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ABSTRACT: Porous silicon (PSi) is recognized as an attractive building block
for photonic devices because of its novel properties including high ratio of
surface to volume and high light absorption. We first report near-ultraviolet
(UV)-sensitive graphene/PSi photodetectors (PDs) fabricated by utilizing
graphene and PSi as a carrier collector and a photoexcitation layer, respectively.
Thanks to high light absorption and enlarged energy-band gap of PSi, the
responsivity (Ri) and quantum efficiency (QE) of the PDs are markedly
enhanced in the near-UV range. The performances of PDs are systemically
studied for various porosities of PSi, controlled by varying the electroless-
deposition time (td) of Ag nanoparticles for the use of Si etching. Largest gain
is obtained at td = 3 s, consistent with the maximal enhancement of Ri and QE
in the near UV range, which originates from the well-defined interface at the
graphene/PSi junction, as proved by atomic- and electrostatic-force
microscopies. Optimized response speed is ∼10 times faster compared to graphene/single-crystalline Si PDs. These and
other unique PD characteristics prove to be governed by typical Schottky diode-like transport of charge carriers at the graphene/
PSi junctions, based on bias-dependent variations of the band profiles, resulting in novel dark- and photocurrent behaviors.
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1. INTRODUCTION

Nanostructured silicon such as porous silicon (PSi) has been
utilized as an attractive building block for photonic devices such
as solar cells and photodetectors (PDs) due to its high light
absorption, high photoconductive response, high optical gain,
and high ratio of surface to volume.1−4 Si nanostructures under
10 nm scale is governed by quantum confinement effect
(QCE), by which the band gap engineering of Si can be
performed, even though its effect is known to be considerably
influenced by the surface defects.5,6 Controlling the band gap
energy of Si by the formation of Si nanostructures makes the
light absorption/emission tunable in a particular wavelength
range, and therefore, near-ultraviolet (UV)-sensitive photonic
devices can be realized by employing Si nanostructures.
Applications of graphene in flexible and transparent electro-

des are potentially available because graphene has outstanding
physicochemical properties such as transparency over 97%,
strong mechanical strength/flexibility, high electrical trans-
portation, and excellent thermal conductivity.7,8 A lot of efforts
have been made to develop graphene-based electrodes as a
promising candidate for replacing Indium Tin Oxide (ITO).9

Some previous studies have shown successful improvements of
electrical and optical properties of graphene for using graphene
as transparent electrodes in photonic devices.10 In this regard,
the formation of graphene/nanostructured-Si heterostructures
is very promising for their applications in photonic devices such
as photodetectors (PDs). Previously, it has been reported that
several Si-based heterostructures such as grapehene/bulk Si11,12

and graphene/metal-decorated Si nanowires (Si NWs)13 can be
useful for PDs with high photoresponsivity. However, the Si-
NW-heterostructure PDs are just bulk-Si-PD-like, showing
near-IR sensitivity and hundreds-of-microseconds response
time,6,13 despite small diameter of the Si NWs down to ∼20
nm, and the response time of the bulk-Si-heterostructure PDs is
just on the order of milliseconds.12,13

Here, we first demonstrate that the graphene/PSi-hetero-
structure PDs in a typical Schottky diode configuration, where
PSi acts as a photoexcitation layer, exhibit relatively efficient
and fast photoresponse in the near-UV wavelength range under
low bias. The chemical-vapor-deposition-grown (CVD) gra-
phene in large area is utilized as a carrier collector in these PDs.
The performance of the PDs is discussed based on their
systematical structural, electrical, and optical characterizations.

