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ABSTRACT

The impact of the number of graphene layers on the spectral responsivity and response speed of graphene/n-type Si (Gr/n-Si)-based
Schottky barrier photodiodes is investigated. Gr/n-Si photodiode devices are fabricated by transferring chemical vapor deposition-grown
graphene layers one by one on n-Si substrates, reaching up to three graphene layers. The devices show a clear rectifying Schottky character
and have a maximum responsivity at a peak wavelength of 905 nm. Wavelength-resolved and time-dependent photocurrent measurements
demonstrated that both spectral responsivity and response speed are enhanced as the number of graphene layers is increased from 1 to 3 on
n-Si substrates. For example, the spectral responsivity and the response speed of the fabricated device were found to be improved by about
15% (e.g,, from 0.65 to 0.75 AW~ ") and 50% (e.g., 14 to 7 us), respectively, when three graphene layers are used as the hole-collecting
cathode electrode. The experimentally obtained results showed that the device parameters, such as spectral responsivity and response speed
of Gr/n-Si Schottky barrier photodiodes, can be boosted simply by increasing the number of graphene layers on n-Si substrates.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001758

I. INTRODUCTION

Owing to its high carrier mobility and inherently high optical
transparency, graphene has become a preferred transparent conductive
electrode material for the development of semiconductor-based opto-
electronic devices such as photodetectors and phototransistors.'™
In the last decade, it has been shown that single-atom thick mono-
layer graphene films form a rectifying Schottky contact when it is
placed on the unpassivated surface of bulk Si”™'* Such a rectifying
contact enables graphene/Si heterojunctions to be used as Schottky
barrier photodiodes that are sensitive to light in the visible and short
wavelength infrared spectral ranges due to the bandgap of Si."* When
graphene is employed as an electrode on Sj, it not only acts as a trans-
parent conductive layer, but it also functions as a photoactive material
due to its ~2.3% optical absorption. Although a large amount of
photons is converted into photogenerated charge carriers in Si, the

optical absorbance in graphene contributes to photon sensing as well
through internal photoemission over the Schottky barrier. The photo-
generated charge carriers injected over the Schottky barrier are accel-
erated by the effective electric field in the depletion region even under
a zero-bias regime. The accelerated charge carriers, multiplied in the
Si lattice, enable an internal gain. A more detailed explanation for the
photoresponse and gain mechanisms of Gr/Si Schottky barrier photo-
diodes can be found in Refs. 14 and 15.

Graphene/n-type Si (Gr/n-Si)-based photodiodes exhibit spectral
responsivities in a range between 0.3-0.7 AW™' and several AW™"
with a response time exceeding a few tens of microseconds.””'*™*’
Except for its response speed, the spectral responsivity of the Gr/n-Si
heterojunction is comparable to those of commercial Si-based p-n
and p-i-n type photodiodes. During the past few years, many inter-
esting strategies have been proposed to enhance the spectral
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FIG. 1. Schematic illustration of graphene transfer and device fabrication processes.

responsivity of Gr/n-Si Schottky barrier photodiodes. These (a)
include the modification of the doping level of either the graphene
electrode or the underlying Si substrate and/or placing a thin oxide
layer in between them as well as nanotip patterning of the Si
substrate underneath the graphene layer.”” As an example, a self-
powered Gr/n-Si photodiode fabricated out of chemical vapor depo-
sition (CVD) graphene onto lightly doped unpassivated n-Si has

Transfer of graphene and Cr/Au on Si substrate

been demonstrated.® When the diode was exposed to 850 nm wave- (b) T

length light, the spectral responsivity and response time of the device of —3layers

were found to be 0.3 AW™' and ~100us, respectively. It has also 107 —» layers

been shown that the maximum spectral responsivity of Gr/n-Si . 107" —1layer ,
Schottky photodiodes at 850 nm peak wavelength can be boosted <

from 0.24 to 0.78 AW~ when the Gr electrode is doped extrinsically = 107 1
with P3HT polymer molecules.”’ We recently showed that a spectral — 3

responsivity of around 0.76 AW ™" can be achieved simply by increas- 87 10 ‘
ing the Gr/n-Si active junction area without the need of chemical = 40* ]
modification of the graphene electrode.'” Despite their enhanced

spectral responsivities, Gr/n-Si Schottky barrier photodiodes exhibit 10° D1 ?

lower response speeds due to relatively high response time.

