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Abstract This review article summerises preparation tech-
niques of vertically aligned silicon nanowire (Si NW) arrays
through metal-assisted chemical etching (MacEtch) process
and plasmonic nanoparticles (Ag and Au) with the perspective
of the fabrication of surface-enhanced Raman scattering
(SERS)-active substrates which are highly efficient for bio-
molecular detection. At first, basic methods and mechanisms
for SERS have been introduced and size and shape effects of
the nanoparticles (NPs) on plasmonic vibration have been
discussed. Comparative discussions on optical and plasmonic
characteristics of Ag and Au NPs have also been presented in
this section. Potential techniques for the synthesis of Ag and
Au NPs with different sizes and shapes have been reported in
the following section. Basic processes and mechanism for the
fabrication of vertically aligned Si NW arrays on Si by
MacEtch of Si wafer have been discussed. Template-assisted
fabrication techniques for the vertically aligned Si NW arrays
with controlled diameter and number density have also been
reported. Finally, multifarious ways for the fabrication of
SERS-active substrates by assembling noble metal NPs onto
the NW surface have been discussed and their performance for
bio-molecular detection has also been reported.
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Introduction

Incidence of electromagnetic beam on metal/dielectric inter-
face excites coherant oscillations of free electrons at the
boundary which are often recognized as surface plasmons
(SPs). The resonance (surface plasmon resonance) condition
is established when the frequency of electromagnetic beam
matches with the natural frequency of the free electron oscil-
lation. Understanding of surface plasmon resonance (SPR)
provides a design concept that guides the development of
complex material structures with optimal optical properties.
SPs are now being investigated for various application-
oriented purposes which include photonics, magneto-optics,
sensing of biological and chemical species, medical diagnosis,
and environmental monitoring [1-5]. SPs, however, strongly
depends on the size, shape, and environment of the surround-
ing metal body, enabling emerging research field like surface
plasmon-based photonics or plasmonics. In case of low di-
mensional metal structures like quantum dots, nanoparticles
(NPs), and nanorods, localized surface plasmon (LSP) excita-
tion originates which can induce a strong enhancement of
electromagnetic field in the near field region, leading to wide
applications of plasmonic devices.

It is widely recognized that Raman signal can be enhanced
by a factor of 10° to 10® using noble metal nanostructured
substrates, termed as surface-enhanced Raman scattering, a
LSP-based powerful analytical tool which has attracted great
interest for the detection of wide range of adsorbate molecules
because of its ultrahigh sensitivity down to the single-molecule
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detection limit and amenability to molecular finger printing.
Therefore, surface-enhanced Raman scattering (SERS) is being
used in medical, chemical, and biological sciences and forensic
sciences as a highly reliable and sensitive detector. More pre-
cisely, SERS has been used in detection of DNA, pesticides,
nicotin, components of milk, glucose in blood, viruses, compo-
nents of human urine, etc. [6—14]. Achievement of high selec-
tivity, sensitivity, stability, and reproducibility are the major
concerns for the fabrication of efficient SERS substrates. It is
a common practice to use colloidal noble metal NPs as SERS
substrates for the detection of inorganic or organic chemicals
[15-18] but the inadequate particle number density and uncon-
trolled inter-particle distance limit the sensitivity and reproduc-
ibility in this technique. As an alternative, solid wafer-based
SERS substrates have been thought of where a large number
of metal NPs with desired size, shape, and inter-particle-spacing
can be accommodated on wafer surface as monolayer which is
beneficial to achieve coupled resonance and ultrahigh sensitiv-
ity as well. For SERS to occur efficiently, a molecule needs to
be required in the close proximity of the mesoscopically oc-
curred metal surface which supports electromagnetic resonance
at the excitation/emission wavelength involved in the Raman
scattering process. Therefore, it is advantageous to devise and
fabricate an efficient and robust SERS substrate with satisfac-
tory properties including, not limited to, (i) very high enhance-
ment factor, (ii) stable, reproducibility, and uniformity, (iii) re-
usability, and (iv) surface functionalization to some targeted
analytes. It has been reported that noble metal NPs exhibit a
strong ultraviolet-visible (UV-VIS) absorption band due to LSP
which is not present in the spectrum of the bulk metal [19-22].
Therefore, Ag and Au NP-assembled wafer-based SERS sub-
strates have widely been studied which are sensitive in the UV-
VIS region depending on the particle size and shape [23-27].

Number density, inter-particle distance, and shape of the
noble metals estimate the enhancement factor and sensitivity
as well of the wafer-based SERS-active substrates. The shape
of'the NPs is defined by the synthesis process parameters, and
the particle number is additionally restricted by the flat surface
area of the wafer (in case of monolayer dispersion) on which
NPs get assembled. Thus, a flat wafer surface can accommo-
date limited number of NPs and the particle number can fur-
ther be increased by fabricating one-dimensional (1D) nano-
structures (NSs), standing vertically on the flat surface and
attaching NPs on the surface of the 1D NSs since
nanomaterials have very large surface to volume ratio as com-
pared to bulk. Vertically aligned array of the 1D NSs, for
example, nanorods (NRs) and nanotubes (NTs), are expected
to have some more advantages which include larger surface
area and efficient entry of liquid analytes (which are to be
detected) through the space between the nanostructures of
the array.

Vertically aligned silicon nanowire (Si NW) arrays are very
imperative for the fabrication of such SERS substrate because
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they have very high surface area, excellent mechanical/
chemical stability, and surface tailorability. Si NWs are one
of a few stable nanomaterials which show excellent bio-com-
patibility, and in case of bio-molecular detection inside the
living cells, these can be used efficiently to access the interior
part of the cells because of their smaller diameter, high aspect
ratio, and good mechanical strength. Qi et al. [28] compared
the performance of vertically aligned and random NW array-
based SERS substrates by measuring SERS intensity which
showed superior performance of aligned NWs compared to
random NWs. Therefore, alignment of NWs is quite signifi-
cant for SERS-based device applications. High density and
closely spaced Si NW array can be fabricated vertically by
simple metal-assisted chemical etching (MacEtch) technique
compared to the expensive vapor-liquid-solid (VLS) method
leading to Si NWs a low-cost material for the fabrication of
highly sensitive SERS substrate. In this review, we have fo-
cused on the synthesis of vertically aligned Si NW array and
plasmonic NPs (Ag and Au) and fabrication of SERS-active
substrates by assembling plasmonic NPs on the surface of Si.
Application of these SERS-active substrates for bio-molecular
sensing has also been reviewed since they show localized
surface plasmon resonance (LSPR) in the UV-VIS region de-
pending upon the size and shape of the NPs.

Method and Mechanisms

SERS is a phenomenon associated with the enhancement of
the electromagnetic field surrounding small objects when op-
tically excited near an intense and sharp plasmon resonance
frequency. SERS predominantly originates from two basic
methods: (i) electromagnetic enhancement and (ii) chemical
enhancement. SERS mechanism is mainly dominated by elec-
tromagnetic enhancement in which Raman signal is enhanced
by interaction of the electric field of the scattered wave with
the induced electric field at the metal/dielectric interface due
to SPR. Whereas, chemical enhancement takes place owing to
the charge transfer through metal/dielectric interface causing
an electric field at the interface which enhances the scattered
beam intensity while electric field of the scattered photon in-
teract with the interfacial electric field.

Electromagnetic Enhancement

Optical properties of bulk materials are characterized by their
dielectric function (¢) which is related to the refractive index
(n) by the following equation:

n(w) = Ve(w) (1)

where both the n(w) and e(w) are dependent on the frequency/
wavelength of the incident radiation. For most of the optical
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materials, dielectric constant and refractive index are positive
real numbers. However, most often, dielectric function at a
given wavelength is a complex number and the material is
opaque. Metals are among the materials of complex dielectric
constant having a real part (Re[e(\)]) related to the free elec-
tron concentration, and an imaginary part (Im[e(\)]) is attrib-
uted to the absorption of light. Dielectric function of real metal
can be expressed as follows:

o) 2)

e(w) = e <1 i
where e,,and vpare the optical response of the positive ions
and damping in metal, respectively, and w, is the so-called
plasma frequency of metals which is related to the electron
concentration (1), permittivity in a vacuum (&,)), and electronic
charge (e) as follows:

7’16‘2

(3)

w, =
? MEYEw

In the absence of an imaginary part, i.e., for non-absorbing
metal, according to the lossless Drude model, the expression
diminishes to the following:

£(w) = € (1—:—’2’) Eoo(l—i—;)) (4)

With decrease of free electron density in metal, plasmon
absorption wavelength ()\,) increases, which causes the red
shift of plasmonic absorption band.

When metal surface is illuminated with light that is in res-
onance with the particle LSPR frequency, the EM enhance-
ment is strong. To understand the field enhancement by elec-
tromagnetic means, let us consider the model comprised of
single metal sphere with the diameter () smaller as compared
to the wavelength of incident light. Let us also assume that the
sphere is embedded in a medium of dielectric constant ,. The
dielectric constant inside the metal sphere is denoted by ; and
the dielectric constant to be independent of the size of the
sphere. Electric field of the incident electromagnetic wave
(E), a vector that points along the z-axis, is uniformly distrib-
uted throughout the sphere. Metal polarizability («) can be
expressed as follows[29, 30]:

a=gr (5)
where
EiT€o
pu— 6
&= o (6)

Therefore, whenever the real part of ; equals —2 , and the
imaginary part is small, & becomes very large, and as a result,

the induced field becomes large. This induced field is respon-
sible for the electromagnetic enhancement.

