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1.  Introduction

Since its discovery, graphene has attracted much attention 
in photodetectors due to its outstanding properties, such as 
ultrahigh carrier mobility, excellent transmittance and a 

wide absorption window spanning ultraviolet to infrared 
wavelengths [1–3]. Until today, almost all the device struc-
tures of graphene photodetectors are classified as two kinds: 
(1) the vertical structure, graphene/semiconductor junction  
[4–12], and (2) the planar structure, metal–graphene–metal con-
figuration [13–20]. The vertical structure has many excellent 
advantages over the planar structure, such as high responsivity  
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Abstract
A rectified photocurrent behaviour is demonstrated in a simple planar structure of ITO-
graphene-ITO formed on a SiC substrate when an ultraviolet (UV) light is locally incident 
on one of the edges between the graphene and ITO electrode. The photocurrent has similar 
characteristics as those of a vertical structure graphene/semiconductor junction photodiode, 
but is clearly different from those found in a planar structure metal–graphene–metal device. 
Furthermore, the device behaves multi-functionally as a photodiode with sensitive UV 
photodetection capability (responsivity of 11.7 mA W−1 at 0.3 V) and a self-powered UV 
photodetector (responsivity of 4.4 mA W−1 at zero bias). Both features are operative in a wide 
dynamic range and with a fast speed of response in about gigahertz. The linear I–V behaviour 
with laser power at forward bias and cutoff at reverse bias leads to a conceptual photodiode, 
which is compatible with modern semiconductor planar device architecture. This paves a 
potential way to realize ultrafast graphene planar photodiodes for monolithic integration of 
graphene-based devices on the same SiC substrate.
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[4, 6–11], low dark current [4, 7–10], high on-off ratio [4, 5, 
7–10], and low noise equivalent power [4, 7]. However, there 
is a serious limitation here that the speed of response ranges 
from microseconds to seconds [4–11] mainly due to the fact 
that the photoexcited carriers must pass through the bulk of 
the semiconductor. Moreover, the vertical structure is incon-
venient to integrate with modern semiconductor planar pro-
cess technology. On the contrary, the metal–graphene–metal 
device has a simpler structure with ultrafast response speed 
[13–17, 20], despite the low responsivity (several mA W−1) 
observed due to the weak absorption of graphene. To improve 
the responsivity of metal–graphene–metal devices, various 
enhancement schemes were adopted, such as hybrid quantum 
dots [21–23], plasmon effect [24, 25] and optical microcavity 
or planar photonic crystal cavity [26–31]. However, these 
complicated processes undoubtedly increase the difficulty in 
device fabrication and integration with modern semiconductor 
technology for practical applications. If a supporting sub-
strate for graphene can be used as the medium for enhancing 
photodetection, the advantages of a planar structure gra-
phene photodetector (PSGP) can be further developed and 
utilized. Furthermore, the simple planar graphene device is 
entirely compatible with the modern semiconductor fabrica-
tion technology. Recently, Chen et  al [32] reported a field-
enhanced photoactive effect on a graphene photodetector, 
where position-dependent and millimetre-range photodetec-
tion capability was demonstrated in a phototransistor with 
micrometre-scale graphene on SiC. In a previous study [19], 
we had also reported that a self-powered and sensitive UV 
photodetector could be realized using an epitaxial graphene 
(EG) on a SiC substrate by local irradiation on one of the elec-
trodes. The above studies indicate that both light irradiation 
and the SiC substrate play very important roles in enhancing 
the performance of a graphene-based photodetector. Apart 
from the light source and the substrate, the type of electrode is 
a major factor that influences the characteristics of a graphene-
based photodetector. Usually, metal or conductive indium tin 
oxide (ITO) semiconductor is adopted as the electrode. In the 
present study, ITO was selected as the electrode material for 
the PSGP on SiC, which revealed some new phenomena.

