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Abstract: In this work, we proposed a method for creating an Ag/Si composite structure consisting
of an array of vertical silicon nanowires (SINWs) decorated with silver nanoparticles (AgNPs). A
two-stage metal-assisted chemical etching of Si was used to obtain the SINW array, and atomic layer
deposition was used to fabricate the AgNPs. A uniform distribution of AgNPs along the SINW height
was achieved. The measured characteristics by spectroscopic ellipsometry directly established the
presence of AgNPs deposited on the SINWs. The height of the sublayers and the fractions of Si
and Ag in them were determined using the multilayer model and the effective Bruggeman medium
approximation in the interpretation of the experimental data. For AgNP layers deposited on an Si
wafer surface, the thickness (from 2.3 to 7.8 nm) and complex dielectric functions were verified within
the framework of the Drude-Lorentz model. The optical properties of Ag/SiNW structures with
complex spatial geometry were simulated in the COMSOL Multiphysics software. The expected
localization of the electric field on the surface and near the AgNP was observed as a result of the

010

plasmon resonance excitation. The calculated enhancement factor reached 10*”, which indicates the

possibility of using such structures as substrates for surface-enhanced Raman scattering.

Keywords: Ag nanoparticles (AgNDPs); Si nanowires (SiNWs); atomic layer deposition (ALD); metal-
assisted chemical etching (MACE); spectroscopic ellipsometry; localized plasmon resonance (LPR);
surface-enhanced Raman scattering (SERS)

1. Introduction

When incident light (photons) interacts with electrons in metal nanoparticles (NPs),
localized plasmon resonance is excited [1]. Its parameters (energy, amplitude, and damping
factor) are affected by the shape of NPs, the distance between them, and their size, as
well as the optical properties of the substrate and the environment, by varying which
the plasmon characteristics can be controlled. As a rule, metal NPs are deposited on
flat substrates made of dielectrics or semiconductors, and air serves as the environment.
Among semiconductors, of particular interest are silicon substrates, which are widely used
in nanoelectronics [2] and optoelectronics [3]. Semiconductor technology is well developed
for fabricating structures of various topologies and morphologies; therefore, Si-based
plasmonic structures are attractive from the point of view of their implementation for mass
production. Nowadays, Si structures can be obtained with a highly developed surface in the
form of porous silicon [4], the form of silicon vertical walls [5] or arrays of vertical silicon
nanowires (SiNWs) [6]. Such high-aspect Si structures are fabricated by anisotropic [5],
electrochemical [4,7] or metal-assisted chemical [8] etching of a single-crystal c-Si substrate.
As a result of etching, it is possible to obtain Si grooves, pores in Si or an array of SINWs
on a substrate. The method of metal-assisted chemical etching (MACE) of Si, which we
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have chosen, consists of two stages. Firstly, nanoparticles (or film) of a noble metal are
deposited onto the surface of a monocrystalline silicon substrate. Then, the silicon substrate
is placed in an electrolyte solution consisting of an etchant (HF) and an oxidizing agent
(H20,, HNOg, etc.), where etching and formation of silicon nanostructures take place.
It is important to note the features of the SINW structure: the filament material retains
the crystallographic orientation of the initial c-Si substrate, while the total surface area
of the structure per unit volume increases significantly due to the lateral surface of the
SiNWs. Composite structures based on SiNWs are promising for application due to their
decoration with metal particles of noble metals [9-11]. There are different ways to obtain
such composite structures, for example, chemical deposition of metal nanoparticles from
solutions [12-14] and sputtering [15,16].

