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Introduction

Nanostructures have benefits over their bulk counterparts in
several aspects such as phonon, photon and electron confine-
ment. One dimensional (1-D) nanostructures viz., nanorods,">
nanowires>™ and helical structures® show interesting morphol-
ogies, structures and properties. Thus, they are used for appli-
cation in sensors,”® and biomedical,'®'" energy storage'>™*
and optoelectronic devices.">™"” One such trending material
explored in recent years is silicon nanowires (SINWs). They
show improved properties compared to bulk Si because of the
quantum confinement effect. Due to their improved optical and
electronic properties, they are widely studied for their applica-
tion in nano-optoelectronic devices.'®"°

The properties of SINWs can be tailored by controlling their
length, diameter and density. The bandgap in SiNWs can be
tuned by varying various parameters. Kurokawa et al. reduced
the diameter of SiNWs for tuning the bandgap.”® A bandgap
value of 1.2 eV for SiINWs of diameter 30 nm was obtained.
Wendisch et al. used MACE and KOH etching to control the
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and a barrier height of 2.92 and 0.93 eV, respectively, were obtained for the 20S sample.

microstructure of the SiNWs.?! Bisegmented nanowire arrays
were generated using such a technique. These nanowires
showed enhanced optical properties with controllable light
absorption. Rahmani et al. varied the etching duration of Si
to study the optical and electrical properties of the SINWs.* For
an etching time of 30 s, the SiNWs showed a broad band in
photoluminescence spectra. It showed a rectifying behaviour
with an ideality factor of 2.8.

Various methods are used to fabricate SiNWs, such as
vapour-solid-liquid (VLS) growth,'® chemical vapour deposi-
tion (CVD),*® molecular beam epitaxy (MBE),*® and laser
ablation.>® However, these processes require sophisticated
equipment. For the growth of SiNWs using these processes,
high temperature and pressure have to be maintained. The
overall cost of the production of SiNWs thus increases. In
addition, the growth of nanowires is limited to a small area.
These limitations can be overcome using a simple and
cost-effective method, i.e., electroless metal-assisted chemical
etching (EMACE).”®

Over the years, researchers have made several modifications
in EMACE to fabricate SINWs. There are several factors on
which the fabrication of SiNWs depends. Firstly, it depends on
the type of metal catalyst used, its shape and the direction of
movement.”®?” Secondly, it depends on the concentration of
the etching solution (H,0, and HF).>®**° Thirdly, the tempera-
ture also influences the growth of the nanowires.*® Lastly, the
orientation of Si controls the direction of growth of the
nanowires.*!

Another critical factor that affects the fabrication of SINWs
is the metal catalyst concentration. Several groups of research-
ers have synthesised SiNWs by varying the concentration of
AgNO3 viz., Cao et al.,** Venkatesan et al.,** Ozdemis et al.,**
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and Velez et al.** However, their investigation was limited to the
geometry and reflectance characteristics of the SiNWs. The
other properties, such as the structural and electrical proper-
ties, were unexplored. In the present study, the SiNWs are
synthesised by varying the concentration of AgNO;. We present
a detailed study of the structural and electrical properties in
addition to the morphological and optical properties of
the SINWs.

Experimental details
Cleaning of silicon wafers

The p-type Si wafers (p-Si) (orientation: (100), thickness:
525 + 25 pm, resistivity: 1-10 Q cm) were cleaned following
the RCA cleaning procedure. The schematic for the cleaning
process is given in Fig. S1 (ESIt).

Synthesis of SiNWs

The RCA cleaned p-Si wafer was then electroplated by dipping
in a solution containing 20 mmol AgNO; and 4.8 M HF. During
this time, the Ag nanoparticles formed on the surface of Si. The
wafer was removed and placed directly into an etching solution
of 0.8 M H,0, and 4.8 M HF. It was left in this solution for
15 min to form SiNWs. Lastly, it was removed and placed in
concentrated HNO; for 30 min to remove the Ag nanoparticles.
The same procedure was followed to optimise the etching time,
viz., 30, 45 and 60 min.

