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Abstract: Graphene-on-silicon photodetectors exhibit broadband detection capabilities with high re-
sponsivities, surpassing those of their counterpart semiconductors fabricated purely using graphene
or Si. In these studies, graphene channels were considered electrically neutral, and signal ampli-
fication was typically attributed to the photogating effect. By contrast, herein, we show graphene
channels to exhibit p-type characteristics using a structure wherein a thin oxide layer insulated the
graphene from Si. The p-type carrier concentration is higher (six-times) than the photoaging-induced
carrier concentration and dominates the photocurrent. Additionally, we demonstrate photocurrent
tunability in the channel. By operating this device under a back-gated bias, photocurrent tuning is
realized with not only amplification but also attenuation. Gate amplification produces a current equal
to the photogating current at a low bias (0.2 V), and it is approximately two orders of magnitude
larger at a bias of 2 V, indicating the operation effectiveness. Meanwhile, photocurrent attenuation
enables adjustments in the detector output for compatibility with read-out circuits. A quantification
model of gate-dependent currents is further established based on the simulation model used for
metal–oxide–semiconductor devices. Thus, this study addresses fundamental issues concerning
graphene channels and highlights the potential of such devices as gate-tunable photodetectors in
high-performance optoelectronics.

Keywords: graphene; photodetector; photogating

1. Introduction

Photodetectors are key devices in optoelectronic systems used in our daily life [1–3].
Recently, graphene-on-silicon hybrid photodetectors have been developed with respon-
sivity levels that are much larger than their counterparts constructed using only graphene
or silicon, which make them promising candidates for high-performance optoelectronic
systems [4–8]. The amplification behaviour is associated with the photogating effect where
the graphene channel is electrically gated by the photoexcited carriers trapped at the het-
erointerface, resulting in additional carriers in the channel, which amplify the current.
A wide responsivity range of 0.1–107 A/W is reported in the literature, with different
procedures, which are summarized in [9,10]. Under this scheme, the photoresponse using
different semiconductor materials has been demonstrated [11], showing that the spectra
detection range is extended, and the cut-off wavelength is characterized by the material
energy bandgap (for instance, by using Ge, the detection range extends from the visible
region of Si to infrared region cut-off at bandgap of Ge) [12–14]. Structural engineering on

Photonics 2023, 10, 568. https://doi.org/10.3390/photonics10050568 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics10050568
https://doi.org/10.3390/photonics10050568
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0003-2567-2906
https://orcid.org/0000-0002-3739-5451
https://doi.org/10.3390/photonics10050568
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10050568?type=check_update&version=1


Photonics 2023, 10, 568 2 of 9

the hybrid photodetector has also been developed. Riazimehr et al. [15] investigated the
effect of placing SiO2 between graphene and Si on the graphene channel photocurrent using
local scanning probe photocurrent measurements. They observed that the photocurrent
in the graphene channel is higher than that observed using only a Si film. This obser-
vation was attributed to the inversion layer formed at the SiO2/Si interface due to the
difference in work function of SiO2 and Si. These studies focused on the photodetector
performance regarding responsivity, spectra detection range, and photogating effect [14,16].
In these discussions, graphene is treated as electrically neutral, i.e., without free carriers,
and photocurrent is attributed to two carrier types: (a) additional carriers generated by
the photogating effect and (b) photoexcited carriers transferred from semiconductor to
graphene [17,18]. For n-type Si, holes transfer from Si to graphene, while for p-type Si,
electrons transfer from Si to graphene caused by band bending at the heterointerface. Nev-
ertheless, studies considering the electronic properties of graphene on semiconductors
suggested that the graphene channel exhibited p-type characteristics owing to the atoms
or molecules being attached on the structure during the fabrication process, as modelled
theoretically [19,20]. In this case, the additional electrons are generated by the photogating
effect or the transferred electrons will not accumulate but they will have a tendency to
recombine with holes owing to the fast recombination time of graphene [21]. Consequently,
the total number of carriers in the channel is reduced, reducing the photocurrent. Thus,
identifying the graphene channel electrical type and intrinsic carrier concentrations in the
channel is needed for assessing the hybrid detector performance.