Traditionally, resistive, electron, and magnetron methods are used to deposit NP layers,
but due to the ballistic trajectory of the sputtered precursor, it is a difficult task to ensure
uniform deposition of nanoparticles in porous structures or on vertical nanofilaments. For
example, the use of the chemical vapor deposition (CVD) technology for the deposition
of AgNPs on silicon tips does not lead to uniform deposition [17]. In Refs. [18,19], the
deposition of gold nanoparticles in porous silicon with a high surface area to volume
ratio was carried out using chemical deposition from an Au-containing solution. The
slow rate of diffusion of the solution of gold ions into the pores leads to their deposition
at the tips of the pores. A suitable method for the uniform deposition of nanoparticles
on such arrays is atomic layer deposition (ALD) [20], which can be used to control the
deposition thickness with great accuracy, and without any special requirements for the
surface topology compared to the CVD method. The ALD method is a chemical technology
for producing thin coatings and films, which is based on cyclic and self-limiting reactions
at the gas—solid interface. During the ALD method, pairs of reagents are successively
chemisorbed on the substrate surface. The cyclical nature of the ALD processes enables
precise control of coating thicknesses down to sub-nanometers. Moreover, such self-limiting
surface reactions at the substrate—gas interface provide layer-by-layer growth of films and
make it possible to conformally deposit thin films on complex three-dimensional and porous
substrates. At present, the ALD method is widely used in the fields of microelectronics,
nanotechnology, catalysis, energy, etc. [21-26]. Thus, the growth of interest in the ALD
method in the industry and a dramatic increase in the publications over the last decade
have been achieved due to these functions and good scalability [27].

The use of suitable precursors is critical in ALD processes. So, a review of currently
available precursors was carried out to obtain AgNPs and nanolayers by the ALD method
(Table 1) [28-43]. However, they all have significant drawbacks. On the one hand, due to
the high molecular weight and intermolecular interactions, they have a low saturated steam
pressure. In this regard, these reagents must be heated to relatively high temperatures,
which can lead to the formation of particles not on the surface (ALD) but in the gas phase
(CVD). On the other hand, these reagents are unstable at high temperatures, which often
leads to uncontrolled growth due to parasitic CVD-like processes. Most silver-containing
ALD precursors are non-volatile substances that are unstable at standard ALD temperatures
(150-200 °C). Among them, the most suitable precursor for ALD processes is 2,2-dimethyl-
6,6,7,7,8,8,8-heptafluorooctane-3,5-dionato) silver (I) triethyl-phosphine (Ag (fod) (PEts),
Ci16Hp5AgF;0,P) (98%, Strem Chemicals, Newburyport, MA, USA) due to its thermal
stability and hydrogen plasma as a reducing agent [32—40].

Table 1. Precursors for the synthesis of AgNPs by the ALD method.

T Reactor, Growth Per

Reagent Ag Co-Reactant T Source, °C °C Cycle, nm Ref.
HCHO + H,O
(hfac)Ag(PMes) + CH;OH 63-66 170-200 0.007 [28]

TMA H,0 - - - -
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Table 1. Cont.
Reagent Ag Co-Reactant T Source, °C T RSactor, Growth Per Ref.
C Cycle, nm
0.1 M solution of Propanol-1 130 125 (80-200) 0.016 [29]
((hfac) Ag Propanol 50 (110-150) - [30]
(1.5-COD) in Tertiary butyl
toluene hydrazine 130 125 (80-200) 0.018 [31]
100 130 (120-160) 0.017 [32]
- 120 - [33]
- - [34]
Ar+H - 125 - [35]
- 125 - [36]
- 125 - [37]
Ag(fod)(PEt3)
120 (120-150,
Ar + H, 140/20 106 (200) 0.03-0.04 [38]
secm 106 120 - [39]
Ar + H, (20%) 95 130 0.04 [40]
BH3(NHMe2) 95/32 110 (104-130) 0.03-0.04 [41]
N,/H, - 100, 120 <0.018 [42]
NH;3; 95 130 0.24 [40]
Ag(Piv)(PEt3) Ar + H 125 140-160 0.12 [43]

2. Materials and Methods
2.1. Fabrication of SINWs

To create an array of silicon nanowires, we used p-type silicon with a resistivity of 10
Ohm-cm and crystallographic orientation (100). The silicon wafers were subjected to Radio
Corporation of America (RCA, New York, USA) cleaning (New York, USA). As mentioned
earlier, the method (MACE) of Si was used to obtain an array of silicon nanowires [8].
The technique we chose consisted of two stages [44]. Firstly, AgNPs were deposited onto
the surface of the c-Si substrate from a solution of 0.02 M AgNO; +5 M HF (1:1) for 30 s
(Figure 1, steps 1-2). Then, the silicon substrate was placed in the electrolyte solution 5 M
HF + H,O; (10:1), where etching and formation of silicon nanowires took place for 10 and
20 s to obtain structures of different heights (Figure 1, step 3), with sample names S1 and S2,
respectively. After the removal of silver, which was a catalyst for the creation of SINWs in
the MACE process, and the washing of SINWs from the reaction products (Figure 1, step 4),
the atomic layer deposition process was carried out to decorate silicon nanowires with
AgNPs to create a composite structure (Figure 1, step 5).

