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Abstract. Graphene-based transistors were investigated as simple photodetectors for a broad range of wave-
lengths. Graphene transistors were prepared using p-doped silicon (Si) substrates with a SiO2 layer, and source
and drain electrodes. Monolayer graphene was fabricated by chemical vapor deposition and transferred onto the
substrates, and the graphene channel region was then formed. The photoresponse was measured in the broad-
band wavelength range from the visible, near-infrared (NIR), and mid- to long-wavelength IR (MWIR to LWIR)
regions. The photoresponse was enhanced by the photogating induced by the Si substrate at visible wave-
lengths. Enhancement by the thermal effect of the insulator layer became dominant in the LWIR region,
which indicates that the photoresponse of graphene-based transistors can be controlled by the surrounding
materials, depending on the operation wavelength. These results are expected to contribute to provide the
key mechanism of high-performance graphene-based photodetectors. © The Authors. Published by SPIE under a
Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.OE.58.5.057106]

Keywords: graphene; photodetectors; broadband; photogating.

Paper 190270 received Feb. 27, 2019; accepted for publication May 8, 2019; published online May 29, 2019.

1 Introduction
Graphene is a single atomic layer of carbon with a hexagonal
lattice, which results in a unique bandgap structure as Dirac
cones.1 Such structures produce exciting optoelectronic
properties, such as fast electron mobility and broadband
absorption that ranges from at least the ultraviolet region
to the terahertz region.2 Many applications are expected
for these structures, such as transistors,3 photodetectors,4

biological sensors,5 and supercapacitors.6 Other two-dimen-
sional materials have also been applied to photodetectors.7,8

In particular, black phosphorus9,10 has been widely studied
for infrared (IR) detector applications due to its bandgap
in the middle wavelength IR (MWIR) region. However,
the instability of black phosphorus is a serious disadvantage.
Therefore, graphene is a strong candidate for photodetector
materials because it satisfies numerous demands—broad-
band photoresponse from the ultraviolet to terahertz regions,
high-speed operation, stability, and low fabrication costs—
which have not been simultaneously achieved with the cur-
rent technology. The main disadvantage of graphene is lack
of bandgap, which leads to high dark current. However,
this can be overcome by using graphene nanoribbons.11,12

Therefore, we have investigated graphene as an advanced
material with an aim to realize photodetectors based on a
new concept. However, the poor absorption of graphene,
at about 2.3%, still remains an important issue to address.

Graphene-based transistors are being investigated as sim-
ple photodetectors for various wavelength regions. Most
research has focused on enhancement of the responsivity
using various methods, such as p-n junctions,13,14 plasmonic
resonance,15,16 asymmetric electrodes,17,18 optical cavities,19

waveguides,20,21 nanoribbons,8,22 and optical gating.23–27

However, although graphene is highly sensitive to the sur-
rounding materials and its influence changes according to
the wavelength, the photoresponse mechanism in the broad-
band wavelength region from visible to long-wavelength IR
(LWIR) has been less studied.28 In particular, the materials
surrounding graphene have a strong effect on its optical
properties.24,25 It is thus important to investigate the effects
of these materials experimentally to reveal the photoresponse
mechanism of graphene photodetectors. We have previously
investigated the influence of the surrounding materials for
broadband photoresponse;29 however, no direct evidence
of the photogating induced by the substrate from the visible
to LWIR wavelengths was demonstrated. Here, we report the
detailed mechanism that defines the photoresponse of gra-
phene-based transistors with respect to various factors,
such as the operation wavelength, the components near the
graphene channel in the photodetector, and the temperature.

