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SERS-active substrates based on embedded Ag

nanoparticles in c-Si: modeling, technology, application
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A simple method for obtaining SiO2 : Ag : Si and Ag : Si hybrid nanostructures is presented. High-temperature

annealing of an Ag island film on the surface of c-Si makes it possible to preserve the plasmonic properties of Ag

nanoparticles and protect them from external influences by coating them with a thermally grown layer of SiO2.

The calculation of the electric field strength distribution in the structure with embedded Ag nanoparticles in c-Si
demonstrates the presence of intrinsic

”
hot spots“ at the corners of the nanoparticles, which leads to a maximum

enhancement factor (∼ 106) of Raman scattering. A numerical calculation of the dependence of the spectral

position of a localized plasmon resonance on the geometry of structures can serve as a basis for their design in

the future. Surface-enhanced Raman scattering showed reliable detection of the methyl orange from an aqueous

solution at a concentration of < 10−5 M.
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1. Introduction

The current trend is to combine nano-plasmonics with

well-developed semiconductor technology to create new

functional hybrid structures for Raman scattering [1,2] signal
amplification. Excitation of the localized plasmon resonance

(LPR) in such structures by an external electromagnetic

wave leads to the amplification of Raman scattering, namely

Surface-enhanced Raman scattering (SERS), enhancement

factor (EF) of which can reach 1011 [3]. The SERS is

the method is one of the most sensitive non-destructive

analytical methods with high response rates currently

available. This method allows the detection and study of

ultra-small amounts of a substance (analyte) down to single

molecules, since the cross-section of Raman scattering of

the analyte on the surface or near the metal increases by

orders of magnitude [4]. SERS-active substrates based on

silicon and noble metals provide significant electromagnetic

enhancement of the Raman scattering associated with LPR

excitation [5-7]. To achieve maximum enhancement factor,

the position of the analyte absorption band maximum

must be close to the spectral position of the LPR, which,

in turn, depends on the structure morphology and the

dielectric constant of the surrounding medium. For practical

applications, the requirements for SERS-active substrates

are: chemical inertness to analyte and external influences,

stability and reproducibility. Therefore, investigating the

influence of the geometry of SERS-active substrates on the

LPR position will establish patterns that allow, by varying

the structural parameters of the substrates, to control the

sensitivity of the optical response in the visible and near-

infrared spectral ranges. Due to all these qualities, the

SERS method has attracted the attention of the scientific

community; over the past four decades, the practical use

of SERS-active substrates has increased dramatically in a

wide variety of fields. For example, in medical diagnostics

(studying viruses, cells, tissues, and DNA) [8–10]; in bio-

chemistry and pharmaceuticals [11]; in forensics (identifying
illegal and dangerous substances, authenticating products

using spectral labelling technology) [12,13]; in ecology

(detecting pollutants) [14,15]; in the food industry (testing
for pesticides, etc.) [16,17].
In this paper, we propose structures with plasmonic

properties based on silver nanoparticles (AgNPs) embedded

in the volume of single-crystal silicon (c-Si) by high-

temperature annealing to investigate the Raman amplifica-

tion. In the annealing process, the simultaneous embed-

dence of AgNP into the volume of the c-Si substrate and

covering them with a layer of thermally grown SiO2. This

layer protects the structure from external influences. Struc-

tures based on such a high-tech material as silicon are very

promising for creating sensor chips [5]. Silver was chosen

as the noble metal because theoretical [18] and experimen-

tal [19] studies of structures with silver nanoparticles and

films have a higher extinction cross-section and thus a higher

Raman signal enhancement compared to gold structures.
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Thus, based on the investigated structures, it is possible to

develop a reusable sensor as a SERS-active substrate.

2. Experiment

2.1. Fabrication of structures

c-Si p-types with a resistance of 10Ohm · cm and a

crystal-lattice orientation of (100) were used in this study.