2. RESULTS AND DISCUSSION

2.1. Fabrication. Figure 1a shows a schematic diagram of
graphene/PSi/n-Si PD. The PSi was prepared by conventional
metal assisted chemical etching (MacEtch) of lightly doped n-
type Si substrate.14,15 The details of the fabrication processes
are described in the Experimental Section. Scanning electron
microscopy (SEM) images in Figure 1c−e show high-pore-
density PSi surfaces for various times of electroless deposition
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(td) of Ag nanoparticles (NPs). The pore depth was estimated
to be ∼20 nm by SEM (Figure S1). Photoluminescence (PL)
and Raman spectra were measured for the four samples
including a bulk Si substrate to check whether the porosity is
well controlled or not. As td increases, the PL increases and the
Raman peak is blue-shifted (see Figure S2 in the Supporting
Information), consistent with the previous reports.16,17 The
pore densities of PSi are estimated to be ∼46.5, 60.3, and 79.3%
for td = 1, 3, and 5 s, respectively, by a computational
calculation method using color-threshold images (see Figure S3
in the Supporting Information). The band gap energies were
estimated via Tauc plot18 by using the absorption coefficients
measured by ellipsometry. The band gap energy of PSi is
enhanced with increasing td from 1 to 3 s, and is much larger
than that of Si wafer (see Figure S4 in the Supporting
Information), but the fitted curve is not linear at td = 5 s,
indicating amorphous Si-like feature.
CVD-grown graphene of 0.5 × 0.5 cm2 area was transferred

on Si wafer as well as on PSi substrates. A transmission electron
microscopy (TEM) image in Figure 1b demonstrates good
transfer of graphene on PSi that consists of extremely sharp Si
nanostructures under 10 nm scale for td = 3 s. A SEM image
also shows clear separation between graphene-covered/bare PSi
regions (see Figure S5a in the Supporting Information). A
lower-magnification SEM image for the full size of the sample
confirms well transfer of graphene without any structural
alterations on large-area PSi (see Figure S5b in the Supporting
Information). Ag thin films of 1 mm diameter and 1 μm
thickness were deposited on the top of graphene and the
bottom of Si substrate as the top and down electrodes of
graphene/Si wafer and graphene/PSi with td = 1, 3, and 5 s to
complete the device structures, named as “as-Si, 1, 3, and 5 s”
PDs, respectively.
2.2. Dark and Photo I−V Characteristics. Figure 2a−c

illustrate energy band diagrams of the graphene/PSi/n-Si
junction with illumination under no, forward, and reverse
biases, respectively (see Figure S6 in the Supporting

Information for the band diagrams without illumination). We
assume that the Fermi level of PSi is located almost at the
center of the band gap, regardless of the doping level of the
starting Si wafer, based on the fact that the pores are formed
dominantly at defect and dopant sites of Si in MacEtch,17

thereby considerably reducing the doping concentration of Si.
The band gap energy of PSi is widened compared to that of
solid Si wafer, due to the QCE of Si nanostructures, and surface
defects of PSi can generate additional accessible states trapping
carriers.19,20 Figure 2d shows reverse-biased I−V curves of the
four devices under dark and illumination (see Figure S7 in the
Supporting Information for the full-range I−V curves). The

Figure 1. (a) Schematic diagram of graphene/PSi/n-Si photodetector with silver top and bottom electrodes under light illumination. (b) Cross-
sectional TEM image of graphene/PSi junction. (c−e) SEM images of PSi at td = 1, 3, and 5 s, respectively.

Figure 2. Band diagrams of graphene/PSi/n-Si PDs with illumination
under (a) no, (b) forward, and (c) reverse biases. (d) Dark and photo
I−V curves of as-Si, 1, 3, and 5 s PDs under reverse bias. The
excitation wavelength is 400 nm.
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illumination was done at a wavelength of 400 nm. All the I−V
curves show typical Schottky diode-like behaviors. Under
forward bias (V > 0), both potential barriers at the PSi/n-Si and
grapene/PSi interfaces are lowered, as shown in Figure 2b,
resulting in a large flow of majority carriers (electrons) from n-
Si to graphene, thereby enhancing the dark current (DC). In
contrast, under reverse bias (V < 0), almost no supply of
majority carriers occurs from graphene due to the large
potential barrier at the graphene/PSi junction, resulting in
negligible DC, consistent with the dark I−V curves in Figure
2(d) (and Figure S7in the Supporting Information). By the
fitting of the I−V curves based on the well-known Schottky-
diode equation,21 the barrier height and the ideality factor are
estimated to be 0.9−1 eV and 3.5−7, respectively. The ideality
factors are a bit larger than those previously reported for
graphene/Si-NW PDs.22