In this work, we investigated the effect of the number of gra- ]
phene layers on the spectral responsivity and response speed of 10'f —3layers
Gr/n-Si Schottky barrier photodiodes. Wavelength-resolved photo- — 2layers
current and time-dependent photocurrent measurements showed —~ 10°k — 1layer
that the spectral responsivity and response speed of these types of <
photodiodes can be improved simultaneously as the number of = 10"
graphene layers on n-Si is increased from 1 to 3. t_D'J

o
-

Il. EXPERIMENTAL DETAILS

The graphene layers were grown on 25um thick and 99.8% 10° D2
purity Cu foils by CVD technique. The growth and transfer pro- ) ] )
cesses for CVD graphene were done by means of the same proce- -050 -025 000 025 050
dure employed in our previous studies.'® A schematic illustration Voltag e (V)

of the experimental process to fabricate the Gr/n-Si photodiode
that comprises graphene growth on the Cu foil and then transfer-
ring on the n-Si substrate is displayed in Fig. 1. As for the first step,
Cu foils were cut into small pieces and then loaded in the tube

ilogarithmi le.
furnace of the CVD system. Monolayer graphene was grown on R

FIG. 2. (a) Schematic structure of the fabricated Gr/n-Si photodiode with electri-
cal connections. (b) Dark |-V measurements of the samples D1 and D2 in the
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these Cu foils under the flow of H,, Ar, and CH, gases. The micro-
posit S1318 photoresist (PR) was drop casted on the Gr/Cu struc-
ture as a supporting layer for the grown graphene and then
annealed at a temperature of 70 °C overnight in an oven. After the
Cu foil is etched in an iron chloride (FeCls) solution, the sus-
pended PR/Gr bilayer is transferred on the n-Si substrate. The
wafer used in this study was lightly doped n-Si with a resistivity of
1-5Qcm. Prior to the deposition of metallic contact pads, a
400 nm thick SiO, dielectric layer is evaporated to cover a portion
of the surface of the n-type Si substrate. For I-V measurements, Cr
(4nm)/Au (80nm) metallic contact pads were defined on the
samples as shown in Fig. 1 using thermal evaporation technique.
For the graphene transferring process, the PR/Gr was annealed at
110 °C for 4 min in order to provide good adhesion of the graphene
layer on the n-Si substrate. The PR layer was removed by acetone
and then rinsed with isopropanol and de-ionized water, respec-
tively. Finally, Gr/n-Si photodiodes with active junction area of
4 x 5 mm? become ready for optoelectronic measurements.

The optoelectronic properties of the samples were measured at
room temperature under ambient conditions using a probe station
interfaced with a power tunable monochromator light source,
Keithley 2400 Source-Meter, Keithley 6485 Picoammeter, and a cali-
brated Si photodetector. The spectral responsivity of the fabricated
Gr/n-Si photodiodes was examined at the wavelength between 540
and 1050 nm. Time-resolved photocurrent measurements were

(@ .
o 1 layer 10l o Taer
100 o] 2Iayer o Iayer
E A3 layer ! |~ 31ayer
< :}% 107}
< 107 '@bﬂlllm.
= -1
2 107
o)) 2 Linear fitting |
910 =1 102ld i
=]
10°° ! .
D1 10 - ]
025 000 0.25
Voltage (V) Voltage (V)
b
(b) 0.80} -
D1 m---
—~~ 078 F \/ . . .
> > .-
O ) )
—o076f .- .
0] o P
<ozl " =02
0.72 &
1 > 5

Number of layers

FIG. 3. (a) The forward-bias regions of the |-V plots shown in Fig. 2(b), which
were linearly fitted to calculate the ®g values of the samples D1 and D2.
(b) The extracted ®g values of the devices vs the number of graphene layers.

ARTICLE avs.scitation.org/journalljva

performed using an LED driver with pulse modulation (DC2200,
Thorlabs), a collimated LED source with 940 nm, a 905 nm laser line
filter, and a transimpedance amplifier, and the signal was collected
using a digital storage oscilloscope. Here, the irradiation wavelength

(@ o8
= 06} I 1
= i
< |
o 041 — 3 layers | b
— 2 layers |
—1 layer ]
o8pb————r—1 4 L
: D2
—~06} ' -
= |
< :
@ 04r — 3 layers : ]
— 2 layers |
— 1 layer !