Figure 1. Schematic representation of the stages for obtaining a composite structure of Ag/SiNWs.
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2.2. Precipitation of AQNPs by ALD Method

ALD is a chemical technology for producing thin films and coatings based on cyclic
and self-limiting reactions at the gas—solid interface. In the ALD process, sequential
chemisorption of reactant vapors on the substrate surface occurs. The cyclical nature of
the ALD processes ensures precise thickness control down to sub-nanometers. In addition,
self-limiting surface reactions at the substrate-gas phase interface provide layer-by-layer
growth of films and allow conformal deposition of thin films on complex three-dimensional
and porous substrates.

AgNPs were deposited by the ALD method on a Picosun R-150 setup using the Ag
(fod) (PEt3) precursor and hydrogen plasma as a reducing agent, as described in Ref. [45].
To determine the optimal growth condition, the reactor temperatures (142-184 °C), (Ag
(fod) (PEts)) container temperatures (115-150 °C), reagents pulse times (2—4 s) and number
of pulses (1-11) in one ALD cycle were varied.

The development of ALD regimes and the characterization of the resulting Ag layers
were first carried out on a Si wafer surface.

2.3. Scanning Electron Microscopy (SEM)

The JSM-7001F Scanning Electron Microscope (SEM) (JEOL, Tokyo, Japan) was used to
study the morphology of nanostructures in the secondary electron mode and using an ac-
celerating voltage of 5 keV. A statistical analysis of nanostructures was carried out (average
size, coverage factor) according to SEM images and using open-source Image]J software.

2.4. X-ray Photoelectron Spectroscopy (XPS)

Chemical composition of the sample surface was studied by X-ray photoelectron
spectroscopy (XPS). XPS spectra were measured with a Escalab 250Xi (Thermo Fisher
Scientific Inc, Waltham, MA, USA). The samples were excited by Al Kx (1486.7 eV) X-rays
for measurements. An ion gun was used to spray the surface.

2.5. Spectroscopic Ellipsometry

The ellipsometric characteristics were studied using a SE2000 spectral ellipsometer
(Semilab, Budapest, Hungary) in the wavelength range A from 400 to 1700 nm at an angle
of incidence of ¢ = 70°. The optical lenses of the ellipsometer were used for micro-focusing
of the probing spot size (400 um) in order to reduce the effect of inhomogeneities on the
surface of the SINW array. The advantage of ellipsometry over spectrophotometry is
that two parameters are simultaneously measured: ellipsometric angles ¢ and A, where
Y= lry1/1rsl is the ratio of the reflection coefficients, and A = r,~67; is the relative phase
difference between the p- and s-components, experienced in reflection.

Since ellipsometry [46] is not a direct method for determining dielectric functions, the
choice of a model is required, for example, in the form of a thin layer with some thickness
and its complex dielectric function e. Next, the complex reflection coefficients Tp and s for
p- and s-polarizations were calculated using the Fresnel formulas, and then using the main
ellipsometry Equation (1):

P =r,/rs = tan(y)exp(iA) €))

Ellipsometric angles $cq1c and Ay were calculated. By varying the model parameters
in the indicated wavelength range, {.ac and Ay were found in such a way that, when
compared with the experimental data, the best fit was obtained using regression analysis.
The above model parameters were set as a result of the search. A similar search procedure
was used to determine the thickness and complex dielectric function of AgNPs layers on a
Si substrate using the Drude-Lorentz model [47]. The Ag/SiNWs composite structures were
interpreted using the Bruggeman’s effective medium approximation model (B-EMA) [48]
from the software package supplied with the ellipsometer.
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2.6. Simulation of Electromagnetic Field Enhancement in a Composite Structure

The simulation of the electromagnetic field propagation was carried out using the
COMSOL Multiphysics software, which applied the 3D Finite Element Method (FEM) and
the Maxwell equation with the calculation of the field propagation in the model. We used
the Electromagnetic Waves module and Frequency Domain in the calculation.

