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ABSTRACT: Maximizing the optical absorption of one-
dimensional Si nanostructure arrays (1DSiNSAs) is desirable
for excellent performance of 1DSiNSA-based optoelectronic
devices. However, a quite large surface-to-volume ratio and
enhanced surface roughness are usually produced by
modulation of the morphology of the 1DSiNSAs prepared in
a top-down method to improve their optical absorption.
Surface recombination is mainly determined by the surface
characteristics and significantly affects the photogenerated
carrier collection. In this paper, we systematically investigated
the photoelectrochemical characteristics of 1DSiNSAs with
various morphologies prepared by the metal-assisted chemical
etching of Si wafers. Our results show that the saturation photocurrent density and photoresponsivity of 1DSiNSAs first
increased and then gradually decreased with an increasing etching time, while the reflection spectrum was gradually suppressed to
the measurable minimum. To identify the behaviors of the photoresponsivity and optical absorption of the various 1DSiNSAs, we
analyzed the morphology, structure, and minority-carrier lifetime. Additionally, device physics simulations were used to confirm
the significance of surface recombination. We proposed that future directions for the design of nanostructure-based
optoelectronic devices should include not only strong optical absorption but also low surface carrier recombination. High-
performance devices could be obtained only by balancing the requirements for light absorption and photogenerated carrier
collection.
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1. INTRODUCTION

In recent decades, one-dimensional semiconductor nanoma-
terials have attracted much attention because of their special
morphology and unique physical and chemical properties.
Among these materials, one-dimensional silicon nanostructures
(1DSiNSs) are important and intriguing because of their
compatibility with modern Si-based microelectronics as well as
their extraordinary properties, with promising applications in
photovoltaics,1 photodetectors,2 photoelectrolysis or photo-
catalysis,3,4 sensors,5 and thermoelectricity,6 among others.
Various methods have been used to prepare 1DSiNSs, such

as vapor−liquid−solid growth, solid−liquid−solid growth, and
oxide-assisted growth. 1DSiNSs synthesized using these
bottom-up methods generally have relatively smooth surfaces
with fewer defects than those obtained using a top-down
method via the dry (or wet) etching of bulk Si. However, the
bottom-up process usually requires complicated equipment and
is relatively expensive, and large-area well-aligned one-dimen-
sional Si nanostructure arrays (1DSiNSAs) are obtained with
great difficulty. Recently, a new top-down method, metal-

assisted chemical etching, has been developed and widely used
to synthesize the large-area well-aligned 1DSiNSAs because of
its simple operation and low cost.7−9 Many studies of the
optoelectronic properties of the 1DSiNSAs prepared via this
method have compared the optoelectronic performances of the
1DSiNSA and the planar Si, with varying results.10−13

Moreover, efforts have been made to improve the optical
absorption of the 1DSiNSAs by modulating their shapes and
distribution and then predict an enhancement in the device
performances relative to periodic cylinder nanowires,14,15 which
were demonstrated to exhibit good optical absorption.16,17

However, few studies have provided a thorough discussion of
the influences of nanostructure morphology on the optoelec-
tronic properties, despite its decisive role in surface
recombination, which is closely related to the collection
efficiency of the photogenerated carrier.18,19 Herein, we
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prepared 1DSiNSAs with different morphologies by the
chemical etching of Si wafers. Their photoelectrochemical
characteristics were systematically investigated. To identify the
causes of the different photoelectrochemical responses, we
analyzed the structure, optical reflectance, and minority-carrier
lifetime. We also designed a physics device model to simulate
and discuss the influences of surface recombination on the
1DSiNSA photoelectrochemical response.