500 600 700 800 900 1000 1100
Wavelength (nm)

0.76} 1
D1 l—"——.
0.72} e //. L
<§(0.68- ‘,, /. Noo :
v 064} X -
0.60F A =905 nm 1
0.561 V=0V
1 2 3

Number of graphene layer

FIG. 4. (a) is the zero-bias spectral responsivity of the devices D1 and D2 mea-
sured in the wavelength range between 540 and 1050 nm at zero bias voltage.
(b) Comparison of the zero-bias spectral responsivity of the two individual
devices acquired at the peak wavelength of 905 nm.
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is specifically selected to be 905nm since it corresponds to the
maximum spectral responsivity of our fabricated Gr/n-Si photodiode
samples. Hall effect measurements were done with a lab-built four-
point probe station having properly oriented Au-plated pins con-
nected to the Keithley 6220 Precision Current Source and the
Keithley 2000 Digital Multimeter. The measurements were done
using a Neodymium-based permanent magnet providing an effective
magnetic field of 350 mT.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

A schematic illustration of the fabricated Gr/n-Si Schottky
barrier photodiode with electrical contacts is displayed in Fig. 2(a).
For comparison and verification, the electronic and optoelectronic
characterizations were done on two individual samples, which were
labeled as device-1 (D1) and device-2 (D2). Prior to photocurrent
spectroscopy measurements, the I-V measurement of the samples
was conducted under dark conditions with an applied bias voltage
range between —0.5 and 0.5 V. The experiments were repeated for
an increasing number of graphene layers transferred on the device
structure as shown in Fig. 2(a). For both samples, all the obtained
I-V curves exhibited typical rectifying Schottky contact behavior
but with slightly different saturation current levels at the reverse
bias region as seen in Fig. 2(b). This already suggest that the

(@)

w Pulsed Light

ARTICLE avs.scitation.org/journalljva

Schottky contact parameters (e.g., ideality factor, barrier height,
etc.) and, hence, the rectification strength of the samples vary as a
function of the number of graphene layers.

From the linear forward-bias region of the semilogarithmic
scale I-V plots in Fig. 3(a), the Schottky barrier heights (®g) of our
devices were determined by using the method developed by Cheung
et al”* The obtained ®p values were plotted as a function of the
number of graphene layers in Fig. 3(b). As can be seen in Fig. 3(b),
the @p of both devices increases as a function of graphene layers.
For both devices, the increment in ®g was found to be 5meV in
average as the number of graphene layers reach to three layers.

In order to determine the zero-bias (V}, =0 V) spectral respon-
sivity (R) of the samples, we conducted wavelength-resolved photo-
current spectroscopy measurements under illumination of light with
different wavelengths tuned between 540 and 1050 nm. Here, R is
defined as the ratio of output photocurrent and optical power inci-
dent to the sample surface. The measurements were repeated for an
increased number of graphene layers on the device structure, and
the results were plotted in Fig. 4(a). In all the measurements, the
maximum R appeared at a peak wavelength of 905nm, and the
curves exhibited a downward trend toward a cut-off wavelength of
1050 nm. For a clear comparison, the maximum R values at 905 nm
wavelength are plotted in Fig. 4(b) as a function of the number of
graphene layers. The maximum R of the sample D1 rises from 0.65

940 nm Collimated ~  __ " =°FY =S L Gr/n-Si
LED Source J Photodiode
‘ Qgﬁt;n Oscilloscope
| [}
Transimpedance el
- -- Amplifier ——— .
LED Controller
(b) , | () | |
. ! D1 : D2 16| m D1 A =_905 nm |
S ' ' Sa /1 V, =0V
5 S 3 3 layers 3 layers 14f o ~J _
qN) E i N AN hd = -a
5 8 s S e
E3 ? [ D2 R ]
28 .~
2 [ e ]
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FIG. 5. (a) Schematic diagram of the time-resolved photocurrent measurement system. (b) The time-dependent photocurrent spectrum of the fabricated Gr/n-Si photodi-
odes D1 and D2. One cycle time-dependent photocurrent spectrum of the devices under fast varied 905 nm wavelength light with switching frequency of 5 kHz at zero-bias
voltage. The measured photocurrents were normalized with the maximum values. (c) The rise time values of the devices as a function of the number of graphene layers.
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to 0.75 AW~ when the number of graphene layers is increased from (a)
1 to 3. And for the sample D2, the maximum R was found to be 6.4
rising from 0.59 to about 0.72 AW, For both samples, the R values N . . 13600
seemed to be converging to a saturation level in the case of three gra- 56 \ -
phene layers used as the hole-collecting electrode. c N 7
Time-dependent photocurrent spectroscopy measurements O48 N < 12700

were conducted using the experimental setup illustrated in Fig. 5(a) o A
to determine the response speed of the fabricated devices as a func- o PR 11800
tion of the number of graphene layers. In the experiments, a colli- - - - .
mated LED with the peak wavelength of 940 nm was used as the c e S~
light source. The LED light is filtered with a laser line bandpass 900
filter to get 905 nm wavelength light. The measurements were done sl P
at zero-bias voltage, and the output photocurrent was recorded . D2 7 ’
under light pulses with a frequency of 5kHz. Then, the obtained Q o - 1600
signals were converted to voltage with a transimpedance amplifier, £
and the data were collected by an oscilloscope. QO . o {450