Here, we present a hybrid photodetector design that addresses the intrinsic carrier
effects on the photoresponse, and the photocurrent in the graphene channel can be tuned
by using the back-gated bias. The proposed design comprises graphene and Si layers
sandwiching a thin oxide, shown schematically in Figure 1a. The key functionalities of the
oxide layer are two-fold: First, it electrically insulates graphene from Si so that only the
graphene channel is examined. Second, it creates an energy barrier between graphene and
Si, which prevents charge transfers that occur in the traditional hybrid structure [22,23]. The
p-type electrical characteristic of the graphene channel is revealed by its current-voltage
behaviour under back-gated bias (VBG). This carrier concentration is quantified based
on a simple physical mode used in a metal-oxide–semiconductor (MOS) device (where
the carrier concentration in the channel is modulated by the gate bias). These intrinsic
carriers result in a background current embedded in the photocurrent, the magnitude
of which is even larger than the current induced by traditional photogating. Tunability
regarding both photocurrent amplification and attenuation is demonstrated with respect to
VBG. An amplified photocurrent that is larger than the current generated by photogating
is achieved at low bias, underlining the performance enhancements due to the VBG. The
photocurrent attenuation is also useful because it allows for adjusting the detector output
to avoid saturating the read-out circuit under intense illumination.
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Figure 1. Structure and characteristic of the device. (a) Schematic of the device layer structure and 
electrical measurement set-up for the I−V measurement. (b) Schematic energy band profile of p-type 
graphene/SiO2/n-Si, photoexcited carrier transport under illumination, and positive ion locations 
under positive back-gated bias. Red (white) solid arrow line represents the direction of motion of a 
photoexcited electron (hole). These electrons (holes) are represented by red (white) solid circles. VBG 
induces positive ions are white solid circles with a red cross inside. (c) I−V trace measured between 
graphene and Si with a high resistance of 90 MΩ, reflecting the electrical insulation between the two 
layers. (d) I−V trace of the graphene layer with a resistance of approximately 600 Ω. 

2. Methodology 
The designed device was fabricated in three steps. First, a thin SiO2 layer was grown 

on n-type Si wafer with a resistivity of 5 Ohm cm at a temperature of 400 °C in the presence 
of a dry oxygen flow at atmospheric pressure. The thickness of oxide layer was character-
ized to be 2.7 ± 0.2 nm based on the measurement of High-resolution Transmission Elec-
tron Microscopy (HTEM). Secondly, two rectangular metal pads (made of 50 nm Ti/120 
nm Au) were then deposited on top of the SiO2 layer with a separation of 0.6 mm using an 
e-gun evaporator. Finally, monolayer graphene was transferred to the top of the sample 
through a wet transfer process. The device was then examined via Raman microscopy to 
ensure the formation of graphene on the oxide layer. Two features at 1579 cm−1 and 2708 
cm−1 were found in Raman spectra ensuring the successful fabrication (these characteriza-
tions are described in detail in the Supplementary Information S1). 

The working principles of the designed device under illumination and VBG are illus-
trated using the equilibrium energy profile of the structure depicted in Figure 1b. This 
energy profile exhibits a band bending at the SiO2/Si interface, which is associated with 
the carrier flow when lining up the Fermi levels of graphene and Si. The equilibrium en-
ergy profile is discussed in detail in the Supplementary Information S2. Under illumina-
tion, most light transmission occurs through graphene and SiO2 reaching the Si wafer, 
generating an electron–hole pair. These carriers are spatially redistributed owing to a 
built-in electric field where electrons move toward the Si bulk while holes move in the 
opposite direction toward the SiO2/Si interface trapped at the low energy potential. Under 
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Figure 1. Structure and characteristic of the device. (a) Schematic of the device layer structure and
electrical measurement set-up for the I−V measurement. (b) Schematic energy band profile of p-type
graphene/SiO2/n-Si, photoexcited carrier transport under illumination, and positive ion locations
under positive back-gated bias. Red (white) solid arrow line represents the direction of motion of a
photoexcited electron (hole). These electrons (holes) are represented by red (white) solid circles. VBG

induces positive ions are white solid circles with a red cross inside. (c) I−V trace measured between
graphene and Si with a high resistance of 90 MΩ, reflecting the electrical insulation between the two
layers. (d) I−V trace of the graphene layer with a resistance of approximately 600 Ω.