2. EXPERIMENTAL SECTION
2.1. Preparation of 1DSiNSAs. Vertically well-aligned 1DSiNSAs

were prepared by the chemical etching of Si(100) wafers with a
resistivity of 2−2.7 Ω cm and a thickness of ∼450 μm. As described in
other reports,19,20 the cleaned Si chips were first dipped in dilute HF
for 2 min to remove the oxide layer and then immersed in a mixed
aqueous solution of 0.02 M AgNO3 and 4.8 M HF for the electroless
deposition of Ag nanoparticles (AgNPs) for 60 s. Next, they were
quickly transferred into a mixed aqueous solution of 0.2 M H2O2 and
4.8 M HF for chemical etching of Si for various periods of time (3−50
min). Finally, the as-etched Si was washed with deionized water and
soaked in 50% HNO3 to remove the residual AgNPs. The metal
nanoparticles or ionic contamination was completely removed in the
process (see Figure S1 of the Supporting Information). All the
operations were conducted at room temperature.
2.2. Physical Characterization. The morphological and structural

characterizations of 1DSiNSAs were performed using a field emission
scanning electron microscope (FE-SEM, S-4800, Hitachi) and a high-
resolution transmission electron microscope (HR-TEM, JEM-2010,
JEOL). Energy-dispersive X-ray (EDX) spectra were also obtained by
the FE-SEM. The optical reflectance spectra were obtained by a UV−
vis spectrophotometer equipped with an integrating sphere
(SPECORD 200, Analytik Jena AG). A Semilab WT-2000 microwave
photoconductive decay (μ-PCD) system was used to measure the
minority-carrier lifetime.
2.3. Photoelectrode Preparation and Photoelectrochemical

Measurements. The photoelectrodes were prepared by sputtering an
aluminum layer with an ∼1 μm thickness on the backs of the
1DSiNSAs and the planar Si. Postannealing was conducted at 800 °C
for 30 min in a furnace at a low pressure (∼1 × 10−2 Pa) under a H2
atmosphere. The photoelectrochemical characteristics were measured
in a homemade system composed of an electrochemical workstation
(CS300, Wuhan Corrtest Instrument Co. Ltd.), an electrolytic cell
with a transparent quartz window, and a light irradiation system
(Shenzhen LTWG Electronics Co. Ltd.). The measurements were
taken in a two-electrode configuration. 1DSiNSAs and planar Si were
used as the photoelectrodes, and a Pt mesh was used as a counter
electrode and a reference electrode, as shown in Figure 3a. All the
voltage values in this article were with respect to the Pt electrode. The
irradiation source was a yellow light with a wavelength range of 590−
595 nm and an irradiation intensity of approximately 41.75 W m−2 as
measured by a commercial Si photodetector (DSi200, UV-100L, Zolix

Instrument Co. Ltd.). The photoelectrodes were attached to the cell
through an O-ring, and the active area was approximately 1.227 cm2.
The electrolyte solution was a mix of 40 wt % hydrogen bromide and 3
wt % liquid bromine (4:1 by volume).

2.4. Photoelectrode Response Simulations. Device physics
simulations were performed using commercial electronic design
automation software (Synopsys TCAD Sentaurus Device version D-
2010.03) to simulate the photoelectrochemical behaviors of the
1DSiNSAs and the planar Si under steady-state operation.18,21 Three-
dimensional simulations were performed for the 1DSiNSA photo-
electrodes using the photogeneration profiles calculated from finite-
difference time-domain (FDTD) simulations. The film photoelectrode
was simulated in a two-dimensional (2D) model using the Beer−
Lambert optical excitation profile. The 1DSiNSAs were approximated
as periodic cylinders on a film, as shown in Figure 6a, using the drift-
diffusion carrier transport model and considering doping-dependent
carrier mobility and lifetime, Auger, Shockley-Read-Hall (SRH), and
surface-SRH recombination. For the 1DSiNSA simulations, a 3 nm
surface layer was used to model the effects of surface traps. In all
simulations, the Si−electrolyte contact (namely, the nanowire surfaces
and the top surfaces of the substrate without the nanowire−substrate
interfaces) was approximated as the Schottky contact with an
interfacial equilibrium barrier height of 1 eV.18 Back contact was
regarded as a perfect Ohmic contact. According to the experimental
parameters, the Si was uniformly phosphorus-doped at a concentration
of 2.34 × 1015 cm−3. The illumination source was 590 nm light with a
power density of 47.15 W m−2, and its incident direction was
perpendicular to the film or nanowire-array surface.

