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Abstract

Silicon nanowires combine a high electrical conductivity with low thermal conductivity due to the small cross section
offering a good template for sensing. Silicon p-type (100) substrate was used in this work to present a comparative study
from a morphological point of view as well as for the electrical properties of silicon nanowires (SINWSs) etched by Ag-
assisted chemical method in one-step and two-step process. The comparison between both techniques for SINWs samples’
elaborated with Metal-Assisted Chemical Technique (MACE) was investigated by Scanning Electron Microscopy images
that clearly show the presence of nanowires and the existence of porous silicon structure especially by Transmission Elec-
tron Microscopy technique. Several particles on the SINWs surface such as oxygen and hydrogen elements were identified
by Fourier-Transformed Infrared Spectroscopy measurements. The results indicate that the MACE’s steps influence the
nucleation and motility of Ag particles, which leads to a different length and density structure within the nanowires. These
parameters influence the electrochemical properties of the surface that was studied using electrochemical measurements.
Impedance analysis revealed that the charge transfer resistance decreases with the length of the SiNWs dissimilar to the
capacitance based on the cyclic voltammetry analysis. In this paper, we studied the electrochemical parameters which indicate
that two-step MACE procedure presents a resistance nearly the half of the value of SiNWs produced using one-step MACE
technique; as for the capacitance, it increases by 28.5%. We can notice that SINWs produced using two-step MACE show
better results for biosensing application. For that reason, we decide to functionalize the two-step MACE SiNWs to prove
the ease of the surface modification. Deposition of nickel nanoparticles was analysed manifesting a good amelioration of
the resistance with a factor of 2.5.
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1 Introduction

Several research [1, 2] works have focused lately on develop-
ing and understanding the manipulation of one-dimensional
structures such as silicon nanowires (SiNWs), and it repre-
sents the most used semiconductor in the nanotechnology.
Specially, vertically aligned SiNWs that possess unique
physical and chemical properties. Consequently, vertically
aligned SiNWs arrays have a variety of potential applica-
tions, such as in electronics [3, 4], chemical and biological
sensing with high sensitivity [5-7], photovoltaic devices
[8], thermoelectric applications [9, 10], and rechargeable
lithium-ion battery [11, 12].

The vertically aligned SiNWs can be fabricated by top-
down etching of planar wafers, using methods like reactive
ion etching [13] and electron beam lithography [14], or from
the bottom-up approaches using methods like vapour-liq-
uid-solid growth [15], which induce epitaxial growth on
lattice-matched substrates. Although synthesis of nanowires
by vapour—liquid—solid process permits the modulation of
dopants along the nanowire growth axis. The synthesis of
vertically aligned SiNWs with complex morphology is quite
challenging, requiring control over multiple interdependent
aspects of the process. Thus, these techniques, including
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vapour—liquid—solid, generally present some limitations that
require high synthesis temperatures or high vacuum tem-
plates, complex equipment, and long synthesis time. Con-
sequently, the synthesis of vertically aligned SiNWs using
metal-assisted chemical etching (MACE) method has gained
considerable prominence in the past decades, due to its sim-
plicity and low cost, and offering excellent controllability
of SiNWs structure and morphology (e.g. length, diameter,
cross-sectional shape, orientation, porosity and crystalline
quality) [16—18]. Besides, MACE does not introduce any
obvious crystallographic defects induced by the etching
solution or any limitation to the nanowire’s size. Further-
more, the fabrications using the MACE method has led to
emergency mesoporous SiNWs, which widened applications
SiNWs derived from the enhanced surface areas and quan-
tum confinement effect.

In general, the MACE method [19] involves two succes-
sive steps, the nucleation of metal catalysts and anisotropic
etching, which can be either one-step (direct etching) [20]
or two-step (deposition and etching) MACE [21], here-in-
after abbreviated 1-MACE and 2-MACE, respectively. The
difference between these two methods lies mainly in the
number of process steps, with the 2-MACE method having
more. The 1-MACE has two processes that take place in
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an etching solution containing HF and metal salts. In con-
trast, the 2-MACE has metal catalysts firstly deposited on
the wafer surface, and the subsequent anisotropic etching
occurs in the HF/oxidant solution, where the oxidant can be
either H,0,, Fe(NO,)* or KMnO, [22, 23]. The2-MACE is
the most used method.

