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Abstract. Silicon-based supercapacitors are highly essential for the utilization of supercapacitor technology in consumer electronics, owing to their on-chip integration with the well-established complementary metal–oxide–semiconductor-related fabrication technology. In this study, silicon nanowalls were carved on commercially available silicon
wafers by using a facile, low-cost and complementary metal–oxide–semiconductor compatible method of metal (silver)assisted chemical etching. The electron microscopic studies of the carved out silicon nanowalls reveal that they are
smooth, single crystalline and vertically aligned to their base silicon wafer. Raman and ATR-FTIR spectroscopy confirm
that the surface of the silicon nanowalls has Si–O–Si bonded structures. Cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) studies were carried out in the organic electrolyte tetraethylammonium tetrafluroborate
(NEt4BF4) in propylene carbonate (PC). It is evident from both the CV and GCD studies that the silicon nanowalls exhibit
redox peaks arising from the silver-related deep-level trap state in silicon in contact with adsorbed water and also from the
oxidation of silicon and its hydrides by the water present in the electrolyte. The presence of silver in silicon nanowalls and
water in the electrolyte are considered to be due to the minute amount of silver left over during its removal by HNO3,
owing to the bunching of nanowalls and the highly moisture sensitive nature of the electrolyte, respectively. The influence
of such redox peaks on capacitance and cycle life are discussed.
Keywords. Silicon nanowalls; metal-assisted chemical etching; supercapacitor; cyclic voltammetry; galvanostatic
charge–discharge; silver-related trap states.

1.

Introduction

In the last decade, significant research has been devoted to
the development of energy storage devices owing to the
growing energy demand of modern society [1,2]. Among
the various energy storage devices, electrochemical capacitor or supercapacitor has been regarded as a prominent
energy storage device due to its rapid charge/discharge rate,
high power density, long cycle-life and safe of operation
[3]. They have been utilized in numerous applications such
as high-power electric vehicles, memory devices, mobile
electronics, regenerative braking systems and military
devices. Depending on the charge storage mechanism,
supercapacitors are generally classified as electrochemical
double layer capacitors and pseudo-capacitors. Generally,
carbon in its different forms like activated carbon, carbon
nanotubes, graphene and carbide-derived carbon, etc., have
been utilized as electrochemical double layer capacitor
electrodes owing to their high thermal conductivity, large

surface area and excellent electrochemical stability. On the
other hand, various metal oxides (RuO2, MnO2, NiO, etc.),
metal nitrides (TiN, VN, etc.) and electronically conducting
polymers (PEDOT and derivatives, PPy, etc.) have been
extensively studied as pseudo-capacitor electrodes due to
their fast and reversible surface redox reaction giving rise to
high specific capacitance [4–6]. However, these materials
present some inherent incompatibility for direct integration
on the silicon-based substrates, commonly used in electronic devices. Therefore, there is a need of silicon-based
electrodes, whose on-chip integration will be easier with the
well-established complementary metal–oxide–semiconductor (CMOS)-related fabrication technology. However, only
limited studies are reported in the field of silicon electrodebased supercapacitors due to the reactivity of silicon with
the commonly used aqueous electrolytes and the difficulty
in tailoring large area silicon surface owing to the fragile
and reactive nature of high surface area porous silicon.
Some researchers have coated the synthesized Si
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nanostructures with SiC, ultrathin carbon sheath, graphene
and NiO, and have obtained improved stability with higher
performance [7–10]. However, the above coated materials
may also cause compatibility issues discussed earlier.
Therefore, high surface area pristine silicon-based electrode
with suitable electrolyte is required to achieve the desired
demand. Recently, Sadki and their group [6,11,12] have
investigated the supercapacitor performance of silicon
nanowires and nanotrees using various organic and ionic
liquid electrolytes and reported capacitance value as high as
900 lF cm-2, suggesting the utilization of silicon-nanostructure-based supercapacitors. However, they have prepared the silicon nanowires and nanotrees using the high
cost, high temperature vapour-liquid-solid (VLS) technique.
Recently, metal-assisted chemical etching (MACE) has
come up as a cost-effective alternative method to fabricate
various silicon nanostructures directly atop the silicon wafer
without requiring any high temperature and high cost vacuum equipments [13–15]. This inspired us to investigate the
supercapacitor performance of silicon nano-architectures
carved on silicon wafers using MACE technique. This study
reports the supercapacitor behaviour of silicon nanowalls,
made on silicon wafers by MACE technique, using
tetraethylammonium tetrafluroborate (NEt4BF4) in propylene carbonate (PC) as the electrolyte.