The optimum etching time was found to be 45 min after the
SEM analysis. Now, in the electroplating step, the concen-
tration of AgNO; was varied as 10, 20 and 30 mmol. The rest
of the procedure was the same as above. The samples were
named 10S, 20S and 30S, respectively.

Characterisation studies

The FESEM images and EDX spectra were obtained using a Carl
Zeiss SIGMA equipped with an Element, AMETEK detector.
AFM measurements were recorded on an INTEGRA (NT-MDT-
INTEGRA). Raman spectra were obtained using a Horiba Jobin
Yvon (HR800-UV confocal) micro-Raman spectrometer using an
excitation wavelength of 532 nm. UV-Vis spectra were recorded
on an Agilent Technologies, Czcerny 100 UV-Vis spectrophot-
ometer. The sample size was 2.5 cm x 2.5 cm and the scanning
rate was 600 nm min~". The current-voltage (I-V) measure-
ments were done using a KEYSIGHTB2901A source meter
attached to the solar simulator (Class AAA), Model SS F5-3A
with integrated Iris model: SS-O-Iris.

Results and discussion
Mechanism

The etching of the p-Si wafer was carried out in two steps, as
shown in Fig. 1. In the first step, the RCA cleaned p-Si wafer was
subjected to electroplating by Ag nanoparticles. The Ag" ions
are reduced on the surface of Si. Since Ag is more electronega-
tive than Si, it extracts electrons for the valence band of Si.
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Fig. 1 Schematic illustration and mechanism for the synthesis of SINWs
using two step MACE.

SlNWS

Thus, it reduces Ag" to give Ag particles and accumulates holes
below it. The Ag particles then act as a catalyst in the etching of
Si. Si is oxidised to SiO,, further etched away by HF as H,SiFs.

In the second step, the electroplated Si is immersed in an
aqueous solution of HF and H,0,. The interface between the
AgNPs and SiNWs acts as the half cell where the galvanic
exchange takes place between the Ag nanoparticles and Si
wafer, as shown in Fig. 1. In the process, Ag" receives an
electron from Si to form Ag. As Ag' is reduced, the Si below
the Ag particles is oxidised to SiO,. The SiO, is then etched
away by HF as soluble H,SiFs. The Ag particles are again
oxidised by H,0, to Ag" ions. The cycle is repeated until the
wafer is removed from the etching solution, as shown in Fig. 1.
Lastly, the Ag particles are removed by HNO;. The Ag particles
react with HNO; to form AgNO; again, washed away by water.

Optimisation of etching time

First, the clean p-Si wafer was electroplated in a solution
containing a 20 mmol AgNO; and a 4.8 M HF solution for
60 s. The silicon wafer was then etched at various etching times
viz., 15, 30, 45 and 60 min. The FESEM images of the respective
SiNWs are shown in Fig. 2. The length of the nanowires was
measured using Image ] software. A plot of nanowire length
versus the etching time is given in Fig. 3. The length of the

Fig. 2 Top and cross-sectional view FESEM images of SiNWs etched at
(@ and b) 15 min, (c and d) 30 min, (e and f) 45 min and (g and h) 60 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Etching time versus time plot for SINWs.

nanowires increased with an increase in the etching time.
A similar trend was observed in previous studies by other
researchers viz., Doudi et al® and Gaidi et al*® With the
increase in etching time, the topology of the nanowires also
changed. As the length of the nanowires increase, they become
more flexible and bending takes place. As a result, the tips are
flocked together due to van der Waals attractive force.>®

However, the length of the nanowires decreased drastically
at 60 min. This may be because the silicon wafer was exposed to
etching solution for too long, which led to excessive etching of
the Si wafer. This excessive etching resulted in snapping of the
nanowires as seen in Fig. 2g and h. The longest length was
achieved at 45 min.