3. Results and Discussions
3.1. Fabrication Conditions of the AgNP Layers on the Si Wafer Surface Using ALD

The selection of optimal conditions is the most important criterion in the preparation
of coatings by the ALD method; this ensures the achievement of a sufficient amount of
reagents to saturate the reactor and self-limiting reactions. By changing the duration of the
reagents’ inlet (pulse duration) and the temperature of the evaporator of the reagents, the
required amount of reagents was achieved. The higher the evaporator temperature, the
higher the reagent vapor pressure and the more reagents that arrive at the substrate surface.

Therefore, at the first stage of the search for optimal conditions for the ALD method,
the influence of the Ag (fod) (PEt3) evaporator temperature was studied. The film thickness
reached at least 2 nm at an evaporator temperature of 140 °C and 700 ALD cycles. With a
further increase in temperature, the growth rate decreased. This is due to the thermolysis
of the Ag (fod) (PEts) precursor, which becomes unstable at high temperatures [38]. Thus,
the temperature should be in the range of 120-160 °C for the optimal ALD growth of Ag
using a precursor [32]. Therefore, the reagent cannot be heated above 150 °C.

As for the optimal temperature range of the reactor, it should be 155-165 °C, at which
the growth rate is maximum and relatively constant. The resulting ALD window for our set-
up coincides with the upper threshold of the ALD window for similar processes described
in Ref. [31].

Thus, the optimal conditions for the synthesis of AgNPs by ALD for our equipment
are the reactor temperature of 165 °C and the evaporator temperature of 140-150 °C.

Varying the temperature parameters, the regimes of the obtained AgNPs layers were
established, the thickness of which were sufficient for an ellipsometric study.

Good agreement was obtained between calculation and experiment for three samples
of AgNP layers with determination of their thicknesses, d Ag=23,35, and 7.8 nm, as well as
optical characteristics in the form of complex dielectric functions (real e; and imaginary &,
parts) in a wide spectral range by measuring the ellipsometric angles exp 1 Aexp and using
the Drude-Lorentz model. Since ¢, gives more information about the supposed resonances
in the structures of the AgNP layers, Figure 2a shows only the dependences of €, on photon
energy (E). All AgNP structures obtained by ALD on a Si substrate exhibit a narrow peak
of the bulk plasmon resonance in the longitudinal mode at E = 3.9 eV [49,50], while the
sample with d4, = 7.8 £ 0.3 nm has an additional peak with a maximum localized plasmon
resonance at E = 0.95 eV (A = 1305 nm). This layer of AgNPs was obtained for 2300 cycles
of ALD (Figure 2b), the SEM image of which was analyzed in the Image] software and the
average NPs diameter d 4, = 24 + 5.6 nm was determined at an Ag fill factor of 18%. For
this sample, the spectrum of the imaginary part of the permittivity in the visible region has
dependence close to the function &, of bulk Ag [51].
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3k » " === 78n0m

E, eV

Figure 2. (a) Spectral dependences of the imaginary part of the complex dielectric function &, defined
within the framework of the Drude-Lorentz model, depending on the energy for three obtained
layers of AgNPs with d4q from 2.3 to 7.8 nm; (b) SEM image of the deposited AgNP layer with
thickness d Ag =7.8nm on the Si wafer surface; the inset shows a distribution histogram of AgNPs
depending on their radius, where the red line is the Gaussian distribution.