2.

Experimental

P-type (boron doped), (100) oriented Si wafer with
1–10 ohm-cm resistivity were used to fabricate SiNWs atop
the Si wafer. At the beginning, the wafers were ultrasonicated in DI water (18.2 MX-cm), acetone and alcohol for
10 min followed by copious rinsing with DI water. The
ultrasonicated wafers were then immersed in freshly prepared piranha solution (3:1 ratio of 98% H2SO4 and 30%
H2O2) for 15 min to remove the residual organic contaminants and washed throughly with DI water and dried under
flowing nitrogen. The dried Si wafers were then treated with
dilute HF to remove the oxide layer and rinsed with DI
water before housing it in a home-made Teflon cell
assembly described elsewhere [16]. Silver was deposited on
the wafer surface by exposing the surface to a solution of
HF and AgNO3 (5% HF/0.02 M AgNO3), for 60 s, followed
by copoius rinsing with DI water. The etching of Agdeposited Si wafers was carried out in 4.8 M HF and 0.4 M
H2O2 mixture for 2 and 4 h and rinsed with DI water. The
Si wafers etched for 2 and 4 h were immersed in conc.
HNO3 solution to remove the Ag particles, subsequently
washed with DI water, dried in nitrogen stream and kept in
a vaccum desicator for further studies. It should be noted
that, in order to aviod the influence of light radiation, the
whole process of etching was performed in dark condition.
The morphological and structural investigation of the
synthesized SiNWs were carried out using a Zeiss-Supra 55
scanning electron microscope (SEM) and a LIBRA 200FE
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Zeiss high-resolution transmission electron microscope
(HRTEM). The vibrational studies of the synthesized silicon nanowalls were performed using a micro-Raman
spectrometer (Renishaw inVia) in the back-scattering configuration with an excitation light source of wavelength
514 nm using Ar? ion laser and a Bruker Tensor II FTIR
spectrometer operating in attenuated total reflection (ATR)
mode. Electrochemical characterizations of the prepared
SiNWs were conducted using a commercial potentiostat
(Metrohm Autolab, model PGSTAT 302N) at room temperature. Prior to the electrochemical studies, the SiNWs
were treated with dilute HF to remove its surface oxide
layer, rinsed in acetone and dried in argon stream. The
silicon wafers having the nanowalls carved on them were
then successfully assembled into a home-built 3-electrode
electrochemical cell. In the cell, only the surface of Si wafer
with SiNWs is exposed to the electrolyte. This is achieved
by the use of an ‘O’ ring with screw tightening arrangement.
The other side of the Si wafer was in perfect contact with a
copper plate, where ohmic contact was ensured with the use
of indium-gallium eutectic alloy (99.99% purity, SigmaAldrich). The SiNWs, platinum and Ag/AgCl couple were
used as working, counter and reference electrodes, respectively. A solution of 1 M NEt4BF4 in PC was used as the
electrolyte. In this configuration, the cyclic voltammetry
(CV) was conducted at scan rates ranging from 10 to
100 mV s-1 at potential windows of 0.9 and 1.2 V. The
galvanostatic charge–discharge (GCD) studies were performed at different applied currents. All the electrochemical
studies were performed in moisture-free closed
environment.

3.

