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Highly-ordered silicon nanowire arrays for photoelectrochemcial
hydrogen evolution: An understanding of the effect of wire
diameter, length and inter-wire spacing
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Vertically-aligned, highly-ordered silicon nanowire (SiNW) array
photocathodes are fabricated employing e-beam lithography
followed by deep reactive ion etching (DRIE) of Si. The effect of
structural parameters of SiNWs, including wire diameter, length
and inter-wire spacing, on their photoelectrocatalytic hydrogen
evolution performance has been systematically investigated.
Within the range of dimensions under study, the SiNW
photocathode with a wire diameter of 200 nm, a length of 1 um and
an inter-wire spacing of 175 nm shows the best performance
exhibiting a maximal saturated photocurrent density of 52 mA cm-
2 and an onset potential (@-1 mA cm?) of -0.27 V vs reversible
hydrogen electrode. These lithography-derived SiNWs with
homogeneous structural parameters can help establish an
unobscured structure-activity relation and facilitate
photoelectrode design.

Introduction

The ever-increasing consumption of fossil fuels to meet the
rapid growth in energy demand has led to a range of
environmental issues which necessitate the development of
clean energy sources!. Hydrogen (H>) has been proposed to be
an attractive alternative to conventional fossil fuels, as it has
higher energy density and only produces water
combusting® 2. While presently H, is primarily produced by
steam reforming of natural gas, a more elegant and sustainable
way is to directly convert solar energy to H, fuel through
photoelectrochemical (PEC) water splitting using
semiconductor photoelectrodes® 4. Among a variety of
semiconductor materials investigated by far®> ¢, silicon (Si)
stands out given its earth’s abundance, suitable band gap (1.12
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eV) for broad light absorption, appropriate band positions, and
high carrier mobility”. Theoretically, Si can offer a maximal
photocurrent density of ca. 44 mA cm?2 under one-sun
illumination, outperforming nearly all other photoelectrode
candidates studied so far®.

Vertically-aligned nanowire (NW) arrays have been proposed
to be a favorable configuration when designing semiconductor
photoelectrodes®'?, because they not only allow for enhanced
light absorption through multiple scattering, but also enable
radial charge carrier collection. The NW arrays are able to
decouple the light absorption and carrier collection and
therefore remarkably alleviate the stringent requirements for
semiconductor’s quality and quantity. Moreover, in comparison
to the planar electrodes, NWs usually offer a large surface area
which can help substantially lower the areal flux of photo-
generated carriers, thus facilitating the match between the
semiconductor photoelectrodes and loaded electrocatalysts.813

p-type SiNW arrays were extensively investigated in recent
years as efficient photocathodes for PEC hydrogen evolution
(HER).» It has been reported that the PEC performance
correlates with the structural parameters of SINW arrays such
as diameter, length, doping level and density of surface states,
and engineering these structural parameters is an effective
approach, besides coupling with HER co-catalysts, to improving
the PEC properties of SINW arrays.!> Previous works reported
that an optimum NW diameter and/or length exists with which
a maximum limiting (Jsat) or short-circuit (Js) photocurrent
density can be achieved.'>!” However, many of these
researches were conducted based on NW arrays fabricated by
metal-assisted chemical etching (MACE) or chemical vapor
deposition (CVD), where the inhomogeneity in wire diameter,
length, doping, defects, density and alignment may obscure the
link between the structural parameters and PEC performance.
A recent study on single SINW photoelectrochemistry has
pointed out that the PEC performance of NW ensemble arrays
can be limited by poorly performing individual NWs. 3 This calls
for the development of SiINW photoelectrodes with
homogeneous wire diameter and length as well as inter-wire
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spacing. To this end, optical or electron-beam lithography is
naturally a good method to apply, however, to our knowledge,
the influence of structural parameters of lithography-derived
highly ordered SiNW arrays (incl. length, diameter and inter-
wire spacing) on their PEC performance has not been
systematically studied in the context of solar-driven HER.
Herein, we report the fabrication of highly-ordered arrays of
SiNWs and investigate their PEC performance toward the HER
as a function of the array’s geometrical parameters. Our results
show that optimum structural parameters are existent, with
which a maximal saturated photocurrent density of 52 mA cm=
can be achieved.