3. RESULTS AND DISCUSSION

To study the effects of the 1DSiNSA morphology on its
optoelectronic properties, we prepared five 1DSiNSAs by
adjusting the etching time. Figure 1 shows typical cross-
sectional SEM images of different samples. It can be observed
that the lengths of the 1DSiNSA substantially increased from
1.5 to 7.6 μm as the etching time increased from 3 to 50 min,
which can be attributed to the increased extent of Si etching
according to the mechanism of the chemical etching of bulk
Si.9,22 Cross-sectional shapes of the resulting 1D Si
nanostructures were nonuniform and asymmetrical, and most
of the diameters were in the range of 80−300 nm (as
demonstrated in our previous work19). Because the original
morphologies of the AgNPs, which determines the diameters
and density of the resulting 1D Si nanostructures,9,19,22 on the
Si wafers before chemical etching were quite similar for the
different samples, the differences in the diameters of the
different nanostructures prepared with different etching times
were negligible.

Figure 1. Typical cross-sectional SEM images of the 1DSiNSAs prepared with etching times of 3 (a), 5 (b), 10 (c), 25 (d), and 50 min (e). All the
figures are shown using the same scale.
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TEM analysis was used to further analyze the surface
roughness and structure of the nanostructures. We found that
all the orientations of the 1D Si nanostructures were along the
[100] direction, which agreed with the SEM observations. The
nanostructure surfaces of the different samples were slightly
different: when the etching time was short (<10 min), the
surfaces were nearly identical and smooth, whereas when the
etching time was long (>30 min), the surfaces were rough.
Figure 2 shows typical surface appearances and nanostructure
structures of the 5 min etching and 50 min etching samples.
The differences in the surface roughness can be ascribed to the
secondary chemical etching of Si.19 A few Ag+ ions may deviate
from the as-deposited AgNPs, depositing on the side walls of
the as-etched nanostructures, and/or excess holes may diffuse

from the Si under the AgNPs to the side walls of the as-etched
nanostructures if the rate of hole consumption at the Si−metal
interface is lower than the rate of hole injection, leading to the
secondary chemical etching of the nanostructures.23 As the
etching time increases, the effect of the secondary etching
accumulates, resulting in an increase in the surface roughness.
Therefore, the etching time affects not only the length of the
1DSiNSs but also the surface topography.
Figure 3a shows a schematic of the photoelectrochemical

response measuring system. Only a partial region of the
photoelectrode was active and constantly in contact with the
electrolyte. Light passed through the cell window and
electrolyte and then irradiated the samples. Figure 3b shows
the energy band diagram of an n-type semiconductor

Figure 2. Typical TEM images of the single 1D silicon nanostructure from the 5 min etching (a) and 50 min etching (b) 1DSiNSAs. The insets
provide the corresponding HRTEM images.

Figure 3. (a) Schematic of the measuring system of the 1DSiNSA photoelectrochemical characteristics. (b) Energy band diagram of the 1DSiNSA
photoelectrodes under light irradiation without bias. (c) Photocurrent density vs voltage of the Si-based photoelectrodes prepared using different
etching times. (d) Saturation photocurrent density and corresponding applied voltage as a function of etching time.
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photoelectrode under light irradiation without a bias. According
to the theory of the electrochemistry of semiconductors,24,25

when an n-type semiconductor is immersed in an electrolyte
solution, the electrons will be transferred into the solution
because the Fermi level of the electrode is typically higher than
the redox potential of the electrolyte. There is a positive charge
associated within the space charge layer, resulting in an upward
bending of the energy band edges. Upon irradiation, the
photogenerated carriers are dissociated by the built-in field; that
is, the electrons are promoted to the conduction band and then
transferred into the Si interior, whereas the holes are
transferred into the solution to oxidize Br−, leading to a
measurable photocurrent.
Figure 3c shows the photocurrent density versus voltage of