Results and discussion

Figure 1 shows the electron micrographs of the fabricated
SiNWs at different etching times. The topological and
cross-sectional SEM view of the SiNWs obtained after 2
and 4 h of etching are depicted in figure 1a–d. The corresponding insets at bottom right reveal the homogeneous
distribution of vertically aligned nanowalls. The insets at
top left of figure 1a and c display the magnified SEM
images of the top surface. The magnified cross-section of
SiNWs obtained after 2 and 4 h of etching, shown in figure 1b and d, respectively, reveal that the nanowalls are free
of pores and smooth from its top to bottom. It can be
inferred from the micrographs that the smooth vertical
nanowalls are bunched at the top. It is observed from the
SEM analyses that the height of the nanowalls obtained by
etching for 2 and 4 h are *10.2 and 11.9 lm, respectively,
and their thickness varies from 40 to 120 nm with an
average value of *75 nm. Figure 1e depicts the typical
TEM micrograph of a nanowall obtained by etching for 4 h.
This further confirms that the surface of the nanowalls is
smooth and free of pores. The HRTEM image, of the
nanowall obtained by etching the wafer for 4 h (figure 1f),
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Figure 1. SEM and TEM micrographs of SiNWs. (a, c) Topology of SiNWs obtained after 2 and 4 h of etching, respectively.
The insets at top left and bottom right depict the magnified
topology and cross-section, respectively. (b, d) Magnified crosssection of 2 and 4 h etched SiNWs, respectively. (e) Typical TEM
micrograph of a 4 h etched SiNW. (f) HRTEM image of the 4 h
etched SiNW. The inset displays the fast Fourier transform (FFT)
pattern.

reveals that the nanowall is a single crystalline. Moreover, it
is observed from the HRTEM images that a thin amorphous
layer exists at the nanowall surface. The inset in figure 1f
shows the fast Fourier transform (FFT) pattern. An interplanar spacing of 3.2 ± 0.1 Å can be discerned from the
analysis of the FFT pattern. This corresponds to the (111)
crystallographic plane of Si [14]. Thus from the electron
microscopic studies it is revealed that metal-assisted
chemical etching has produced uniform SiNWs atop the Si
wafer without destroying the crystalline nature of Si wafer.
Figure 2 summarizes the vibrational studies on the fabricated SiNWs. The Raman spectra of SiNWs obtained by
etching the wafers for 2 and 4 h are depicted in figure 2a. It
shows that both the SiNWs obtained after 2 and 4 h etching
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Figure 2. (a) Raman spectra of SiNWs obtained by etching the
Si wafers for different time durations. The inset displays the
enlarged view of Raman spectra, where the observed first-order
and second-order Raman modes are summarized. (b) FTIR spectra
of SiNWs obtained by etching the Si wafers for 2 and 4 h, recorded
in ATR mode.

exhibit similar Raman spectra with a sharp high intense
peak at 520 cm-1. This can be ascribed to the first-order
scattering of longitudinal optical (LO) and transverse optical (TO) phonon at the centre of the Brillouin zone (U point)
of crystalline Si [17,18]. Both theses modes are degenerate
at the U point and the combined mode is designated as
LTO(U). In addition, a broad peak corresponding to the
second-order scattering of TO phonons at L critical point—
2TO(L) is observed at 964 cm-1. The inset displaying the
enlarged view shows the presence of three more lowintensity broad peaks at 150, 300 and 630 cm-1. The peaks
at 150 and 300 cm-1 can be ascribed to the first- and second-order transverse acoustic (TA) at the L critical point
and are represented as TA(L) and 2TA(L), respectively.
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The peak at 630 cm-1 is due to the combined first-order
scattering of TO phonon modes at W and X point, respectively, TO(W) ? TO(X). It is worth noting that the absence
of peaks around 480 cm-1 reveal the absence of amorphous
Si in the synthesized SiNWs [19]. The FTIR spectroscopy
in attenuated total reflection (ATR) mode, being a wellknown technique for surface characterization of materials,
was performed on both 2 and 4 h etched SiNWs and is
shown in figure 2b. The ATR-FTIR spectra show strong
absorption band at 1050 cm-1 along with a shoulder band at
1200 cm-1, a band at 800 cm-1, and two other bands at 872
and 610 cm-1. The dominating bands at 1050, 1200 and
800 cm-1 corresponds to the anti-symmetric stretching
(astretch), symmetric stretching (sstretch) and bending
(bend) vibrational modes of Si–O–Si, respectively [20,21].
The other bands at 872 and 610 cm-1 are ascribed to the
OnSiHx deformation (deform) mode and Si–Si stretching
(stretch) mode, respectively [20,22]. This reveals that the
amorphous structure observed in surface of SiNWs in
HRTEM analysis is mostly of Si-O-Si bonded structures.
The mechanism behind the formation of these single
crystalline vertically aligned SiNWs atop the Si wafer is
now worth discussing. The SiNWs have been synthesized
by two-step metal-assisted chemical etching, whose
underlying mechanism have been discussed elsewhere
[16,23,24] and is briefly summarized here. The first-step
involves the electroless deposition of Ag on the Si wafer
using a solution mixture of HF and AgNO3. When Si substrate is treated in HF/AgNO3, Ag? ions are reduced by Si
leading to the formation of local micro-electrochemical
cells with the following redox reactions:
At cathode: Agþ þ e ! Ag0