Variation of the concentration of AgNO;

Furthermore, taking 45 min as the optimum time, the concen-
tration of AgNO; was varied. In Fig. 3, the low and high
magnification FESEM images of Ag nanoparticles deposited
on p-Si are shown. From the mechanism, we saw that the
nucleation of Ag nanoparticles on the Si wafer takes place as
p-Si is dipped in the aqueous solution of AgNOs/HF. Here, the
authors have varied the concentration of AgNO3, viz., 10, 20 and
30 mmol, named 104, 20A and 304, respectively.

The FESEM image of 10A (Fig. 4a) shows that the Ag
nanoparticles are densely formed on the surface of p-Si. In
the magnified image (Fig. 4b), it is seen that the nanoparticles
possess a spaghetti-like structure. As the concentration of the
AgNO; is increased to 20 mmol, the Ag nanoparticles start to
agglomerate together (Fig. 4c) in 20A. With the increase in the
concentration of salt, the nucleation is more and the Ag
nanoparticles are agglomerated together, leading to the for-
mation of dendrites in addition to spherical nanoparticles
(Fig. 4d). At the maximum concentration of 304, rod-like
structures are also visible in addition to spherical nanoparticles
(Fig. 4e). Since no factor is known to control the growth of the
Ag nucleus, the agglomeration takes place in random directions
and hence different morphologies are observed.

The EDX analysis and elemental mapping of 10A, 20A and
30A are presented in Fig. S2 (ESIt). The percentage composition
of Ag increased as the concentration of AgNO; was increased.
The lowest and highest percentage of Ag is observed for 10A
and 304, respectively. In the case of 20A, some percentage of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FE-SEM images at different magnifications for 10A (a and b),
20A (c and d) and 30A (e and f).

oxygen is also present. It may be due to the formation of Ag,O
by the reaction of Ag with the atmospheric oxygen.

Again, the morphology of the Ag NPs formed on the p-Si was
studied using AFM. In Fig. S3a (ESIT), Ag nanoparticles show
minimum agglomeration and the particles are quite distant
from one another. However, the Ag NPs are agglomerated more
in the case of 20A. The NPs are less distant from one another
and densely formed on p-Si (Fig. S3b, ESIt). In some places, the
NPs are separate and in other places, they come together to
form lumps. The Ag NPs are most dense in the case of 30A
(Fig. S3c, ESIT). The Ag NPs are clumped together; and as a
result, they form a rod-like structure. The results were the same
as those observed from FESEM analysis. The average roughness
values for 10A, 20A and 30A are 0.275, 2.097 and 2.318 pm,
respectively. The roughness values increased as the concen-
tration of AgNO; was increased.

From the top view of the FESEM images of the SiNWs, it is
observed that for the nanowires in 10S the tips of the nanowires
are not separated properly. In this case, nanoparticles have hole
formation, as shown in Fig. 5a and b. Since the atomic% of Ag
was low, this amount was not enough to form well-separated
nanowires. As the concentration is increased to 20 mmol,
though some agglomeration is present, most of the nanowires
are well-formed and the tips are separated (Fig. 5d and e). In
this case, free-standing and vertical nanowires are formed as
seen in the cross-sectional view of the FESEM image (Fig. 5f).
However, when the concentration increases to 30 mmol, the
nanowires are deformed. At 30 mmol large rod-shaped and
agglomerated Ag particles were formed, as seen in Fig. 4e.

Mater. Adv,, 2022, 3, 2779-2785 | 2781
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Fig. 5 Top view FESEM images of (a) 10S, (d) 20S, (g) 30S and their
magnified images (b, e and h). Cross-sectional FESEM images of (c) 10S,
(f) 20S and (g) 30S.

These particles may have led to the formation of large holes.
Also, the high content of the Ag catalyst led to the excessive
oxidation of Si, leading to uncontrolled etching of the Si.
Hence, at 30 mmol well-defined SiNWs were not formed
(Fig. 5i).