Here, the rectified photocurrent characteristics similar to 
those in a vertical structure graphene/semiconductor junction 
photodiode were found in a simple PSGP with ITO symmet-
rical electrodes on 6H–SiC substrate by local irradiation of 
UV light. The photocurrent of the device displays a rectified 
behaviour showing near saturation in forward bias and cutoff 

in reverse bias. The prototype device fabricated possessed 
an ultrafast response speed and a moderate responsivity. The 
governing mechanism behind the observed photocurrent 
behaviour is attributed to the synergetic effects of the existing 
small potential barrier at the EG/ITO heterojunction, a local 
UV illumination on one of the edges between graphene and 
ITOs, together with a sensitive modulation of applied bias on 
the transport behaviour of the photogenerated carriers in the 
SiC near/in the device area. The detailed mechanism has been 
explained and discussed in the following sections. To the best 
of our knowledge, the demonstrated photodiode-like behav-
iour is novel and has not been reported for PSGP.

2.  Experimental section

The EG samples were grown on semi-insulated 6H–SiC 
(0 0 0 −1) substrates by thermal decomposition of SiC at  
1350 °C under forming gas (H2/Ar) ambient. The quality 
of the as-grown EG samples was evaluated by atomic force 
microscopy (AFM) (Model: Multimode 8.0, Bruker) and 
Raman spectroscopy (Model: JY-T64000, Jobin Yvon) before 
device fabrication, as shown in figures 1(a) and (b), respec-
tively. In the Raman spectrum, it is seen that the Raman peak 
intensity positioned at 1519 cm−1, which originates from 
SiC, is far stronger than that of the G peak from EG; and 
the D peak is weak. All of these indicate that the EG film 
was less than five layers with a high quality [33, 34]. Using 
the EG samples, the millimetre-size ITO-graphene-ITO two-
terminal prototype devices were fabricated with 1 mm long 
EG channel and two ITO electrodes (2  ×  2 mm2, 80 nm 
thick), as shown schematically in figure  1(c) together with 
the corresponding optical image. A detailed description of the 
device fabrication is given in S1 of the supplementary data. 
The electrical properties of the individual EG and ITO films 
were characterized by Hall measurement at room temperature 
using Van der Pauw devices in sizes of 10 mm  ×  10 mm. The 
contact resistance between EG and ITO was measured using 
a transmission line method and yielded several hundreds of 
ohms, as given in S2 of the supplementary data. This con-
firmed that the contact between EG and ITO is near-ohmic. 
The carrier mobility of EG is about 595 cm2 V−1 s−1 with 
p-type carrier concentration of about 1.4  ×  1013 cm−2. The 
ITO film has a resistivity of about 3.9  ×  10−4 Ω · cm, and the 
carrier mobility and concentration are about 20 cm2 V−1 s−1 
and 7.9  ×  1020 cm−3, respectively. These values are typical 
in ITO films deposited by RF magnetron sputtering [35]. For 

Figure 1.  (a) AFM image of the EG that was grown on the C-face of a semi-insulated 6H–SiC substrate for PSGP. (b) Raman spectrum of 
the EG. (c) Schematic structure of PSGP together with its optical image.
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photocurrent measurements, a He–Cd laser of wavelength 
325 nm and a Keithley 2400 source meter were employed. 
The fabricated devices were placed in a vacuum container to 
avoid influence from atmospheric gases and moisture. The 
UV light was focused to a spot of diameter about 150 µm on 
the device. In addition to the steady state optical response, 
the transient response of the device was measured using a 
Nd:YAG picosecond pulse laser. The laser parameters were 
as follows: wavelength 355 nm, pulse duration 25 ps, and 
repetition rate 1 kHz for a light spot size about 100 µm in 
diameter. The transient photocurrent profile was recorded in 
a digital signal oscilloscope (Instrument Model: Tektronix 
TDS 7254B) having 50 ohm termination and 2.5 GHz band-
width. The transient response of PSGP was measured at zero 
bias using different UV pulses of energy ranging from 1 µJ 
to 8 µJ. In addition, the dependence of photocurrent on light 
spot position and the variation of photocurrent stability with 
time were measured and are given in S3 and S4 of the supple-
mentary data, respectively. A comparison of temporal pho-
toresponses of PSGP at zero bias under on-off switching of 
325 nm and 632.8 nm light is given in S5.