ð1Þ

At anode: Si þ 2H2 O2 ! SiO2 þ 4Hþ þ 4e

ð2aÞ

SiO2 þ 6HF ! H2 SiF6 þ 2H2 O

ð2bÞ

The reduction of Ag is accompanied by the simultaneous oxidation and subsequent dissolution of Si beneath the
Ag particles. This successively results in the formation of
interconnected Ag nano-network assembly pitted on the Si
substrate [16]. The second-step involves the etching of this
Ag-deposited Si substrate in a solution mixture of HF and
H2O2. It is reported that although the etching of Si in HF/
H2O2 is energetically favourable but is extremely low in
the absence of metal [13]. Hence, in the present case, fast
and preferential etching of Si takes place near metallic Ag
due to its catalytic activity, which reduces the activation
energy of the required redox reaction [16,23]. Thus,
micro-electrochemical cells are formed at metallic Ag
sites, where the surface of Ag facing the etching solution
acts as cathode and that of other side facing Si acts as
anode, as shown in figure 3. The two-half reactions of the
redox process are:
At cathode: H2 O2 þ 2Hþ þ 2e


! 2H2 O E0 ¼ 1:77 V vs: SHE

ð3Þ
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Figure 3. Schematic of Ag-deposited Si wafer etching in HF/
H2O2 solution, where the H? gradient across the Ag particle from
the cathodic site to anodic site builds-up an electric field, which
drives the Ag particle towards anodic site (i.e., in the downward
vertical direction indicated by the grey arrow).

At anode: Si þ 2H2 O ! SiO2 þ 4Hþ þ 4e

ð4aÞ

SiO2 þ 6HF ! H2 SiF6 þ 2H2 O

ð4bÞ
þ



Overall at anode: Si þ 6HF ! H2 SiF6 þ 4H þ 4e
ð4cÞ
 0

E ¼ 1:2 V vs: SHE
Overall redox reaction: Si þ 2H2 O2 þ 6HF
! H2 SiF6 þ 4H2 O

ð5Þ

Peng et al [24] have explained the motility of Ag particle
inside the Si substrate, where it is suggested that the driving
force for the locomotion of Ag particle is provided by the
catalytic conversion of the chemical-free energy into
propulsive mechanical power. Since the potential of the
cathodic site (EH2 O2 = 1.77 V vs. SHE) is greater than that
of anodic site (ESi = 1.2 V vs. SHE), there will be a flow of
local corrosion current from cathodic site to anodic site with
Ag particle serving as short-circuit galvanic cell. The flow
of electron in the short-circuit galvanic cell (i.e., through the
Ag particle) is coupled to the transportation of H? ion in the
etching solution surrounding the Ag particles, as depicted in
figure 3. The H? gradient across the Ag particle would
build-up an electric field. This will drive the Ag particle
(being negative charge) towards anodic site (i.e., in the
downward vertical direction inside the Si substrate).
Therefore, for the interconnected Ag nano-network assembly in HF/H2O2 solution, the continuation of the above