From the cross-sectional view of the SEM images of 10S, 20S
and 308, the lengths of the nanowires were measured. For this
purpose, Image J software was used. The average values of the
length of the SiNWs are provided in Table 1. The length of
nanowires increases in the order 30S < 10S < 20S. The longest
length is that for 208, i.e., 11.49 pm. From the FESEM analysis,
it is found that well defined vertical SiINWs with the longest
lengths are synthesised at 20 mmol of AgNO;.

The elemental mapping and the EDX spectra for 10S, 20S
and 30 S are presented in Fig. S4 (ESI{). The elements present
and their weight% and atomic% are shown in the EDX spectra.
The main elements present are Si and O. A small amount of Ag
is present in the 20S due to the formation of Ag,O formed in the
electroplating process. This was not removed even after wash-
ing in HNO;.

From the AFM images of SiNWs (Fig. 6a-d), it is clear that 10S
and 30S show agglomeration, whereas 20S shows well-defined

Table1l Data obtained from AFM and FESEM analysis for 10S, 20S and 30S

Sample code  Length (um)  Diameter (nm) R, (um) R (um)
10S 5.86 63.94 3.72 0.674
20S 11.49 55.05 0.97 0.263
30S 3.11 88.16 3.94 1.21

The R, and R, values are maximum for 30S, which shows minimum
uniformity. In contrast, these values are minimum for the 20S sample,
indicating maximum uniformity. This was also seen from the SEM and
AFM images. Similar results were observed by Chhetri et al.?’
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Fig. 6 2D and 3D AFM images of (a and d) 10S, (b and e) 20S and (c and f)
30S respectively.

nanowires. The diameter of the nanowires was calculated using
the Gwyddion software. To measure the diameter, a line was
drawn diagonally across the 3D AFM images of the SINWs using a
feature in the application called the line profile. Several peaks
were then obtained. By taking the average of the width of the
peaks, the diameter of the nanowires was obtained. The line
profile of the peaks obtained after drawing the diagonals is shown
in Fig. S6 (ESIT). The average diameters of the nanowires are
provided in Table 1. The 20S showed the smallest value for the
diameter, i.e., 55.05 nm. As seen from the SEM and AFM images,
10S and 30S showed higher diameter values because the NWs
were agglomerated together. The values for average roughness (R,)
and root mean square roughness (R,) were obtained from
Gwyddion. The values are incorporated in Table 1.

Optical properties

The optical properties of silicon nanowires were studied using
diffuse surface reflectance analysis. The reflectance for SINWs
was measured in the range of 200 to 800 nm (Fig. 7). The
reflectance for SiINWs is observed to decrease in the range of
300 to 400 nm (UV region). In this range, the reflectance for 30S
was minimum (4.06%). However, the reflectance increases
gradually in the range of 400 to 800 nm (visible region). Finally,
at 800 nm, the reflectance for the 20S sample (15.39%) is lower
than those for 10S and 30S. The nanowires show different
values of reflectance at different wavelengths. Hence, the values
of maximum reflectance (Ry,.) and minimum reflectance
(Rmin) in the UV and visible range are extracted and compiled
in Table 2. The difference in the reflectance values for SiNWs

——10S
50 —o—208
—o—30S

40
30

20

Reflectance (%)

10

0
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 7 Reflectance spectra of 10S, 20S, and 30S.
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Table 2 Data obtained from reflectance spectra for 10S, 20S and 30S

UV region Visible region
Sample code Riax (%) Ruin (%) Rumax (%) Ruin (%)
10S 8.13 19.17 8.73 30.00
20S 5.26 13.12 5.35 15.39
30S 4.06 9.82 4.35 18.06

may be due to various reasons such as length,*® diameter,*”
shape, density*® and porosity*' of the nanowires.