Chemical Enhancement

Another type of field enhancement comes up from chemical
enhancement mechanism which comprises of charge-transfer
transition between metal and the molecules attached with the
metal particles. In this type of enhancement, either (i) the
electronic states of the adsorbate are broadened and shifted
by their interaction with the surface or (ii) new electronic
states that arise from chemisorption serve as resonant interme-
diate states in the Raman scattering.

However, in this review, we have mostly concentrated on
electromagnetic enhancement.

Plasmonic Behavior of Ag and Au

Figure la, b illustrates the plot of Re[e()\)] and Im[e()\)] of
dielectric function of bulk flat Ag and Au as a function of
wavelength, respectively, in the UV-VIS-NIR region. The real
part of dielectric function for both the Ag and Au appears to be
similar since they have similar electron densities [29, 30]. But,
the imaginary part which is related to the light absorption of
the material is very different for those metals at wavelength
<600 nm and turn out to be similar above 600 nm. Au shows
double-hump structure in the imaginary part below 600 nm
which arises from the inter-band electronic transition.
However, above 600 nm, the imaginary part of Au and Ag
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Fig. 1 Plot of dielectric functions of bulk Ag and Au as a function of
wavelength: a real part and b imaginary part [29]
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becomes comparable like the real part, indicating both the
metals are equally efficient in the specified range. Figure 2a
demonstrates the reflectance spectra of bulk Ag and Au in the
UV-VIS-NIR region considering complex dielectric function.
Ag is highly reflective in the entire visible region of the elec-
tromagnetic spectrum, whereas Au shows 50% reflectivity
<600 nm which are the reason for the whitish and yellowish
color of bulk silver and gold, respectively. But, in the long
wavelength region (>600 nm), Au reflects as much as Ag
which makes it useful for visible/NIR reflector. Another im-
portant factor of interest for plasmonic device application is
the local field enhancement intensity factor (LFIEF) which is
nothing but the ratio of intensity of the electromagnetic field in
the presence of metal to the intensity of field in that particular
point without metal. LFIEF at any specific point is proportion-
al to the square of electric field intensity, i.e., |E(7)* which can
be expressed explicitly as follows[29]:

E(r)P

LFIEF = - (7)

|Eo(r)

where |E,(r)|is the electric field intensity of the incoming ray
at that point. Depending on LFIEF >1 or <1, the nomenclature
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Fig. 2 a Reflectance spectra of bulk Ag and Au in the UV-VIS-NIR
region and b comparison of the LFIEF on the surface of Ag and Au in
UV-VIS-NIR region [29]
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of the optical phenomenon will be “enhancement” or
“quenching,” respectively. LFIEF on the surface of the Au
and Ag interface with air are shown in Fig. 2b. LFIEF is
generally <1 at the interface of the flat surface of pure bulk
metal separating from air indicating quenching of field inten-
sity at the surface. In the case of ideal lossless flat bulk metal
surface, induced electric field on metal surface efficiently can-
cels out exactly the incoming one and suppresses transmission
making the metal a highly reflective surface which guarantees
zero LFIEF. Therefore, a low LFIEF for real bulk metal sur-
face may be thought of a natural consequence of high reflec-
tivity. However, real metal surface shows low LFIEF because
of the incomplete cancelation of the incoming field. For in-
stance, LFIEF is >1 for Ag when A <400 nm where Ag acts as
a poor reflector.

Ag and Au are of the best choice for plasmonic device
application since they have negative Re[e()\)] ranging from
0 at A — A, to very large at A\ — oo which makes them
promising to satisfy resonance conditions. But, in case of
Im[e()\)], both the Ag and Au differ much in the wavelength
region below 600 nm indicating higher optical absorption and
becoming negligible for both the Ag and Au above 600 nm.
LFIEFs for both the Ag and Au spheres have been depicted in
Fig. 3 which clearly shows that Ag outperforms over Au in a
number of cases. Au is as good as Ag above 600 nm wave-
length region as far as the LFIEF is concerned. Although, Ag
demonstrates high LFIEF, sharp resonance peak as compared
to Au, practical application of SERS is really important in the
visible range, especially, above 600 nm, since many biological
SERS-based detectors use VIS-NIR lasers. Au is chemically
more stable in the long run and bio-compatible with many
molecules of interest. Therefore, for biological application,
Au would be the most preferred for SERS substrate. Other
coinage metals and transition metals including Pt, Pd, Cu,
Co, Ni, and their alloys are hardly use for SERS application
because of the unsuitable dielectric function. More
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Fig. 3 LFIEFs for Ag and Au nanospheres [29]
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specifically, negative Re[e()\)] for those materials may satisfy
the resonance condition; a large Im[e(\)] which are at least
one order larger than that of Au and Ag limits their plasmonic
application. However, they are sometimes studied for academ-
ic interest or for some specific applications such as SERS in
the UV region.

Size Effect

LFIEF on flat bulk metal surface is not so significant which
indicates that bulk metals do not present any major advantages
as far as SERS is concerned, except enhancement of reflectiv-
ity. The novel photonic properties in metal arise when its size
and shape are taken into account [31]. If an object is small
(diameter of few nanometers) compared to wavelength of the
incident radiation, the problem can be solved electrostatically
where it is assumed that electric field of the light in any case
becomes approximately constant at all over the object and will
look like a uniform field oscillating up and down at a frequen-
cy of w. For wavelengths in the visible range 500-600 nm, the
electrostatic approximation is mostly valid for objects of sizes
in the range of 10 nm or smaller [29]. Basically, when elec-
tromagnetic wave hits the particle, electron cloud is pushed to
one side of the particle leaving behind positively charged
cores on the opposite side to form a dipole. But, as the direc-
tion of incoming oscillatory electric field alters, electron cloud
moves in the opposite direction which reverses the direction of
the induced dipole. Thus, free electron cloud is driven to os-
cillation at the same frequency as the incoming light.

Shape Effects

LFIEF is a geometry-dependent function. The simplest geom-
etries like spheres and cylinders associate with single reso-
nance condition whereas features like triangles and cubes
may satisfy multiple resonance because of the greater degree
of charge separation available in particles with sharp corners.
Highly symmetric feature like spheres generally produces sin-
gle resonance peak; however, a small shoulder peak is some-
times observed owing to the quadrupole resonance (i.e., ori-
entation of two dipoles in opposite directions) caused by the
non-uniform incident of light across the sphere [32]. Multiple
resonance peaks mainly appear due to the decreased symme-
try in the structure [32]. A number of peaks observed can be
correlated with the number of ways in which the electron
density can be polarized. It is a common tendency for the
charges to be concentrated at the sharp corners of low sym-
metry features which are sometimes referred to as the
“lightning rod effect.” Superior charge separation reduces
the Coulombic restoring force, increasing the time required
for each oscillation and lowering the frequency which appears
as “red shifting” of resonance peak compared to spherical
particles in addition to the appearance of multiple peaks in

the spectrum. For equilateral triangular NP, all vertices are in
principle equivalent but the direction of the electric field even-
tually eliminates the symmetry and causes non-uniform field
distribution too which is shown in Fig. 4. However, LFIEF in
more complicated shapes can be significantly high and may
contain multiple peaks in some circumstances if the shape has
sharp corners as compared to the simplest shapes like spheres
or cylinders.

Coupled Resonance

When two cylinders or spheres are far apart from each other,
the situation can be treated as two different independent prob-
lems of single cylinders/spheres. But, when they approach to
each other at a closer proximity, the field produced by their
respective induced dipoles starts interacting and introduces
another important effect in NSs, named “coupled plasmon
resonance” which causes a change in the spatial configuration
of the fields and reinforces or weakens the field in a certain
region of space. When the features are close enough to each
other, a clear red shift of the strongest peak (the dipolar inter-
action coupled plasmon resonance) observes in accordance
with a very large field enhancement (LFIEF). The enhance-
ments at the gap between metallic nano-objects are termed as
“hot spots” [30] which are shown in Fig. 5. Coupled reso-
nance, however, provides some of the highest field enhance-
ments among the optical spectroscopy available.

Fabrication Techniques
Synthesis of Ag and Au NPs

It is noteworthy to discuss the synthesis of Au and Ag NPs
with extremely high control over size, shape, and number
density which are imperative from the SERS-based detection
point of view. Xie et al. [33] reported medical applications of
Au and Ag NPs for SERS-based quantitative detection of
micro-organisms, intracellular monitoring of thiopurine
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Fig. 4 LFIEF at the vertices of an equilateral triangular noble metal
particle
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HOT SPOT

Fig. 5 Schematic representation of coupled resonance and
corresponding hot spot

anticancer drug release, and detection of the potential pancre-
atic cancer marker MUC4 antigens in serum. Ren et al. [34]
used Ag NP-coated graphene oxide as SERS substrate for the
label-free detection of folic acid in water and serum based on
the inherent SERS spectra of folic acid. It is also reported that
Au NSs can be applied for diagnostics and plasmonic photo-
thermal therapy of cancer, using strongly enhanced surface
plasmon resonance absorption of Au NPs and NRs [35].
However, synthesis processes of Ag and Au NPs have already
been reported by several research groups following various
techniques which have been discussed in the following
section.