Bull Mater Sci

(2020) 43:291

process leads to the un-etched part of Si to be protruded as
vertical SiNWs atop the Si wafer.
The CV of the synthesized SiNWs at different scan rates
viz. 10, 20, 40, 60, 80 and 100 mV s-1 are depicted in
figure 4. The CV of 2 h etched SiNWs (figure 4a) in the

Figure 4. Cyclic voltammetry curves of (a) 2 h etched SiNWs in
the potential window 0.9 V (from -0.45 to ?0.45 V) and (b) 4 h
etched SiNWs in the potential window 1.2 V (from -0.4 to
?.8 V) at different scan rates. (c) Comparison of areal capacitance
(Cs) vs. scan rate obtained in 0.9 and 1.2 V potential window.
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potential window of 0.9 V, from -0.45 to ?0.45 against
Ag/AgCl electrode, exhibit redox peaks around -0.05 V.
Both the oxidation and reduction peaks have almost same
intensity at all the scan rates. The possible origin of the
redox peak can be attributed to the presence of adsorbed
water molecules on the SiNWs and deep-level trap states in
the bandgap of Si due to the presence of very small concentration of silver [25]. The presence of adsorbed water
molecules even under high vacuum conditions has been
observed by Fobelets et al [26]. This adsorbed water provide the required donor/acceptor levels in the solution side.
Since SiNWs are synthesized by using Ag-assisted chemical etching technique, small concentrations of Ag can be
present in the SiNWs because bunching of SiNWs are
observed in the present study, which hinders the complete
removal of Ag after HNO3 treatment. The very small
concentration of Ag is known to generate deep-level trap
states in the bandgap of Si [27]. Therefore, there will be
Ag-related trap states in the Si bandgap, in contact with the
adsorbed H2O along with its donor/acceptor levels in
solution side [25], as demonstrated in the energy band
diagram displayed in figure 5. The common trap levels
associated with Ag are the acceptor level (Ea) and the donor
level (Ed), which are positioned *0.56 eV below the
conduction band (CB) edge and *0.23 eV above the
valence band (VB) edge, respectively. In this study, where
lightly doped p-type Si wafers are used for growing SiNWs,
the Fermi level lies above the valence band. In this case the
donor trap (Ed) is filled. When a ?ve bias is applied to the
electrolyte with respect to the SiNW electrode, electrons
from the donor trap moves into the electrolyte and viceversa when the electrolyte is in the -ve bias, as
described in figure 5b and c, respectively [25]. Hence,
during CV a redox peak is expected. The peaks observed
in the above potential range can be ascribed to this.
Figure 4b depicts the CV curves of 4 h etched SiNWs,
in the potential window of 1.2 V (from -0.4 to ?0.8).
The CV curve exhibits a redox peak around 0.5 V. The
nature of the redox peaks occurring at higher potential
is quite different from that observed in figure 4a. It is
seen that the intensity of reduction peak is comparatively lower than that of the oxidation peaks and also
the reduction peaks even disappear at higher scan rate.
Therefore, the peaks seen around 0.5 V in figure 4b,
cannot be ascribed to redox peaks arising from Ag-related trap levels in Si bandgap, in contact with adsorbed
H 2O where the oxidation and reduction peaks are coupled to each other. It is worth to note that the electrolyte
used is NEt4 BF 4 in PC, which is highly moisture sensitive. Hence, there is always the possibility of presence
of H2 O in the electrolyte. Hence, redox peaks corresponding to oxidation of silicon is expected in the CV,
which takes place at higher potentials. So the observed
redox peak around 0.5 V in figure 5b, can be ascribed to
the surface oxidation of Si or its hydride (which is
formed when SiNWs are treated with HF, prior to CV
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r IdV
mADV