3.2. Study of the Chemical Composition of the AGNPs Layer Using XPS

The chemical composition of the AgNP layer on the c-Si substrate was studied by
XPS. Only silver, oxygen, carbon and silicon were found on the surface (Figure 3). Fluorine
and phosphorus contained in the original silver-containing reagent were not detected. The
presence of silicon confirms that the silver does not completely cover the surface, which is
consistent with the SEM image (Figure 2b) where the AgNPs are indeed isolated without
forming a continuous silver film. The thickness of the oxide film on silicon is very small
(several nanometers), since the Si2p spectrum clearly shows a peak at 99.3 eV, which is
characteristic of silicon in the zero oxidation state (Figure 3a). The presence of carbon
(Figure 3b) is due to surface contamination with adsorbed organic compounds in the air.
Silver is in the metallic form according to the analysis of the spectrum of the Ag3d level
(Figure 3c). The presence of oxygen (Figure 3d) is also due to organic pollution and the
presence of an oxide film on the silicon surface.
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Figure 3. XPS spectra of (a) Si2p, (b) Cls, (c) Ag3d and (d) Ols for AgNPs deposited by ALD on the
surface of c-Si.
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3.3. Morphology of SINWs

With the help of MACE, detailed in Section 2.1, the structures presented in Figure 2
were obtained. The cross-section SEM images show the sample S1 (Figure 4a) with filament
height hgijnyws = 234 nm and the sample S2 (Figure 4b) with hgjyws = 469 nm.

One can note their even etching front over the entire area of the structure, as well as the
even upper limit of the nanowire height, which is obtained by the SINW fabrication method;
in addition, this relatively even interface between the array and the external environment
(air) allows one to carry out ellipsometric measurements that are not complicated by strong
irregularities of the studied material.

b

oty e T A g ALD

Figure 4. Cross-section SEM images of the initial arrays of SiNWs: (a) S1 and (b) S2; and after the
deposition of AgNPs by ALD method: (c) Ag/SiNWs_S1 and (d) Ag/SiNWs_S2.

3.4. Study of AgNPs Deposited on SiINWs

Both initial samples of SiNWs (S1 and S2) were placed in the same chamber during
AgNP deposition, as well as with flat samples to control the thickness of resulting ALD
layers. This provided fixed conditions for the deposition of AgNPs on SiNWs of various
morphologies. The cross-section SEM images for these two samples of Ag/SiNWs are
shown above in Figure 4c,d. The open-source Image] software was used to statistically
analyze Ag/SiNW and Ag/Si composite structures, and the average diameter of silver
nanoparticles deposited on SiNWs using the ALD method was 12 &= 2 nm, which turned
out to be almost two times smaller than the particle diameter Ag deposited on the Si wafer
surface (24 & 5.2 nm). It is assumed that the supply of gaseous ALD reagents to the surface
of SiNWs is somewhat limited due to the “forest” of NWs, while in the case of a planar
substrate, the reagents freely reach it, forming NPs with an increased diameter.

3.5. Ellipsometric Study of SINW Arrays before and after the Deposition of AGNPs

Figure 5a,b for the initial SINW structure (sample S1) show the spectra of the measured
ellipsometric angles ¢ (1) and A (A) (black symbols and lines), respectively.
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Figure 5. Experimental (exp) and calculated (calc) ellipsometric spectra (a) ¢ (A) and (b) A (A) of
SiNWs before (black) and after (red) AgNPs deposition for sample S1.

To interpret the ellipsometric data of SINW samples, a model was chosen in which
the three-dimensional structure of vertical wires located on the substrate (Figure 6a) was
divided into several conditional sublayers, with boundaries parallel to the substrate [6,7,44].
Thus, it is possible to model each of the sublayers with the appropriate parameters of the
height, and an array can be considered as a composite consisting of Si and air. In our case,
a three-layer model was used, in which the height of each of the three sublayers and Si
fraction (hs; and fs;) were fitted, so the total number of unknown parameters was six. The
value of the Si fraction fg; and the fraction of voids f,,izs = (1 — fsi) dependent on it were
determined in the framework of the Bruggeman’s effective medium approximation. The
optical constants of single-crystal silicon were taken from the handbook [52].

hsi, nm b Sublayers

)

Figure 6. (a) Schematic model for the structure of SINWs (sample S1), calculated heights hg; and Si
fractions fg; within the three-layer structure of composite “Si/void” sublayers according to the B-EMA
model; (b) model for the Ag/SiNW structure with AgNP layers on the entire surface of SiNWs.

Experimental and calculated ellipsometric angles (1 and A) for this model, after fitting,
are shown in Figure 5a,b (black symbols and lines, respectively). As a result, fs; and hg;
were determined for each of the three sublayers, which are shown in Figure 6a. When
summing hg; of all three sublayers, the total height is hg; = 241 nm, which is close to the
height of 234 nm obtained from the SEM image in Figure 4a.

