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a b s t r a c t

To take advantage of the graphene appealing electronic properties, in this work we present a photo-
detector (PD) based on graphene/n-silicon heterojunction (GSH). In this device, graphene acts as light
transmitter, counter electrode junction element and photocarrier collector. The photodetector has been
provided with metal contacts allowing either photovoltaic or photoconductive operation mode. We
investigated the response of GSH PD to a 35-femtosecond laser pulse. In the photovoltaic configuration,
the PD exhibits rise times of some tens of nanoseconds, detecting light from ultraviolet (275 nm) to
infrared (1150 nm). In photoconductive mode applying a gate voltage VG, the external quantum efficiency
hugely increases, from a value of 2% up to 200%. Together with the observation of a rise time, that de-
creases down to a minimum value of about 1 ns, this makes our device even more competitive and
comparable with commercial photodetectors.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Thanks to its fascinating features [1] graphene is nowadays
emerging as a real material for future nano optoelectronics [2]. The
advantage of its use is to have an atomic-scale thickness material
with unique properties: mechanical strength and flexibility, air
stability, heat and electrical conductivity, optical transparency. In
addition, thanks to the compatibility with Silicon and other con-
ventional materials [3], the use of graphene has been theorized in
electronic devices that involve the electric field effect, due to its
high room-temperature charge mobilities of 105 cm2/V$s [4]. Gra-
phene has already been successfully used for the realization of
opto-electronic devices like graphene/GaAs van der Waals hetero-
structure solar cells [5], graphene-silicon Schottky junction solar
cells [6e8], as composite material together with carbon nanotubes
for holes transporting layer in solar cells [9] and high responsivity
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photodetectors (PDs) [10]. Above all, the request for PDs is very
high, because light detection is a fundamental issue in optical
sensing, in particular infrared (IR) PDs are strongly required for a
large class of medical [11], industrial, imaging, communication [12]
and scientific purposes [13]. In addition, also the ultraviolet (UV)
radiation has a great impact in many important aspects of daily life
and scientific research: for example, in the stratospheric ozone
monitoring, promoting the synthesis of vitamin D, killing germs
[14], etc. Therefore, it is very meaningful to get a single optimized
device able to detect wide-spectrum light from UV to IR with a fast
response and high responsivity.

However, due to the atomic thickness of monolayer graphene,
resulting in inefficient absolute light absorption (single sheet op-
tical absorbance is about 2.3% at 550 nm [15]) and consequently
high optical transparency, a PD based only on graphene would
present a very low responsivity. To overcome this issue, different
approaches have been proposed and realized: light-trapping tech-
niques [16], integration of graphene into nanocavities [17], micro-
cavities [18] or wave guide [19], hybrid graphene-quantum dot
structures [20]. All these methods increase the photo-responsivity
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of graphene but reduce the response speed or the detection active
area and the electronic bands. Moreover, these graphene-based
devices are often very expensive and difficult to obtain, especially
for large-scale production, making them usable only in particular
conditions. Another possible strategy is to combine it with a ma-
terial with a high light absorption coefficient that is already
industrially ready and well-studied to allow rapid development of
this new technology. For these reasons, a heterostructure
composed of graphene and Silicon can be a valid candidate for new
PD technology [6e8]. Such hybrid devices combine the high visible
light absorption of Silicon, and its ease of being industrially pro-
duced and managed, with the advantage of the high electronic
charge mobility of graphene for fast response time. The response
speed of Graphene/Si PDs has been improved in recent years up to
rise time of the order of several ns [21]. In this work, we present a
three-terminal PD device composed of a Graphene/n-Silicon het-
erojunction (GSH) (Fig. 1) which can work in Photovoltaic (PV) or
Photoconductive (PC) mode. The reported measurements of the
characteristics of a PD show that this device works effectively as a
multicolour high responsivity PD that exhibits response times of
the order of nanoseconds when it is lighted by femtosecond laser
pulses.