Ag NP Synthesis

Nanosilver in the form of colloid has been used as bio-medical
material since the last hundred years although until very re-
cently, the nomenclature “nano” has been used. Lea et al. [36]
first reported synthesis of citrate stabilized Ag colloid with
average particle size of ~7-9 nm which is similar to recent
reports on nanosilver fabrication using silver nitrate and cit-
rate. A number of techniques including chemical reduction
method, electrochemical deposition, and thermal evaporation
have been demonstrated so far to synthesize silver NPs.
Among them, chemical reduction method has been widely
studied, due to its advantages of yielding NPs without aggre-
gation and mass production at low cost. Chemical reduction
technique primarily involves the reduction of AgNO; by a
reducing agent in the presence of a suitable stabilizer which
protects NPs from aggregation. Preparation of silver colloid
by reducing AgNO3 aqueous solution using trisodium citrate
(Na3;C¢H;505) as reducing agent is quite a well-known process
[37, 38]. A yellow-colored colloid generally forms as a con-
sequence of the citrate reduction of AgNO; to Ag NPs. In a
chemical reduction method, particle size and agglomeration
state of Ag NPs depend on the precursor concentration, stabi-
lizer concentration, reaction time, temperature, etc. Stable Ag
sol was also prepared by Henglein et al. [39] by y-irradiation
of'a solution containing AgClO4, N,O, 2-propanol, and citrate
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for various concentrations. In this report, the particle size and
agglomeration process were observed to be dependent on the
citrate concentration which produce agglomerated Ag parti-
cles at low precursor concentrations, smaller sized NPs at
medium concentration, and large lumps of coalesced NPs at
higher concentration. Another well-known strong reducing
agent, sodium borohydride (NaBH,), was also exercised for
the production of Ag-based yellow colloid by reducing
AgNO; [40]. However, Ag NPs, prepared using NaBH, as
reducing agent, are generally smaller in size compared to the
NPs formed in the citrate reduction process. Unlike trisodium
citrate, Ag NPs can be prepared from AgNOj; even at room
temperature using NaBH, as a reducing agent because of its
extremely high reducing efficiency. Trisodium citrate or
NaBH,4 not only participate in the reduction process of metal
salt but also serve as a stabilizer by surface adsorption of
(citrate) or BH, ions on the NP surface which prevents the
NPs from coalescence owing to the electrostatic repulsion of
negatively charged surfaces. Surface adsorption of (citrate)
and BH, ions on Ag NP surface and stabilization mechanism
have been shown schematically in Fig. 6 [37, 40].

The use of stabilizers in addition to citrate or borohydrate
has also been reported for better stabilization of the NPs.
Sodium dodecyl sulfate (SDS) was used as a stabilizer in
addition to the borohydrate for colloidal Ag NP preparation
from AgNO; [41]. In an another study, Ag NP aggregate was
synthesized using a solution of cetyltrimethylammonium bro-
mide (CTAB) and AgNO; in which NaBH, was added as the
reducing agent. This system produces CTAB-capped highly
stable Ag NPs with size ~17 nm [42]. Polyvinylpyrrolidone
(PVP) and polyethelene glycol (PEG), well-known organic
stabilizers, are being used to prevent the NPs from aggregation
even for long time [43].

Other well-known reducing agents, apart from trisodium
citrate and sodium borohydrate, have been demonstrated for
the fabrication of Ag NPs from AgNOs. Song et al. [44] re-
ported the synthesis of spherical Ag NP-based colloid with
particle diameter ~10 nm at 40 °C by dissolving AgNO; in
ammonia water with formaldehyde as the reducing agent and
PVP as the stabilizing agent. Pal et al. [45] prepared Ag sol
with particle size ranging from 15 to 60 nm by photo-
chemically reducing AgNO;3 in Triton X-100 (TX-100), i.e.,
poly(oxyethylene) isooctyl phenyl in ether medium and ascor-
bic acid solution.

The use of multiple reducing agents simultaneously for the
synthesis of Ag NPs with different shapes and sizes has also
been reported. In a study, AgNO; was reduced using citric
acid, sodium citrate, L-ascorbic acid, sodium borohydrate,
and sodium bis(2-ethylhexyl)sulfosuccinate [46]. Another
group reported synthesis of uniform spherical Ag NPs with
size ~16 nm by a process in which aqueous solution contain-
ing AgNO; was reduced to produce Ag NPs by sodium lino-
leate (C;gH3,0Na), linoleic acid (C,gH3,0,), and ethanol at



Plasmonics (2018) 13:1057-1080

Fig. 6 Surface adsorption of a
citrate and b borohydrate ions on
Ag NP surface and stabilization
mechanism
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the temperatures between 80 to 100 °C [47]. Huang et al. [48]
synthesized Ag NP-based colloids containing various sizes
and shapes (spherical, rod, triangular, etc.) with tunable opti-
cal properties which can be adjusted to generate rainbow
colors ranging from violet to red with central peak wavelength
of absorption ranging from 393 to 738 nm. In that report,
colloidal Ag NPs were prepared by reducing AgNOj; salt
using sodium citrate and sodium borohydrite and the NPs
were stabilized by PVP. The size and shape of the Ag NPs
were found to be responsible for the origination of an inde-
pendent color in the colloid [48, 49].

Unconventional methods for the synthesis of Ag NPs from
AgNO;3 have also been explored. Saxena et al. [50] synthe-
sized Ag NPs with diameter of ~34 nm by an inexpensive,
environmentally friendly extracellular method by reducing
AgNO; using onion (Allium cepa) extract. The same group
further synthesized Ag NPs in an unconventional and fast
method without using harsh chemicals by reducing AgNO;
using Ficus benghalensis leaf extract [51]. It was found that
these NPs demonstrate efficient antibacterial activity against
Escherichia coli bacteria. Green synthesis of Ag NPs has also
been reported recently by reducing AgNO; using green leaf
extract [52].

Ag NP synthesis methods that have been discussed so far
by the reduction of AgNOj; are in the form of colloid. To
obtain the array of NPs on wafer surface (e.g., wafer-based
SERS-active substrate), dip coating, spin coating, or spray of
colloid followed by a thermal annealing is essential. However,
Giorgis et al. [53] reported a simple and efficient technique for
the synthesis of Ag NPs directly on solid substrate simply by

~
'QQ% =] 07 N
. =

immersing the freshly etched Si wafer into AgNO; solution
followed by an annealing at 500 °C. Dense growth of Ag NPs
with diameter ranging from 20 to 200 nm was obtained by
decomposition of AgNO5 This is an efficient technique for
the fabrication of wafer-based SERS-active substrate. In an
another study, closely packed, highly dense (~10''/cm?), and
uniform-sized Ag NPs on semiconductor substrates were fab-
ricated by electrochemical deposition from aqueous AgNO;
using pulsed signal consisting of a long period with a short
pulse duration [54]. It was observed that NPs with size ranging
from 14 to 37 nm can be obtained by varying the pulse dura-
tion and immersion times. Study on the synthesis of NPs by
the vapor phase method has also been reported using an inert
gas condensation (IGC) process where silver was evaporated
under a vacuum in the argon atmosphere, and the particles
formed in the gas phase were deposited on a stainless steel
flat surface cooled by flowing liquid nitrogen [55]. Particles
with a size of 16 nm were collected by brushing them off the
stainless steel plate with a Teflon scraper.

Au NP Synthesis

Long before the progress of modern gold chemistry, special
manifestation of gold was appreciated by mankind: reddish
colloid was exercised to color glasses and ceramics.
Colloidal gold were also used in bio-medical applications in-
cluding tonics and elixirs and to treat arthritis etc. [56].
However, after the famous experiments of Faraday [57] to
generate gold colloid in the middle of the nineteenth century,
beginning of the chemistry of gold colloid occurred
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scientifically. At the beginning of the twentieth century,
Oswald [58] made a breakthrough in the colloidal science
after which the term “colloidal” has often been substituted
by “nanoparticle” or “cluster.” Miniaturization of size of Au
in the nanometer range consequences modification in physi-
cal, electrical, and chemical properties compared to its bulk
counterpart which include change in color, lowering of melt-
ing point, origination of localized surface plasmon, and alter-
ation of electrical conductivity. Therefore, Au NP synthesis
has drawn much attention by a number of routes including
chemical reduction of HAuCl, using trisodium citrate, sodium
borohydrate, photocatalytic reduction techniques, thermal
evaporation of pure gold metal, etc.