3.  Results and discussion

3.1.  Optoelectronic performance of the PSGP

Typical electrical characteristics of the PSGP with and without 
UV light irradiation are shown in figure 2(a). It is seen that an 
unusual photocurrent behaviour is observed under opposing 
biases when the applied bias (Vsd) was swept from  −1 V 
to 1 V by local irradiation of UV light, although an almost 
linear I–V curve is observed in dark as amplified in the inset 
of figure 2(a). Interestingly, the nature of I–V characteristic 
of our device at different laser power is not as similar to that 
of the traditional metal–graphene–metal photodetector in our 
early findings [19], but more or less similar to that of a gra-
phene/semiconductor Schottky junction photodiode [4–8, 10]. 
In order to elucidate the photocurrent mechanism clearly, the 
variation of net photocurrent Iph (defined as Iph  =  IUV  −  Idark, 
where IUV and Idark are measured currents under conditions 
with and without UV irradiation, respectively) with bias at 
different UV light intensities was plotted. This is shown in 
figure 2(b). It is clearly seen from the figure that the net photo-
current variation can be divided into three different regions. In 

the negative bias regime (less than  −0.25 V), Iph is very small 
(several microamperes); this is named as the cutoff region. As 
the bias varies from  −0.25 V to 0.25 V (shadowed region in 
figure 2(b)), photocurrent Iph rises linearly with an increase in 
applied bias and this is designated as the linear region. When 
the bias increases beyond a critical value of about 0.25 V, the 
rate of increase of Iph diminishes and it reaches a saturation 
level (hundreds of microamperes) with a relatively lower 
dependence on bias; this is denoted as the saturation region. 
The quantitative relationship between Iph and Vsd in the satur
ation and linear regions has been estimated and this is included 
under S6 of supplementary data. It is worth noting that the 
values of slope and intercept (on photocurrent axis) for each 
Iph curve in the saturation region are linearly dependent on 
laser power. This implies that the relationship between photo-
current and bias voltage at a given laser power is predictable 
and, consequently, an optimum design could be formulated 
for photodetection applications. The features of the planar 
device (PSGP) are far superior to those of a vertical structure 
graphene/semiconductor photodetector; in the latter, the Iph–V 
relationship under different laser power is usually complex or, 
even difficult to express in terms of a simple formula due to 
changes occurring in the Schottky barrier height between the 
graphene and the semiconductor.

It is seen in figure 2(c) that, at 0.3 V bias, Iph increases line-
arly with increase in laser power in the measured power range 
without any sign of saturation, and that its measured slope 
(responsivity) is 11.7 mA W−1. This translates to an external 
quantum efficiency of 4.5% for the conversion of photons to 
conducting electrons; this is relatively small due to extremely 
small ratio of light spot area to graphene area under irradi-
ated ITO electrode. A broad band of linear response, nearly 
three orders of magnitude, indicates that the PSGP possesses 
a wide dynamic range, a prerequisite for any photodetector. 
At zero bias, the PSGP serves as a self-powered UV photode-
tector with a reasonable value of responsivity (4.4 mA W−1); 
it is also enabled by the linear-dependent behaviour of I0ph 
(as a function of optical power) without attaining saturation 
levels. This is similar to the behaviour of Iph (see figure 2(c)). 
In addition, the lowest response power thresholds at zero and 
0.3 V biases are about 0.50 µW and 0.35 µW, respectively, 
which are linear extrapolated from the photocurrent curves as 
shown in figure 2(c) relative to the noise equivalent current 
3.6  ×  10−9 A.