2. Experimental

2.1. Samples preparation

Silicon substrates with metal electrodes have been provided
by Fondazione Bruno Kessler [22] and successfully used for car-
bon nanotubes/Si solar cells [23] and PDs [24]. The PD realization
scheme is based on a top-down design (Fig. 1aec): the substrates
are composed of a n-doped Silicon wafer with a thickness of
100 mm and an electrical resistivity of 0.53U cm (donor concen-
tration atoms NDz 1016 cm�3). The bottom surface is covered
with a Cr/Au metallic layer forming an Ohmic contact with the Si.
On the top surface, two sets of Cr/Pt interdigitated electrodes,
Fig. 1. a) 3D device schematic in photovoltaic (PV) and b) in photoconductive (PC) configurat
the device. The graphene layer, transparent at optical wavelengths, is substituted by its lat
composed by 10 fingers distant D¼ 250 mm each other (width
50 mm each) alternately connected to the two separated elec-
trodes S and D, are deposited on a 300 nm thick SiO2 template
layer and are electrically isolated by the Si substrate. The
designed multifinger geometry of the interdigitated electrodes is
used to reach the maximum collection of photogenerated charges
[25]. In the last phase of the PD manufacturing process, a film
composed by 2e3 layers of graphene was deposited on the top
side of the substrate resulting in contact with the interdigitated
electrodes and with the Si surface. The graphene forms then a
heterojunction with silicon creating the active area
(A¼ 0.08 cm2) of the detector.

Graphene growth was performed through a chemical vapour
deposition (CVD) process at atmospheric pressure on both sides of a
copper foil using n-decane as precursor and a mixture of nitrogen
and hydrogen as gas carriers [26]. After the growth, the graphene
has been transferred onto the n-Si substrates by a wet-chemical
two-stage process at room temperature. The first step consists in
etching one side of the copper foil by oxygen plasma in order to
remove “unwanted” graphene. Subsequently the copper foil has
been completely dissolved in a solution of water and FeCl3 [27]. The
obtained graphene film has been kindly washed many times in a
distilled water bath. Two parts of the same graphene sheet have
been transferred on a glass and on the silicon substrate [26]. Prior to
transfer graphene, an etching with hydrofluoric acid (HF) was
performed to remove native oxide on the silicon surface. The final
device has 3 external controls (see Fig. 1aec) given by the Gate
electrode (G), placed in contact with the silicon, and by the inter-
digitated Source (S) and Drain (D) electrodes in contact with Gra-
phene. For this reason, there are two different operating
configurations that can be exploited in photo detection: photo-
voltaic (PV, Fig. 1a), where the photogenerated charges crossing the
junction are collected by the bottom and the top electrodes (G and
the short circuited S and D), and photoconductive (PC, Fig. 1b),
where the photocharges travelling across the graphene layer are
collected by the S and D electrodes.
ion; c) voltage doping mechanism under illumination in PC mode; d) optical top view of
tice sketch. (A colour version of this figure can be viewed online.)
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An optical image of the top side of the sample is shown in Fig.1d.
The interdigitated electrodes connected to the S and D terminals
are easily distinguished from the graphene deposited sheet which
appears transparent under visible light and it is substituted by a
lattice sketch in the figure.
2.2. Samples characterization

Raman spectra, not shown here, were acquired on graphene
sheets before transferring on the Si substrates [26]. The measure-
ments were performed using a 473 nm excitation laser and show
that the grown graphene mainly is double layer with minor frac-
tions of single layer and three layers. The optical transmittance of
the graphene deposited on the glass substrate is 94% at a photon
wavelength of 550 nm. This value corresponds to a number of
graphene layers between 2 (95.5%) and 3 (93.3%) [26]. The slight
discrepancy between the optical and Raman measurements can be
explained as the result of possible formation of twisted structures
as a consequence of the graphene transfer on the glass substrate
[26].