the Si-based photoelectrodes prepared with different etching
times. All the samples exhibited photoelectrochemical
responses: as the biases were applied from a negative value
(−1.0 V) to a positive value (2.0 V), the corresponding
photocurrent densities changed from negative values to positive
values and then increased to a saturation point. The saturation
photocurrent of the as-cleaned polished Si (∼0.685 mA cm−2)
was moderately high, lower than that of the 3 min etching
(∼0.831 mA cm−2) and 5 min etching (∼1.092 mA cm−2)
samples but higher than that of the 10 min etching (∼0.611 mA
cm−2), 25 min etching (∼0.302 mA cm−2), and 50 min etching
(∼0.171 mA cm−2) samples. The applied voltage of the
saturation photocurrent of the original polished Si was the
highest (0.38 V), and that of the 50 min etching 1DSiNSAs was
negative (−0.12 V), suggesting the photocurrent can reach
saturation without additional bias. As shown in Figure 3d, the
applied voltage of the saturation photocurrent density of the Si-
based photoelectrode decreased with an increasing etching
time, even without an external voltage. This difference may be
attributed to their different morphologies. For the 1DSiNSA
photoelectrode, the semiconductor−electrolyte interfaces are
three-dimensional, which is more favorable for photogenerated
carrier collection than the planar interfaces.10 As the etching
time increases, the length of the 1D nanostructures gradually
increases. As a result, less light penetrates into the planar
substrate, the average transport distances for carrier collection
are shorter, and the junction area is larger, so the photo-
generated carriers can be more easily extracted out into the
surface layer for the longer etching time samples.13

Figure 4a shows the current density versus measuring time of
the Si-based photoelectrodes prepared with different etching
times under ON−OFF cycle illumination at a 1.0 V bias. The
current densities showed obvious alteration between the ON
and OFF states. The ON-state current density of the 5 min
etching sample was the highest (∼1.60 mA cm−2), and that of
the 50 min etching sample was the lowest (∼0.27 mA cm−2),
which is consistent with the corresponding relationship
between the saturation photocurrent densities. The overall
OFF-state current densities were very small because of the
rectifying effect.25 Figure 4b shows that the OFF-state current
density of the as-cleaned polished Si was the lowest (∼0.255 μA
cm−2) and that of the 1DSiNSAs increased as the etching time
increased. A slight increase in the OFF-state current densities of
the Si-based photoelectrodes with an increase in the etching
time can be ascribed to an increase in the junction and surface
area and thus recombination centers.13 The photoresponsivity
(R) was calculated via the following equation:

= =
−

R
J

P

J J

P
pc

opt

ph dark

opt (1)

where Jpc is the photogenerated current density, Jph is the ON-
state current density, Jdark is the OFF-state current density, and
Popt is the illumination power density. In our experiments, the
maximal R of the polished Si was 0.246 A W−1, higher than that
of the 10 min etching (0.212 A W−1), 25 min etching (0.101 A
W−1), and 50 min etching (0.066 A W−1) samples, but lower
than that of the 3 min etching (0.288 A W−1) and 5 min
etching (0.385 A W−1) samples, as summarized in Figure 4b.
The R of the 5 min etching sample was 56.5% greater than that
of the planar Si, but the R of the 50 min etching sample was
26.8% less than that of the planar Si. Note that there was a
slight decay for the saturation photocurrent density and the
ON-state current density with an increase in the applied voltage
and the ON-state time, which may come from the surface
trapping of the photogenerated carriers and an increase in the
series resistance.12,13,26

To identify the underlying physical causes of the different
saturation photocurrent densities and photoresponsivities of
the Si-based photoelectrodes with different morphologies, we
measured the optical reflectance and minority-carrier lifetime.
Figure 5a shows the diffuse reflectance spectra of the five

Figure 4. (a) Current density vs measuring time of the Si-based photoelectrodes prepared with different etching times under ON−OFF cycle
illumination at a 1.0 V bias. (b) Overall photoresponsivity (R), internal photoresponsivity (IR), and OFF-state current density (Jdark) as a function of
etching time.
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1DSiNSAs and the as-cleaned Si, from which the following can
be noted. (1) After chemical etching, the reflectance of the as-
cleaned Si was greatly suppressed in the wavelength range of
250−1050 nm. (2) As the etching time increased, the
reflectance was further suppressed. (3) The reflectance of the
25 min etching sample reached the minimal measurable value,
and the average reflectance below 1000 nm was <1%. (4) The
reflectance spectra of the 25 min etching and 50 min etching
samples nearly overlapped. The reflectance suppression arises
from the low effective refractive index, and the perfect refractive
index matching at the top interfaces between the air and
1DSiNSAs leads to good coupling of the incident light into the
1DSiNSAs.16,27−29 A reduction in the 1DSiNSA reflectance
with an increasing etching time is mainly due to an increase in
the nanostructure length. However, when the length reaches a
certain value, a further increase will not lower the optical
reflectance because a negligible amount of short-wavelength
light (such as visible light) can reach the nanostructure−
substrate interfaces.17 Therefore, the ultralow reflectance
suggests that the 1DSiNSAs possess excellent broadband
optical absorption, which is a major advantage for cost-efficient
1DSiNSA-based optoelectronic devices. For the 590−595 nm
incident light, all five 1DSiNSAs exhibited very low average
reflectance (<2.2%), which was much lower than that of the
polished Si (∼36.8%). However, the saturation photocurrent
density and photoresponsivity of the planar Si were not the
lowest (but intermediate), and the disparities in the saturation
photocurrent densities and photoresponsivities of the different
1DSiNSAs were relatively large. Accordingly, we deduce that
the optical absorption is not the only decisive factor for the
photoelectrochemical responses of the Si-based photoelectr-
odes in our experimental measurements.
The minority-carrier lifetime of the Si material is one of the