2. Methodology

The designed device was fabricated in three steps. First, a thin SiO2 layer was grown on
n-type Si wafer with a resistivity of 5 Ohm cm at a temperature of 400 ◦C in the presence of
a dry oxygen flow at atmospheric pressure. The thickness of oxide layer was characterized
to be 2.7 ± 0.2 nm based on the measurement of High-resolution Transmission Electron
Microscopy (HTEM). Secondly, two rectangular metal pads (made of 50 nm Ti/120 nm Au)
were then deposited on top of the SiO2 layer with a separation of 0.6 mm using an e-gun
evaporator. Finally, monolayer graphene was transferred to the top of the sample through
a wet transfer process. The device was then examined via Raman microscopy to ensure
the formation of graphene on the oxide layer. Two features at 1579 cm−1 and 2708 cm−1

were found in Raman spectra ensuring the successful fabrication (these characterizations
are described in detail in the Supplementary Information S1).

The working principles of the designed device under illumination and VBG are illus-
trated using the equilibrium energy profile of the structure depicted in Figure 1b. This
energy profile exhibits a band bending at the SiO2/Si interface, which is associated with the
carrier flow when lining up the Fermi levels of graphene and Si. The equilibrium energy
profile is discussed in detail in the Supplementary Information S2. Under illumination,
most light transmission occurs through graphene and SiO2 reaching the Si wafer, gener-
ating an electron–hole pair. These carriers are spatially redistributed owing to a built-in
electric field where electrons move toward the Si bulk while holes move in the opposite
direction toward the SiO2/Si interface trapped at the low energy potential. Under the
other operation conditions, positive VBG is applied at the back of the device, which drives
electrons toward the Si bulk, leaving positive ions accumulated at SiO2/Si interface. For
both operation types, positive charges are presented at the interface. This functions as an
electrical gate to the graphene channel that induces electron generation in the channel,
altering photoresponse of the channel. Experimental result and analysis are discussed
below. The charge distribution at the interface is illustrated schematically in Figure 1b.

The device performance depends critically on the insulation between graphene and
Si [24,25]. This insulation is examined with respect to the current-voltage (I-V) characteristic
measured across the top- and back-side electrodes in a dark environment. The resulting
trace is plotted in Figure 1c. A high resistance of 90 MΩ is recorded, which agrees well
with the value deduced from the SiO2 bulk. The resistance of the SiO2 bulk is 30 Ω cm with
respect to the oxide thickness used in the proposed structure, which yields a resistance
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of 95 MΩ. I-V trace of the graphene channel is depicted in Figure 1d. From the figure, a
resistance of 150 Ω/� can be observed, which is approximately six-times smaller than that
of the free-standing graphene layer [26,27]. This result underlines that the film is doped
through the fabrication process.