After the transfer on the Si substrate, scanning tunnelling
measurements (STM) were performed on the graphene surface in
contact with Si. Fig. 2a shows a typical STM image of the sample
where some graphene sheets can be observed. The blow-up of the
image shows the graphene hexagonal structure as highlighted by
the stick-and-ball sketch with a measured distance between the
next neighbouring atoms of 0.14 nm. This value corresponds to a
lattice parameter of 0.24 nm, which is in very good agreement with
the lattice parameter of graphene [1]. Scanning tunnelling spec-
troscopy (STS) was performed during the STM analysis by acquiring
current-voltage (I-V) characteristics and by mapping the density of
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Fig. 2. a) STM imaging, acquired ad 0.5 nA and 0.5 V, of the graphene deposited on the
n-Si and blow-up of a selected area with the stick-and-ball sketch for tracing the
atomic structure; b) typical tunnelling current-voltage (blue line-right scale) and dif-
ferential conductance-voltage (black line-left scale) characteristics of the selected
graphene area. The zero voltage corresponds to the Fermi level separating the filled
and empty electronic states of graphene. (A colour version of this figure can be viewed
online.)
the filled and empty electronic states (with respect to the Fermi
level EF) of the analyzed surface. A typical I-V measurement is re-
ported, together with the differential conductance vs. voltage, in
Fig. 2b. The finite value of the zero voltage conductance (corre-
sponding to EF) confirms a sizeable metallic character of the gra-
phene deposited on the Si surface [1,3].

The PDs were characterized by d.c. I-V measurements in dark
conditions using a Keithley 2602A source/meter and for the
responsivity measurements a calibrated light emitter diode (LED
Kingbright L-7113QBC-D, emission spectrum peaked at l¼ 460 nm)
has been used as light source. The photoresponse was also
measured as a function of the wavelength of the incident light in
the range l¼ 300 nme1000 nm using an Ametek 7265 lock-in
amplifier for acquiring the signal from the sample and from the
detector after being illuminated by a modulated light emitted by a
LOT LSE 140 Xenon lamp and passing through a monochromator
(LOT MSH-300).

To investigate the potential of our devices in fast signals
detection, a femtosecond pulsed laser source was used. The laser
system consists of a chirped pulse amplifier, seeded by a Ti:Sa
oscillator and coupled with an Optical Parameter Amplifier [28]
that produces 40 fs pulses in a wide energy range (from 240 nm to
20 mm with a repetition rate of 1 kHz) [29,30] and used as tunable
ultra short light source. In this case, the signal is acquired by a
30 GHz Tektronix oscilloscope using coaxial cables connected to the
sample terminals, without the use of any filter or amplifier, and
terminated on the 50U oscilloscope internal resistance.

3. Experimental results

3.1. Photovoltaic configuration

In PV mode (Fig. 1a) the detector works as a two-terminal de-
vice: an electric current between the electrode G and the two top
electrodes S and D connected together, is measured. In this con-
dition, when the device is not illuminated, the J-V feature (Fig. 3a,
black line) proves the rectifying properties of the graphene/silicon
heterojunction. This shows a dark current density of few mA/cm2

slowly increasing with the reverse applied voltage. Illuminating the
sample with 100mW/cm2 white light (Fig. 3a, red curve), a shift of
the reverse polarized curve is observed due to the generation of the
photocurrent indicating the possibility to use this device for pho-
todetection applications.

In order to evaluate the PD's performance in PV mode, mea-
surements were carried out in short-circuit condition (V¼ 0)
lighting the device with a calibrated LED. Fig. 3b shows the short
circuit current density Jsc, measuredwith respect to its value in dark
conditions Jsc0, as a function of the incident light power density Popt.
The line is a fit to the data using a power law x1.08 which indicates a
very good linearity of the PD response. The gain between input and
output has been estimated through the responsivity given by R¼
(Jsc-Jsc0)/Popt. The calculation gives Rz0.7A/W, which is of the same
order of commercial photodetectors [31] and results weakly
dependent on Popt.

The response speed of the device has been investigated using
the femtosecond pulsed laser as light source. In Fig. 4, a typical PD
response to a single laser pulse (with incident wavelength
l¼ 532 nm and energy E¼ 10 nJ) is reported. The rise time (tr),
defined as the time difference between the 90% and 10% of the full-
scale signal, is shown in the inset for different wavelengths at
E¼ 10 nJ. From this figure emerges the ability of the device to detect
a fast multicolour signal, responding with times of the order of tens
of nanoseconds. Interestingly, tr is almost constant for l� 450 nm
and increases for higher wavelengths suggesting two different
mechanisms in light absorption as will be discussed below. Herewe



Fig. 3. a): JeV characteristic of the device acquired in dark conditions (PV mode); b):
schort circuit photocurrent vs. incident optical power in PV mode. The line is a fit to the
data using the power law xy with y¼ 1.08. (A colour version of this figure can be
viewed online.)