Colloidal Au NPs have been synthesized from aqueous
HAuCl, solution by citrate reduction technique using sodium
citrate as the reducing agent [59, 60]. Paul et al. [62] found that
the size and morphology of the NPs are dependent on the
HAuCl, to CsHsNa3;O; molar ratio and fine and spherical
Au NPs with diameter of ~20 nm were obtained by a conven-
tional citrate reduction technique for the HAuCl, to
CgHsNazO; ratio of ~1:3.5. Synthesis of spherical NPs and
nanoplatelets of Au by the modified citrate reduction method
has also been reported which contains additional ultrasonic
irradiation in contrast to the simple citrate reduction technique
[62]. Tt was observed that the particle size reduces and the
shape becomes more regular spherical with the increase of
ultrasonication time. It was further concluded that
ultrasonication is a much more powerful tool to engineer the
particle size and shape. Lee et al. [63] also investigated the
effect of sonication on the size of Au NPs, produced by the
citrate reduction method. It was concluded that HAuCl, to
CgHsNa3zO; molar ratio and the sonication energy affect sig-
nificantly the size and morphology of the NPs. In another
study, Au NPs with uniform diameter was prepared by a facile
method comprising of three steps [64]. At first, mixture solu-
tion of HAuCl, and trisodium citrate was made and NaBH,
was added into it under stirring condition. Toluene solution
containing 1-nonanethiol was then added into the gold colloid
under a vigorous stirring. Finally, the organic phase was sep-
arated from the mixture and was refluxed in the toluene solu-
tion. In the first step, the particle size obtained was of 3—4 nm
which gradually increased in the next steps probably due to
aggregation. The group further reported the fabrication of two-
dimensional/three-dimensional super lattices of Au NPs by
evaporating the solvent from the colloidal solution at optimal
concentration [64]. Colloidal Au NPs (spherical) were also
prepared from aqueous chlorauric acid (HAuCl;.3H,0) by
citrate reduction using X-ray irradiation [65]. The size of the
NPs was found to be dependent on the concentration of the
precursors and X-ray irradiation duration. Jimenez et al. [66]
studied the effect of solvent isotropic replacement (H for D,
i.e., replacement of water by Deuterium oxide) on the size of
Au NPs, synthesized by citrate reduction of HAuCl, using
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sodium citrate in heavy water (D,O). With increasing replace-
ment of H,O by DO, reaction became faster and as a conse-
quence, smaller sized Au NPs were obtained. Therefore, by
this process, NPs with controlled size can be fabricated.

Debnath et al. [67] first time reported the synthesis of Au
NPs of size ranging from 6.3 £ 2.1 to 27.9 + 6.2 nm by the
solid-state method using KAuCl, and NaBH, and PVP at
room temperature where NaBH, was used as a reducing re-
agent of gold salt and PVP as to protect the particles from
agglomeration. The particle size was adjusted by varying the
reaction time or by changing the mass average molar mass of
the polymer or by changing the mass ratio of the reactants
used. Smaller particles were obtained by using long-chain
PVP or lower concentration of gold precursor with short-
chain PVP. Larger particles were grown by using short-chain
PVP with the higher gold precursor concentration.

Au NPs were also prepared by femto second laser ablation of
a gold metal plate in aqueous solutions of cyclodextrins (x-CD,
[3-CD, y-CD) using a Ti/sapphire laser that gives 110 fs full
width at half maxima pulses [68]. The radiation was focused onto
a gold rod which was placed on the bottom of a 3-mL glass
vessel filled with aqueous solutions of cyclodextrins (-CD, [3-
CD, y-CD). 3-CD is most effective in reducing the size and
dispersion of the gold NPs. If the ablation was done in pure
water, the particle size of 40-50 nm would be obtained which
is in contrast with the NP size of ~2.1-2.3 nm (size distribution
less than 1 nm FWHM) obtained from laser ablation in 10 mM
[3-CD. Au NPs were also prepared by the solid-state non-aque-
ous method by high-speed vibration milling.

Fabrication of Au NPs with multiple shapes has also been
reported by varying experimental parameters. Sau et al. [69]
reported the preparation of a number of structural architectures
including rods, rectangles, hexagons, cubes, triangles, star-
like NPs, and branched NSs (e.g., bi-, tri-, tetra-, and
multipods) at room temperature in aqueous solution in the
presence of a surfactant by systematic varying the experimen-
tal parameters. Grzelczak et al. [70] and Alexandridis [71]
summarized the recent reports on the controlled growth of
Au NPs with multiple sizes and discussed various chemical
mechanisms that govern the anisotropic growth.

Fabrication of Vertically Aligned Si NW Array

It is a key challenge to fabricate a vertically aligned NW array
with very high aspect ratio and number density on silicon
wafer by an inexpensive technique. Silicon NWs assembled
or aligned onto a variety of substrates including flexible to
transparent substrates using both established and cutting-
edge methods have been reported by various techniques such
as laser ablation, chemical vapor deposition, metal-catalytic
growth, oxide-assisted growth, VLS technique, and MacEtch
of Si wafer [72-90]. But, most of these techniques involve
high temperature and complex fabrication arrangement that
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make the process multifaceted. To our knowledge, MacEtch is
the best economic and simple way to grow high aspect ratio,
crystalline, dense fabrication of desirable doped, and vertical-
ly aligned Si NWs.

MacEtch is basically a wet chemical and directional etching
technique which is exercised as an electroless etching using a
discontinuous layer of noble metals on Si wafer surface in
hydrofluoric acid (HF) and an oxidative agent mixture solution.
The technique requires noble metals such as Ag, Au, Pt, and Cu
which induce local oxidation and reduction reaction under an
open circuit [91-102]. It causes selective removal of semiconduc-
tor adjacent to the metal surface and yields NW or porous semi-
conductor structures. The first manifestation of MacEtch of Si
was reported by Dimova et al. [103] where porous Si was fabri-
cated by etching an aluminum (Al)-covered Si substrate in a
solution containing a molar ratio of HF/HNO3/H,0 = 1:3:5. In
this report, incubation time necessary for the formation of porous
structure was found to decrease significantly due to the presence
of Al film on the Si substrate. Li and Bohn [104] made a thorough
study on MacEtch and found that thin layer of noble metal (e.g.,
Ag, Au, Pt) sputtered on Si substrate acts as a catalyzer during
etching of Si in a solution composed of HF, H,O,, and ethanol
which results formation of straight pores or columnar structures.
In general, etching of Si by MacEtch is performed using HF and
H,0, as etchant [87, 105-108]. The oxidative agent, H,O,, oxi-
dizes Si preferentially adjacent to the noble metal faster and “off-
metal areas” slower but the etching rate solely depends on the
noble metal morphology, properties of the etchant, electrical prop-
erties, and crystallographic orientation of the Si substrate. As a
result, columnar structures with diameter of few tens of nanome-
ter form in the regions without metal coverage.

A number of possible cathode and anode reactions have been
reported to explain MacEtch [110-111] which are comparable to
the anodic etching of Si in HF [112] or stain etching of Si in HF/
HNOs [113, 114]. In case of MacEtch of Si, a discontinuous
layer of Ag or Au was used which makes metal-semiconductor
contact with Si. Metal not only forms metal-semiconductor junc-
tion with Si but also plays a role as a catalyst for the reduction of
oxidant. As a consequence of this metal-semiconductor contact
and microscopic redox reaction, metal (Ag or Au) acts as a
microscopic cathode and withdraws electron from the underlying
Si (i.e., injection of hole to Si) through the metal Si junction
resulting local oxidation of Si which gets dissolved by HF [87,
116—117] in the subsequent step. Cathode reaction for the reduc-
tion of H,O, and formation of hole can be expressed by the
following reactions [104, 118]:

H,0O, <|*,7_[‘[+—>2]‘[20+2h+ (8)

whereas reduction of protons into hydrogen and generation of
hole is another well-accepted cathode reaction:

2HT—Ht +2h" 9)

For chemical etching of p-type Si in a solution containing

HF and H,O,, the cathodic current density (j) can be
expressed as [119-121]:
j = —zeknyC exp (—Ea / KT) (10)
where z is the number of electrons transferred during the re-
action, e is the charge of an electron, £, is the rate constant, 7,
is the electron density, C is the H,O, concentration, E,, is the
activation energy of the reaction, and K is the Boltzmann
constant.