A few studies have confirmed that the morphology of
SiNWs generally depends on the doped type (i.e. doped
p-type or n-type silicon) and concentration, fabrication
methods, and etching temperature [24]. In general, the
roughness of SiNWs increases with increasing doped level
and H,0, concentration [25, 26]. However, little has been
reported in the literature on how fabrication method and
etching temperature affect the silicon nanowire's morphol-
ogy. Bearing in mind that the morphology and structure are
fundamental to the optical [27], electrical [28], and thermal
properties [29] of semiconductor nanowires, it is worth to
ascertain if using 1-MACE and 2-MACE has ramification on
the morphological and corresponding electrochemical prop-
erties of synthesized SINWs. Hence, we communicate in this
work a comparative study of the influence of the 1-MACE
and 2-MACE techniques of SiNWs elaboration on the mor-
phology as well as the electrochemical properties.

2 Materials and methods

P-type silicon wafers, with (100) orientations and resistivity
of 1-20 Qcm, were selected for this study. An aluminium
layer was deposited on the backside of the substrate using a
VINCI thermal evaporator (VINCI Technologies, France).
Prior to etching, silicon was cleaned with ultrasonication
using acetone, ethanol, and deionized water, respectively.
For the one-step MACE technique, the clean wafers were
attached to a Teflon cell and immersed in the etchant
solution containing 40% HF, 0.035 mol/L of AgNO; and
10 mol/L of H,0,, under ambient temperature. As for the
two-step technique, the clean substrates were immersed in a
40% HF, 0.035 mol/L solution for several minutes for silver
layer deposition on the silicon wafer, then, dipped it in a
40% HF, and 10 mol/L H,O,solution. The samples were
subsequently immersed into 35% HNOj; to dissolve the as-
generated Ag dendrites. Finally, the wafers were thoroughly
rinsed with deionized water and dried under N, stream.
The morphology of the nanostructure's silicon tem-
plate (1 cm?) as well as the synthesized SiNWs was sub-
sequently investigated using SEM (JEOL 5900LV SEM,
Tokyo, Japan), X-ray diffraction XRD (Bruker D8 advance
X-Ray Diffractometer, Billerica, MA, USA) with CuKa
A=1.54 A) in 20 ranging from 40 to 80° for the SINWs
structure. The surface functional groups and modifica-
tion were investigated using FTIR (Bruker IFS66v/s FTIR
spectrometer, Billerica, MA, USA). The FTIR analysis was

conducted in reflectance mode from 400 to 4000 cm™' at
4 cm™'interval. The electrochemical analysis was performed
using a Galvanostat potentiostat Solartron Analytical.

An electrochemical cell with three electrodes system was
used. The SiNWs, Pt wire, and Ag/AgCl (5 M KCl) elec-
trodes were identified as the working electrode, the counter
electrode, and the reference electrode, respectively. All elec-
trodes were thoroughly cleaned before use. Measurements
were carried out in ionic solution 2.5 mM potassium fer-
ricyanide/ferrocyanide redox couple in 1 M PBS described
by the following formula:

Fe(CN)!™ = Fe(CN)}™ + le~. (1

3 Results and discussions

The SEM image (Fig. 1) presents the one-dimensional sili-
con nanowires made by both one-step and two-step MACE
method. For both processes, SINWSs are in an orderly and
vertical orientation replying to the (100) orientation of the
silicon wafer as confirmed by the XRD pattern (Fig. 1c)
revealing only one diffraction peak at 20 =69° which cor-
responds to the (400) silicon plane orientation. These results
demonstrate that the MACE technique produces a single
crystal core that replicates the crystallographic orientation
of the substrate. Besides, the density of the nanowires shows
the better distribution for two-step technique as proven on
SEM images (Fig. 1a), as well as for the uniformity in terms
of the nanowire diameter and length. Figure la clearly
demonstrates such highly uniform and vertically aligned Si
nanowires made with the two-step method (with diameters
in the range of 450 nm and lengths of 36 pm) on a large
scale. Concerning one-step Si nanowires, Fig. 1b shows a
lack from the point of view of uniformity and density due to
excessive dissolution of Si by the etchant solution. In one-
step as well as in two-step MACE procedure, the nanowires
are vertically aligned with diameters in the range 100 nm
and lengths about 18 pm.