When the device is illuminated, absorption of photons in PSi
produces electron−hole pairs. Under low forward bias, a
negligible change in the total current between before and after
light illumination, as shown in Figure 2(d), thereby making
photocurrent (PC) invisible because the total current is given
by (DC+PC). Even at higher forward bias, the total current is at
most a factor of 2 times larger than DC (see Figure S7 in the
Supporting Information), indicating little PC. Because no
barrier for electrons exists between PSi and n-Si under reverse
bias, as shown in Figure 2c, a large PC almost invariant with
increasing reverse bias voltage is observed, as shown in Figure
2d. These results suggest that at low voltages the PDs are more
photosensitive under reverse bias than under forward bias,
irrespective of td. So, the photoresponse was in detail analyzed
for the reverse-biased PDs in this work.

2.3. Photosensitivity and Quantum Efficiency. The
photoresponse of PDs strongly depends on the photon
wavelength. The ratios of PC to DC or the on/off ratios of
as-Si, 3 s, and 5 s PDs are proportional to bias voltage, and
reaches maxima at −0.1 V for various wavelengths (λ), as
shown in Figure 3a, b (and Figure S8 in the Supporting
Information). In contrast, the on/off ratio of 1 s PD shows a
weak dependence on bias and its magnitude is relatively low
(Figure S8). The PC to DC ratios of 3 and 5 s PDs are around
2−4 times larger than that of as-Si PD. Panels c and d in Figure
3 show responsivities (the electrical current response to the
incident optical power, Ri) of as-Si and 3 s PDs measured as a
function of bias voltage for various λ (see Figure S8 in the
Supporting Information for 1 and 5 s PDs). These results
suggest that the Ri strongly depends on the photon wavelength
and td of PSi. The 3 s PD shows higher Ri than the as-Si PD
over the wide range of λ. Especially, the Ri near UV range (400
and 500 nm) increases markedly by inserting the PSi layer in
the device. The performances of 1 and 5 s PDs are below that
of 3 s PD (see Figure S8 in the Supporting Information),
indicating that 3 s seems to be the optimum deposition time. As
shown in the spectral Ri of 3 s PD (see Figure S9 in the
Supporting Information), there are almost no variations in Ri
from −0.2 to −1.0 V. The Ri in the near UV range (400−500
nm) reaches ∼0.2 A W1−, whist at ∼950 nm it is enhanced to
∼0.35 A W1−. In addition, the photovoltage responsivity of 3 s
device is estimated to show a linearly increasing behavior by
decreasing incident light power with a highest value of ∼1 ×
105 V/W at ∼1 μW (see Figure S10 in the Supporting
Information), similar to that of the previous report.11

Figure 4a shows normalized spectral Ri of all PDs, indicating
strong dependence of the photoresponse on td. By inserting the

Figure 3. Bias-dependent responsivities of (a) as-Si and (b) 3 s PDs under illumination at various wavelengths from 400 to 1000 nm. Bias-dependent
PC to DC ratios of (c) as-Si and (d) 3 s PDs under illumination at various wavelengths from 400 to 1000 nm.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5053812 | ACS Appl. Mater. Interfaces 2014, 6, 20880−2088620882



PSi layer in the PDs (1, 3, and 5 s), the peak wavelength of Ri is
blue-shifted and the Ri in the near-UV range is enhanced. The 3

s PD shows a largest enhancement in Ri. The quantum
efficiency (QE) can be calculated by normalizing the number of
photogenerated carriers by the number of absorbed photons for
any given λ. The QEs of all PSi PDs are enhanced in the near
UV range with the change being markedly high in 3 s PD, as
shown in Figure 4(b). The peak QE of 3 s PD is as high as 50−
60% at around 400−500 nm. In the NIR range, there is almost
no big change in QEs of 1 and 3 s PDs, but a considerable
decrease is observed in 5 s PD. The behaviors of the spectral
QE are consistent with those of the spectral Ri, as shown in
Figure 4a. These results are comparable to the performances of
single-layer graphene/Si wafer PDs, showing about 60% and 0.3
A/W in QE and Ri at 600 nm, respectively.11