o

Z

c
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=
\

[ |

T
d
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R, (ohm/sq)
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Time-dependent photocurrent measurements were carried out
with one-cycle switching on/off within 0.2 ms as seen in Fig. 5(b). All
the samples with different number of graphene layers exhibited great — 7 1300
capability to respond high-frequency pulsed light and on/off switching e - ___ —
stability. To determine the response speed of the sample with different “T7=9 1150
number of graphene layers, the rise time (t,) values were extracted 0 1 - L
from single-pulse response measurements. Here, t, corresponds to the
time difference between the 10% point and the 90% point of the peak Number of graphene |ayel’
amplitude output on the leading edge of the pulse and describes the
response speed of the detector. As seen in Fig. 5(c), the response (b) Vacuum
speed of the samples increases with the number of graphene layers. ~ ~ °~  ~§7=77=77==" 1

The variation in the spectral responsivity and response speed ~
of Gr/n-Si photodiodes with the number of graphene layers can be
explained in terms of the electronic transport characteristics of the gra-
phene electrode and charge injection dynamics. The sheet resistance
(Ry) and carrier density (n) of the graphene electrode were determined
as a function of the number of graphene layers using four probe and
Hall effect measurement techniques. For the transport experiments,
the grown graphene layers were transferred on square-shaped quartz
substrates having Cr/Au metallic contact pads at their corners. The
measurements were carried out on two individual samples and
repeated for an increased number of graphene layers. All the samples
exhibited p-type conductivity with initial hole density ranging between
1.2x10" and 32x 10" cm™ in the case of one-layer graphene. As
shown in Fig. 6(a), the hole density of the samples was identified to be
increasing linearly as a function of the number of graphene layers.
However, the sheet resistance of the samples first decreases sharply as
the number of graphene layers is increased from 1 to 2 and then con-

R, (ohm/sq)

N
T
\
\
s
s,

e e

<A
Graphene
Electrode n-Si

FIG. 6. (a) Charge carrier concentration and sheet resistance vs the number of
graphene layers for the devices D1 and D2, respectively. (b) The schematic
illustration of the energy band diagram for the Gr/n-Si Schottky junction photodi-

verges to a saturation level for tl}ree gra.phene layers. ) ode under light illumination. Ws, and dg are the work functions of the gra-
It is known that a depletion region and a Schottky barrier are phene electrode and the Schottky barrier height at the Gr/n-Si heterojunction,
formed at the interface of the Gr/n-Si heterojunction due to the dif- respectively.

ference between the Fermi level of graphene (ES") and of n-Si
(E3)."*"” To maintain thermodynamic equilibrium, the electrons

in n-Si are injected to the graphene electrode until their Fermi increased hole density. The shift of the Fermi level toward lower
levels are aligned across the junction. Under light illumination, the energy states increases the work function of the graphene electrode
photons pass through the graphene electrode and penetrate into as well as the magnitude of the built-in potential and junction elec-
n-Si to create electron-hole pairs in the depletion region. A measur- tric field at the Gr/n-Si interface. This promotes greatly the effective
able photocurrent is generated as a result of the electrons moved to separation of the photogenerated charge carriers at the depletion
n-Si and holes transferred to the graphene electrode. As depicted in region and enhances the photocurrent of the device. Therefore, the
Fig. 6(b), the Fermi level is lowered relative to its initial stage when spectral responsivity and response speed of the samples are
2 and/or 3 graphene layers are used as the electrode due to expected to rise as a function of the number of graphene layers in
J. Vac. Sci. Technol. A 40(3) May/Jun 2022; doi: 10.1116/6.0001758 40, 032203-5
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agreement with increasing hole density shown in Fig. 6(a). The
experimentally observed deviation of these two photodiode param-
eters from linearity can be correlated with the nonlinear decrease
in the series resistance of the device.

IV. CONCLUSIONS

We have investigated the effect of the number of graphene layers
on the spectral responsivity and response speed of Gr/n-Si Schottky
barrier photodiodes. These two important photodiode device parame-
ters were determined using wavelength-resolved and time-dependent
photocurrent spectroscopy measurement techniques. All the fabri-
cated devices exhibited a maximum spectral responsivity under
905 nm wavelength of light. The measurements showed that the spec-
tral responsivity and response speed of Gr/n-Si Schottky barrier pho-
todiodes can be improved to a large extent simply by increasing the
number of graphene layers acting as the hole-collecting cathode elec-
trode on the n-Si substrate. The deviation of spectral responsivity and
response speed from linearity has been attributed to the nonlinear
variation in the sheet resistance of the graphene layers. This study is
expected to provide useful information for the realization of high-
performance graphene/semiconductor-based Schottky barrier photo-
diodes with improved photodetection capability.
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