Fig. 4. Typical PD response in PV mode to a single 35 fs laser pulse. The arrows indicate
the 10% and the 90% of the pulse height used as a criterion for the rise time estimation;
inset: rise time vs. wavelength in PV mode under 35 fs pulsed laser source for incident
light energy E¼ 10 nJ. (A colour version of this figure can be viewed online.)
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emphasize that these results are obtained using the detector in PV
modewithout spending energy and without the use of any external
electronic amplification. This is essential in applications where it is
important to keep down not only the energy expenditure but also
the size and weight of the detection system.
3.2. Photoconductive configuration

In PCmode the detector works as a three-terminal device. In this
configuration, the output current signal is recorded between the
top S and D electrodes, both connected with the graphene layer
(Fig. 1b). The electrode G, which is on the bottom side of the de-
tector, is instead used as an external input control through an
electric gate potential. For VG> 0 the GSH is reverse polarized and
an injection of positive charges (holes) occurs inside the graphene
(Fig. 1c). A further contribution to the current possibly comes from
electrons in graphene that cross the Si/graphene barrier interface
after the n doping of graphene layer due to the reverse voltage VG
applied across the junction [6].

The ISD vs. VG characteristics at different applied values of VSD in
dark conditions are shown in Fig. 5. The curves represent the typical
trend of a 3-terminal device: at low VG (up to about 4 V) the current
weakly depends on VG, but when a certain value of VG is exceeded,
an increase of the current flowing inside the graphene is observed.
In this configuration, the minority charges (holes) of the n-Si region
flow towards the graphene driven by the built-in potential Vbi,
generated at graphene/n-Si interface, and by VG. In addition to a
leakage current, which contributes in a linear manner to the ISD vs.
VG characteristics, an avalanche mechanism can be invoked for
taking into account the nonlinear trend of the curves that becomes
more pronounced as VG increases above 4 V. It is important to note
that the beginning of the avalanche region occurs at VGz 4 V,
which is a considerable low value especially if compared to com-
mercial photodetectors that need even a 100 V bias to reach this
operating point [31].

To examine the 3-terminal device behaviour, measurements of
external quantum efficiency (EQE) have been performed in the
wavelength range of the incident light between l¼ 300 nm and
l¼ 1000 nm. The EQE is defined by the expression
EQE ¼ ðhcJscÞ=ðqlPoptÞwhere h is the Planck constant, c is the speed
of light and Jsc the short circuit current density. The results are
shown in Fig. 6a. In the absence of a gate voltage the typical EQE
shape of a p-n Si junction can be noticed [32], indeed in this casewe
Fig. 5. Source-drain current ISD vs. gate voltage VG acquired in dark conditions for
different values of VSD. (A colour version of this figure can be viewed online.)



Fig. 6. a) External Quantum Efficiency (EQE) measured between S and D terminals as a
function of the wavelength for using different values of VG with VSD¼ 0. Also shown for
comparison is the EQE acquired in PV mode (green line); b) EQE vs. VG as extracted by
the data in a) at l ¼ 500 nm. The line is a fit to the data following the expression in
Ref. [32] valid for avalanche photodetectors. (A colour version of this figure can be
viewed online.)