At anode, Si substrate gets oxidized and later on dissolves
by the following reactions with HF:

1. If Si dissolution occurs directly in its tetravalent state
[122, 123],

Si 4+ 4h™ 4+ 4HF—SiF, + 4H™
SiF, + 2HF—H,SiF

2. Ifthere is direct dissolution of Si in its divalent state [124],
Si 4 4HF, —SiFZ + 2HF + Hyt + 2¢~

(13)

3. If Si oxide formation is followed by dissolution of oxide
[125, 126],

Si+ 2H,0—-Si0, + 4H' 4 4e~
SiO, + 6HF— H,SiFs + 2H,O

(14)
(15)

As an end result, metal-semiconductor junction is continu-
ously mentioned which enables incessant movement of the
etching front. Thus, the part of the Si wafer attached with
noble metal in general gets etched by hole diffusion and sub-
sequent dissolution method by HF and etching front goes
down producing an up and down structure on the Si wafer
surface due to the presence of the discontinuous metal layer
[127, 128]. MacEtch mechanism for Si by hole diffusion pro-
cess has been shown schematically in Fig. 7. The overall etch-
ing process can be summarized as (i) reduction of oxidant at
the surface of the noble metal due to the catalytic activity, (ii)
hole diffusion through metal-semiconductor interface and in-
jection into Si, (iii) oxidation of Si and dissolution of oxide by
HEF, and (iv) hole diffusion from the Si, under the noble metal
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Fig. 7 MacEtch mechanism of Si in H,O,/HF solution following hole
diffusion process. (i) Reduction of oxidant at the surface of the noble
metal due to the catalytic activity. (i) Hole diffusion through metal-

to the off-metal areas. However, the etching rate depends on
concentrations of HF and H,O,, temperature, and crystallo-
graphic orientation of Si wafer [129, 130]. Charge transfer is
indispensable for the oxidation and dissolution of Si by the
MacEtch method. Hole injection is well accepted as a charge-
transfer process for electroless etching of Si. Since the gener-
ation of holes is directly related to the decomposition of HO,
on the metal surface, the amount of holes that can be injected
into Si will increase with the increase of H,O, concentration
(C). Concentration of holes further depends on the reaction
temperature because of the temperature-dependent decompo-
sition rate of H,O, [129]. At low temperature, catalytic de-
composition rate of HO, becomes limited and hence lower
cathodic current. At higher temperature, as expected, the de-
composition rate of H,O, increases which in turn increases
hole density and cathodic current as well. However, H,O, is
the best choice among the available oxidants, viz., HNO;
[130, 131], KMnOy4 [132], Fe(NOs3); [133, 134], K,Cr,0,
[132], etc., that are generally used in stain etching of Si be-
cause of the much more positive electrochemical potential as
compared to the valance band of Si and other oxidants as well.

It is further well accepted that wet chemical etching of Si in
most of the inorganic etchant (e.g., KOH) is anisotropic which
occurs at different rates in different crystallographic directions
[135]. Etching of Si (100) is faster compared to Si (111) planes
because of the less numbers of Si back bonds (two for each
atom) in contrast to Si (111) where three bonds need to break
to remove an Si atom. Si (110) shows the fastest etching
followed by (100) and (111).

Another MacEtch method for the fabrication of Si
NWs, using AgNO;, mixed with HF as oxidant in lieu
of H,O, has also been reported [137-138]. A galvanic
cell forms when Si is immersed in AgNO;/HF solution
since the electrochemical potential of Ag*/Ag is more
positive than the Fermi energy of Si [137, 139]. As a
consequence, hole inject into the valance band of Si
takes place from Ag® which then gets reduced to
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semiconductor interface and injection into Si. (iii) Oxidation of Si and
dissolution of oxide by HF. (iv) Hole diffusion from the Si, under the
noble metal to the off-metal areas

elemental Ag. These self-formed Ag particles participate
in chemical etching of Si by the following reactions
[137]:

Agh + e —Ag
Si+ 6F —SiFs> + 4e

This technique does not require an additional discontinu-
ous noble metal layer for the etching to carry out but reduced
Ag particle deposit on Si surface and form micro-/
nanocathodes which oxidize Si and subsequent dissolution
of oxide layer occurs underneath the Ag particles by HF,
maintaining continuous Ag/Si interface. Thus, Ag particles
sink inside Si and nanowires are formed between the particles
having diameter similar to the inter-Ag particle distance.
Various steps for metal-assisted chemical etching of Si wafer
in AgNOs/HF solution have been depicted schematically in
Fig. 8a—d. Tree-like dendritic growth of silver is generally
found on the top of the Si NWs after completion of the
MacEtch process [138] which can be removed to get Si NW
arrays by dissolving the dendrites in (1:1 v/v) HNO3/H,O at
room temperature. SEM image of the silver dendrite structure
formed in the MacEtch technique is shown in Fig. 8e, f.
MacEtch of Si wafer using AgNO;, mixed with HF, is inex-
pensive and useful for the fabrication of vertical arrays of Si
NWs with diameters as small as 5 nm to as large as 1 um. The
technique enables to have control over some properties of the
yields which include length, crystallographic orientation, and
doping level.

Synthesis of aligned Si NWs by vapor methods has also
been reported. Kayes et al. [140] and Hochbaum et al. [72]
reported the fabrication of vertically aligned Si NW array by
VLS mechanism using noble metal catalyst (Cu, Au, etc.).
Highly crystalline, dense Si NW array with controlled diame-
ter can be achieved in this technique. But, catalyst droplets
appear either at the top or at the base of the NWs after com-
pletion of the growth which usually act as impurity and
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Fig. 8 Various steps of MacEtch of Si in AgNO;/HF solution have been
shown schematically. a Clean Si wafer. b Self-formation of Ag NPs on Si
surface from the reduction of AgNOj;. ¢ Formation of Ag/Si nanogalvanic
cell where Ag NP acts as cathode and Si as anode. Reaction at cathode

deteriorate electrical and other properties of the semiconductor
NWs. Post-fabrication chemical etching is a mandate to re-
move those impurities. SEM image of the copper-catalyzed
Si NW array with Cu droplets on the top of the NWs has been
shown in Fig. 9. However, high temperature, hazardous sili-
con precursors, complex instrumentation, and rigorous exper-
imental conditions limit its application for low-cost device
fabrications. Therefore, the template-based MacEtch tech-
nique has widely been exercised for the controlled synthesis
of vertical array of Si NWs at low temperature and simple and
inexpensive technique as compared to the VLS method.

Template-Based Synthesis of Si NW Array

Above discussions seem that MacEtch of Si is quite impres-
sive for the fabrication of dense, vertically aligned Si NW
array by inexpensive technique. MacEtch of Si wafer in
AgNO;/HF solution produces vertically aligned Si NW array
but the technique does not provide much flexibility to play
over the diameter and density of the NWs owing to self and
random deposition of Ag particles. On the other hand, in the
MacEtch technique, using pre-deposited discontinuous noble
metal layer on Si in H,O,/HF solution, diameter and density
of'the NWs can be controlled by the dimension and density of

and corresponding etching mechanism. D Vertical array of formed Si
NWs. e Cross-sectional SEM image of Si NWs fabricated by MacEtch
technique with silver dendrites on the top. f SEM image of silver dendrite
at higher magnification [138]

the discontinuity in the metal film. In the following section,
we have mostly concentrated on the controlled fabrication of
vertically aligned Si NW array by the MacEtch method.

An approach has been made by Huang et al. [141] to fab-
ricate vertically aligned Si NW array with different diameters
and sizes by utilizing very high pore density and periodicity of
anodic aluminum oxide (AAO) membrane. The group report-
ed the synthesis of well ordered, vertically aligned array of Si
NWs with diameter ranging from 8 to 20 nm and number
density as high as 10'%cm? using ultrathin AAO membrane
as mask. Surface pre-patterning of Si substrate followed by
MacEtch can efficiently yield vertical array of Si NWs. In
surface patterning process, an ultrathin AAO membrane/
polystyrene composite was placed on a cleaned Si surface. A
subsequent reactive ion etching (RIE) was performed under
SiFs/O, plasma to pattern Si of the uncovered region. A thin
film of Ag or Au was then deposited on patterned Si substrate
by sputtering which took part in etching of Si in the
succeeding step by the MacEtch method using HF/H,O, mix-
ture. Deposition of Ag causes a continuous film on the flat part
of the Si surface with particles at the bottom of the pores
which occurs owing to the surface pre-patterning of the Si
wafer. No Ag deposition, however, was found at the side wall
of the pores. It was further observed that the rate of chemical
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Fig. 9 FESEM image of VLS grown Si NW array using CU catalyst.
Inset shows magnified FESEM image of the NWs with catalyst droplets
on the tips [140]