To interpret the ellipsometric data for an array of SINWs with AgNPs, the same model
was used as for SINWs, but with the addition of an AgNP layer that was deposited on the
surface of the nanowires, as shown in Figure 6b. According to this model, the AgNP layer
fills a certain volume f o¢, which somewhat reduces the void fraction (fy4s), while the Si
(fsi) fraction should remain unchanged. The spread in the AgNP diameters deposited on
SiNWs is insignificant (= 2 nm), obtained from the analysis of SEM images (cross-section)
of Ag/SiNW samples in the Image] software. Taking into account that the additional
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new parameter f o, in all three sublayers is approximately the same, its value was used
in the search in the Bruggeman model to calculate the dielectric function of the effective
medium. In addition, it is assumed that AgNPs are deposited at the top of each wire (fag on
sublayer 5) as well as at the bottom (on the substrate) between the wires (f o on sublayer 1).
As a result of fitting these parameters in Figure 5a,b, the convergence of the experimental
and calculated spectra for the S1 sample with AgNPs ¢ (1) and A (A) (red), respectively,
was obtained, as shown in Figure 6ab. It was found that for the first sublayer fa; = 0.19,
for sublayers 2, 3 and 4, f Ag = 0.06, 0.04 and 0.04, respectively, and for the fifth sublayer
fag =0.05.

A similar approach in interpreting the ellipsometry data was used for another sample
S2 with a SINW height approximately two times higher (h = 469 nm from SEM image
(Figure 4b)) than that of the previous sample. For this sample, Figure 7 shows the measured
spectra of the ellipsometric angles Pexp and Aexp, as well as the calculated spectra 1,1 and
Aca1c before (black) and after (red) the deposition of AgNPs.

SO0,
2,

a 80 ) b 300

200

_D_A

A, degrees
S
(=}
]

20F (//exP — Acalc
Veae or ——4,, with Ag
Ve With Ag —— A, with Ag
r " 1 A (/_/cglc “fith Ag . 1 " 1 " 1
400 800 1200 1600 400 800 1200 1600
A, nm A, nm

Figure 7. Experimental (exp) and calculated (calc) ellipsometric spectra (a) i (A) and (b) A (A) of
SiNWs before (black) and after (red) AgNP deposition for sample S2.

The total height of each layer in the original SINW structure was estimated as
hsinws = 471 nm. This value is close to the value obtained from the cross-section SEM
images of this sample from Figure 4b with the SINW height of 469 nm. As in the previous
example, a fraction of Ag is added to each wall of the SiNWs in the B-EMA model, assuming
some Ag in the sublayers, including the upper and lower sublayers. Fitting the calculated
ellipsometric angles (., and Ay.) for this model, the convergence to the experiment was
obtained, as can be seen in Figure 7. It was found that for the first sublayer f oo = 0.23, for
sublayers 2, 3 and 4, f A = 0.06, 0.05 and 0.05 and for the fifth sublayer f oo = 0.20.

For two SiNWs samples, after the deposition of AgNPs, a shift of the experimental
spectra ¢ (A) to the long wavelength region was observed, which can be considered a
qualitative confirmation of the appearance of an additional component in the structure,
and the interpretation of this effect using a multilayer model and approximation of the
Bruggeman’s effective medium made it possible to obtain optical data indicating the
presence of AgNPs in the Ag/SiNW composite structure for all the sublayers. SEM and
non-destructive spectroscopic ellipsometry are complementary methods for studying arrays
of complex high-aspect composite structures.

3.6. Modeling the Propagation of an Electromagnetic Field in a Composite Nanostructure Using
COMSOL Multiphysics

The model consisted of an Si substrate on which a cylindrical silicon nanowire with
spherical nanoparticles on the surface was placed (Figure 8a). A periodic boundary condi-
tion was set on the side faces of the model. The light source was situated on the top face of
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the model. An ideally matched layer was located under the substrate, which absorbs the
radiation falling into it, which makes it possible to reduce the thickness of the simulated
substrate. The geometrical parameters (the length of the nanowire: 250 nm; the diameter:
50 nm; the diameter of the nanoparticle: 12 nm; with a distance between particles of 20 nm)
were estimated from the SEM image of the experimental sample. As a result, the distri-
bution of the electromagnetic field amplification (E is the intensity of the electromagnetic
field, Eg is the intensity of the incident electromagnetic field) on the structure under study
was obtained. The expected localization of the field on the surface and near the particle as
a result of the excitation of plasmon resonance was observed.