Fig. 7. a): photocurrent peak value vs. fs laser light pulse energy measured at different
wavelengths in PC mode with VG ¼ 0 and VSD ¼ 0; b): number of photocharges
measured by the area under the peak current acquired in PC mode vs. wavelength at
E ¼ 10 nJ; c): rise time vs. wavelength in PC mode with VG¼ 0 under 35 fs pulsed laser
source for incident light energy E¼ 10 nJ. (A colour version of this figure can be viewed
online.)
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measure a current flowing in the graphene which comes mainly
from the photo-charges generated in the n-Si region of the device.
This is confirmed by the EQE acquired in PV mode and reported in
the same figure for comparison. The higher value obtained in the PV
mode in the whole investigated l range indicates that more pho-
tocharges are collected if compared to the PC mode for VG¼ 0.
However, by applying a gate voltage, an enhancement of the PD
efficiency is obtained with the EQE increasing up to 200% for
VG ¼ þ8 V. The huge increase of EQE is clearly evidenced in Fig. 6b
where the EQE measured at l¼ 500 nm is shown as a function of
VG. The line is a fit to the data using the expression reported in
Ref. [32] valid for avalanche PDs. The good agreement with the
experimental data, although qualitative, confirms the presence of
an avalanche mechanism [32], activated by the photogenerated
charges, and indicates that this effect is predominant on the leakage
contribution, which would show only a linear EQE vs. VG depen-
dence. Moreover, the observed huge increase of EQE when VG is
applied indicates that few holes recombine with electrons before to
be collected by the electrodes.

The PDs have been tested using the pulsed laser source also in
PC mode, acquiring measurements at different incident wave-
lengths, from l¼ 275 nm up to l¼ 1150 nm. A good linearity of the
devices, below a saturation value, is confirmed by the peak current
vs. light pulse energy reported in Fig. 7a. For a given energy, the
photocurrent depends on the wavelength indicating that the
number of the generated photocharges depends on l. This
dependence is shown in Fig. 7b where the area under the acquired
peak current is reported as a function of l for E ¼ 10 nJ. A similar
behaviour is observed for all the investigated wavelengths in the
linear regime as well as in the PV configuration. The number of
generated photocharges increases up to l ¼ 800 nm and then de-
creases following the absorption spectrum of Si which lacks in
absorbing infrared light.

In Fig. 7c the rise time vs. l at VG¼ 0 and E¼ 10 nJ is shown. As in



Fig. 8. a) Rise fronts of the curves ISD vs. time in PC mode under l¼ 532 nm illumination of the 35-fs pulsed laser, for VG¼0, 2 V, 6 V, 8 V, 10 V, 12 V, 14 V, 16 V, 18 V and 20 V from the
bottom b) Rise time measured in PC mode between 10% and 90% of the rise fronts of the ISD response to the pulsed laser as a function of VG for different incident wavelengths. (A
colour version of this figure can be viewed online.)
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the case of the PV mode, the response time is constant at low l and
increases for l� 450 nm suggesting a similar mechanism in the two
different configurations at least for VG¼ 0. Nevertheless, the PDs
operating in the PCmode appear faster in their response to the light
pulse with respect to the PV configuration. Even more interesting is
the response of the detector to the pulsed laser when VG is applied.
Fig. 8a shows the response of the PD in PC mode at different VG
values when the incident laser pulse with E¼ 10 nJ and l¼ 532 nm
illuminates its active area. The curves are reported after subtracting
the background due to the d.c. current component induced by VG.
Therefore, the data in Fig. 8a are representative of the response of
the device to the fs light pulse, which is independent on any d.c.
contribution. The current ISD flowing through the graphene in-
creases when the junction is in the avalanche regime with respect
to the current measured at VG¼ 0. Moreover, increasing VG a
decrease in the time response is clearly observed by the decrease of
the rise time of the same curves. This is measured (by considering
the time difference between 90% and 10% of the whole signal) and
reported in Fig. 8b for all the investigated wavelengths. Rise time
values of the order of 1 ns are reached for the highest applied VG.
4. Discussion

The response time is related to the time required to the pho-
tocharges, generated at a depth L inside the photodetector, to be
Fig. 9. a) Schematic of the band diagram of the GSH showing the barrier potential fB, the bu
scale for V> 0. The line is a fit to the data by using equation (1). (A colour version of this fi
collected by the electrodes [33]. Due to the high transparency of
graphene in all the investigated l range, one can assume that most
of the light is absorbed inside the Si substrate and that graphene
acts as a conductive transparent window. Since L depends on the
light wavelength l through the Si optical absorption coefficient
[34], then it is expected that tr depends on l as shown in the inset of
Fig. 4 and in Fig. 7c for the PV and PC configurations respectively. In
the case of our experiment, the penetration depth L for the gra-
phene/Si interface ranges between L¼ 10�2 mm and L¼ 103 mm for
l¼ 250 nm and l¼ 1100 nm respectively.