Experimental
Fabrication of SINW arrays

p-type Si (100) wafers (B-doped, 1 —30 Q cm, LG Siltron) were
employed as received. A 200 nm AICuSi thin film was sputter-
deposited on the unpolished side of a Si wafer which acts as a
conducting layer. The fabrication process of SiNW arrays is
schematically illustrated in Fig. 1, which involves (i) the
deposition of silicon oxide layer (300 nm thick) by plasma-
enhanced chemical vapor deposition (CVD), (ii) spin-coating of
negative photoresist, (iii) electron-beam lithography, (iv)
pattern development, (v) reactive ion etch (RIE) of silicon oxide
layer, (vi) plasma strip of photoresist, followed by (vii) a deep
RIE process (DRIE). All these processes were conducted in a
clean room. It is worth mentioning that all top-down
microfabrication techniques used here are well-established in
industry, and they allow for large-scale
fabrication (e.g. over a 8-inch wafer) of vertically-aligned Si NW
arrays in a controlled and reproducible manner (Fig. S1, ESIt).
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Fig.1 Fabrication procedure of SINW arrays.

Electrode fabrication and characterization

The Si wafer was then cut into small pieces having a
dimension of 1.7 x 1.2 cm? with a patterned area of 0.5 cm? in
the center of each piece, which was subsequently used as a
photocathode. The ohmic contact between the sputter-coated
AICuSi layer and Si was achieved by thermally annealing the
sample to 400 °C with a ramping rate of 2 °C min-!, maintaining
at this temperature for 1 min and cooling down naturally
afterwards, all under the protection of high-purity nitrogen
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(99.999%) flow. The morphology and microstructure of the
samples were examined by scanning electron microscopy (SEM,
FEl Quanta FEG 650).

Photoelectrochemical tests

The PEC tests were carried out in a commercially available
jacketed photoelectrochemical cell having a quartz window. A
graphite rod and a saturated calomel electrode (SCE) were used
as counter and reference electrodes, respectively. The Si
photocathode was exposed to an electrolyte consisting of 0.5 M
sulfuric acid (H2SOa4, 95-98%, Sigma-Aldrich) with its back side
and non-patterned front side sealed by non-transparent epoxy
resin. A calibrated solar simulator (LCS-100, Newport) consisting
of a 100 W ozone-free xenon lamp with an AM1.5G air mass
filter was employed to provide Class A—1 SUN illumination (100
mW cm2) for all PEC tests. Linear scan voltammetry (LSV), cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS) and chronopotentiometry (CP) measurements were
carried out using a Zennium electrochemical workstation
(Zzahner). A scan rate of 10 mV s! was used to record LSV and
CV curves. The EIS measurements were performed in the
frequency range of 10 mHz — 200 kHz at a fixed potential of -0.5
V vs reversible hydrogen electrode (RHE) under 100 mW cm™2
illumination, with an AC perturbation of 10 mV. The
temperature of the electrolyte was maintained at 23 + 1 °C
during all the tests through a refrigerated chiller (HAAKE
Phoenix Il, Thermo Scientific). All the potentials were reported
versus RHE by converting the potentials measured versus the
SCE reference through the following equation:

U(RHE) = U(SCE) + 0.241 + 0/059pH (1)\

(c

d

Results and discussion

Regular square arrays with different feature sizes ranging from
90 to 200 nm and edge-to-edge inter-wire spacing from 150 to
235 nm were patterned by e-beam lithography on a Si wafer.
Each patterned area has an area of 0.5 cm2. Fig. 2a shows a
representative top-view SEM image of a NW array, where each
wire has a nominal feature size of 200 nm and a nominal spacing
of 175 nm (denoted as “SiNW 200-175” hereafter). It is noted
that the etching process led to rounding of the square features,
this effect being stronger for NWs with a smaller feature size.
Besides, it’s found that the actual diameter of SINWs increases
by 25 — 50 nm in comparison to the nominal one defined in the
e-beam writing step, which is typical for the DRIE processes of
Si. Fig. 2b-2d display side-view SEM images of the NW arrays
with the same wire diameter and inter-wire spacing but
different lengths of 1, 2 and 5 um, respectively, where it is seen
all NWs are vertically aligned with respect to the Si substrate
and spatially ordered over the entire patterned area. Taking a
closer look at the NW surface, it is found that all NWs have wavy
side walls (Fig. 2e), which
passivation and etch steps during the DRIE (i.e., Bosch) process
where each “thread” of the NWs corresponds to a “bite”.