2 Device Structures and Fabrication
Figure 1(a) shows schematic illustrations of the graphene
photodetector, which is based on a graphene field-effect tran-
sistor (G-FET). A p-type silicon (Si) substrate was first pre-
pared with a 290-nm-thick thermal oxide (SiO2) layer. Then,
10-nm/30-nm-thick Cr/Au-based source and drain electrodes
were formed on the substrate by a lift-off technique.
Monolayer graphene was fabricated by chemical vapor dep-
osition (CVD) and then transferred onto the substrate with
the source and drain electrodes using the conventional gra-
phene-transfer method.30 The graphene channel was then
formed by photolithography and O2 etching. The graphene
channel length and width were 20 and 10 μm, respectively.
Figure 1(b) shows an optical microscopy image of the devel-
oped graphene photodetector, and Fig. 1(c) shows a Raman
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spectrum confirming that the monolayer graphene channel
was successfully formed without obvious defects.31

3 Measurement and Results
The photoresponse of the developed graphene photodetector
was measured. The Dirac point of the graphene photodetec-
tor was tuned to a back-gate voltage (Vbg) of about 0 Vusing
vacuum annealing. Figure 2 shows a schematic illustration of
the measurement system with a photograph of the graphene
photodetector placed in the measurement system. The
developed graphene photodetectors have no polarization
dependence because graphene is isotropic. The graphene
photodetector was set in the vacuum probe system with a
cooler. Diode lasers (DLs) were used as visible light source
with wavelengths at 0.6 μm and near-IR (NIR) light at
1.6 μm, and a quantum cascade laser (QCL) was used
MWIR light at 4.6 μm and LWIR light at 7.9 and 9.6 μm.
All light sources were operated in pulse mode. The pulse
duration and ratio are 1.2 s and 0.5 Hz for the wavelengths

of 0.6 and 1.6 μm, and 1.0 s and 0.5 Hz for the wavelengths
of 4.6, 7.9, and 9.6 μm, respectively. The source-drain bias
voltage (Vsd) was 0.1 V. Vbg was applied to the back side of
the Si substrate and was varied from −50 to 50 V, from which
the maximum responsivity was determined.

Figures 3(a)–3(e) show the time-dependent photocurrent
(Iph) of the graphene photodetector at wavelengths of 0.6,
1.6, 4.6, 7.9, and 9.6 μm, respectively. The same Vsd and
Vbg of 0.1 and 0 V were used for each wavelength. Iph
was calculated from the source-drain current (Isd) difference
between the illuminated and dark conditions. The dark cur-
rent was ∼10 μA for all wavelengths. The measurement tem-
perature was room temperature (RT) for 0.6 μm and 14 K for
1.6, 4.6, 7.9, and 9.6 μm. No optical response was obtained
at RT for wavelengths of 1.6, 4.6, 7.9, and 9.6 μm, which is
attributed to the thermal noise at IR wavelengths. The meas-
urement at a wavelength of 0.6 μm was performed at a tem-
perature of 14 K, and the responsivity was higher than that at
RT. However, photodetector applications at visible wave-
lengths are typically carried out at RT. Therefore, we con-
ducted our measurements for 0.6 μm at RT. It should be
noted that the input power was different at each wavelength
due to the performance of each light source. The input opti-
cal power was 0.606 pW, 1427 nW, 100.5 nW, 405.4 nW, and
165.1 nW for 0.6, 1.6, 4.6, 7.9, and 9.6 μm, respectively. The
Iph response was noisier in the IR wavelength regions, which
was attributed to the noisy output pulse of the QCL used for
this measurement.

Figures 3(a)–3(e) show that the broadband photoresponse
was successfully obtained from the visible, NIR, MWIR, and
LWIR regions, which is consistent with graphene theory.
However, cooling was required for the IR wavelength
regions.