key parameters affecting the performances of the Si-based
optoelectronic devices. Figure 5b shows the minority-carrier
lifetimes of the as-cleaned polished Si and the five 1DSiNSAs.
The average lifetime of the original Si wafer was 23.8 μs, which
decreased to 19.3 μs after the 50 min etching treatment. The
linear fitting of the results indicated that the average minority-
carrier lifetime decreased as the etching time increased. The
measured lifetime (τmeas) was a result of the combined effects of
the bulk lifetime (τbulk) and the surface lifetime (τsurf). For a Si
film, τmeas (regarded as the effective lifetime) can be expressed
as30

τ τ τ τ
τ

π
τ= +

+
= =d

D
d
S

1 1 1
; ;

2meas bulk diff surf
diff

2

2
n,p

surf

(2)

where τdiff is the diffusion time of the minority carrier from the
bulk to the surface, d is the sample thickness, S is the surface
recombination velocity, and Dn and Dp are the diffusion
coefficients of an electron and hole, respectively. For a 1D Si
nanostructure, the effective carrier lifetime (τeff) can be
expressed as31,32

τ τ
= +

Φ
S1 1 4

eff bulk (3)

where Φ is the nanostructure diameter and τbulk is the carrier
lifetime of bulk Si with the same impurity concentration. The
measured lifetimes of the five 1DSiNSA samples were a joint
outcome of the effective lifetimes of the Si nanostructures and
the planar substrate. Although we could not directly obtain the
values of the surface lifetime, bulk lifetime, or effective lifetime
of the Si nanostructures form these measurements of minority-
carrier lifetime, we reached the following conclusions by
comparisons with the different measured lifetimes of the
different samples and eqs 2 and 3. (1) There was a substantial
decrease in the minority-carrier lifetime of the Si nanostructures
compared to that of the original planar Si. (2) The decrease in
the measured lifetime was caused by a great increase in the
extent of surface recombination. (3) The surface recombination
velocity in the Si nanostructures prepared by chemical etching
increased with an increasing etching time.
To estimate the photoresponses of the different 1DSiNSAs

and the planar Si without the effect from the difference in the
optical absorption, we calculated the internal photoresponsivity
(IR) defined as R divided by average absorption (AA). Because
the thickness of Si substrates was several hundreds of
micrometers, the transmission in the range of 590−595 nm
can be approximated to zero.33 Therefore, AA can be obtained
by 1 − AR (average reflectance). As calculated in this method,
the IR of the planar Si was 0.3889 A W−1, and the IR values of
the 1DSiNSAs produced by chemical etching for 3, 5, 10, 25,
and 50 min were 0.2886, 0.3902, 0.2135, 0.1017, and 0.0666 A
W−1, respectively (as compared in Figure 4b). One can see that
only the 5 min etching sample showed a slightly larger IR via
comparison to that of the planar Si, and the other 1DSiNWA
samples exhibited IR values smaller than that of the planar Si. It
suggests that the collection efficiency of the photogenerated