Figure 2.  Device performance of PSGP. (a) and (b) I–V curves and the dependence of net photocurrent on bias voltage, respectively, under 
UV light (1, 3, 5, 7, 10, 13 and 16 mW) irradiation. The inset in (a) is the dark current curve. (c) Dependence of photocurrent on laser 
power, at conditions of zero bias (represented by full black squares) and 0.3 V bias (full red circles).
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3.2. Transient response of the PSGP

One typical transient response of the device at zero bias 
measured with a single pulse of energy 6.02 µJ is shown in 
figure  3(a). The decay curve of the photovoltage was fitted 
to the double exponential decay model. It was found that the 
curve could be fitted well using an ultrafast decay channel 
with lifetime (τ1) 3.06 ns and a slightly slower decay channel 
with lifetime (τ2) 52.16 ns. All the deduced decay lifetimes 
under different pulse energies are shown in figure  3(b). It 
is noted the average value of the fast response lifetime (τ1) 
and the slow response lifetime (τ2) for PSGP are 3 ns and 
51 ns, respectively. This indicates the photovoltage decay is 
less than 40% of its initial value within 3 ns and suggests 
our PSGP can work at a frequency near gigahertz. It is esti-
mated that the length of graphene channel is about 1 mm, 
while the average speed of carriers in graphene is assumed as  
106 m s−1; it can be logically understood that the carrier relax-
ation time through diffusion in graphene is in the nanosecond 
range, which is comparable to the fast decay time constant of 

3 ns. The slow decay channel in PSGP is believed to be due to 
carrier relaxation in the interface between graphene and SiC, 
where photogenerated carriers relax back to SiC through the 
interface.

3.3.  Analysis and discussion

To gain insight into the physical mechanisms that govern the 
photodiode-like behaviour under locally irradiated UV light, 
the energy band diagrams of the active components of PSGP 
were considered for analysis. In top and middle panels of 
figure 4, the diagrams give schematic energy band configura-
tions of the heterojunction interfaces correspondingly along 
vertical and planar directions. In the figure, ECB and EVB rep-
resent the conduction band and valence band edges, respec-
tively, of SiC or ITO, the dashed dark orange lines represent 
the Fermi levels of the components, and the aqua green and 
dark red filled circles represent the photogenerated electrons 
and holes, respectively. In the bottom panel of figure 4, the 

Figure 3.  (a) Transient response spectrum of photovoltage from PSGP at zero bias irradiated with a picosecond pulse laser of wavelength 
355 nm at repeat frequency of 1 kHz. (b) Response time of PSGP at zero bias recorded for different pulse laser energies; the average values 
of τ1 and τ2 are indicated by black and red lines, respectively.

Figure 4.  Schematic energy band diagrams of the heterojunction components along vertical (top panels from (a1) to (d1)) and planar 
(middle panels from (a2) to (d2)) directions and the equivalent circuits as well as schematic photogenerated carrier transfer routes in PSGP 
in upper and bottom panels of (a3)–(d3), respectively. (ai)–(di) (i  =  1, 2 and 3) represent the various regions proposed in this study: dark 
(without UV illumination), saturation, linear and cutoff (with UV illumination) regions.

J. Phys. D: Appl. Phys. 50 (2017) 405102
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diagrams schematically show the equivalent circuits and the 
possible photogenerated carrier transfer routes in different 
regions. Red arrows in equivalent circuits schematically 
express the direction and the intensity of dark current (Idark) 
and photocurrent (Iph). RITOm (m  =  L, R; for left and right 
electrodes, respectively) represents the resistance of ITO elec-
trode including the contact resistance with graphene, and RGn 
(n  =  D, S, L and C) symbolizes the effective resistance of gra-
phene in dark, under saturation, linear and cutoff regions. It 
is found that the RGD  ≅  RGC, while RGL  <  RGS  <  RGC as sup-
ported by figure S7 in the supplementary data.

In the absence of UV light (in dark), there are no photogen-
erated carriers from SiC transfer to graphene. The schematic 
energy band configurations are shown in figures  4(a1) and 
(a2), respectively. The contact potential barrier between ITO 
and graphene is deduced to be about 60 meV from surface 
potential measurement as shown in S8 of the supplementary 
data; this is too small to be reflected, so that a linear I–V curve 
is observed as supported by the inset of figure 2(a).