The near-UV-sensitive photoresponse of PSi PDs can be
understood by the high light absorption23 and the enlarged
energy band gap of PSi. The light absorption of PSi PDs (1, 3,
and 5 s) is much larger than that of as-Si PD in the UV range
with the absorption being proportional to the porosity (see
Figure S11 in the Supporting Information). As shown above,
the Si nanostructures in PSi increase the band gap of PSi
compared to bulk Si. The origin of the size-dependent
variations of the energy band gap is still a contentious issue
in the field of Si-related nanostructures, but it is widely
accepted that there are two dominant factors for enhancing the
absorption of PSi in the near UV range; one is the QCE and the
other is defect states on the surface.24−26 However, despite the
largest light absorption of 5 s PD, it does not show highest PD
performance, as shown in Figures 3 and 4, possibly resulting
from the amorphous Si-like feature of 5 s PSi layer, as shown
via the Tauc plot, which may strongly influence the PD
performance. Therefore, we doubt whether the td-dependent
differences in the PD properties originate from the QCE or not.

Figure 4. (a) Normalized spectral responsivities and (b) quantum
efficiencies of as-Si, 1, 3, and 5 s PDs.

Figure 5. (a) Normalized transient PCs of as-Si, 1, 3, and 5 s PDs at a reverse bias of −0.6 V under 355 nm laser illumination. The transient PC of
as-Si PD is compared with that of 3 s PD in the inset. (b) Rise/decay times, (c) gain, and (d) cutoff frequency of as-Si, 1, 3, and 5 s PDs.
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To clarify this issue, the effect of the morphological disorder
will be further discussed based on the atomic force microscopy
(AFM) and electrostatic force microscopy (EFM) data in later
section.
2.4. Time Response. Figure 5a shows normalized transient

PCs at a bias of −0.6 V under pulsed-laser excitation at 355 nm
to probe charge-transfer dynamics in the near-UV range. The
turn-on transient response is characterized by a relatively fast
increase in the PC during trise (∼several hundreds of ns),
followed by a relatively slow decay with a characteristic time
tdecay of several microseconds to a steady-state value. The fast
increase is attributed to carriers generated in the region of PSi
and swept out as a drift current proportional to the built-in
electric field. The rise time trise is the time required for
generation and transport of carriers in the graphene/PSi/n-Si
structures. PSi PDs (1, 3, and 5 s) show faster rise and decay of
PC than as-Si PD, as shown in Figure 5a and the inset. The rise
and decay of 3 s PD are even faster, as summarized in Figure
5b, than those of the other two PSi PDs. Especially, the decay
time of 3 s PD (∼3 μs) is extremely short compared to the ones
previously reported in graphene/Si heterostructures
(∼ms).11−13 Internal gain of PDs can be estimated by the
ratio of tdecay to trise. Largest gain is obtained for 3 s PD,
consistent with highest enhancement of Ri and QE in the near
UV range, as shown in Figures 5c and 4a, b. The lifetime is
closely related with the frequency response of PDs.27 The
frequency response is usually evaluated by the cutoff frequency,
the frequency at which the power is reduced by one-half. The

cutoff frequency is also largest as the gain for 3 s PD, as shown
in Figure 5d (see Figure S12 in the Supporting Information).
The PC response to periodic switches of light with intervals of
10 s is very regular (see Figure S13 in the Supporting
Information). The rising and decay slops during the on/off
switches are almost constant in the scale of s due to the fast
response of PDs.
As similar graphene/semiconductor hybrids, graphene/ZnO/

graphene PDs showed ordinary photosensitiviy and long
response time of 0.5−70 s in the UV range.21 Graphene/
ZnO-NW-diode PDs responded very slowly to the UV light in
the range of several ms.28 As another approach, graphene/GaN-
NW devices showed photoresponsivity of about 20 A/W under
a UV light at 357 nm.29 In contrast, the graphene/PSi PDs are
not operated only in the near-UV range but also in the VIR
range with relatively fast response speed.