The roots of SINWs fabricated by one-step and two-step
MACE technique (Fig. 2a) represent a solid and smooth sur-
face as well as a porous structure along the wire produced by
the nucleation of Ag* ion and the Si dissolution. This aspect
is given by the use of H,0, which plays an essential role in
the fabrication of SINWs as well as its morphology (Fig. 2a
and b). The presence of H,O, in etchant can generate numer-
ous Ag™ ions according to the following reaction:

2Ag + H,0, + 2H" - 2Ag* +2H,0  E, = 1.77V (vs. SHE).

@
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Fig. 1 The SiNWs fabricated
using a two-step MACE, b
one-step MACE method; and

¢ the XRD pattern confirming
the SiNWs synthesized by both
MACE techniques
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Some of the Ag* ions produced spread through the
nanowires and nucleate on its surface under the catalysis
of Ag nanoparticles, which leads to the structure of pores
formed around the nanowire. By the use of Fourier Trans-
form Infrared spectroscopy (FTIR) (Fig. 2c and d), it is
possible to prove the existence of the same bonds for both
techniques. It shows a Si—Si bond at 653 cm~!, a remark-
able bond at 1073 cm™', 1167 cm™" and 3389 cm™! cor-
responding to Si-Ox, Si—O-Si, and O-H, respectively. C—-H
and C-H, bonds at 1369 cm™', 1633 cm™!, and 2277 cm™!
are present due to environmental contamination and can
hardly be avoided. The N-H bond at 1462 cm™! confirmed
that a few N atoms are linked to Si after the reaction of
SiNWs with HNO;. Nevertheless, we can notice a differ-
ence in the intensity; in one step, the bonds were well distin-
guished and intense than those in the two-step process. This
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phenomenon can be explained by the high density of SINWs,
as shown in the SEM image (Fig. 1), which increases the
possibilities of internal light interactions at the surface of
the SiNWs and leading to a decrease in absorption within
this nanostructures.

The formation of SiNWs by MACE technique is
explained by the different exchange of ions between the
etchant and the Si surface. From that point, we can explain
the difference of the lengths of SINWs made by one-step
MACE technique, about 18 pm as lengths with 100 nm as
their diameters, and 36 pm with 450 nm, respectively, for
the two-step method.

The silver layer deposition resumes the two-step MACE
technique and then the caving of silver nanoparticles and
production of SINWs.
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Fig.2 FTIR spectra revealing the surface functional groups for a SiINWs etched in one-step MACE, b SiNWs etched in two-step MACE. ¢, d
TEM images showing the presence of the pores along the nanowire for one step and two-step MACE technique

At the AgNO,/HF electrolyte solution interface, the pro-
duction of H, particles is accompanied by the injection of
holes in the valence band of silicon and leads to its oxidation
and then it dissolves into silicon hexafluoride ions (SiF62')
in an aqueous solution of hydrofluoric acid. Throughout the
dissolving process, Ag particles flow underneath to bulk sili-
con, defining irregularly porous grooves covered with Ag
microstructures. Thus, these Ag nanoparticles play the role
of cathode and the silicon then plays the role of the anode.
The following two reactions can formulate the electrochemi-
cal redox reaction:

a. silver/electrolyte interface, the cathode reactions are
described by

Agt - Ag+h*  E,= 0.78V (vs. SHE),

2H* - H, +2h*  E, = 0.00V (vs. SHE), 3)
b. silicon/silver interface, the anode reaction is given by
Si+6F +4h* - SiF; Si  E, = 1.20V (vs. SHE). (4)

Overall reaction

@ Springer
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2Ag* +2H* + Si+ 6F — 2Ag + H, + SiFé‘. (5)  2Si+ 12HF + 3H,0, — 2H,SiF, + 6H,0 + H,. (8)

Once all Ag™ ions confront Ag particles or silicon surface
and have reduced to Ag, the oxidation of silicon becomes
very slow, leading to a decrease in the etching speed of the
silicon. Hence, the need of an additional hole injection to
allow the continuation of silicon nanostructuring.