When the UV light was irradiated, schematic energy band 
diagrams of the heterojunction components along vertical (top 
panels from (b1) to (d1)) and planar (middle panels from (b2) 
to (d2)) directions, and the equivalent circuits as well as the 
possible photogenerated carriers transfer and relaxation chan-
nels (down panels from (b3) to (d3) in the three regions are 
given in figure  4(bi), (ci) and (di) (i  =  1, 2 and 3), respec-
tively. At first, we focus attention on the photogenerated car-
riers in SiC, which is in part transferred to graphene driven by 
the interface field as discussed in our early work [19]. While 
the transferred carriers from SiC to graphene underwent at 
least three major physical processes to reach its steady state, 
where the carriers being trapped or recombined with existed 
defects in graphene are neglected to grasp the major aspects 
to govern the observed phenomena. The three major pro-
cesses are designated as process I, II and III (symbolized by 
PI, PII and PIII, respectively) and shown in the bottom panel 
of figure 4. It is the difference in relative contribution from 
each process, which is critically dependent on the applied 
bias, determines the final observed results. In process I, it was 
considered that carriers remain at the irradiated graphene and 
electrode to contribute an equivalent potential (Vn) expressed 
by Vn  =  VnL  −  VnR defined as an equivalent potential differ-
ence between left and right electrode in dark and the three 
regions (under UV light), respectively. Here, the subscript n, 
defined for D, S, L and C, represents four cases in dark, satur
ation, linear and cutoff regions, respectively. It is found that 
VD  =  VC  =  0 and VS  >  VL  >  0 as supported by figures  2(a) 
and S7. In process II, carriers migrate along the graphene 
channel to contribute extra conduction carriers compared with 
that in the dark condition; this is also equivalent to a total 
effect of graphene Fermi level raised. In process III, carriers 
relaxed back into SiC through the interface between graphene 
and SiC, as schematically shown in figure 4(d1), which is a 
dominant process in the cutoff region. Therefore, completely 
different phenomena observed in our PSGP device from the 
usual planar metal–graphene–metal photodetector critically 
depend on the applied bias, device structural parameters as 
contact potential barrier between graphene and ITO, and 

device resistance etc. Here, the device structure parameters 
determine the crossover bias between the cutoff and linear 
regions, linear and saturation regions, while the applied bias 
critically changes the relative contributions of each process in 
our PSGP device.

In the saturation region as described in figure  4(bi), the 
processes I and II are major contributors, while process III is 
strongly suppressed. In this case, majority of the transferred 
carriers remain in the graphene and ITO electrode under the 
irradiation area, and causes the Fermi level of the graphene 
to rise significantly. Consequently, an equivalent potential of 
VS is generated between the two electrodes, whose magnitude 
is around hundreds of millivolts, as shown in S7 of supple-
mentary data. In the meantime, few carriers migrate to the 
graphene channel driven by the applied bias; that causes the 
Fermi level to rise slightly. This is illustrated by the aqua green 
filled circles in figure 4(b2). A small upturn in the Iph–V curves 
in the saturation region as seen in figure 2(b). The effect is also 
equivalent to extra carriers participating conduction compared 
with that in the dark. This results in a slight reduction of gra-
phene resistance RGS as supported in S7 of the supplementary 
data. The processes PI and PII are schematically shown in the 
bottom panel of figure 4(b3) and an equivalent circuit is also 
given there.

