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Developed Ag nanostructures on c-Si as surface-enhanced Raman

scattering substrates for detection of triphenylmethane dye
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Dendritic silver nanostructures on silicon as surface-enhanced Raman scattering substrates are considered in this

work. The structures were obtained by chemical reduction of AgNO3 on the silicon surface with different metal

deposition time. Positions of
”
hot spots“ of the structures under study was determined qualitatively by means of

simulation in COMSOL Multiphysics, and enhancement factors from the structures were calculated ∼ 107 . The

surface-enhanced Raman spectroscopy has shown reliable detection of aqueous solution of brilliant green dye on the

prepared substrates. Limit of detection of the dye was 10−12 M. Using the experimental data, we have determined

the enhancement factors reaching 108 for the least developed structure and 107 for more developed structures.
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Introduction

Waste water contamination with dyes is currently a seri-

ous problem because they can affect both the environment

and human health [1,2]. There is a multitude of various

dyes that are widely used in food, pharmaceutical, beauty,

printing, dye and textile industries, and in aquaculture [1–5].
The study investigates a synthetic aniline triphenylmethane

dye — brilliant green. This dye is used as local antiseptic,

dermatological product, bird feed additive against mould,

intestinal parasites and fungi, and for textile and paper

dyeing [6,7]. In terms of its chemical structure, i.e. the

nature of chromophoric groups, the triphenylmethane series

is assigned to the polymethine dye subgroup [5,8], i.e. dyes
containing more than one methine group. Such dyes were

previously widely used as bactericides [9], e.g. against

fungal and parasitic infections of fish due to their efficacy,

availability and low cost [10]. When this series of dyes

had been found to be toxic, their applications in various

countries were limited considerably or prohibited [11].
These dyes even in low concentrations can be cancerogenic

and mutagenic for living beings [7,12]. Some dye residues

are still found in seafood and waste water [4,10], therefore,
it is important to identify molecules of such dyes at low

concentrations in various biological analytes (for example,

for water analysis).

In recent decades, most of researchers have been focused

on the development of various water treatment methods

used to remove dye waste [5,6,12–14]. The authors

of [15] describe in detail various treatment methods that are

currently proposed: from activated carbon to photocatalytic

oxidation. However, identification of dyes in various

biological samples is the top-priority task: both in water

samples and in animal tissues. There are numerous triph-

enylmethane dye detection methods: electrochemical [16],
electroluminescent [17], immunoenzymometric [18], liquid
chromatography [11,19], mass-spectrometry [10], and Ra-

man scattering spectroscopy [20–22], etc.

Surface-enhanced Raman spectroscopy (SERS) is one of

the most sensitive non-destructive test methods to detect

various analytes with high response rate [23–26]. This

allows ultra-low amount of substances up to individual

molecules to be detected and studied on various sub-

strates [27]. SERS method provides enhancement of the

Raman scattering signal from the test sample. This may be

achieved, first, by localized plasmon resonance excitation

on a custom-made substrate by the external electromagnetic

wave and, consequently, by occurrence of plasmon effects.

Second, the Raman scattering signal on various, usually

metallic, nanostructures may be enhanced due to the pres-

ence of
”
hot spots“ [28]. Highly morphologically developed

structures more likely might have multiple
”
hot spots“ and,

consequently, high Raman scattering enhancement factor

(EF) [29].

In recent years, increasingly greater attention has been

drawn to the SERS spectroscopy, therefore, the use of

the SERS substrates for a wide variety of applications has

increased dramatically. For example, they are used in

biological and medical testing to detect and study viruses,

cells, proteins, tissues and DNA [30–33], and in forensics
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for identification of banned and hazardous substances or

for authentication of products [34]. They may be also

used in environmental studies to detect contaminants and

toxic dyes [21,35–40] and in food industry (pesticide test,

etc.) [38,41–43]. There are numerous SERS structures with

different morphology, they may be: metallic nanoparticles

deposited onto a substrate [44,45]; hybrid structures into

which nanoparticles or nanofilms of one or more metals are

embedded using various methods [40,46,47]; structures in

the form of metal
”
nanoflowers“ [48–50]; dendritic metallic

structures [31,51,52]. Silver and gold are the best metals for

fabrication of SERS structures [53–55].
This study describes silver dendritic structures on silicon

used as SERS substrates. Thanks to the well-developed

morphology of the dendritic structure, intensity of a local

electromagnetic field grows dramatically due to the presence

of
”
hot spots“ that occur: 1) on sharp large-curvature

tips on dendritic structure trunks and branches that act

as a
”
lightning rod“; 2) on nanometer-scale gaps between

neighboring branches and leaves of the dendritic structure.

Therefore, silver dendrites are nanostructures with multiple

”
hot spots“ that in turn play a major role in the Raman

scattering enhancement. Silver was chosen because it is

chemically stable, easily synthesized and is much cheaper

than other noble metals used for fabrication of SERS

substrates. Various detectable substances (analytes) are also

absorbed on the silver surface more likely than on other

noble metals [56], which is an advantage of silver. We

propose a simple and reproducible SERS structure fabrica-

tion method that does not require any expensive equipment.

Chemical reduction of silver nitrate on the silicon surface

is used to create dendritic metallic nanostructures with

uniform distribution over the area and structure morphology

control due to varying the deposition time and solution

concentration. Silicon was used as a substrate primarily

because it is neutral to analyte molecules in most cases.

In the method proposed herein, silicon is a reducing agent,

more precisely, silver and silicon form a redox pair in this

process. Thus, silicon participates in the oxidation-reduction

reaction on its own, therefore, a part of its surface is etched

to ensure good adhesion between silver and substrate [54].
Using the SERS spectroscopy, we studied the response

from the fabricated structures with brilliant green aqueous

solution applied to their surfaces at ultra-low concentration,

and determined EF or each sample. Positions
”
hot spots“

positions and numerical EF were determined qualitatively

using numerical simulation.