Structural properties

Fig. 8 presents the Raman spectra of Si and the SiNWs
synthesised using different concentrations of AgNO;. These
spectra were obtained using an excitation wavelength of
532 nm and a power of 50 mW. The signature peak for planar
Si is centered at 520.7 cm™.*> However, for the SiNWs, a
redshift is observed for all the samples with a broadening of
the peak. The peaks of 10S, 20S and 30S are centered at 515.8,
518.3 and 519.3 cm ™", respectively. The redshift may be due to
the phonon confinement.>® The nanowires have a large surface
area compared to the bulk Si. Hence, an increase in the
intensity of the peaks for SiNWs has been observed in
Fig. 8.** The SiNWs with longer lengths showed higher inten-
sity. Similar results were observed by Rodichkina et al.** The
increased intensity may be due to the enhanced transmission
excitation.>® The higher intensities of the Raman spectra sug-
gest that the SiNWs are highly crystalline.

The full width at half maximum (FWHM) value for p-Si was
7.84 cm ™. However, the peaks for the SINWs were broadened,
showing FWHM values of 18.11, 10.35 and 16.92 nm for 10S,
20S and 308, respectively. The peak broadenings for the nano-
wires with larger diameters are more than those with smaller
diameters. 20S has the smallest diameter (55.05 nm) as calcu-
lated from AFM and has the lowest value of FWHM.

Electrical properties

The front contact was made on Si and SiNWs using Ag paste to
measure the electrical properties. The dark and photocurrent

3.0x10*
——10S
4 20S
A_2.5x10 =i
=] —Si
£2.0x10“
B e 104
B 1.5x10
c

Q 4
E 1.0x10

5.0x10° L

550

0.0

500
Wavenumber (cm™)
Fig. 8 Raman spectra of Si, 10S, 20S and 30S.
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measurement was done in a solar simulator. The -V measure-
ments were done by applying a bias from —3 to 3 V. The
photocurrent was obtained by illuminating the samples under
1 Sun irradiation. The dark and photocurrent responses of
Ag/Si and Ag/SiNW/Si are shown in Fig. 9. It is observed that the
current is the lowest for Ag/Si under both dark and light
conditions. The reason is that the planar silicon has an indirect
bandgap. When planar Si is converted to nanowires, the
indirect bandgap changes to the direct bandgap facilitating
the easy movement of electrons. Also, SINWs have a lower
reflectance value than planar Si. The more the light absorbed,
the more its utilisation for electron excitation, increasing the
current. Among the SiNWs, Ag/20S/Si shows the highest current
under illumination. This is because it has the lowest reflectivity
seen from UV-Vis spectroscopy. It has the smallest diameter
and longest length. So, it has the highest ability to trap light. In
addition, the mobility of the charge carrier in the case of SINWs
depends on the diameter of the nanowires. The smaller the
diameter, the higher the mobility.* This also explains the
higher current response of the Ag/20S/Si.

All the samples show diode characteristics with rectification
characteristics. The rectification ratio is calculated by dividing
the current in forwarding bias by reverse bias at the same
voltage. The rectification ratios of Ag/10S/Si, Ag/20Si and
Ag/30S/Si samples are listed in Table 3. The diode Ag/20S shows
the highest rectification ratio of 83.50 at 2 V.

The ideality factor () and barrier height (¢;) of a Schottky
diode is calculated using the following equations*®

g(V=RI)
I=1I|e ™ —1 (1)

here, g, V, k, T and I refer to the electron charge, applied
voltage, Boltzmann’s constant, absolute temperature and
reverse saturation current, respectively.

I = aa 2 (-51) (2)

Here, a and A* refer to the effective area of the diode (1 cm?)
and Richardson’s constant (32 A cm™~> K~ for p-Si).