3. Results and Discussions

Before showing the amplification in the photocurrent, we first discuss the electrical
characteristics of the graphene channel. Figure 2a plots the resistance (R) as a function of
the positive VBG measured in a dark environment under short-circuit conditions with the
graphene layer grounded. R is measured with a fixed voltage of 0.1 V applied across the two
electrodes on graphene. Five experiments were conducted for each voltage, for which the
R value was determined from the corresponding mean value and the standard derivation
for the R value was less than 0.5% of the mean value. The behaviour of R is categorized
into two operating regions: First, R increases with increasing VBG, reaching a maximum
value at a critical voltage of 1 V. Then, it decreases when VBG is further increased up to
the maximum applied voltage. The carrier types in the graphene channel are identified
observing R behaviour at low VBG values. The applied VBG induced electron generation in
the graphene channel, as described above. In the presence of these induced electrons, if the
graphene channel is n-type-doped, then adding the induced electrons should increase the
total amount of electrons, resulting in a decrease in resistance. However, the data indicate
an opposite trend. Thus, the hole is denoted as the intrinsic carrier in which the induced
electrons recombine, reducing the total amount of holes in the channel and increasing the
measured R values. The increase in VBG continues to reduce the hole concentration in the
channel, shifting the corresponding Fermi level located at the valence band toward the Dirac
point (charge neutrality point) where the resistance is maximum [28]. A further increase
in VBG shifts the Fermi energy across the Dirac point to the conduction band. Above
this critical voltage, as holes are depleted, electrons start to accumulate in the channel,
which decreases R illustrated by the R behaviour at high VBG values. This sweeping of
Fermi energy based on VBG is shown schematically in Figure 2b. When establishing p-type
characteristics of the graphene channel, the obtained result highlights the tunability of
carrier concentration with notably changing the carrier type (from hole to electron) in
electric transport in the channel owing to the VBG.

The intrinsic hole concentration (Ng) in the channel can be found based on the R
characteristic [29]. As discussed above, Ng is equal to the number of induced electrons
at the critical voltage. The induced electrons are estimated by the model used for the
MOS device, which is εOXVBG/ed. Here, εOX and d are the dielectric constant and SiO2
layer thickness (εOX = 3.9ε0, d = 2.7 nm), respectively, and e is the free electron charge.
Considering an experimental value of VBG, that is, 1 V, results in an electron concentration
of 7.99 × 1012 cm−2, which is equal to Ng. This intrinsic hole concentration induces a
background current (dark current) embedded in the photocurrent discussed below. R
behaviour under bias and its associated Ng are examined on two other devices fabricated
with the same procedure. Similar R behaviour is observed with a small deviation at the
critical voltage value; see the Supplementary Information S3 for details. The associated Ng
yields a deviation of ±3.1%.

Next, we proceed to examine the device photoresponse, which is characterized by
the background current discussed above and current due to the photogating effect. Pho-
togating current is resolved through the AC detection scheme using a lock-in amplifier,
which records the difference between the current in a dark environment and under illu-
mination [30]. A change of 2.5 µA is measured with a laser wavelength of 1064 nm at a
power of 0.4 W/cm2 (DC measurement is also conducted, and it gives a consistent result;
see Supplementary Information Section S1). This is mainly associated with a reduction
in intrinsic hole concentration due to the recombination of holes with photogenerated
electrons. The change in hole concentration (∆n) is 1.31 × 1012 cm−2 based on the follow-
ing estimation: ∆I = (W/L)∆nµV, where W and L denote the device width and length,
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respectively, µ is hole mobility extracted via the trans conductance measurement on the
device (see Supplementary Information S4 for details), and V is applied voltage of 0.1 V.
To obtain a good approximation, the electron concentration generated via photogating is
set to this value as well [31]. Compared with Ng, the result is approximately six-times
smaller, which underlines the dominance of the background carrier in the photocurrent.
Subsequently, quantifying the intrinsic carrier concentration and photogating carrier is cru-
cial for the photoresponse. The photocurrent measurement is also performed at two other
laser wavelengths of 633 and 808 nm at a power of 0.26 W/cm2. The results yield a similar
∆n value.
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representative view of the Fermi level (EF) shift in the graphene layer under applied bias voltage.
The rainbow arrow indicates a Fermi level shift from the valence band to the conduction band under
applied bias.