When in contact with doped Si, graphene gives rise to a rectified
interface. Fig. 9a gives a qualitative sketch of the energy levels at
the graphene/Si interface. After light absorption in the n-Si sub-
strate, the photocharges are separated by the built-in potential Vbi

which drives the holes towards the graphene layer and the elec-
trons towards the G electrode. The action of Vbi is confined inside
the depletion zone which starts from the interface and extends
inside the Si for a depth W. Depending on the distance L from the
surface where the photocharges are generated, two different main
mechanisms have to be considered in Si as responsible for the
motion of the holes towards the surface: drift and diffusion [35].
The holes generated at a distance L�W are drifted towards the
surface by the action of Vbi. The holes generated beyond the
depletion layer at a depth L�W are carried by a diffusion mecha-
nism up to the edge with the depletion layer and, when at the
ilt in potential Vbi and the depletion layer W. b) Same data of Fig. 3 in semilogarithmic
gure can be viewed online.)
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distanceW from the surface, they are drifted towards the graphene
layer. In both the cases, once the holes have reached the graphene
counter electrode, they diffuse along this layer to reach the metallic
interdigitated electrodes. Therefore, the maximum path the holes
have to travel to be collected by the interdigitated electrodes is
Lþ d/2 where d¼ 200 mm is the distance between two adjacent
electrode edges. In order to make our speculation more quantita-
tive, a deeply analysis of our GSH is needed.

From the STM/STS analysis (see Fig. 2b), we argue that the
graphene layer transferred on the Si surface has a metallic nature.
Therefore, the GSH can be treated as a Schottky junction in agree-
ment with most of the literature data on the same argument
[8,34e38]. Following the general theory of the Schottky junctions
[32], the I-V characteristics are well approximated by the
expression:

J ¼ J0 exp
�
qðV � JARSÞ

nkBT

�
(1)

Where J is the current density, J0 ¼ A*T2e�q4B=kBT is the saturation
current density, n the ideality factor, kB is the Boltzmann constant, T
the temperature, q the elementary charge, A is the junction area
and RS its electrical resistance. The fit to the data of the I-V char-
acteristic acquired in dark conditions and shown in Fig. 3a for V> 0
using expression (1), with n, J0 and RS as fitting parameters, is re-
ported in Fig. 9b. The fitting procedure gives n¼ 7.3, RS¼ 1.8 kU and
J0¼ 41 mA. A such high value of n is usually ascribed to charge image
effects into graphene and it is in agreement with that obtained by
other authors in Schottky GSH [8,37], while RS is of the same order
of that measured for our devices. Assuming a Richardson constant
A*¼ 110 A cm�2 K�2 valid for Si, the value fB¼ 0.48 V is obtained
for the barrier potential by the expression of J0. Although this value
is purely indicative due to several parameters assumed for its
evaluation, it is consistent with the work function of graphene
which is given by 4gr ¼ 4B þ cSi where cSi¼ 4.05 eV is the electron
affinity of Si [32]. The calculation gives fgr¼ 4.5 eV in very good
agreement with the values reported for graphene [37]. Thewidth of
the depletion zone in a Schottky junction is given by:

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εSiε0Vbi

qND

s
(2)

where εSi¼ 11.7 and ε0¼ 8.85� 10�14 F/cm2 are the permittivity in
Si and in vacuum respectively. Considering for Vbi the expression
Vbi ¼ 4B � ðkBT=qÞlnðNC=NDÞ where NC¼ 2.8� 1019cm�3 is the
density of the states at conduction band for Si, one obtains
Vbi¼ 0.28 V and, as a consequence, W¼ 0.2 mm. It is worth noting
that this value satisfies the condition LzW for l¼ 450 nmwhich is
with a very good approximation the value at which a change in the
slope of tr vs. l reported in the inset of Fig. 4 and in Fig. 7c is
observed. This result suggests that for l� 450 nm the photocharges
are generated inside the depletion zone (L�W) while for
l� 450 nm results L�W and the photocharges generated beyond
the depletion zone add their contribution to the photocurrent.