Figure 5. (a) Hemispherical optical reflectance spectra (a) and minority-carrier lifetimes (b) of the different 1DSiNSAs with various etching times
and the as-cleaned Si. The direction of the arrows indicates an increase in etching time.
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carriers in the 1DSiNSAs is of no obvious advantage over that
of the planar Si, which is ascribed to a great increase in the
extent of surface recombination. However, the 1DSiNSAs
prepared with short etching times showed substantially larger R
values than the planar Si because of the combined effects of the
much larger optical absorptivity and the comparable collection
efficiency of the photogenerated carrier. The initial increase and
then gradual decrease in the photoresponsivity of the
1DSiNSAs with an increasing etching time can be explained
as follows. The shorter etching time 1DSiNSAs have much
better optical absorption, a higher surface recombination
velocity, and a larger surface-to-volume ratio than the planar
Si; however, as the etching time increases, the surface
recombination velocity and the surface-to-volume ratio increase
dramatically, whereas the optical absorption remains nearly
constant for the longer-etching samples. These results and
analysis imply that surface recombination deserves special
attention in nanostructure-based optoelectronic devices.
To explore the effect of surface recombination on the

performances of the 1DSiNSA-based optoelectronic devices,
device physics simulations were performed to simulate the
photocurrent versus voltage behaviors of the photoelectrodes of
1DSiNSAs and planar Si. We employed uniform and periodic
nanowires (with a diameter of 0.15 μm and a length of 4.5 μm)
on a film (with a thickness of 5.5 μm) as the calculated cell
(with a lattice constant of 0.3 μm) to simulate the 1DSiNSA
photoelectrode, as shown in Figure 6a. The photogeneration
profile shown in Figure 6a indicates that most of the incident
light was absorbed by the nanowires, only some penetrated into
the substrate, and little passed through the substrate. Therefore,
the 5.5 μm thick film was sufficiently thick to simulate the
experimental substrate, although its actual thickness was several
hundreds of micrometers. In all simulations, bulk and surface
recombination were modeled with a single trap level located at
the energy of the intrinsic Fermi level approximately in the
center of the bandgap.18 For the nanowire simulations, the
surface recombination was characterized by the surface-layer
carrier lifetime, which changed in the range of 1 to 1/1000 of
the doping-dependent bulk carrier lifetime. For the film

simulations, the surface-layer carrier lifetime was approximated
as the bulk carrier lifetime considering its small specific surface
area and defect-free surface. Figure 6b shows the photocurrent
density versus voltage characteristics of the photoelectrodes of a
bare Si film and wire arrays on a film with various surface-layer
carrier lifetimes. The following observations can be made. (1)
When the surface-layer carrier lifetime was equal to the bulk
lifetime, the short-circuit current density of the photoelectrode
of nanowire arrays (1.494 mA cm−2) was much larger than that
of the film photoelectrode (1.052 mA cm−2). (2) As the
surface-layer carrier lifetime decreased, the short-circuit current
density gradually decreased. (3) When the surface-layer carrier
lifetime decreased to 1/100 of the bulk carrier lifetime, the
short-circuit current density (0.585 mA cm−2) was lower than
that of the film photoelectrode. If the surface-layer carrier
lifetime decreased further to 1/1000 of the bulk carrier lifetime,
the short-circuit current density decreased substantially,
reaching a value much lower (0.296 mA cm−2) than that of
the film photoelectrode. Note that the open-circuit voltages
exhibited a relatively small variation with the change in the
surface-layer carrier lifetime, which can be attributed to the
variation of the short-circuit current density and the exchange
current density at zero bias for solar cell device physics.34 The
simulation results demonstrate that the surface recombination
has significant effects on the photogenerated carrier collection
for the 1DSiNSA-based optoelectronic devices.
According to the SEM and TEM analysis, the shapes and

sizes of the cross section of the 1D nanostructures prepared by
metal-assisted chemical etching are asymmetrical and nonuni-
form, and the 1D nanostructure arrays are also disordered. The
nonperiodic arrays possess better absorption than the periodic
arrays, and the optical trapping among the asymmetrical 1D
nanostructures is stronger than among the symmetrical 1D
nanostructures.35,36 Thus, almost all of the short-wavelength
light is absorbed by the nanostructures in practice (namely, the
actual level of optical absorption by the substrate is much lower
than the simulation results), and the influences of the surface
recombination on the carrier collection should be more
profound in reality than in the simulations. Recently, some