resulted from the alternate

Similar features were also reported previously for Si microwires
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Fig. 2 (a) Top-view SEM image of a representative highly-ordered SiNW arrays (SINW 200-
175). A bird’s eyes view of SINW 200-175 photocathodes with NW lengths of (b) 1 um,
(c) 2 um, and (d) 5 pm. Insets of (b) and (c) are zoomed views. (e) Typical morphology of
an individual SINW.
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Fig. 3 (a) Linear scan voltammograms of SiNW photocathodes with different NW
diameters and inter-wire spacings. The NW length is fixed to 1 um. Scan rate: 10
mV s1. (b) Variation of saturated photocurrent density J, as a function of the
feature size (D) and edge-to-edge spacing of SINW array photocathodes. The
measurements were conducted under 100 mW cm illumination.

The influence of NW diameter and inter-wire spacing on the
solar-driven HER performance of SINW photocathodes was first
investigated by linear scan voltammetry with the NW length
fixed to 1 um. The SiNW arrays with a diameter of “D” nm and
spacing of “S” nm are denoted as “SiNW D-S” in the following.
As shown in Fig. 3a, for all NW photocathodes with different D-
S combinations the minimal overpotential (nsat) needed to reach
saturated photocurrent density (Jsat) is around -0.75 V vs RHE, in
agreement with the previous reports?!. Fig. 3b summarizes the
variation of Js;; derived at -0.75 V vs RHE as a function of D and
S. Jsat varies in the range of 41 — 52 mA cm2 as the D-S matrix
alters. When D is fixed, Jsat changes with S showing a maxima at
an optimal S value. Meanwhile, Js¢ is also largely dependent on
the NW diameter D. SiNW arrays with D = 90 nm (black data
points) exhibit much lower Js: in comparison to other
photocathodes. Notably, all SiNW arrays with D > 100 nm show
a Jsar higher than 44 mA cm2 — the theoretical maximal Jg,t of Si
predicted according to its band gap. This may indicate that
these photocathodes could absorb more light. Similar high Jsat
was also observed previously in metal-assisted etching derived
SiNW arrays,’> and was ascribed to the enhanced light
absorption of SiNWs in the infrared region, which might be
associated with the surface states on NWs or sub-band gap
absorption induced by impurity states. According to Fig. 3b, the
SiNW 200-175 electrode shows the highest Jg,; as well as lower
overpotential at a given photocurrent density compared to all
others. We presume that there is a good compromise from the
charge collection efficiency and surface states that renders the
200-175 combination an optimal packing density of SiNWs for
efficient PEC hydrogen evolution. Taking this into consideration,
we further investigated the effect of NW length on solar-driven
HER performance of the SINW photocathodes while keeping the
packing density of NWs to be optimal, namely, 200 nm — 175
nm.