ð7Þ

I  td
;
A  DV

ð8Þ

R
where IdV is the area under the CV curve, v is the scan rate,
A the area of the electrode exposed to the electrolyte and
DV the potential window. The calculated Cs obtained in the
potential windows 0.9 and 1.2 V, at a scan rate of 10 mV s-1
are *7.1 and 21.1 lF cm-2, respectively. It should be noted
that the above capacitance is comparatively lower than that
achieved by Sadki’s group in their VLS-grown Si nanowires
(900 lF cm-2) [11]. This can be ascribed to the fact that the
present MACE-prepared Si nanostructures are wall like with
the total surface area lower than that of VLS-grown Si
nanowires and are lightly doped being obtained by etching
lightly doped Si wafer. The VLS-grown Si nanowires are
heavily doped. Figure 4c shows the plot of Cs vs. scan rate
obtained for the potential windows 0.9 and 1.2 V. It is
observed that the curve obtained in the potential window
0.9 V exhibits an almost constant value of Cs for all scan rate,
whereas the Cs value obtained in 1.2 V potential window
decreases with scan rate especially for higher scan rate.
GCD responses were investigated in the potential window
of 0.9 V (from -0.45 to ?0.45 V) for 2 h etched SiNWs and
1.2 V (from -0.4 to ?0.8 V) for 4 h etched SiNWs at different applied currents and are summarized in figure 6a and
b, respectively. It is observed that the GCD curves for both
the cases slightly deviate from the ideal linear behaviour
observed for double-layer type capacitor electrode. This can
be ascribed to the presence of redox peaks in the CV curve in
the region around -0.05 V for the scan in 0.9 V potential
window (figure 4a) and 0.5 V for the scan in the 1.2 V
potential window (figure 4b), which are clearly discerned in
the respective GCD curve. This suggests that the capacitive
behaviour of prepared SiNWs is due to the combined effect
of both the double-layer type and pseudo-type capacitance
nature of the electrode–electrolyte system. The areal
capacitance, Cs, can also be estimated from the GCD curves
by using the following expression [29,31]:

Figure 5. Schematic of energy band diagram of Ag-related trap
level in the bandgap of Si, in contact with adsorbed water in the
electrolyte (NEt4BF4 in PC). (a) With no applied bias, (b) with an
applied ?ve bias and (c) with an applied -ve bias to electrolyte
with respect to SiNWs. The large density of surface states causes
the pinning of Fermi level, so the space charge region is
independent of applied bias.

measurement), with the following possible reactions
[28]:
Si þ H2 O ! SiOH þ Hþ þ e
þ

SiH þ H2 O ! SiOH þ 2H þ 2e

ð6aÞ


ð6bÞ

The areal capacitance, Cs (capacitance per unit area of the
electrode in F cm-2) of the prepared SiNWs is calculated
from the CV curve using the following expression [29,30],

Cs ¼

where l is the current during discharging process, td the
discharging time and others have their usual meaning. The
Cs estimated from the above expression, for the above two
cases at an applied current of 2 lA are 1.1 and 14 lF cm-2,
respectively, which are in the same range with that
extracted from CV curves.
The cycle life is an important parameter for a supercapacitor electrode to evaluate its performance. So the
capacitance retention of the prepared SiNWs are plotted
against their cycle number as depicted in figure 6c. A
capacitance loss of 4 and 17% was observed in 500 cycle
number for the cases where the potential window is 0.9 and
1.2 V, respectively. The reduction in the capacitance value
can be ascribed to the pseudo-capacitance nature of the
present electrodes. The higher degradation in the 1.2 V

Bull Mater Sci

(2020) 43:291

Page 7 of 8

291

capacitance value in case of 0.9 V potential window is
lower than that obtained in case of 1.2 V potential window,
the former exhibits better supercapacitor performance in
terms of operational stability.

4.