After standard RCA (Radio Corporation of America)
cleaning of silicon wafers (Fig. 1, p. 1), an island film of Ag

was formed on their surfaces by chemical deposition from

a solution (0.02MAgNO3 + 5MHF, in the ratio of 1 : 1)
within 30 s (Fig. 1, p. 2). Further, the investigated structures

were subjected to high-temperature annealing at 1000◦C

in an atmosphere of water vapor for 40min (Fig. 1, p. 3).
The SiO2 layer was removed in dilute fluoric acid solution

(20%HF) on several structures after annealing (Fig. 1, p. 4).
An aqueous solution of the organic dye methyl orange

(MO) (C14H14N3NaO3S) with different concentrations was

used as the analyte: 10−3, 10−4 and 10−5 M. Droplets

(2µl) were applied to each substrate, then air-dried. It

should be noted that the Raman bands from MO are

in the 832−1619 cm−1 area and do not overlap with

the characteristic peak for silicon in the 520 cm−1 area.

Therefore, it was MO that was chosen as an analyte over

other known organic dyes [20].
Elemental and morphological analyzes of the hybrid

structures were performed on a JSM-7001F scanning-

electron microscope (SEM) (JEOL, Japan) in secondary

electron mode and at an accelerating voltage of 5 kV,

1. Clean wafer

c-Si

2. Deposition
Solution:

0.02 M AgNO  + 5 M HF3

3. Annealing
1000°C
(40 min)

4. Removing
of SiO  layer2

Solution: 20% HF Ag island film (30 s)

SiO2

Embedded AgNPs

Scheme of technological process

Figure 1. Schematic representation of the process steps for the

manufacturing of SERS-active substrates.

Morphological parameters of structures after annealing for 40min

Size l, nm 223± 106

Aspect ratio l/h 1.76± 0.34

Interparticle distance a , nm 297± 92

Coverage factor, % 39

Thickness of SiO2, nm 510

equipped with an X-ray dispersive spectrometer. Statistical

analysis of nanostructures before and after annealing was

carried out using SEM images and ImageJ open-source

image analysis and processing software, including the

determination of the size of AgNP, the density of their

coverage on the silicon wafer surface (coverage factor),
and the interparticle distance. After annealing, silicon

dioxide thicknesses and transverse dimensions of AgNP

were measured on the cross section of the SEM structures.

The cross-sectional microanalysis of the obtained structures

in the reflected electron mode was carried out by energy-

dispersive X-ray spectroscopy.

IR transmittance spectra were measured on an

IRPrestige-21 IR Fourier spectrophotometer with an

AIM-8000 IR microscope (Shimadzu Corp., Japan). Mea-

surable spectral range 1.4−11 µm.

The Raman scattering and SERS spectra were measured

on a Labram HR800 spectrometer (HORIBA, France)
equipped with a laser generating radiation at a wavelength

of 532 nm with a power of 60 µW to prevent analyte

damage. A 600 strokes/mm lattice was used during the

measurements, and an Olympus 100× lens (NA= 0.9) was

used to focus the laser beam on the sample surface into a

spot with a diameter of ∼ 1µm.

2.2. Calculation method

The optical properties of the structures was numeri-

cally modelled with the commercial software COMSOL

Multiphysics using the finite element method (FEM). To
describe the basic optical dependences, it is sufficient

to use a 2D model, which is an approximation to real

structures, which allowed not to resort to long and high-cost

calculations [21]. A schematic 2D model of the structure

with embedded AgNP in c-Si is shown in Fig. 2. Along the

axis x , periodic boundary conditions were used. Light is

incident along the axis y at the normal angle of incidence.

A perfectly matched layer (PML) was used on the top and

bottom of the model to ignore wave reflection from the

boundaries. The geometric parameters of the 2D model of

the structure were obtained from analyzing SEM images of

the structures (see table).

3. Results and discussion

3.1. Calculations

The influence of the geometrical parameters of the

structures (period (a), size (l), height (h) of the AgNP,
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Figure 2. Schematic 2D model used in the calculations for the

embedded AgNP under annealing for 40min, where a is lattice

period, l is AgNP length, h is AgNP height, d is thicknesses and

n is refraction index of the layers.

and the thickness of the layer SiO2 (dSiO2
)) on the position

of the low-frequency (dipole mode) LPR was investigated

during the numerical simulation. At the first stage it was

necessary to determine at what ratio of the interparticle

distance (period) to the nanoparticle size the LPR position

will change insignificantly, i. e. there will be a weak

interaction between nanoparticles. This is necessary to

exclude complex interactions between particles from the

calculations and investigate only the effect of nanostructure

geometry on the LPR position. Fig. 3, a shows the

dependences of the LPR position on the aspect ratio of

period to size of nanoparticles without SiO2 (dSiO2
= 0)

coating layer, determined from the absorption coefficient

maximum in the spectra.