Figure 6. (a) Schematic illustration of the simulated wire array unit cell and the corresponding photogeneration profile with 590 nm light irradiation.
More details of the simulated device structure and the calculated photogeneration profile are shown in Figures S2−S4 of the Supporting Information.
(b) Photocurrent density vs voltage characteristics of the photoelectrodes of bare planar Si and wire arrays on Si film with various surface-layer
carrier lifetimes. The full sets of optoelectronic parameters used in these simulations are listed in Table S1 of the Supporting Information.
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researchers have tried to lower the level of nanostructure
surface recombination to improve the performance of
nanostructure-based devices by surface passivation21,37 or
surface fictionalization.38 We believe that surface recombination
can also been suppressed via the preparation of the
nanostructures with smoother surfaces and fewer surface
defects using a more facile method. Although the experimental
and simulated results focus on the Si nanostructures, our
inferences can be applied to other semiconductor nanostruc-
tures. We anticipate that high-performance semiconductor
nanostructure-based optoelectronic devices can be obtained
only by balancing the requirements for light absorption and
photogenerated carrier collection.

4. CONCLUSIONS
We have investigated the photoelectrochemical characteristics
of the 1DSiNSAs with different morphologies prepared by the
chemical etching of Si for various durations. The 5 min etching
1DSiNSAs had the highest saturation photocurrent density, the
50 min etching 1DSiNSAs the lowest, and the original Si an
intermediate value. The applied voltage of the saturation
photocurrent density of the original Si was the highest, and that
of the 1DSiNSs decreased with an increasing etching time. At a
1.0 V bias under ON−OFF cycle illumination, the maximal
photoresponsivity of the 5 min etching 1DSiNSAs was 0.385 A
W−1 and that of the samples with a >10 min etching time was
smaller than that of the original Si. The OFF-state current
densities of all the Si-based photoelectrodes were very low
relative to the ON-state current densities and increased as the
etching time increased. TEM analysis indicated that the surface
roughness of the nanostructures gradually increased with an
increasing etching time. The optical absorption of the
1DSiNSAs increased as the etching time increased and reached
the maximal measurable value after the etching time exceeded
25 min. However, the measured minority-carrier lifetime of the
1DSiNSAs decreased gradually as the etching time increased.
The device simulations demonstrated that surface recombina-
tion played a significant role in carrier collection for the
nanostructure-based devices. We conclude that the perform-
ance of the semiconductor nanostructure-based optoelectronic
devices is determined by the combination effects of light
absorption and photogenerated carrier collection. Further
improvements may be achieved using the optimal doping
concentration and device structure and lowering the level of
surface recombination via surface treatment or the optimization
of the nanostructure surface morphology.
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R, photoresponsivity
AA, average absorption
AR, average reflectance
IR, internal photoresponsivity

■ REFERENCES
(1) Tian, B.; Zheng, X.; Kempa, T. J.; Fang, Y.; Yu, N.; Yu, G.;
Huang, J.; Lieber, C. M. Nature 2007, 449, 885−889.
(2) Zhang, A.; Kim, H.; Cheng, J.; Lo, Y. H. Nano Lett. 2010, 10,
2117−2120.
(3) Zhang, R. Q.; Liu, X. M.; Wen, Z.; Jiang, Q. J. Phys. Chem. C
2011, 115, 3425−3428.
(4) Bahruji, H.; Bowker, M.; Davies, P. R. Int. J. Hydrogen Energy
2009, 34, 8504−8510.
(5) Yan, S.; He, N.; Song, Y.; Zhang, Z.; Qian, J. J. Electroanal. Chem.
2009, 641, 136−140.
(6) Hochbaum, A. I.; Chen, R.; Delgado1, R. D.; Liang, W.; Garnett1,
E. C.; Najarian, M.; Majumdar, A.; Yang, P. Nature 2008, 451, 163−
168.
(7) Peng, P. Q.; Yan, Y. J.; Gao, S. P.; Zhu, J. Adv. Mater. 2002, 14,
1164−1167.
(8) Zhao, F.; Zhao, D.-d.; Wu, S.-l.; Cheng, G.-a.; Zheng, R.-t. J.
Korean Phys. Soc. 2009, 55, 2681−2684.
(9) Huang, Z.; Geyer, N.; Werner, P.; Boor, J.; Gösele, U. Adv. Mater.
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