2.5. Morphological Effects. The largest gain of 3 s PD can
be understood based on the AFM and EFM results. The
variation of the roughness given by the AFM images and height
profiles in Figure 6a is summarized in Figure 6c. The AFM
image of as-Si PD show a number of small bumps on the
surface, possibly resulting from the residual molecules between
graphene and underneath substrate, which gives rise to the poor
contact at the interface.30,31 Such small bumps are almost not
seen on the surface of 3 s PD. The large roughness of as-Si PD
could originate from the flat and hydrophobic surface of Si
substrate.30 On the other hands, the air gap of PSi can eliminate
the residual molecules easily from the graphene/PSi interface,

Figure 6. (a) AFM and (b) EFM images of as-Si, 1, 3, and 5 s PDs, respectively. AFM height profiles are indicated in the inset of AFM images. Here,
scale bars indicate 1 μm. (c) Roughness and relative potential deviation (σ) of as-Si, 1, 3, and 5 s PDs. (d) Schematic illustrations showing different
available number of final states (ρ) at the graphene/Si and graphene/PSi interfaces.
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which lead to the decrease of the roughness of PSi. In contrast,
if the porosity is too high (td = 5 s), graphene can barely stand
on air-gap or sharp-Si bridges between many vacant pores,
possibly thereby making the graphene sheet torn, as shown in
Figure 6a, resulting in the increase of the roughness of 5 s PD.
The EFM has been recognized as a reliable tool to analyze

the work function on the device surfaces,32,33 and well
employed to explain the effect of doping on carrier lifetimes
in graphene.34 The EFM images in Figure 6(b) give the relative
electrostatic potential deviations (σ) on the PD surfaces, as
summarized in Figure 6(c). The variation of σ is very similar to
that of the roughness. The residual molecules between
graphene and Si (or PSi) substrate might trap electrons,35,36

resulting in the formation of electrostatic potential on the PD
surfaces. The work function is expressed as W = −eØ − Ef,
where −e is the charge of an electron, Ef is the Fermi level, and
Ø is the electrostatic potential. As the electrostatic potential of
the PD surfaces decreases, more final states are unoccupied,
indicating the increase of the available number of final states
per unit energy, ρ (Figure 6d). According to the Fermi golden
rule, ρ is closely related with transition rate (T), as expressed in
the formula: Ti→f = 2π/ℏ|⟨f|H′|i⟩|2ρ, where f |H′|i is the matrix
element of the perturbation H′ between the final and initial
states. As a result, T is proportional to ρ. T is inversely
proportional to lifetime based on the spontaneous emission
theory.37 So, it can be easily expected that tdecay is proportional
to σ, consistent with Figures 5b and 6c. This also explains why
the gain is largest in 3 s PD, as shown in Figure 5c.

3. CONCLUSION
Near-UV-sensitive graphene/PSi PDs were successfully fab-
ricated by employing graphene and PSi as a carrier collector
and a photoexcitation layer, respectively. The control of the
porosity by varying td was confirmed by SEM, PL, and Raman
spectroscopy. The Ri and QE of the PDs remarkably enhanced
in the near-UV range were attributed to the high light
absorption and enlarged energy band gap of PSi. The largest
gain was obtained at td = 3 s, consistent with the largest
enhancement of Ri and QE in the near UV range, which
originated from the well-defined interface at the graphene/PSi
junction of 3 s PD, as proved by AFM and EFM. The unique
PD characteristics were shown to be governed by typical
Schottky diode-like transport of charge carriers at the
graphene/PSi junctions, based on bias-dependent variations
of the band profiles. The PSi PDs, especially at td = 3 s, showed
extremely high speed of photoresponse, as short as ∼3 μs in
tdecay, compared to the as-Si PD. The performances of
graphene/PSi PDs can be further enhanced by optimizing the
electrode material/structure and the pore depth. These results
suggest that PSi can be utilized as a new building block for near-
UV-sensitive photonic devices including PDs and solar cells.