Figures 4(a)–4(e) show the measured Iph as a function of
the input optical power for each wavelength. The other mea-
sured conditions are the same as in Fig. 3. Figures 4(a)–4(b)
show that in the visible and NIR, the photoresponse was non-
linear and saturation was observed. Figures 4(c)–4(e) show

10 µm

20 µm

(b)

(a)

p-type Si

SiO2

SourceGrapheneDrain Au 30 nm
Cr 10 nm

290 nm

625 µm

Visible-infrared light
Graphene

Electrode

SiO2

p-type Si

(c)

0.0

0.2

0.4

0.6

0.8

1.0

10001500200025003000

Raman shift (cm-1)

R
am

an
 in

te
ns

it
y 

(a
rb

.u
ni

t)

D

G

2D

Fig. 1 (a) Schematic illustration, (b) optical microscopy image, and (c) Raman spectrum of the developed
graphene photodetector.
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Fig. 2 Schematic illustration of the measurement system with photo-
graph of the illuminated G-FET in the measurement system.
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that in the MWIR and LWIR, a linear photoresponse was
obtained.

4 Discussion
The responsivity (A∕W) of the graphene photodetector was
calculated for each measured wavelength, and the results are
given in Fig. 5. The responsivity in the visible and NIR was
calculated for input optical powers smaller than 10 nW in
order to clarify the photogating effect discussed later. The
responsivity in the MWIR and LWIR was calculated from
the slope of the Iph versus input optical power curve.

Figure 5 shows two unique phenomena: (1) the respon-
sivity in the visible wavelengths was so high that the quan-
tum efficiency exceeded 100% at RT. (2) The responsivities
in the LWIR region with wavelengths of 7.9 and 9.6 μm
were larger than that in the MWIR region with a wavelength
of 4.6 μm. The first phenomenon suggests that an effect
other than photoelectric conversion occurred in the graphene
photodetector.

The first phenomenon was investigated in detail. The Vbg

and Vsd dependence of Iph at wavelengths of 0.6 and 9.6 μm
was measured to compare the photoresponse at the visible
and IR wavelengths. Figures 6(a) and 6(b) show the mea-
sured Vbg dependence of Iph with Vsd at 1.0 V and the
Vsd dependence of Iph with Vbg at 0 V for a wavelength

of 0.6 μm, respectively, while Figs. 6(c) and 6(d) show
the same for a wavelength of 9.6 μm.

Figures 6(a) and 6(b) show that Iph at the visible wave-
length is strongly dependent on Vbg and is proportional to
Vsd. In contrast, Figs. 6(c) and 6(d) show that Iph at the
IR wavelength is almost constant and is not dependent on
Vsd. Figure 6(a) shows that Iph at the visible wavelength
is larger at negative Vbg than that at positive Vbg, which sug-
gests that the substrate has some effect on this phenomenon.
To investigate this difference in detail, we measured the gate
current, which can be considered as the current that flows
through the substrate, for both wavelengths. Figures 7(a)
and 7(b) show the gate current with Iph at wavelengths of
0.6 and 9.6 μm, respectively.

Figures 7(a) and 7(b) show that although the gate current
in the visible wavelength was strongly induced by the inci-
dent light and affected Iph, there was no obvious gate current
in MWIR or LWIR region. Therefore, this phenomenon was
mainly attributed to the generation of photocarriers in the Si
substrate, which has a bandgap at a shorter wavelength of
1.1 μm. Note that high quantum efficiency was obtained
at 1.6 μm due to the photogating effect caused by the impu-
rity level to band absorption in the p-type Si substrate. This
phenomenon was only observed at the low temperature
of 14 K.
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Fig. 3 Time-dependent photocurrent response at wavelengths of (a) 0.6, (b) 1.6, (c) 4.6, (d) 7.9, and
(e) 9.6 μm.
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Figure 8 shows this mechanism schematically. When neg-
ative Vbg was applied, the majority carriers (holes) are moved
to the back gate and a depletion layer is formed between the
interface of SiO2 and Si. Photocarriers are then generated in
this depletion layer by the incident light. These photocarriers
slightly modulate Vbg for the graphene channel. The mobility
of graphene is extremely fast and its thickness is one atomic
layer; therefore, a slight change of the gate voltage can

produce a giant change in Iph, which is known as the photo-
gating effect. The obtained change in Iph is proportional to
the product of the mobility and the change in the gate
voltage.26