In consideration of the important role of H,O, in the fab-
rication of SiNWs, which affects not only the etching rate,
but also the morphology, nanostructure, and orientation of
SiNWs, the addition of hydrogen peroxide is then the second
step related to the two-step MACE technique.

Si atoms underneath Ag nanoparticles hold holes pro-
duced from the reduction of hydrogen peroxide (H,0,).
We can explain the dissolution process by the more posi-
tive redox potential of H,O, (1.77 V vs standard hydrogen
electrode (SHE)) than that of Ag* (0.78 V vs SHE) which
leads to the injection of more holes into the Si valence band
through the Ag particle surface. The process is described by
the following reactions:

At the silver/electrolyte interface, the cathode reaction:

H,0, + 2H* — 2H,0 + 2h™* E, = 1.77V (vs. SHE).
(6)
At the silicon/silver interface, the anode reaction:
Si + 6HF + 3h* — H,SiF, + 3H* + %Hz E, = 1.20 (vs. SHE).
@)

The overall reaction can be represented by
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As for the HF/AgNO;/H,0, solution (one-step MACE
technique), both Ag*/Ag and H,0,/H,O couples have higher
positive equilibrium potentials than silicon EVB (Equilib-
rium Valence Band). Thus, the holes will be injected into the
valence band of silicon followed with the deposition of Ag
particles and the reduction of H,O,, which induces silicon
substrate oxidization and dissolution and then the simulta-
neous growth of the SINWs and the formation of porosity.

The generated Ag nanoparticles on the surface of silicon
play the role of microcathodes and catalyse H,O, reduction
at the surface. The uptake of the proton (H") and the elec-
trons in the process are described by reaction (6) explained
by the difference of the potential between the cathode site,
E(H,0,)=1.77 V vs SHE, which is higher than that of the
anode site, E(Si)=1.2 V vs SHE. Therefore, a local corro-
sion current is exchanged between the cathode and the anode
sites explaining the role of Ag particle as a redox centre
and its behaviour as a short-circuited galvanic cell with an
electron flow inside the Ag particle. Likewise, H* protons
would migrate out of the Ag particle from the anode site to
the cathode site providing a gradient across the Ag particle
between anodic and cathodic sites. This gradient is consid-
ered to be the source of an electric field that propels the Ag
particles (with a negative charge) to the anode site. Thus,
the migration of Ag particles and its deposition on the sur-
face and the sides of SINWs is assured in a vertical or hori-
zontal direction, respectively. Thus, the formation process
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Fig.3 Cyclic voltammetry scan of a one-step and two-step MACE etching, b stability of one-step MACE technique and c stability of two-step

MACE technique in 2.5 mM ferri-ferrocyanide, 0.1 M PBS electrolyte

of mesoporous structures within the SINWs was consistent
with that of microporous structures. Both are caused by the
lateral etching of silicon, i.e. lateral mobility of Ag particles.

3.1 Electrochemical studies

Electrochemical spectroscopy was performed to study the
differential capacity as a function of potential in the SINWs
and the charge transfer resistance at the surface.

The cyclic voltammetry presented in Fig. 3, of the two
samples fabricated by the two processes, showed a continu-
ous curve without any redox peak which is attributed to the
electric double-layer formation at the electrode/electrolyte
interfaces. We can notice in the figure that the SINWs, pro-
duced by the one-step MACE technique, produce a higher
current than the two-step MACE technique explained by the
difference in density between the two surfaces as proved by
the SEM technique. The following equation calculates the
specific capacitance, C [30]:

(I.+1)
vA

C= ®

C is the capacitance per unit area, v is the scan rate, I,
and I_ are the average current measured during charging

and discharging states, and A is the electrode area. Figure 3b
and c indicates the excellent stability of SiNWs for both
techniques.

To better understand the capacitance mechanism and
the electrochemical properties of these chemically grow-
ing SiNWs, EIS can be used when a semiconductor / liq-
uid interface is presented by studying the system's response
under a perturbation of alternating current (AC) of different
frequencies which can identify various electronic states in
the semiconductor in a quantitative or quasi-quantitative
manner.

The EIS results are shown in Fig. 4. It was conducted,
at room temperature, over a frequency range of 1 Hz to
100 kHz with 5 mV signal amplitude. This choice of ampli-
tude was contributed to minimize the perturbations of sig-
nals. The impedance features can be discussed in terms of
Nyquist plots.