etching by Ag film is much faster than that of the Ag particles
and, as a consequence [141], Ag NPs were found on top of the
NWs which are shown schematically in Fig. 10. As mentioned
in the “Fabrication of Vertically Aligned Si NW Array” sec-
tion, catalyst particles are generally found on the tip or at the
base of the NWs after completion of growth by VLS mecha-
nism; here also, a similar trend was observed in the form of Ag
NPs on the tip of the NWs although the synthesis technique
(MacEtch) is completely different from VLS. Difference in
the etching rate for both the Ag film and Ag NPs in
MacEtch method results formation of array of axially aligned
Si NWs on Si substrate. It was further observed that the diam-
eter and number density of the NWs depend on the pore di-
ameter, thickness of the metal film and pore density of
the AAO mask, since the metal mess exactly takes the shape
of the underlying AAO mask. However, upon close investi-
gation of the NW synthesized by Huang et al. [141], it
was viewed that the NWs have smooth surfaces and have
tapered morphology with different diameters at the top and
bottom. According to this report [141], dissolution of Ag dur-
ing etching by the etching solution consequences gradual in-
crease of the pore size of the Ag film and diameter of the
resulting Si NWs increase accordingly. Kim et al. [142] also
observed the dissolution of Ag layer using MacEtch in etching
solution. As a remedy, patterned bilayer nanopore meshes of
Au/Ag were exercised for the MacEtch of Si. Since Au is inert
against oxidative dissolution in etching solution (i.e., HF and
H,0,), the Au layer on the upper side of Au/Ag bilayered
metal mesh efficiently prevents the undesired structural disin-
tegration of the underlying Ag layer and tapering of the Si
NWs as well, acting as a catalyst for H,O, decomposition
on its surface. Bilayered structure was fabricated by deposit-
ing 5 nm of Au film on 15 nm of Ag film by sequential
sputtering on an AAO membrane. Au-/Ag-coated AAO mem-
brane was then floated on the surface of NaOH etchant solu-
tion to dissolve the underlying AAO membrane and detach the
bilayer mesh from AAO. Then the bilayer mesh was floated
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on a dilute nitric acid solution to remove the loose metal NPs
from the bottom side of the bilayered structure, and the
resulting metal mesh was transferred onto a Si wafer and
dried. Fabrication of bilayered metal mesh and transferring
method onto Si substrate have been shown schematically in
Fig. 11. Finally, bilayered metal mesh-loaded Si wafers were
etched by the MacEtch technique in the H,O,/HF solution to
fabricate vertically aligned Si NW arrays. SEM images shown
in Fig. 12a illustrate spatial arrangement of the NWs with
uniform diameters along their axis and smooth side walls
which have arrangement similar to the pore array in the
bilayered metal mesh. However, bilayered metal mesh was
found at the bottom of the NWs after completion of the etch-
ing process (Fig. 12b). In an another study, the group further
reported the synthesis of straight and well-defined zigzag
cross-sections of Si NWs imposing vertical gradient of etchant
concentrations during chemical etching by varying HF/H,0O,
molar ratio [143]. In this study, they used very thin (~30 nm)
gold mesh as catalyst which was fabricated by depositing Au
thin film on AAO surface followed by a chemical etching of
AAO membrane. The transfer technique of Au mesh onto the
Si wafer surface was similar to the transfer technique of
bilayered metal film exercised in previous report [142].
Fabrication of ultrathin, straight Si [111] NWs with uniform
ribbon-like structure and curved Si NWs with controlled turn-
ing angles by using MacEtch method at elevated temperature
have also been demonstrated. According to Kim et al. [143],
zigzag NWs formed by a two-step MacEtch method where the
first step etching was performed by immersing the Au mesh-
loaded Si wafer in 2.424 M HF in 10.572 M H,O, solution
(HF/H,0, = 0.229) for 10 min followed by dipping into
46 wt% HF solution for 10 s. The resulting structure was
spaghetti-like porous Si, covering contentiously throughout
the mesh surface. This sample was further immersed into etch-
ant solution composed of 24.242 M HF and 1.057 M H,0,
(HF/H,0, = 22.935) and the resulting zigzag Si NW structure
was formed. It was reported that in direct chemical etching of
Si (100) wafer at room temperature in the absent of the first
step (i.e., spaghetti-like porous Si surface formation), etching
would produce straight NWs, irrespective of HF/H,0, molar
ratio. However, HF/H,0, ratio influences the morphology of
the NWs without affecting their axial direction. When HF/
H,0, is >1.2, porous Si NWs form. A porous continuous thin
film occurs when HF/H,O, is <1.2. Fabrication of zigzag
NWs is very interesting and noteworthy from the application
point of view owing to the very large exposed surface area.
TEM image of zigzag NWs is shown in Fig. 13. Initially, a
straight NW down to several micrometers was formed
which changed shape to zigzag by changing axial orientation
of straight arm that altered between two specific crystallo-
graphic directions. The dimension of the zigzag NWs at the
two different points (straight arm (w,) and turning points (w,))
differ by w; < w,. Mechanism for the formation of zigzag
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Fig. 10 Schematic of the a

fabrication process of ordered Si

NW array. a Surface pre-patterned

Si substrate. b MacEtch to form Ag
NW array with Ag NPs on the tips
[141]

NWs in the MacEtch technique can be explained by the hole
diffusion model. For etchant solution with high relative H,O,
concentration (e.g., HF/H,O, < 1.2), generation of holes in-
creases (Eq. 10) and removal of oxidized Si will be slowed
down because of the unavailability of sufficient HF to cause
etching. As a result, extra amount of holes that are not con-
sumed by oxidative dissolution of Si can diffuse away from
etching front to the off-metal areas or side walls of the pores
resulting in vertically porous NW array or spaghetti-like Si
after the first step of the MacEtch technique. Formation of
zigzag NWs is governed by the diffusion-controlled chemical
etching method. Spaghetti-like porous Si surface plays a dom-
inant role by regulating diffusion of the reactants and creating
a vertical gradient of etchant concentration on the reaction
interface as well. In the second step of chemical etching,
higher HF concentration was used as compared to H,O,
(HF/H,0, = 22.935) which causes fast depletion of H,O, near
the etching front, resulting a sharp concentration gradient of
H,0, along the direction perpendicular to the reaction

Fig. 11 Schematic of Si NW
fabrication process. a AAO
membrane. b Bilatered mesh of
Au/Ag on AAO membrane. ¢
Removal of AAO by 1 M NaOH
solution. d Cleaning and transfer-
ring of bilayered mesh on Si sub-
strate [142]

b Ag
Ag NP
~film &° #SINW
‘... .oAg
MacEtch o film
in H,O,/HF
Si Wafer

interface. Depletion of H,O, at the reaction front will cause
retardation of cathodic current () which is directly proportion
to the H,O, concentration at low temperature. Thus, hole in-
jection into Si will be limited which remain localized at the Si
(100) plane with the fewest Si back bonds to break, resulting
in a one-dimensional etching along <100> direction. Within a
very short time, H,O, concentration gets resumed by vertical
diffusion of etchant and j increases further. As a consequence,
switching of the etching direction occurs from <100> to
slanted non-<100> directions. After consumption of the dif-
fused etchant at the etching front, depletion of H,O, takes
place again, making it a cyclic process which in turn results
periodic oscillation of cathodic current (7). With this oscilla-
tion of current, growth direction of NWs switches between
<100> to non-<100> directions with the periodicity deter-
mined by the concentration gradient of H,O, between bulk
etchant reservoir and the etching front and diffusivity of the
etchant. Therefore, oscillating cathodic current (j) seems to be
a sinusoidal function of time which leads to form zigzag NWs

Removal of layer
AAO by NaOH
C
Transferring
of the mesh
on Si wafer
d

@ Springer



1070 Plasmonics (2018) 13:1057-1080

Fig. 12 a Cross-sectional FESEM image of the Si NW array grown by using bilayered metal mesh [142]. b Magnified FESEM image which shows
clearly the Si NW array with bilayered metal mesh at the bottom [142]

with tunable arm length and turning angle (6). However, etch- Huang et al. [144] reported the synthesis of vertically
ing temperature also affects etching direction which turns out  aligned Si NWs with controlled diameter, length, and density
to be faster at higher temperature and yields tilted ultrathin ~ using self-assembly of polystyrene (PS) sphere array as a
aligned NWs [142]. mask followed by thermal deposition of Ag film and

Zone axis

Zore axs: |

Fig. 13 (a) TEM images of a single zigzag Si NW by MacEtch of Si (100) respectively. b—d High resolution TEM images from the NW parts
substrate [143]. Nanowire parts formed during the early, middle, and last corresponding to 7, II, and I, respectively, and corresponding FFT
stage of the second-step chemical etching are marked by 1, /I, and 111, patterns are displayed on the right side of the respective panels
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MacEtch technique. Monolayer of PS spheres with diameter
0f 260 and 360 nm were used as a mask whose diameter can
be reduced to a desired value by varying the duration of RIE.
MacEtch was performed in a 4.6 M H,O, and 0.44 M HF
mixture solution. Schematic representation of the Si NW fab-
rication process using PS spheres has been depicted in Fig. 14.
After the MacEtch process, PS was removed from the top of
the NWs by immersing the samples into CHCl; solution, and
finally, Ag film was removed by immersion in boiled aqua
regia. A large area array of vertically aligned Si NWs with
diameter ranging from 50 nm to several microns was formed
in this technique. The diameter of the NWs depends on the
diameter of the PS spheres used. In order to obtain Si NWs
with diameters less than 20 nm, the mask must be made by
reducing the diameter of PS spheres using RIE but this process
leads to the formation of Si NWs with irregular cross-sectional
geometry.

Another efficient way to fabricate ordered and densely
packed arrays of high-aspect-ratio Si NWs is the block-
copolymer lithography method. Chang et al. [145] coated Si
substrate with 60-nm-thick SiO, by e-beam evaporation.
Diblock copolymer, polystyrene-block-
ployferrocenyldimethylsilane (PS-b-PFS), was then spin coat-
ed on the SiO,/Si substrate followed by vacuum annealing.
The PS matrix was subsequently removed by oxygen plasma,

1.Deposition of Sphere Array

2.Reactive lon Etching

leaving behind well array PFS dots on SiO,/Si surface.
Unmasked SiO, layer was then etched by RIE to form pillar
structures of SiO, with the PFS dots at top and Au film was
subsequently deposited on the sample by e-beam evaporation.
Finally, SiO, pillars were etched by HF solution which left
pores of diameter equal to the diameter of the PFS dots, leav-
ing behind an Au mesh on the Si substrate. Finally, vertically
aligned Si NW array was fabricated by MacEtch of this Au
mesh-loaded patterned Si wafer in H,O, and HF solution.
Figure 15 demonstrates schematically the fabrication process
of the Si NWs using diblock copolymer. Vertical arrays of
NWs with aspect ratio of ~220, diameter below 20 nm, and
spacing of 10 nm were achieved in this technique.