The photoelectric conversion of Si occurs at a shorter
wavelength of 1.1 μm, which corresponds to the wavelength
region where the extraordinarily high-responsivity region
was observed in Fig. 4. Therefore, as shown in Fig. 6(a),
high Iph was obtained at negative Vbg, which formed the
depletion region. In contrast, there is little photoelectric con-
version at the IR wavelengths and no Vbg dependence as
shown in Fig. 6(c). These results are direct evidence of
the photogating effect due to the photocarrier generation
in the Si substrate, which results in ultrahigh responsivity.
It should be noted that IR measurements were performed
at 14 K, so that very few photocarriers were generated
due to the impurity level in the Si, and only a slight photo-
gating effect was observed mainly in the NIR wavelength
region.

The second phenomenon, the difference between the
responsivity in the MWIR and LWIR regions, was investi-
gated next, as shown in Fig. 5. A comparison of Figs. 6(b)–
6(d) suggests that a different mechanism from that for a
conventional phototransistor may occur at IR wavelengths.
The responsivity in the LWIR region was slightly larger
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than that for the MWIR region, despite the larger thermal
noise. This may be due to absorption by the SiO2 layer.
The absorbance of SiO2 for a Si substrate thickness of
290 nm was calculated using rigorous coupled-wave analysis
and the material constant for SiO2 taken from Ref. 32.
Figure 9 shows the calculated results.

The absorbance of SiO2 was more enhanced at a wave-
length of 9.6 μm than at 4.6 and 7.9 μm, which corresponds
to the responsivity difference shown in Fig. 5. Multiple reflec-
tions do not occur in this calculation model. Multiple
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reflections can occur by the back side of the substrate; there-
fore, more light could be absorbed than that indicated by the
results of this calculation. This absorbed light was converted
to heat, which induced a bolometric effect33 in graphene and
enhanced the responsivity in the LWIR region, which caused
the difference of the responsivity between the MWIR and
LWIR regions. The G-FET has a symmetric structure so
that the thermoelectric effect34,35 in graphene can be negligible
compared to the bolometric effect. Graphene terahertz detec-
tors using the thermoelectric effect induced by the asymmetry
of contact metals have been developed.36 Thus, the responsiv-
ity of graphene can be enhanced by the surrounding materials
and the thermal effect of the insulator, depending on the oper-
ation wavelength.

5 Conclusion
An FET-based graphene photodetector was developed using
a conventional graphene transfer technique. The photores-
ponse was measured in the visible, NIR, MWIR, and
LWIR regions. The responsivity was calculated from the vis-
ible to LWIR wavelengths. Ultrahigh responsivity was
obtained around the visible wavelength region. The Vbg

and Vsd dependence of Iph and the gate current were also
measured to investigate this phenomenon. These results pro-
vided direct evidence of the photogating effect induced by
the depletion layer between the Si substrate and the SiO2

layer at visible wavelengths at RT, which correspond to
the Si bandgap. Cooling was required at wavelengths longer
than visible due to thermal noise. Enhancement by the bolo-
metric effect of the insulator layer became dominant in the
LWIR region, which indicates that the photoresponse of
graphene-based transistors can be controlled by the sur-
rounding materials, depending on the operation wavelength.
For example, InSb26 or a pyroelectric material such as
LiNbO3

27 as a substrate can enhance the responsivity in the
MWIR or LWIR regions, respectively, because InSb has a
bandgap in the MWIR and a pyroelectric material induces
a voltage change due to the pyroelectric effect. The results
of this study demonstrate that various graphene photores-
ponse mechanisms take place over the visible to LWIR wave-
length regions. These mechanisms should be understood in
order to further develop broadband operation. The photogat-
ing effect is a promising route to achieving ultrahigh respon-
sivity, especially for low input optical powers, but it requires
finding the appropriate materials for photogating and sup-
pression of the graphene dark current by, for example,
using graphene nanoribbons. These results are expected to
contribute to the framework for development of high-perfor-
mance graphene-based photodetectors.
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