As described in the SEM images (Fig. 1), the SiINWs
electrode morphology is comparable to a thin film present-
ing a mixture of ionic/electronic conductor with a large
surface area and pores that can be partially filled by the lig-
uid electrolyte. The impedance analysis shows the contri-
bution of both surface resistance and diffusion through the
nanowires, which is usually limiting the kinetics of the ions
exchange between the surface (SiNWs) and the electrolyte.
Therefore, in our case, the equivalent electric circuit is given

@ Springer
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Fig.4 a, b EIS Nyquist plots of one-step and two-step MACE tech-
nique for SiNWs and ¢ Fitting curve of EIS result of silicon nanow-
ires

in Fig. 4c¢ describing the two semicircles of the Nyquist plot
of SiNWs, where C, is the double-layer capacitance of the
NWs/electrolyte interface, R, is the resistance of the NWs
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Table 1 The parameters of the equivalent circuit of Nyquist plots of
bare Si type P, SINWs one-step etching, and SINWs two-step etching

R; (Ohm) R,(Ohm) C, (uF) C, uF)
Bare Si type P 191x10° 2.82x10° 0.056  0.019
SiNWs one-step etching  2.77x10* 3.44x10° 2473  0.060
SiNWs two-step etching  1.62x10* 3.00x10° 3.176  0.065

surface (charge transfer between the electrolyte and NWs),
and C, and R, represent the impedance element reporting
the diffusion process inside the NWs.

At high frequencies, the diameter of the semicircle is tiny
reflecting low charge transfer. Thus, the working electrode
acts like a resistor and the impedance is dominated by the
resistance of the system, which changes negligibly with the
increase of frequency (Fig. 4b). It can be explained by the
electronic conduction between the substrate (Si), the active
material (SINWs), and the ionic conduction through the elec-
trolyte. This resistive behaviour of the surface is presented
by a resistance in parallel with the double-layer capacitance
in the equivalent circuit. It appears in the Nyquist graph as a
semicircle with a diameter equal to the value of the surface
resistance.

At lower frequencies (below 10 Hz), the surface shows
a capacitive behaviour due to the contribution of diffusion,
which is present due to the migration of electrolyte ions into
the bulk of SiINWs active material. The determination of the
surface parameters can be made by fitting procedures using
the equivalent circuit in Fig. 4d. The former approach has
the advantage that the errors in the parameter have electrical
units allowing us to evaluate their significance.

In our model, the determination of the surface parameters
has a numerical mistake that is usually lower than 1%. By
analysing Table 1, we can notice that, for the first semi-
circle, the SINWs fabricated by two-step MACE technique
present a resistance nearly the half of the resistance value of
SiNWs produced using one-step MACE technique. As for
the capacitance of the SINWs fabricated by two-step MACE
technique, it increases by 28.5%. The rise of the capacitance
is defined by the increase of the surface area of NWs, which
is proportionally varied to the density and length of NWs
(nX2R X L, where n represents the number of NWs in a plan-
view SEM image, R the radius of NWs, and L the length of
NWs). The equation permits us to calculate the increased
surface area that interacts with the solution. However, for the
NWs that present longer length generate a poor CV meas-
urement due to the creation of the leakage current reached
by long NWs which failed caused by mechanical stress
and vibration. Hence, the difference in the electrochemical
properties of the NWs fabricated by one-step and two-step
MACE technique allows concluding the better suitability
of the second method for biosensing application due to the
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Fig.5 The XRD pattern confirming the adsorption of Ni on SiNWs
synthesized by two-step technique

important charge transfer amelioration of the surface. As
for NWs fabricated by one-step MACE technique, it shows
better result for the CV characterizations, which leads it to
offer a good template for pH sensing.

In addition to the enhancement of the electrochemical
parameters of Si surface, the open-circuit voltage (OCV)
also changed with the surface modification. From — 0.079 V
for Si to — 0.350 V and 0.182 V for SiNWs fabricated by
one-step and two-step MACE, respectively. The open-cir-
cuit voltage increases as the band gap increases. Therefore,
a comparison of open-circuit potential confirmed the fast
kinetics of two-step SiINWs/electrolyte interface and, thus,
a suitable template for biosensing application.