The photocurrent in the graphene channel can also be varied using the VBG as it
induces electron generation in the channel, evident in the R versus VBG characteristics
illustrated in Figure 2a. Figure 3 depicts the photocurrent recorded as a function of VBG,
in which two characteristics are depicted: First, the photocurrent decreases as VBG is
applied, reaching a minimum at a bias of 0.8 V. Then, it starts to increase as VBG increases
further. Similar photocurrent characteristics are also observed at laser wavelengths of 633
and 808 nm (see Supplementary Information S5 for details). This decrease-to-increase
characteristic can be assessed observing the changes in hole concentration and carrier type
with respect to VBG. The hole concentration reduces at first as VBG is applied. Accordingly,
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holes are depleted at the critical voltage where the number of holes is equal to the number
of induced electrons. Then, electrons start to accumulate as VBG increases further. Note
that the continuing electron increase in the channel at VBG is approximately equal to 1.2 V,
resulting in a photocurrent comparable to that measured without VBG, while approximating
two orders of magnitude at 2 V. This demonstrates the potential of the proposed device
to serve as a tuneable detector for enhancing the photocurrent in applications requiring
high-responsivity detection.
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Figure 3. Photocurrent as a function of back-gated voltage. Photocurrent as a function of back-
gated bias with a fixed voltage 0.1 V under the wavelength λ = 1064 nm. The photocurrent showed
the minimum peak at VBG = 0.8 V. The inset shows the responsivity characteristics at a power of
0.4 W/cm2.

As illustrated above, both VBG and photogating affect the graphene channel photore-
sponse. However, both effects induce electron generation in the graphene channel, VBG
generates a tuneable number of electrons depending on the magnitude of applied bias
voltage, while the photogating effect yields a fixed number of electrons (at a fixed power).
Owing to this tunability, an electron concentration equal to that generated by the photo-
gating effect at low VBG, that is, 0.2 V determined based on the formula εOXVBG/ed, can
be obtained. This electron concentration increases as VBG increases and becomes approxi-
mately two orders of magnitude at 2 V, providing an effective approach for modulating the
carrier concentration (hence, photocurrent) in the graphene channel. The corresponding
responsivity is plotted in the insert of Figure 3. At zero bias, it exhibits a value of 0.4 mA/W.
This value is consistent with those previous reports on graphene photodetectors where
the responsivity is limited to approximately mA/W due to the short lifetime of photogen-
erated carriers in graphene and the weak optic absorption. The applied bias changes the
responsivity and at VBG = 2 Volt, responsivity is amplified by about two orders of larger
magnitude. Although this scale (tens of mA/W) is lower than those graphene-on-Si hybrid
structures [6,7], nevertheless, it can be further enhanced by increasing the bias. In addition
to the bias, notice that another key parameter affecting the performance is the oxide layer
thickness. A thinner oxide layer would generate more electrons under the same applied
bias, thus yielding a larger responsivity. Unlike the existing research, which used a thick
oxide layer (hundreds of nanometres), we adopted a thin oxide layer at the electronic device
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level. A thick oxide layer results in many fewer electrons because the number of generated
electrons is inversely proportional to the layer thickness. Subsequently, we observed the
pronounced behaviour when tuning the photocurrent.

4. Conclusions

In summary, the design of a hybrid photodetector was presented that reveals the
unique p-type electrical characteristic and tuneable photoresponse characteristics of a
graphene channel. The p-type characteristics introduce a key photocurrent factor that
dominates the photocurrent instead of the conventional photogating effect. This factor
provides a possible explanation for the wide range of responsivity reported in the literature
(from 1 A/W to 107 A/W), as the devices were fabricated via a different process with
different doping concentrations in the graphene channel. By tuning the photocurrent with
back-gated bias, an amplified photocurrent that is larger than the current generated by
photogating shows the effectiveness of enhancing the performance using a VBG. In addition
to enhancing the performance, more importantly, it can also attenuate the photocurrent that
regulates the detector output current, providing a key functionality for further integration
with the read-out circuit of an optoelectronic system.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics10050568/s1, see Supplementary Material for (S1)
device fabrication process, TEM characterization on oxide thickness, SEM characterization on device,
Raman examination on the formation of graphene on SiO2/Si, and photocurrent measurement, (S2)
equilibrium energy profile described in details, (S3) resistance behavior of other devices, (S4) hole
mobility of graphene channel, (S5) photocurrent measurement with laser wavelengths of 808 and
633 nm. References [32–37] are cited in the Supplementary Material.
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