The ideality factor and barrier height values calculated from
the I-V plot is presented in Table 3. The ideality factor and
barrier height of the Ag/Si is 1.25 and 0.31 eV, respectively. It is
evident that the 5 values decrease with the increase in the
concentration of AgNO;. The ideality factor observed in this

0.1

163 0.01

1ES —0.001
e
2 g4

log |

1E-7

1E9 1E-§

1E-6
2 3 -3

2 -1 0 1 2
Voltage (V)

Fig. 9 Dark and photo current response of Ag/Si, Ag/10S/Si, Ag/20S/Si
and Ag/30S/Si.
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Table 3 Data obtained from /-V analysis

Sample code Rectification ratio Ideality factor Barrier height (eV)

Ag/Si 1.25 0.31
Ag/108/Si 23.18 3.93 1.06
Ag/208/Si 83.50 2.92 0.93
Ag/308/Si 16.66 2.42 1.21

study is considerably lower than that obtained by Wang et al.
(3.51 to 4.62)*” and Rahmani et al. (2.8 to 5.4)." The deviation of
the ideality factor from unity may be due to the presence of an
oxide layer in SiNWs.*®

The barrier height of the SINWs decreased with the decrease
in their diameter. The barrier height of the 20S is observed to
be the lowest since it has the smallest diameter. The result of
the present study is consistent with the results in the literature.
Several reasons have been proposed for the dependency of the
diameter of nanowires on the barrier height viz. electron-hole
recombination in the depletion region,” the presence of inter-
face states in the nanowires,’® the presence of positive charge
around the nanowire and surface state density.”" The low value
of Ag/Si may be due to lower recombination losses than the
diodes for SiNWs. In the present work, the density of the
nanowires increased as the diameter increased, which was
observed in the FESEM analysis. Hence, the lower barrier
height may be due to a larger density of nanowires with a
smaller diameter. The decrease in the barrier height may also
be attributed to the presence of the oxide layer and defect states
in SiNWs. A similar result was observed in a recent work by Hu
et al.*®

Log I versus log V was plotted to investigate the conduction
mechanism in the SINW samples, which is presented in Fig. 10.
The behaviour of the junctions suggests that they follow the
power-law I ~ V" where m represents the slope of the curve.
The 10S and 30S samples show two values of m. In the low
voltage region, they show ohmic behaviour. In contrast, they
follow the space charge limited conduction (SCLC) mechanism
at a higher voltage. The SiNWs have a high surface to volume
ratio. The surface states lead to the depletion of charge carriers.
As a result, the trapped SCLC affects the charge transport.*

Furthermore, in the case of 20S, four values of m are
observed. The 20S sample shows Ohmic behaviour in the low
voltage region, shallow trap SCLC followed by trap-filled limited
SCLC in the medium voltage region and trap free SCLC regime

o AgHOSISI

0} o Avsossi

0.01

0.001

log |

1E4

1E-§

0.01 0.1
logV

Fig. 10 Log! vs. logV plot of Ag/10S/Si, Ag/30S/Si and Ag/20S/Si diode.
m is the slope of the curve.
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at higher voltage region.’> The SiNWs follow the SCLC mecha-
nism due to defect or trap states.>® As the density increases, the
number of traps increases. So the different behaviour of the 20S
sample may be because it has the highest density. Also, it has
the highest oxygen content; as a result, there will be a large
number of trapping states at the Ag/SiNW interface. The results
show that the SINW junctions transit from ohmic behaviour in
the low voltage region to the SCLC behaviour in the high
voltage region. Similar results were reported by other research
groups working with SiNWs.*>*

Conclusions

SiNWs were synthesised by following two step MACE. The
concentration of AgNO; was varied as 10, 20 and 30 mmol.
The etching time was optimised as 45 min. The length and
diameter of the nanowires were calculated from FESEM and
AFM analysis, respectively. The 20S sample showed the longest
length (11.49 pm) and smallest diameter (55.05 nm). The
ideality factor and barrier were calculated from the I-V plot.
For the 20S sample, the ideality factor and barrier height were
calculated as 2.92 and 0.93 eV.
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