This journal is © The Royal Society of Chemistry 20xx

Fig. 4a shows the cyclic voltammograms of SiNW 200-175
arrays with different wire lengths of 1, 2, and 5 um, recorded in
the first 5 cycles. For comparison, CV curves of planar Si were
also measured under both dark and illumination conditions. PEC
performance of all tested photocathodes gets stabilized after
the 5t cycle of cyclic voltammetry, indicating that the Si surface
becomes completely wetted by the electrolyte during the first 5
CV scans and a well-defined Si/electrolyte junction is formed.
All SINW arrays show PEC performance better than that of
planar Si, with positively shifted onset overpotentials (fonset,
defined as the overpotential at which the cathodic
photocurrent density is -1 mA cm2) of 240 — 440 mV. This should
come from the enlarged electrode/electrolyte contact area and
enhanced light absorption of SiNW photocathodes, as
repetitively reported before.? 23 Fig. 5b compares the nonset and
the overpotential needed to reach the cathodic current density
of 10 mA cm?2 (ni0) of planar Si and SiNWs with different
lengths. Nonset and n1o of the planar Si (i.e. length = 0) are -0.71
and -0.92 V vs RHE, respectively, significantly negative of those
for the 1 um long SiINW photocathode (fonset = -0.27 V, N1 = -
0.43 V). Interestingly, 1 um SiNW arrays outperform 2 and 5 um
long ones in terms of both Nonset and Jsat, which may imply that
reduced surface recombination and enhanced light absorption
occurred in 1 um long SiNW arrays.
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Fig. 4 (a) Cyclic voltammograms of planar Si and SiNW 200-175 arrays with different
lengths. Scan rate: 10 mV s%. (b) Variation of nnse: and 1o with the NW length. nonser and
N1o are extracted from the 5t CV. (c) Nyquist plots of planar Si and SINW 200-175 arrays
measured at -0.5 V vs. RHE. Solid lines: fitting curves. Insets: equivalent circuit models
used for fitting for planar Si and SiNW, respectively. (d) Stability of planar Si and SINW
200-175 arrays measured at -0.75 V vs. RHE. All measurements were performed under
100 mW cm?2 illumination.
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In order to understand the charge transfer kinetics at the
Si/electrolyte interface, EIS measurements of both planar Siand
SiNW photocathodes were carried out at a potential of -0.5 V
vs RHE under simulated 100 mW cm<2 illumination, and the
obtained Nyquist plots are shown in Fig. 4c. The Nyquist plots
were fitted with the equivalent circuit models shown in insets
of Fig. 4c (Table S1, ESIT), where R, stands for the equivalent
series resistance including the contributions from electrolyte,
electrode materials and leads, Q is the constant phase element,
W represents Warburg resistance associated with diffusion, and
Rt is the charge transfer resistance. R¢ of SiINWs is substantially
smaller than that of planar Si, indicating that the NW
configuration facilitates electron transfer under PEC hydrogen
evolution conditions, in consistence with previous observation
for SINW photoelectrodes.?*2¢ Interestingly, Rt of 1 um SiNW is
only 4.6 Q, much smaller than that of 2 and 5 um SiINW
photocathodes (30.6 and 47.7 Q, respectively). This agrees well
with the CV curves shown in Fig. 4a, and may imply that the
number of sharp cuts induced by the DRIE process affects
charge transfer rate, given the fact that these three NW samples
have the same wire diameter and inter-wire spacing but
different lengths (i.e. number of sharp cuts, 15, 30, and 75 for
1,2 and 5 um long NWs, respectively).

The stability of both planar Si and SiINW photocathodes was
investigated using chronoamperometry at a fixed potential of -
0.75 V vs RHE under simulated 100 mW cm-2 illumination. The
amplitude of photocurrent density generated by these
electrodes follows the trend the same as that observed in Fig.
4a, namely, Jsinw200-175,1um > JsiNw200-175,20m > Jsinw200-175,5um >>
Jolanar si. However, all SINW photocathodes gradually degrade
over time, likely because of the formation of silicon oxide upon
PEC hydrogen evolution.

In summary, we report the fabrication of highly-ordered,

vertically-oriented silicon nanowire arrays using electron-beam
lithography followed by deep reactive ion etching of silicon. This
top-down approach allows for the large-scale fabrication of
silicon nanowire photocathodes with monodisperse diameter
and length as well as homogeneous inter-wire spacing, which
may help overcome the limitation often dictated by randomly
distributed arrays, namely the PEC
performance is limited by poorly performing individual
nanowires. We have systematically investigated the influence of
structural parameters of silicon nanowires arrays on the
photoelectrochemical performance of the electrodes for solar-
driven hydrogen evolution, and found that within the range of
dimensions under study, silicon nanowires with a diameter of
200 nm, length of 1 um and inter-wire spacing of 175 nm show
the best solar hydrogen evolution performance. It is anticipated
that the performance can be further improved with buried p-n
junctions and hydrogen evolution catalyst loading. The relevant
study is under way.
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