The calculations shown in Fig. 3 are done for the sizes

(l) of 100, 150, 200 and 250 nm nanoparticles. The vertical

dashed line in Fig. 3, a (a/l = 1.5) separates the areas

where the position of the LPR strongly depends on the

aspect ratio (coupling area) and where the change of the

LPR position is insignificant (weak coupling area). For

further calculations of the LPR position as a function of the

aspect ratio, the value of a/l = 1.5, at which there is a weak

contribution from the interparticle interaction was fixed. The

insert shows the distribution of the electric field strength |E|
between two AgNP with l = 100 nm for the aspect ratio

a/l, represented by the black dot in the interaction area

between the particles.

Fig. 3, b shows the dependences of the LPR position

on the aspect ratio of the nanoparticle size to its height

(l/h). The blue area corresponds to a standard deviation

(σ1) on the aspect ratio (l/h) equal to 0.34 (see table).

In calculations for nanoparticle sizes > 200 nm, a diffraction

mode is observed that distorts the low-frequency LPR

mode, which is well demonstrated by the behavior of

the curve for l = 250 nm at the aspect ratio l/h > 1.76.

The insert to Fig. 3, b shows the electric field strength

distribution |E| between the interaction AgNP with an

aspect ratio of 1.76 indicated in the black dot.

The dependence of the LPR position on the thickness of

the SiO2-layer coating was also calculated. The calculation

showed weakly pronounced sinusoidal deviations of the

LPR position from the LPR position without SiO2.

Using the dependences presented in Fig. 3, it is possible

to design structures of given sizes, to expect the manifes-
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Figure 3. a is dependencies of the LPR position on the aspect

ratio a to l (100, 150, 200, 250 nm) AgNP; b is dependencies of

the LPR position on the aspect ratio l (100, 150, 200, 250 nm)
to h AgNP. (A color version of the figure is provided in the online

version of the paper).
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tation of low-frequency LPR and, as a consequence, the

enhancement of Raman signal in certain wavelength ranges.

Such a prediction is important for the development of SERS-

active substrates.

In order to qualitatively study the optical properties of

embedded AgNP in c-Si substrate, we have developed

a 3D model (dSiO2
= 0) in COMSOL Multiphysics with

periodic boundary conditions. An intermediate size of the

embedded nanoparticle l = 150 nm with aspect ratios of

a/l = 1.5 and l/h = 1.76 was chosen. The enhancement

factor (EFAg/Si) of the presented system was estimated

as [22,23]

EFAg/Si =
1

S

x

S

|EAg/Si|
4

|E0|4
dS, (1)

where EAg/Si and E0 — local and incident electric field

strength vectors, respectively; S — integration surface

located at a distance of 0.1 nm from the air — Ag/Si

boundary.

Thus, the maximum enhancement factor from the struc-

ture was EFAg/Si = 1.1 · 106 at a wavelength of 795 nm.

The presence of right angles in a metallic nanoparticle

leads to a strong localization of the field at these an-

gles, namely to the formation of intrinsic
”
hot spots“.

In the result, the scattered field from MO molecules

attached to the surface of the SERS-active substrate strongly

increases. At a wavelength of 532 nm, which corre-

sponds to the emission of the laser in the experiment,

EFAg/Si = 1.4 · 103 . For comparison, EF from a silicon

substrate without embedded AgNP was calculated to be

EFSi = 0.03. For the structure with a thick layer SiO2

(∼ 500 nm) EFSiO2 /Ag/Si ∼ 10.

3.2. Morphological characterization of structures

Fig. 4 shows SEM images of the structures after annealing

the Ag island film on 1000◦C for 40min.

The table shows the values of size (l), aspect ratios of

size to height (l/h), interparticle spacing (a), AgNP surface

fill factor c-Si, and layer thickness SiO2.

Fig. 4, c shows that during annealing for 40min, the

AgNP are completely embedded in the volume of the silicon

wafer and covered by the SiO2 layer. It should be noted

that AgNP, embedding into the silicon wafer, acquire the

shape of an inverted pyramid (Fig. 4, b). This is due

to the local variation of SiO2 growth rates under AgNP

and the manifestation of oxidation anisotropy during high-

temperature annealing of silicon. The pyramid faces are

planes (111) with the lowest oxidation rate, and AgNP

completely fills the resulting voids.