Those attractive achievements suggest the exciting
potential of SINWs as a promising platform for various

0,06
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500 1000 1500
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Fig.6 FTIR spectra revealing the surface functional groups for Ni@
SiNWs

applications [29]. In this part of this work, we present a
novel kind of electrochemical nano-sensor using Ni@SiNWs
as a high-quality nano-electrode assemble [31]. The SINWs
two step was selected for this part due to the critical resis-
tivity amelioration that represents compared to the one-step
electrical properties. This template was immersed in an ionic
solution of nickel. The XRD spectra of Ni@SiNWs (Fig. 5)
show a new diffraction peak at 27° which can only be attrib-
uted to the NiSi, bond showing the reaction between SINW's
and the Ni** cations during adsorption:

2Si0, + 3Ni** + 5H,0 = Ni;Si,05(0OH), + 6H'. (10)

FTIR spectroscopy was used to study the interaction
between different species and changes in the chemical com-
position of the surface. In our study, it was to prove the
presence of Ni particles after adsorption. Figure 6 shows
the IR spectrum of the Ni @ SiNWs surface in the interval
[400, 1500] cm™". A new absorption bands at 492 cm™~!and
568 cm™! are generally attributed to Ni—O bonds. A band
located at 462 cm™" corresponds to the O—H bond which can
only be due to the Ni(OH), bond. The bands at 609 cm™},
824 cm~!, 885 cm_l, and 1140 cm™! correspond to the
Si-H,, Si-0, Si-0, and Si—O-Si bonds, respectively. There-
fore, the FTIR results confirm the adsorption of Ni particles
on the SiNWs surface. EIS measurements were performed to
determine the internal resistance of the electrode as reported
in Fig. 7a. It proves the adsorption of NiNPs on the SINWs
surface via the reaction as expressed in reaction 10:

Si+ 6F + 2Ni** — SiF;~ + 2Ni**. an

The fitting curve followed by the Randles equivalent cir-
cuit shows two distinct (Fig. 7b), semicircular regions as
for the SiNWs’s EIS; however, an approximately straight
line with a slope of 45° was observed in the low-frequency
region indicating a Warburg region, which is attributed to
the diffusion transfer limitation of charged ions in the pres-
ence of aggregated Ni nanoparticles. Table 2 reports a sig-
nificant decrease for the electron transfer resistance, which
is due to the semiconductive properties of the nickel nano-
particles that make the electron transfer easier.

The Ni@SiNWs electrode possesses advantages that
include extended time stability. It was investigated in a
0.1 M PBS solution containing 2.5 mM ferri-ferrocyanide
as reported in Fig. 7c. These results demonstrate the excel-
lent stability of prepared electrodes.
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Fig.7 a EIS Nyquist plots of SINWs two-step technique and Ni@SiNWs template, b Fitting curve of EIS result of modified silicon nanowires
and ¢ Successive EIS scan of Ni@SiNWs in 2.5 mM ferri-ferrocyanide, 0.1 M PBS electrolyte proving the stability of the template

Table 2 The parameters of the equivalent circuit of Nyquist Plots of
SiNWs two-step etching and Ni@SiNWs template

C; (uB)

4.63

R, (Ohm) R,(Ohm) C,(uF) W

Ni@SiNWs  6402.5 2156.0 0.06 1465.6

4 Conclusion

This work confirms that MACE technique in both methods
(one-step and two-step) present successful and well-oriented
silicon nanowires at room temperature. MACE technique
presents several advantages including its simplicity and its
low cost allowing the production of the nanostruction of
silicon at room temperature without complex equipment.

@ Springer

The results indicate that the morphology of SINWs strongly
depends on the etchant used. In our work, the one-step and
two-step MACE techniques affect the nucleation and mobil-
ity of Ag particles, which lead to a different length and den-
sity structure within the nanowires. Thus, the electrochemi-
cal properties of the surface are influenced. Therefore, in our
study, we compared principally the resistance of the surface
as well its capacitance using the cyclic voltammetry and the
impedance measurements. We can observe a better result
from the point of view of biosensing application for two-step
MACE SiNWs, and as for the one-step MACE SiNWs, it
shows a good responses for solar cells templates.
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