Choi et al. [146] fabricated perfectly periodic Si NWs and
nanofin arrays over large area Si substrate by a new type of
approach which is a combination of interference lithography
(IL) and catalytic etching. At first, Si substrates with thick
layer of photoresist were exposed in a Lloyd’s mirror type
IL setup with a HeCd laser source of wavelength ()
~325 nm and then unexposed photoresist was removed using
Microposit MF CD-26 developer which left circular photore-
sist dot pattern on the wafer surface. Subsequent oxygen plas-
ma etching was employed to remove the residual unexposed
photoresist and to reduce the size of the photoresist dots. Au
thin film of thickness ~25 nm was deposited on the patterned

3.Deposition of Silver Film

O PS sphere

: Silver film

- -

S

4 .Etching in Solution

Silicon
substrate

-y

oy

6. Removal of Silver Film

5. Removal of Sphere Array

Fig. 14 Schematic representation of the Si NW fabrication process in a method combining nanosphere lithography and MacEtch process [144]

@ Springer



1072

Plasmonics (2018) 13:1057-1080

Fig. 15 (a-f) Scheme showing @ PS-PFS microdomains b PS matrix removal
the process of the fabrication of Si

NWs in a method combining 3
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substrate by thermal evaporation. Finally, Au-coated patterned
samples were etched by MacEtch in a solution containing HF
and H,O, at room temperature. After completion of etching,
Au and photoresist layers were dissolved in proper etchant.
Schematic for the Si NW fabrication steps by IL method is
depicted in Fig. 16a—e. Perfect NW arrays with well-defined
orientation, diameter, length, and number density (Fig. 16f)
were obtained in this technique.

Fabrication of SERS Substrate
Field enhancement in SERS using noble metal NPs can effi-

ciently be used for the detection of bio-molecules up to the
single molecular limit. Among the large number of SERS-

@ Springer

related reports, all the currently used SERS substrates can be
categorized into five broad classes depending on the underly-
ing fabrication method: (i) colloidal metal nanostructures, (ii)
metal NPs assembled on flat substrates, (iii) metal NPs assem-
bled on one-dimensional nanostructures, (iv) regular metal
nanolithographic nanostructures, and (v) “SERS tags.”
Colloidal Ag or Au suspension is easy to synthesize and
inexpensive and provides sufficient SERS enhancement.
Premasiri et al. [147] reported the quantitative detection of
individual components of human urine such as, urea, uric acid,
creatinine, and albumin by SERS method using colloidal Au
solution. Quantitative SERS analysis of human urine was also
investigated which indicates the possibility of using SERS as a
replacement of present pathological detection method and
commercialization of Raman spectroscopy. This is a highly
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Fig.16 a—e Schematic representations of various steps for the fabrication
of Si NW array using a combination of interference lithography and
MacEtch and (f) SEM image of the Si NW array fabricated by this
technique. /nset shows top view of the NW array [146]

sensitive and fast technique for pathological application but
further attention has been paid in order to increase the sensi-
tivity of this technique further by which portable Raman can
be used in pathological application to reduce the examination
cost. Colloidal Au NPs with average diameter of ~30 nm have
also been used by Li et al. [148] for the detection of protein-
protein interaction by SERS. But, sensitivity of colloid-based
SERS detection is restricted by the limited number density of
the noble metal NPs in the colloid and absence of “coupled
resonance,” i.e., “electromagnetic hot spots” owing to the
dispersion of particles in the liquid medium. Recently, Fazio
et al. [149] reported detection of bio-molecules like amino
acids and proteins, namely phenylalanine, bovine serum albu-
min, and lysozyme, up to the detection limits in the micro-
grams per milliliter range using dispersed gold nanorods into
the solution of bio-molecules. In the study, it was argued that
enhancement of Raman scattering of the bio-molecules oc-
curred at the “hot spots” of the SERS-active clusters which
are formed on chemically driven aggregation of metal nano-
rods in the presence of the target molecules. But, practical
application needs specially engineered SERS substrates that
provide good tunability, high stability, high sensitivity, repro-
ducibility, and low cost. Major challenges for the real-time
detection of bio-molecules are bio-compatibility and high sen-
sitivity. Therefore, tremendous efforts have been paid in order
to improve the sensitivity of the SERS substrate for its appli-
cation in sensor devices. As an antidote, wafer-based SERS
substrates made of flat surfaces, patterned by Ag or Au NPs,
have been thought of promising for bio-detection because of

mainly the “coupled resonance” and adequate hot spots which
provide higher LFIEF (~10'%) than those of individual parti-
cles, in addition to their bio-compatibility [150-161]. Jiang
et al. [152] reported the detection of multiplex DNA by Si-
based active and reproducible SERS substrate. This Si wafer-
based sensor exhibits very high sensitivity with a detection
limit down to 1 pM. SERS substrate, made of Au-coated Si
wafer, has been used by Liu et al. [153] to detect melamine
and its analogue (cyanuric acid), nitrogen rich compounds, up
to 2 ppm in liquid milk. This approach leads SERS to detect
food contaminants such as melamine in foods and food ingre-
dients very fast with ultrahigh accuracy.

Although, flat SERS-active substrates, made of patterned
noble metal film/NPs on wafer surface, are potential devices
for the detection of organic/biological molecules, sensitivity
of the device can further be enhanced by increasing the active
surface area, i.e., by increasing the number density of the NPs.
One of the key challenges to increase the surface area of the
SERS-active substrate further by which sensitivity of the sen-
sor device can be enhanced is to introduce 1D nanomaterial-
based SERS substrates where large exposed surface area of
the nanostructures provide enough space to accommodate
large number of NPs. Morphology and alignment of the NSs
are also important factors to have large effective active surface
area and hence the sensitivity of the nanostructure-based sen-
sor devices. Vertically aligned NSs coated with Ag or Au NPs
are promising for such applications and are being used in
SERS-active sensor devices. Vertically arrayed 1D NSs pro-
vide larger surface area compared to other configurations with
the same diameter, and the spaces between neighboring 1D
NSs encourage the diffusion of analyte throughout the surface
of the NSs and enhance the performance of the sensor devices.
Bronstrup et al. [162] reported enhanced light absorption effi-
ciency of Si NWs compared to bulk/thin films because of the
enhanced absorption cross-section which is much bigger than
its geometrical area of the individual NWs. As a consequence,
Si NWs with diameters on the order of the wavelength of
visible light show strong resonant field enhancement of the
incident light. Therefore, Si NWs decorated with Au or Ag
NP-based SERS substrates have received much importance
for the fabrication of highly sensitive SERS-active substrates.
Yin et al. [163] reported direct fabrication of Ag NP-decorated
Si NW arrays via an electroless etching method for the detec-
tion of enzyme-free hydrogen peroxide. In this study, Si NW
arrays were prepared by MacEtch of p-type Si (111) wafer. At
first cleaned Si wafers were immersed into an etching solution
containing 4.8 M HF and 0.005 M AgNOj; for 1 min to pre-
cipitate Ag particle, and the resulting samples were then im-
mediately transferred in another etching solution containing
4.8 M HF and 0.3 M H,O, at 323 K to undergo MacEtch for
60 min. The samples were then treated with dilute HNO; (1:1,
v/v) for 1 h to remove the residual Ag catalyst, and the native
oxide layer was removed by subsequent etching using HF.
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Finally, Ag NPs were decorated on Si NW arrays by reducing
AgNOj; using H-terminated Si NWs which was obtained dur-
ing the oxide removal step by HF. Resulting Ag NP-decorated
Si NW array-based sensor possesses fast amperometric sens-
ing up to low detection limit, and wide linear response range
as well as high sensitivity to HO,. Wang et al. [164] also
followed a similar method for the fabrication of Ag NP-
decorated Si NW-based SERS substrate for the detection of
carbaryl which is an important nitrogen-based pesticide. The
resulting SERS-active substrate exhibited superior detection
sensitivity of ~10~'7 M for Rodamine 6G with linear relation-
ship between the logarithmic intensities and the concentra-
tions. The device was highly reproducible too. Luong et al.
[165] reported the detection of malachite green molecules by
Ag NP-coated Si NW array-based SERS-active substrates. Si
NW array with wire diameter of ~100-200 nm and length of
~13 um was prepared by Ag-assisted chemical etching of Si
(100) wafers followed by chemical dissolution of silver den-
drites and native oxide layers by (1:1, v/v) diluted HNO; and
5 wt% HEF, respectively . To attach the Ag NPs with diameter
of ~20-40 nm onto the NW surface, H-terminated (Si-H)
NWs were further immersed in AgNOj; solution to reduce
Ag* to Ag. TEM image of the Ag NP-coated Si NW is
depicted in Fig. 17. SERS-active substrates made in this tech-
nique are excellent candidate for malachite green molecule
sensing with very high stability, reproducibility, and sensitiv-
ity down to ~10""/mol. He et al. [166] reported very high
enhancement factor of ~10'® for DNA detection using Ag
NP-coated Si NW-based SERS substrates. Si NWs were syn-
thesized for this study by oxide-assisted growth via thermal
evaporation of silicon monoxide powder followed by a chem-
ical etching of oxide layer using 0.1 M NaOH solution, and
Ag NPs were attached onto the Si surface by in situ reduction