3.3. Optical properties of structures

The results of studies using the spectrascopic ellipsometry

method of AgNP on the c-Si surface after chemical

deposition are discussed in detail by us in [24,25]. Ag island

films with layer thickness ∼ 50 nm exhibit a resonance

500 nm 1 mm 1 mm 200 nm

Si

OAg

a b

c

Figure 4. SEM images of the structure after annealing: a is top

view (insert — cross-section); b is top view after AgNP removal

(insert — cross-section); c is cross-section of the structure, with

the frame highlighting the area where the energy-dispersive X-ray

analysis of elements was performed.

feature in the permittivity spectra — plasmon resonance

in the longitudinal mode (E = 3.9 eV), with the complex

permittivity ε close to bulk Ag.

Investigations of the transmittance spectra of the obtained

structures are presented in Fig. 5. Silicon has good trans-

parency in the range of 1.2µm or more, in contrast to the

visible spectral range, where transmittance spectra cannot

be measured. In the range from 1.6 to 2.5 µm, a minimum

transmittance (< 7%) is observed for the samples after

high-temperature annealing, compared to the c-Si spectrum,

and its value approaches the value of Ag island films. This

is probably due to the partial absorption of radiation on

AgNP. The band ∼ 9.1 µm in Fig. 5 is characterized by

oxygen absorption. This dip in transmittance is due to the

thick SiO2 (∼ 510 nm) layer on the structure.

To avoid possible overlap of the analyte’s Raman bands

with the characteristic Raman bands of the fabricated

samples, the measurements shown in Fig. 6 were carried

out. Raman scattering spectra of initial wafers: pure silicon

substrate, Ag island film, and structures after annealing for

40min. All spectra show a line in the area 520 cm−1,

corresponding to scattering on optical phonons of the

1st order of the crystal lattice c-Si and a less intense Raman

band of the 2nd order for Si (940−980 cm−1) [26]. Also,

the spectrum from the sample with Ag island film (green
line) clearly shows an intense band at ∼ 240 cm−1 due to

the valence vibrations of bonds Ag−N [27].

Semiconductors, 2023, Vol. 57, No. 4
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It is important to note that the structures obtained

after annealing do not show any bands other than the

characteristic lines for c-Si. In this case, for the Ag

island film, the 520 cm−1 band is strongly suppressed and

the band (940−980 cm−1) is almost completely absent.

For the structures after annealing, a slight decrease in

the intensity of the characteristic bands for c-Si at 520

and 940−980 cm−1 was observed.
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Figure 5. Transmittance spectra of the investigated structures:

black line is c-Si; green line is Ag island film; red line is embedded

AgNP coated with a layer of SiO2.
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10−3, 10−4 and 10−5 M and the Raman spectrum of MO powder

on quartz substrate. Black line is original c-Si substrate, red line is

embedded AgNP under the SiO2 layer, blue line is embedded

AgNP with the SiO2 layer removed.

Fig. 7 shows the spectrum of the initial MO material

in powder form (orange line), where all characteristic

peaks of MO are clearly visible. Raman peaks of MO

powder: 832, 922, 1032, 1117, 1143, 1197, 1312, 1364,

1389, 1417, 1444, 1590, 1619 cm−1 (Fig. 7), which clearly

coincides with the data [28]. The band at 922 cm−1

ν(C−N)Me indicates a methyl group, and 1032 cm−1 refers

to aromatic rings [28]. According to the source [29], the
peaks at 1197 cm−1/1117 cm−1 show ν(Ph−N)+δ(C−H)
valence and strain vibrations (where Ph — phenyl group).
Bands at 1143 cm−1 — due to δ(C−H) strain fluctuation.

At 1364 cm−1 there are ν(C−N)Me + δ(C−C) + δ(C−H)

Semiconductors, 2023, Vol. 57, No. 4
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valence and strain vibrations. At 1417 cm−1/1389 cm−1

shows ν(N=N) + ν(C−C) + δ(C−H) valence and strain

vibrations. At 1444 cm−1 ν(C−C) is valence fluctuation.

