photodetector.
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Figure 4 (Color online) The photodetection behaviors of the device under light illumination of different IR light wavelengths.

(a) The drain-source current versus drain-source voltage curves. (b) The photocurrent response to periodical light pulses.

(c) The responsivity versus light power curves of the device. (d) The self-driven photoresponse behaviors of the device under

4 µm MIR light irradiation.

4 Device dark current distribution

Interestingly, we found that our device architecture can effectively reduce the dark current. High dark
current is a major contribution of noise current in graphene-based photodetectors, which will result in
low signal-to-noise ratio (SNR) of the photodetectors. The term “dark current” is used to define the
current flowing in the device in an all-black environment. We further transfer graphene onto SiO2/Si
substrate with three silicon trenches, and this device is formed by three p-n-p junctions. The distance
between the two metal electrodes is the same as the device architecture we describe above. Figure 5(a)
compares the dark currents of three different devices based on graphene device on SiO2 substrate with no
silicon trenches, graphene device on SiO2 substrate with two silicon trenches and three silicon trenches,
respectively. The width and length of the device channel are 100 µm and 20 µm, respectively. No-
tably, the photodetector device on SiO2 substrate with two silicon trenches and three silicon trenches
exhibits an ultra-low dark current of 10−9 A and 10−13 A, respectively, which is almost three and seven
orders of magnitude lower than that of the pristine graphene phototransistor and the device on SiO2

substrate with no silicon trenches, respectively. Importantly, the dark current of our device architecture
is comparable to or lower than the dark current value in previous reported graphene homojunction based
photodetectors [26–28,34–38]. The major sources of dark current are thermal generation of carriers and
diffusion current of minority carriers in our device architecture. When the device is operated under bias
voltage, thermal-generated holes move toward the source electrode, and the n-doped graphene region
leads to majority of electric field drop which allows unimpeded flow of holes, meanwhile acts as electron
barrier blocking the minority carrier diffusion from carriers-generated region into the drain electrode
and hence reduces the dark current. The specific detectivity (D∗) is a figure of merit to measure the
sensitivity in photodetectors and it can be expressed as follows: D∗ = R

√
A/

√
2qIdark, D

∗ is calculated
to be 2.87×108 cm·Hz1/2·W−1 in graphene based double p-n-p junctions (1 V bias voltage, 1064 nm
light, 0.56 µW). Figure 5(b) gives the photocurrent comparisons of the devices based on double graphene
p-n-p junction and three p-n-p junctions on SiO2 substrate as a function of light power, respectively.
The photocurrent in both devices is almost proportional to the light power ranging from 0.2 to 4 µW,
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Figure 5 (Color online) Photodetection behaviors of the device based on different structures. (a) The dark currents of three

different devices. (b) The photocurrent comparisons of different devices.

however, it becomes close to be saturated in the photodetector based on three p-n-p junctions on SiO2

substrate when the light power is further increased. This could be attributed to the increased defect
states in graphene films.

5 Conclusion

In summary, we proposed an effective route for reducing the dark current of graphene photodetector by
transferring the CVD-growth graphene films onto the patterned Si/SiO2 substrates. The device based
on the in-plane homogeneous graphene p-n-p junctions exhibits excellent photoresponse to IR lights with
greatly reduced dark current. It is worth pointing out that this in-plane homogeneous graphene p-n-p
junction based photodetector device can operate effectively into the mid-infrared wavelength region. It is
also found that this device architecture can reduce the dark current to be several orders of magnitude lower
than pristine graphene phototransistors. The excellent IR photodetection capabilities could be attributed
to the different doping effects of graphene attached to Si and SiO2 substrates and the formation of in-plane
homogeneous graphene p-n-p junctions, as well as the photogating effect induced carrier injection from
the silicon substrate. The achievement of this in-plane homogeneous graphene p-n-p junction based IR
photodetectors will offer exciting opportunities for the creation of graphene-silicon integrated broadband
optical devices. Further improvements over the device structure are possible, such as increasing the
potential difference of graphene in different region by chemical doping, optimizing the number of stacks
by additional light absorbing layers.
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Figure A1 Transfer characteristics of the pristine graphene

transistor on SiO2/Si substrate under dark condition.

Figure A2 (Color online) The photoresponse of the device

under different bias voltages.
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