300 400 300 600 700 800 900
A, nm

Figure 8. (a) Electromagnetic field enhancement distribution for nanowires with Ag; (b) calculated
enhancement factor of the nanowire with AgNPs as a function of wavelength.

In order to qualitatively assess the field enhancement that occurs in the structure,
the enhancement factor (EF) was calculated according to Equation (2), where A is the
surface area, E is the electric field vector of the model, and E is the electric vector of the

incident field:
=L [(EY o
A Ey

As a result, the maximum values of EF =2 x 10° at A = 366 nm and 4.9 x 1010 at
A =780 nm were obtained for the structure (Figure 8b).

For a one-dimensional layer of AgNPs, the enhancement factor reaches 10* [53]. In
a layer of nanoparticles with a distance between them less than the particle radius, gap
plasmon is excited, and the amplification reaches 1019; however, it should be noted here that
such structures are difficult to fabricate due to the use of electron beam lithography [54].

The calculated Raman enhancement factor of the structure under study in this work
reaches 10'0; this value is sufficient to detect a low concentration of a substance or one
molecule [54], which suggests the possibility of using the resulting metasurface as a highly sen-
sitive SERS-active substrate, which is produced without the use of electron beam lithography.

If the question of practical application is raised, as noted in Ref. [54], with an enhance-
ment of 107-108, it is possible to achieve detection of a single molecule of a substance
using Raman scattering. In the resulting structure, the calculated factor reaches a higher
value, which means that such a structure is promising as a substrate for enhancing Raman
scattering, and it should be noted that lithography is not used in the technological process,
which greatly simplifies the process.

Thus, arrays of SINWs are attractive objects for creating sensitive sensors due to the
simplicity of their preparation methods and silicon surface tailorability. Since arrays of
NWs have a huge surface area, a high number of metallic NPs could be packed onto
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them, which would yield a high enhancement factor when using such nanostructures as
SERS-active substrates.

4. Conclusions

Nanotechnology methods were used to form an array of disordered vertical nanowires
from single-crystal Si on a substrate by two-stage metal-assisted chemical etching of Si. As a
result, SINW samples with heights of 234 and 469 nm were obtained. AgNPs were deposited in
the high-aspect SINW structure by atomic layer deposition with the Ag (fod) (PEts) precursor.
ALD modes were set up on a Picosun R-150 setup to obtain Ag metal nanoparticles with
average diameters of 24 nm on an Si wafer and 12 nm in an array of SiNWs.

The fabricated SINW array and AgNP layers were studied before and after the prepa-
ration of the Ag/SiNW composite using spectral ellipsometry and scanning electron mi-
croscopy, as well as their structural and optical properties. From the measured ellipsometric
characteristics in a wide spectral range A from 400 to 1700 nm, the structure of SiNWs was
determined using a multilayer model and the Bruggeman effective medium approximation.
The height of the SINWs was determined using spectroscopic ellipsometry, which is in good
agreement with the cross-sectional SEM images. For AgNP layers, the complex dielectric
functions were determined using the Drude-Lorentz model, and the resonant peaks of the
bulk and localized plasmon were also found.

The use of a non-destructive ellipsometric technique made it possible to study the
optical and plasmonic characteristics of the Ag/SiNW structure, as well as their morpho-
logical features, which ensured the obtaining of set thicknesses and properties of AgNPs
when implementing precision atomic layer deposition technology. The parameters of the
experimentally obtained samples were used for further modeling in the COMSOL Multi-
physics software (using FEM) and determining the optical properties of structures with
complex spatial geometry. The expected localization of the field on the surface and near the
particle as a result of the excitation of plasmon resonance was observed, and the calculated
enhancement factor of surface-enhanced Raman scattering reached 10'?, which suggests
using such a structure as a SERS-active substrate.
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