At 1590 cm−1/1619 cm−1 are due to ν(C−C) + δ(C−C)
valence and strain fluctuations. The absorption of the

MO molecule on the surface with Ag is via the N=N

group, so the most intense bands are observed at

1417 cm−1/1389 cm−1 because of the very strong valence

vibration ν(N=N) [29].
Next, an aqueous solution of organic MO dye was applied

to the structures investigated in this work, the details of the

application are described in Section 2.1. SERS spectra was

measured as a function of analyte concentration (blue, red,
and black lines in Fig. 7). Measurements were taken at dif-

ferent points across the samples to reproduce the measure-

ments and to verify the uniformity of the properties of the

structures across the area. Fig. 7 shows the averaged spectra,

the deviation from the mean is < 10%, which confirms the

high reproducibility of the results, despite the disordered

structure and size variation of AgNP. For comparative anal-

ysis, aqueous solutions of MOs were also deposited on the

clean c-Si substrate (black line in Fig. 7). On clean c-Si sub-
strates, it is not possible to detect a clear signal from the MO

for all investigated concentrations because there is no local

electromagnetic field enhancement. Although the main MO

bands are clearly visible for the MO concentration 10−5 M

(Fig. 7) on the structures with AgNP, a broad band at

940−980 cm−1 characteristic of c-Si is also observed. When

the concentration of MO increases from 10−4 to 10−3 M,

we see a complete disappearance of the c-Si bands and an

enhancement of the Raman scattering MO signal. It should

be noted that at the thickness of the layer SiO2 ∼ 510 nm,

covering AgNP, the intensity of the Raman scattering signal

sharply decreases, which is associated with a decrease in

sensitivity, since there is no contact of the analyte with its

own
”
hot spots“, most of the MO peaks become less pro-

nounced and strongly blurred. At the same time, the most

intense MO bands associated with the strong valence vibra-

tions of ν(N=N) at 1417 cm−1/1389 cm−1 are clearly visi-

ble. The bands at 1197 cm−1/1312 cm−1 for concentrations

10−4 and 10−5 M are blurred and shifted, possibly due to

the chemical bond lengths of the analyte. Shorter MO bond

lengths cause a shift towards higher wave numbers and vice

versa. Accordingly, if the length of the MO chemical bond

changes, there will be a shift in the Raman scattering [28].
The experimental value of EFAg/Si was EFexp = 2.5 · 103,

the order of which is the same as the numerically calculated

EF presented in Section 3.1. The ratio of values of the same

peak, e. g. at 1389 cm−1 (Fig. 7) for the structure with

embedded AgNP with MO and c-Si substrate with MO of

the same concentration was examined.

4. Conclusion

In result of this paper, SERS-active substrates based on

single crystal silicon and silver nanoparticles were prepared.

The hybrid structures were formed by high-temperature

annealing (1000◦C) of the initial structure — island Ag

film formed by chemical deposition. Thus, structures

with embedded Ag particles in c-Si were obtained with

an average size of 223 ± 106 nm. The thickness of the

thermally grown SiO2 layer, which protects the AgNP from

external influence, was ∼ 510 nm.

Numerical calculations have shown that such structures

possess the presence of LPR in a wide (near-IR) spectral

range depending on the size of AgNP and their interparticle

distance. At the same time, because of the strong

localization of the electromagnetic field exactly on the metal

nanoparticle, structures with a large SiO2 layer may be

less effective as SERS-active substrates because of a sharp

drop in sensitivity. Also, the calculations showed that

the structures with a given period of embedded AgNP

without SiO2 protective layer exhibit the maximum SERS

enhancement factor ∼ 106.

SERS studies of MO demonstrate high analyte detection

on fabricated structures without SiO2. The presence of

blurred peaks and intensity reduction for structures with the

presence of SiO2 could possibly be resolved by optimizing

the thickness of SiO2, the size of the AgNP and the

interparticle distances. From numerical calculations and

experimental data, it is clearly seen that a promising

development of such structures is the creation of ordered

structures, which will sharply increase the presence of

intrinsic
”
hot spots“ at the corners of nanoparticles and,

as a consequence, will lead to a sharp increase in the SERS

enhancement factor. By combining semiconductor technol-

ogy and nanoplasmonics, it will be possible to create chips

for use as SERS-active substrates in a single process cycle.
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