Conclusion

In summary, single crystalline vertically aligned silicon
nanowalls were prepared by etching the commercial silicon
wafer using the technique of metal-assisted chemical etching. The supercapacitor performance of the fabricated silicon nanowalls were investigated in the electrolyte,
tetraethylammonium tetrafluroborate in PC. The results
reveal that the silicon nanowalls exhibit both the combined
behaviour of double layer and pseudo-type capacitance with
the appearance of redox peaks. The origin of the redox
peaks were proposed to be due to the silver-related trap
level in bandgap of Si in contact with adsorbed water, and
oxidation of silicon and its hydride by the water present in
the electrolyte. It was evident that although the silicon
nanowalls with silver-related redox peaks possess lower
capacitance than that of silicon nanowalls with silicon and
its hydride oxidation-related redox peaks, it exhibits superior supercapacitor performance in terms of operational
stability. Moreover, although the observed capacitance
value of MACE synthesized silicon nanowalls are comparatively lower than that reported for Si nanowires, the
capacitance value can be increased by doping the silicon
nanowalls or using the highly doped Si wafer for etching as
well as increasing the surface area by making them porous
with proper selection of etching parameter. However, this
study is the first report on the investigation of MACE
synthesized silicon nanowalls supercapacitor performance
in the present electrolyte. Since the MACE technique is
simple, cost effective and CMOS compatible, this study
suggests its direct utilization in existing matured silicon
microelectronic industry for fabrication of silicon nanostructure-based supercapacitor.
Acknowledgements
Figure 6. Galvanostatic charge–discharge curves at different
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Adv. Mater. 23 285
[14] Behera A K, Viswanath R, Lakshmanan C, Madapu K,
Kamruddin M and Mathews T 2019 Microporous Mesoporous Mater. 273 99
[15] Behera A K, Viswanath R, Lakshmanan C, Polaki S, Sarguna
R and Mathews T 2018 AIP Conf. Proc., AIP Publishing
LLC p 050062
[16] Behera A K, Viswanath R, Lakshmanan C, Mathews T and
Kamruddin M 2020 Nano-Struct. Nano-Objects 21 100424

Bull Mater Sci

(2020) 43:291

[17] Li B, Yu D and Zhang S-L 1999 Phys. Rev. B 59 1645
[18] Wang R-P, Zhou G-W, Liu Y-I, Pan S-H, Zhang H-Z, Yu
D-P et al 2000 Phys. Rev. B 61 16827
[19] Tsu R, Shen H and Dutta M 1992 Appl. Phys. Lett. 60
112
[20] Sailor M J 2012 Porous silicon in practice: preparation,
characterization and applications (New York: John Wiley &
Sons)
[21] Sun X, Wang S, Wong N, Ma D, Lee S and Teo B K 2003
Inorg. Chem. 42 2398
[22] Canham L 2014 Handbook of porous silicon (Berlin:
Springer)
[23] Peng K, Hu J, Yan Y, Wu Y, Fang H, Xu Y et al 2006 Adv.
Funct. Mater. 16 387
[24] Peng K, Lu A, Zhang R and Lee S T 2008 Adv. Funct. Mater.
18 3026
[25] Shougee A, Konstantinou F, Albrecht T and Fobelets K 2017
IEEE Trans. Nanotechnol. 17 154
[26] Fobelets K, Li C, Coquillat D, Arcade P and Teppe F 2013
RSC Adv. 3 4434
[27] McSweeney W, Lotty O, Mogili N V V, Glynn C, Geaney H,
Tanner D et al 2013 J. Appl. Phys. 114 034309
[28] Liu M-P, Li C-H, Du H-B and You X-Z 2012 Chem. Commun. 48 4950
[29] Ortaboy S, Alper J P, Rossi F, Bertoni G, Salviati G, Carraro
C et al 2017 Energy Environ. Sci. 10 1505
[30] Ghosh S, Mathews T, Gupta B, Das A, Krishna N G
and Kamruddin M 2017 Nano-Struct. Nano-Objects 10
42
[31] Wu D, Xu S, Li M, Zhang C, Zhu Y, Xu Y et al 2015 J.
Mater. Chem. A 3 16695