■ EXPERIMENTAL SECTION
For the fabrication of PSi, Ag NPs as MacEtch catalyst were first
deposited on the Si surface in the AgNO3 solutionl. Second, MacEtch
of Si was performed in the HF and H2O2 mixture solution. During this
process, the Si part attached with Ag NPs was selectively etched down,
thereby generating pores on the Si surface. The porosity of Si was
controlled by varying td of Ag NPs from 1 to 5 s in the AgNO3 (5
mM) and HF (5 M) mixed deposition solution. Immediately, each Si
substrate with Ag NPs was immersed in a mixed etchant of HF, H2O2,
and H2O ([HF]:[H2O2]:[H2O] = [2.4]:[0.1]:[50.0]) for 5 s at the
room temperature (RT). Finally, the remanent Ag NPs were removed
in HNO3 for a minute.

Graphene layers were grown on 70 μm thick Cu foils (Wacopa, 99.8
purity) in a graphite-heater-based CVD quartz tube furnace at a
growth temperature of 1000 °C with 10 sccm H2 and 20 sccm CH4
flowing at a pressure of 3 Torr. The graphene/Cu stack was spin-
coated with poly(methyl methacrylate) (PMMA), and the Cu was
then etched in 1 M ammonium persulfate for 10 h. The graphene/
PMMA stack was then placed in deionized water before transferring to
the PSi/n+-type Si wafers and blow-dried with dry N2. The PMMA/
graphene/PSi/Si stack was then heated on a hot plate in air at 180 °C
for 2 h to cure the PMMA. This heating temperature was selected
because it is slightly higher than the glass transition temperature of
PMMA (<165 °C), which allows the PMMA to reflow when it is
annealed. This process has been found to transfer graphene layers
more uniformly with their cracking minimized. After the samples were
cooled to RT, the PMMA was stripped by soaking them in acetone for
1 h at RT.

Raman spectra of graphene films were measured by using a 532 nm
(∼2.33 eV) laser line for excitation. Raman spectra of transferred
graphene exhibited two intense features, G and 2D peaks at ∼1590
and ∼2685 cm−1, respectively. A relatively small Raman feature at
∼1350 cm−1 was identified with a disorder-induced band or D band.
PL spectra were measured at RT using the 325 nm line of a He−Cd
laser as the excitation source. Emitted light was collected by a lens and
analyzed using a grating monochromator and a GaAs photomultiplier
tube. SEM images were taken at various magnifications by using field-
emission scanning electron microscope (Leo Supra 55, Carl Zeiss) at
the acceleration voltage of 10 kV. TEM samples were prepared by
using Dual Beam FIB System (Nova 200, FEI). TEM images were
taken by using FE-TEM (JEM-2100F HR, JEOL) at the acceleration
voltage of 200 kV. The AFM and EFM images were taken by using
AFM systems (XE-100, Park Systems). The bias applied to the EFM
tip was 1.0 V for all devices.

I−V measurements to characterize the electrical behaviors were
carried out using a Keithley 2400 source meter controlled by a
LabView program. During the measurements, the PDs were mounted
in a dark, electrically shielded, and optically sealed chamber on the
optical table to reduce vibrational noise. The light source with specific
wavelengths is generated by using a 450 W xenon lamp and a 0.25-m
grating monochromator. The incident light intensity was monitored by
a motorized variable wheel attenuator and a Newport calibrated UV
enhanced silicon photodiode. The power density of the incident light
on the sample surface was about 1−320 W/cm2 depending on the
wavelength in the range of 300−1100 nm. Transient PC studies were
conducted using laser pulses from the Nd:YAG laser (532 nm
wavelength, 20 ps duration and 20 Hz repetition rate, generated by a
Continuum Leopard-D20 Nd:YAG laser), which were focused onto
the PD devices with a spot size of ∼5 × 5 mm2. A laser power meter
(Laser probe, Rj-760) was used to measure the average power of the
laser pulses. The transient PCs were monitored with the 50 ohm
terminated, 500 MHz bandwidth digital oscilloscope (Tektronix DPO
4054). For frequency dependence of the PC, the PDs were illuminated
by a Thorlabs 50 μW, 530 nm light emitting diode (LED) array with
an Instek SFG 830 30 MHz function generator used to supply a
constant or modulated bias to the LEDs. The PC response was
measured with a SR 530 lock-in amplifier coupled to a current
preamplifier (Stanford Research SR 570) in the frequency range of 1
Hz to 100 kHz.
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