In the linear region, as shown in figure  4(ci), where the 
applied bias ranges between  −0.25 and 0.25 V, the zero bias 
level is chosen to represent the entire regime. The other cases 
can be visualized from the limit values within the corre
sponding regions. At zero bias, there is no dark current and 
the net effect of the three processes I, II, and III is reflected in 
the photocurrent driven by the built-in photovoltage VL; the 
magnitude of VL was deduced as about one hundred millivolts 
from figure 2(a) and the quantitative estimate of the variation 
of VL with laser power is given in S7 of supplementary data. 
Here, the process II is the most prominent as schematically 
drawing in figure  4(c2). That is supported by a large slope 
of the photocurrent increasing with voltage as observing the 
shadow region in figure 2(b). It is also means the equivalent 
Fermi level of graphene is raised. So the equivalent resistance 
of graphene (RGL) is obviously smaller compared with that in 
dark as supported by figure S7. Compared with the saturation 
region, the contribution of process II is enhanced because the 
built-in photovoltage is more effective over the applied bias. 
This leads to prominent diffusion of photogenerated carriers 
from the irradiated area into the graphene channel. In addi-
tion, process III should be existed and stronger compared 
with that in saturation region. That is inferred from the fact 
that a smaller photovoltage is observed in the linear region 
compared with that in the saturation region as supported by 
figure S7(a) in supplementary data. The synergetic actions of 
the three processes render the device a linear dependence on 
the applied bias and a significant function for self-powered 
UV photodetectors.

In the cutoff region, the magnitude of the photocurrent is 
small, ~1 µA, which is almost two orders smaller than that 
in the saturation region. Here, processes I and II are very 
weak or negligible, while process III is the dominant one. 
This means that most of the photoexcited carriers transferred 
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from SiC to graphene at the irradiated area relaxed back 
to SiC through the interface, as schematically drawn in 
figure  4(d1) and in the bottom schematic of figure  4(d3). 
This process is entirely different from that observed in our 
early similar device with two metal electrodes [19], where 
the built-in photovoltage has no relation with the applied 
bias but was only dependent on the laser power used for irra-
diation. The only difference between the two devices was 
the type of electrode used. In the present study, ITO is used 
in place of the Ti/Au electrode used earlier. It is well known 
that ITO is a transparent electrode, and also a heavily doped 
semiconductor [36]. Although it yields an almost (ideal) 
linear I–V curve in the dark, there is more or less of a poten-
tial barrier existing between graphene and ITO as supported 
by analysis in S2 and S8 of the supplementary data. It is 
the barrier that hinders the photogenerated carriers in gra-
phene to transfer into ITO to form the photocurrent under 
a reverse bias. Furthermore, under reverse bias, the applied 
electric field also hinders most of the transferred carriers in 
graphene migrated into the graphene channel. This implies a 
weak process II (see figure 4(d2) and the bottom schematic 
of figure 4(d3)). Therefore, the obstructed carriers naturally 
form an internal carrier flowing route from SiC to graphene, 
and finally return to SiC. The internal recycling process is 
illustrated in figure  4(d1) and in the bottom schematic of 
figure 4(d3). Therefore, the net effect is that no photocurrent 
is discernible in this situation.

Based on the experimental results and analysis above, it 
is supposed that the synergetic actions of the local irradiated 
UV light, sensitive Fermi level variations in graphene and a 
moderate potential barrier height between graphene and ITO 
render the PSGP a prominent and characteristic photodiode-
like behaviour. Further correlation of the observed results with 
device structural parameters in a real PSGP is under progress.

4.  Conclusion

In summary, a simple PSGP with typical photodiode-like 
behaviour has been demonstrated. The prototype photo-
detector possesses a working frequency near gigahertz. 
At 0.3 V bias, it can work as a sensitive UV photodetector 
with responsivity of 11.7 mA W−1. At zero bias, it func-
tions as a self-powered UV photodetector with responsivity 
of 4.4 mA W−1. In addition, the wide dynamic linear pho-
toresponse range and predictable relationship between pho-
tocurrent and bias voltage at different laser powers strongly 
suggest that the PSGP design could be optimized to realize 
a high performance photodetector. The advanced functional 
features and superior performance of the PSGP are attributed 
to the unique properties of graphene, especially its sensi-
tive Fermi level variation and high carrier mobility, custom-
designed planar structure using ITO electrodes and localized 
irradiation by UV light that facilitates absorption by the SiC 
substrate. The novel properties and simple fabrication steps 
of our PSGP are likely to pave new ways to realize ultrafast 
graphene-based planar photodiodes for use in opto-electrical 
integrated circuits.
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