The time required for the charges to cross the depletion zone
under the action of the potential Vbi is tdr ¼ W=vdr where vdr ¼
mVbi=W is the drift velocity. Considering the calculated values for Vbi

andW and taking m¼ 400 cm2/V∙s as the mobility of the holes in n-
Si [32] with the given donor concentration, one obtains tdrz10�12 s
which is too low to be associated to the response time measured in
our PDs. This calculation suggests that the drift mechanism can be
considered negligible and that the holes generated at the depth
L�W spend most of their time to reach the interdigitated elec-
trodes along the graphene layer.
It can be useful to analyse the tr vs. l dependence shown in
Fig. 7c for the PC configuration because in this case only the top
interdigitated electrodes collect the photocharges and we can
neglect the electrons that diffuse towards the G bottom electrode.
In this case, for l� 450 nm, which means for charges generated
inside the depletion zone (L�W), tr¼ 3 ns is measured. Assuming
for the graphene mobility the value m ¼ 1� 105 cm2/V∙s [4], a
diffusion length Lp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðkBT=qÞmtr
p

y30mm entirely along the gra-
phene counter electrode is obtained. The charges emerging in the
graphene layer at a longer distance from the electrode scarcely
participate to the photocurrent being lost probably for recombi-
nation mechanism enhanced by the n-doping of graphene and by
the boundary between different graphene sheets present in the
surface layer as evidenced by STM. Increasing l the light penetra-
tion depth L increases but for L�W the main mechanism is the
diffusion in the graphene layer being the drift time negligible. Since
the diffusion time in graphene does not depend on l, a constant
behaviour of tr vs. l is expected for l� 450 nm (L�W) as confirmed
by the data reported in Fig. 7c. For a further increase of l, the
photocharges are generated outside the depletion zone (L�W) up
to the maximum possible distance from the interface correspond-
ing to the whole substrate thickness (L¼ 103 mm for the highest
measured l¼ 1150 nm). At this wavelength, the data in Fig. 7c
indicate that only the holes generated within a depth Lpz 3 mm,
corresponding to tr¼ 10 ns, reach the surface and are collected by
the electrodes.

When VG> 0 V, the photogenerated holes reach the graphene
counter electrode in a shorter time compared to the condition
VG¼ 0 because a charge drift velocity, which increases with VG, adds
to the diffusive velocity, thus making the detector faster as VG in-
creases. The data in Fig. 8b confirm this trend for all the wave-
lengths. Moreover, there is a reduction of the difference in the
response speed for different l when the device is in the avalanche
region (VG> 4 V). For VG¼ 0 the rise time for l¼ 275 nm is about 3
ns and for l¼ 650 nm it is 5 ns but increasing VG for both values of l
the rise times decrease down to about 1 ns for VG¼ 15 V. Indeed,
when the device is in this operating condition, there are two effects
to consider already described above: the increase in the velocity
given by the effect of the electric field in the avalanche regime and
the longer response times for longer l due to the increase in the
path length caused by an increase of L at longer wavelength. When
VG exceeds about 4 V, the former effect (speed increase) prevails on
the latter (path length increase) and the response starts to become
the same for all the incident l.

In the case of the PV configuration, the electrodes used for the
charge collections are the top shorted S-D and the bottom G. In all
the cases (L�W or L�W) the electrons, separated by Vbi, have to
cross the whole Si substrate to give rise to the signal detection and
this entails an increasing of the response time. For tr¼ 18 ns, cor-
responding to l� 450 nm, the holes travel for a distance Lp¼ 43 mm
and the electrons (having a higher mobility m¼ 103 cm2/V∙s [32])
travel for Le¼ 68 mm, both distances comparable with the Si sub-
strate thickness. During this time, the holes are collected by the top
S-D electrodes and the electrons by the bottom G electrode.
Increasing l, L increases and, as in the PC configuration, the time
required for collecting the photogenerated charges increases giving
rise to the tr vs. l behaviour shown in the inset of Fig. 4. Never-
theless, even though the PD contacted in PV mode is slower than
the PC configuration, it presents a higher efficiency, as shown in
Fig. 6, due to the higher number of collected photocharges at least if
compared to the PC PDs working at VG¼ 0.