of AgNOj; solution by NaOH etched Si NWs. The lowest
concentration of DNA ever reported (~1 fM) via SERS was
achieved in this technique. A new and facile method was
proposed by Zhang et al. [167] for the fabrication of ultrasen-
sitive, stable, and reproducible SERS substrates for the appli-
cation in bio-molecular sensors. SERS-active substrates were
prepared by fabricating Si NW arrays via wet chemical etching
of Si wafer as proposed by Peng et al. [168] which was then
used as a template for the preparation of SERS-active silver-
coated NW arrays. First, Si wafer was etched to form Si NW
array in an aqueous HF solution containing Ag* ions by seed-
induced excessive local oxidation and dissolution of Si wafer.
Unlike direct adsorption of Au NPs on Si NW surface by dip
coating, Au NPs were attached on NW surface by using a
polymer-based functional layer to have a dense and ordered
pattern. Si NW surface was modified by using (3-
aminopropyl)trimethoxysilane (APTMS) and dried in air.
APTMS-modified silicon NWs were then dipped into Au col-
loid for 8 h in order to immobilize the small gold NPs on the
surface of the NWs. Finally, the resulting Au-decorated Si
NW arrays were immersed in a plating solution to deposit a
thin Ag layer on the NW surface. Schematic representation for
the fabrication process of Ag-coated Si NW arrays is shown in
Fig. 18. These SERS-active substrates exhibit grand potential
for ultrasensitive molecular sensing in terms of high enhance-
ment factor, fast detection, good stability, and reproducibility.
It was observed that morphology of Si NW array and the type
of the Ag plating solution are the two key factors for deter-
mining the signal enhancement factor and sensitivity of detec-
tion. Recently, patterned SERS substrates are being used for
the detection of bio-species with very high accuracy and re-
peatability. Yi et al. [169] developed vertically aligned Si
NWs with controllable orientation within micro-sized features

Fig. 17 TEM images of a Si NWs grown by MacEtch process and b Ag NP-coated Si NW [165]
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by single-step photolithography and Ag NP-induced chemical
etching at room temperature. These NW-based sensor devices
produce a platform for level-free DNA detection using SERS
with miniaturized size. DNA molecules were detected effi-
ciently below the concentration of ~10'> M using this pat-
terned substrate which can further be applied to tissue engi-
neering. In a report, Wang et al. [170] investigated single-
molecule detection on a single Si NW-based SERS sensor,
fabricated by controlled deposition of Ag NPs on a Si NW.
In this study, Si NWs were synthesized through thermal evap-
oration of SiO with Sn as a catalyst. SERS sensor was fabri-
cated by controllably depositing Ag NPs on Si NWs and dis-
persing HF-treated (5%, v/v) Si NWs in cetyltrimethyl ammo-
nium bromide (CTAB) solution followed by metalization in
an AgNOs; solution. Single-molecule, real-time detection of
Rhodamine 6G was performed on a single Ag NP-coated Si
NW SERS sensor in the aqueous phase. This is very important
and a breakthrough yet in this field of study.

Summary and Conclusions

Silver and gold exhibit negative real part and negligible imag-
inary part of dielectric function in the wavelength above
600 nm which satisfies plasmonic resonance conditions mak-
ing the materials potential for plasmonic device applications.
Although, Ag outperforms over Au from the plasmonic point
of view because of higher LFIEF, sharp resonance peak, and
low optical absorption, Au is chemically more stable in the
long run and bio-compatible with many molecules of interest
and shows plasmonic vibration in the visible region which
makes it promising for biological SERS-based detector

Ag
plating
solution

{—

applications using VIS-NIR lasers. Alignment of the plasmon-
ic NPs is another factor that governs LFIEF the most. For
instance, coupled resonance provides some of the highest field
enhancements among the optical spectroscopy available.
Among the large number of synthesis techniques of Ag and
Au NPs, chemical reduction of metal salts has been widely
studied due to its advantages of yielding NPs without aggres-
sion, mass production at low cost. Among the chemical reduc-
tion processes, NazCgHsO, and NaBH, have widely been
used as reducing agents for Ag or Au NP synthesis from
AgNO; or HAuCly; compounds, respectively. Unlike
trisodium citrate, smaller sized Ag NPs can be prepared from
AgNO; at room temperature using NaBH,, although the reac-
tion is vigorous for the latter case which provides difficulties
in control over particle size. Trisodium citrate or NaBH, not
only participates in the reduction process of metal salt but also
serve as a stabilizer by surface adsorption of (citrate) or BH,
ions at the NP surface which prevents the NPs from aggrega-
tion. Other polymer-based stabilizers like PVP, CTAB have
also been demonstrated to prevent NPs efficiently from aggre-
gation. It is also observed that MacEtch is an economic and
simple technique to fabricate vertically aligned high aspect
ratio, crystalline, and dense array of Si NWs. MacEtch is per-
formed by electroless etching of discontinuous metal film (Ag
or Au)-loaded Si wafer in H,O, and HF solution. MacEtch of
Si wafer in AgNO3/HF solution also produces vertically
aligned Si NW array, but the technique does not provide much
flexibility to play over the diameter and density of the NWs
owing to self and random deposition of Ag particles. On the
other hand, in the MacEtch technique, using pre-deposited
discontinuous noble metal layer on Si, diameter, and density
of'the NWs can be controlled by the dimension and density of
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the discontinuity in the metal film. The template-based
MacEtch technique using AAO, PS, or some other masks
which participate in patterning the noble metal film is another
potential technique for the fabrication of well ordered, verti-
cally aligned Si nanowire array with controlled diameters and
sizes.

Major challenges for the real-time detection of bio-
molecules are high sensitivity and bio-compatibility. Bio-
molecular detection by the SERS method using colloidal
NPs, NPs on flat wafer surface, and NPs attached to the sur-
face of NWs as SERS-active substrates has been demonstrat-
ed. But, sensitivity of colloid-based SERS detectors is restrict-
ed by the limited number density of the noble metal NPs in the
colloid and absence of “coupled resonance.” As an antidote,
wafer-based SERS-active substrates made of flat surfaces
have been thought of promising for bio-detection because of
mainly the “coupled resonance” and adequate hot spots which
provide higher LFIEF than those of individual NP. But, num-
ber density of the noble metal NPs in the wafer-based SERS-
active substrate is limited by the flat area of the wafer. Since
the sensitivity of the SERS-based sensor device is proposition-
al to the number density of the NPs, it can be enhanced further
by introducing 1D nanomaterial-based SERS-active sub-
strates where large exposed surface area of nanostructures
provides enough space to accommodate large number of
NPs. Si NWs decorated with Au or Ag NP-based SERS sub-
strates have received much importance for the fabrication of
highly sensitive SERS-active substrates because of the strong
resonant field enhancement caused by the enhanced light ab-
sorption cross-section when the diameter of the NWs ap-
proaches on the order of the wavelength of visible light. A
wide range of analytes like glucose, food components, nico-
tine, pesticides, DNA, RNA, blood components, urine com-
ponents, and virus can be detected efficiently by using Si NWs
decorated with Au or Ag NP-based SERS-active substrates
with very high accuracy even up to the single molecular limit.

Major Challenges

As proposed in this review, fabrication of highly sensitive
SERS substrate requires a dense vertically aligned Si NW
array and fine and spherical Ag or Au NPs which need to be
assembled on the surface of the NWs. Fabrication of free-
standing vertically aligned NWs with very high density is
really challenging. MacEtch of Si wafer in AgNO;/HF solu-
tion yields vertically aligned Si NW array, but the technique
does not provide much flexibility to play with the diameter
and density of the NWs. In the template-based MacEtch tech-
nique, a patterned noble metal film prepared by using AAO
and PS as mask produces well-ordered, vertically aligned Si
nanowire array with controlled diameter and sizes, but number
density of the NWs in this case is limited by the pore density

@ Springer

of the template. However, a big challenge in the MacEtch
technique for the fabrication of free-standing vertically
aligned Si NW array is the bundling tendency of the NWs
during the drying stage due to capillary force caused by the
evaporation of water which brings a large number of NW
closure to form bundle structure. Bundling of Si NW restricts
efficient attachment of NPs on the individual NW surface
uniformly. Therefore, a critical drying of the NWs in liquid
carbon dioxide can be exercised instead of normal drying in
air in order to avoid bundling tendency.

Since SERS is an efficient tool for the detection of a wide
range of adsorbate molecules down to the single molecular
limit, it can be used in forensic sciences and pathological
laboratories as a highly reliable and sensitive detector.
However, for commercial applications, the SERS substrate
should be stable, reproducible, bio-compatible, and economi-
cally viable. Both the Si and Ag/Au are chemically stable and
bio-compatible, but from the reproducibility point of view, the
alignment of Ag or Au NPs on Si NW surface should be
uniform throughout the substrate to get uniform response from
any part of the substrate. From the economical point of view,
MacEtch of Si and alignment of NPs by using functional layer
are viable, but in terms of uniformity throughout the wafer
surface, it is really challenging. Therefore, further research
needs to be undertaken in these regards for the commercial
application of SERS in medical, chemical, biological, and
forensic laboratories.
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