In the above discussion the possible dependence of tr on the
number of the generated photocharges has not been taken into
account. This is consistent with the data shown in Fig. 7bwhere the
number of photocharges collected by the electrodes is reported as a



Table 1
Key parameters of our samples compared with a commercial photodetector and two recent graphene based devices.

Photodetector Active Area(mm2) Responsivity
A/W

Breakdown voltage (V) Capacitance nF Rise Time ns Spectral range (nm) Ref.

Hamamatsu
SiAPD S12053

0.8 0.50 200 5� 10-3 1.5 300e1000 31

Graphene/Si 10�3 105 3� 104 38
Graphene/Si 0.25 0.14 1.6� 10-2 4 300e1100 21
Our device 8 0.66e0.75 (±0.01) ~4 5.1± 0.1 1e10 (±0.1) 270e1150 This work

M. Scagliotti et al. / Carbon 152 (2019) 643e651650
function of thewavelength. Following this behaviour, a dependence
of tr on the number of photocharges should show a change in tr vs.
l at l� 800 nm which is not observed experimentally. This sup-
ports our interpretation that tr mainly depends on the path length
covered by the photocharges instead of their density.

Our interpretation of the experimental results suggests that the
use of the three electrode configuration plays a decisive role on the
PD performance reducing the response time and increasing the
photocurrent in the avalanche regime. Here the doped Si represents
the absorbing layer while graphene plays the triple role of light
transmitter, junction counter electrode (participating to the for-
mation of the built-in potential Vbi at the interface) and photo-
carrier collector.

A list of some key parameters of our samples is reported in
Table 1 in comparison to that present on datasheets of a commer-
cial PD and to the state of the art of some graphene/Si based de-
vices. With respect to commercial Si based PDs our device presents
a much lower breakdown voltage, a higher responsivity and almost
the same time response. Also interesting is the comparison with
some recent studied graphene/Si PDs one with high responsivity
and the other with a low rise time. Our devices are the only ones
that show at the same time a good response time and a quite
satisfactory responsivity. The high value of the junction capacitance
reported for our devices is due to the large active area. Among the
different methods that can be adopted to improve the PD perfor-
mance, a reduction of the active area for reducing the capacitance
as well as the interface inhomogeneity can be explored. This
certainly would give a shorter rise time (capacitive effects) and a
uniform barrier potential (homogeneity of the interface) with a
consequent reduction of the leakage current. A different geometry
of the interdigitated electrodes could be a better approach with
respect to the possibility to increase the number of fingers since
this method has already been explored [25] and in that view the
adopted device represents an optimization between the possibility
to have the maximum of collected charges avoiding detrimental
effects due to the consequent covering of the active area. A further
improvement of the PD performance can be obtained by enhancing
the graphene quality by reducing the number of layers and, as a
consequence, the scattering rate of the photocharges in their path
towards the electrodes. Finally, since the absorption process mainly
happens inside the Si substrate, PDs sensitive to a different l range
can be obtained by substituting Si with other semiconductors for
response shifted in a different wavelength range. From this point of
view, since the PD is based on a rectified junction obtained by
depositing graphene on doped Si surface, any other material can be
used [37] with the perspective to increase the photocurrent, reduce
the response time or change the absorption wavelength range.
5. Conclusions

In conclusion, we reported on a photodetector based on GSH
provided with three electrodes for both photovoltaic and photo-
conductive measurements. In dark conditions, the device shows
rectifier properties due to the formation of a metal/semiconductor
Schottky barrier. In both configurations used, the device is able to
detect fast signals in a range of wavelengths ranging from near UV
to near IR which makes it very promising for many fast detection
applications. A difference in the PD's rise time has been shown
between the PV and the PC mode, due to a different path of the
photogenerated charges at the junction. In PC mode, it has been
shown that thanks to the gate electrode it is possible to make holes
doping within the graphene that increases the EQE values up to
200% and decreases the rise time to about 1 ns. These values result
higher than other graphene and carbon nanostructures based three
terminal devices. The obtained results support our design of the
interdigitated electrodes that reduce the path length of the charges
collected by graphenewhile the three contacts configuration allows
to amplify the signal after light absorption.
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