1. Experimental methodology

1.1. Nanostructure fabrication

p-type single crystal silicon (c-Si) with a resistivity of

10�·cm, crystal-lattice orientation (111) was used as a

substrate for fabrication of silver dendritic structures. After

standard RCA (Radio Corporation of America) cleaning, the
Si wafers were placed in 0.02M AgNO3 + 5MHF solution

at the volume ratio of 5:1. In this solution, silver is reduced

on the Si wafer surface and dendritic nanostructures are

formed. To create dendritic structures with different

morphology, solution treatment time was set to — 40 s

(sample S1), 60 s (sample S2) and 90 s (sample S3) at room
temperature. Figure 1 shows schematically all experiment

phases: Si wafer cleaning, dendritic nanostructure forma-

tion, analyte application (synthetic aniline triphenylmethane

dye — brilliant green (BG) was used herein), analysis

of analyte on the silver dendritic structure surface by the

Raman scattering method and data analysis.

1.2. Characterization of nanostructures

Morphological analysis of the hybrid structures was

performed using the JSM-7001F (JEOL, Japan) scanning-

electron microscope (SEM) in secondary electron mode

at an accelerating voltage of 5 keV. Statistical analysis

of nanostructures was performed using SEM images and

ImageJ open source image processing software.

X-ray diffraction analysis was performed using the

DRON-8N (IC
”
Berevestnik“, Russia) X-ray diffractometer

in the Bragg-Brentano geometry with the angle 2θ range

from 30 to 67 deg. The diffractometer is equipped with an

X-ray tube with Cu anode, BDS-25-10 (IC
”
Burevestnik“,

Russia) scintillation point detector and one parabolic curved

Gebel’s mirror placed on the beam path such that the X-ray

source focusing line is straight. Scanning was performed in

continuous mode at a rate of 1 deg/min.

The Raman scattering spectra were measured using the

Labram HR800 spectrometer (HORIBA, France) equipped

with 633 nm radiation generating laser with a power of

1.6µW to prevent analyte damage. A 600 lines/mm

grating was used for the measurements, and the Olympus

100 × (NA = 0.9) lens was used to focus the laser beam on

the sample surface into a spot with a diameter of ∼ 1µm.

Raman scattering measurement repeatability was provided

by scanning the spot area from analyte on the 30× 40µm

SERS substrate at the interval of 5µm.

2. Results

2.1. Morphologies of fabricated substrates

Figure 2 shows SEM images of the fabricated Ag

dendritic nanostructures on c-Si substrate. These images

were used to calculate the average Ag layer thickness on all

substrates: for sample S1 — 259 nm, for sample S2 —
627 nm, for sample S3 — 1084 nm. The figure clearly

shows how the Ag structure morphology develops from

stand-alone main
”
trunks“ (sample S1) to

”
trunks with

multiple symmetric branches and leaves“ (samples S2 and

S3), which increases the specific area of the Ag structure

dramatically. In our previous studies [57–59], we studied

optical properties and morphology of structures obtained by

Ag deposition on a Si substrate from 0.02M AgNO3 + 5M

HF (1:1) solution during 30 s. In such deposition mode,
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Figure 1. Scheme of the main experiment stages. 1 — preparing Si wafer and creating Ag dendritic nanostructures; 2 — applying the

dye (BG); 3 — testing by the Raman scattering method; 4 — test data analysis.

formation of dendritic structures was not observed, and

island Ag films with a mean thickness of 40−45 nm were

produced.

Chemical deposition of Ag on the Si wafer from aqueous

solution containing Ag+ and HF is based on the elec-

trochemical oxidation-reduction reaction when anodic and

cathodic processes take place simultaneously on the Si

surface [60]. Electrochemical reactions are represented by

the following equations:

anodic

Si + 6HF = H2SiF6 + 4H+ + 4e−, (1)

cathodic

Ag+ + e− = Ag. (2)

In the reactions listed above, e− denotes an electron.

H2SiF6 is a soluble compound, therefore, reaction (1) is a

reaction of Si removal by etching. Meanwhile, reaction (2)
is a reaction of ionic Ag reduction to atomic Ag on c-Si
surface.

It is known that covering the Si wafer surface by dendritic

nanostructures and development of these structures depends

on AgNO3 concentration in the solution [60,61] or on

the deposition time [62,63], the dendritic Ag structure

morphology may vary depending on the deposition method:

chemical deposition or electrochemical deposition under

voltage [61]. For several years, authors of [54,61,64] have

been investigating and comparing chemical and electro-

chemical methods of Ag deposition on Si surface, de-

scribing various conditions and silver-containing electrolytes,

demonstrating different dendritic structure morphologies,

and showing that dendritic nanostructures produced by

electrochemical deposition are more developed than those

produced by chemical deposition.

For this, the diffusion-limited aggregation model and

anisotropic crystal growth are used to describe the dendritic

Ag structure growth and development mechanism [62,65–
67]. The dendritic structure formation process is described

as follows: Ag particles undergoing Brownian motion in

a solution find low-energy areas on the substrate, are

deposited on it and start sticking together forming an initial,

i.e. nucleation layer of Ag nanoparticles. Such layer can

be observed within low deposition times or very low Ag

Technical Physics, 2024, Vol. 69, No. 7
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Figure 2. SEM images of Ag dendritic structures. Top view: S1 (a), S2 (b), S3 (c). Cross-section view: average height of structures

S1 — 259 (d), S2 — 627 (e), S3 — 1084 nm (f).

concentrations in solution, when the silver nanoparticles

completely or almost completely form an island layer on

the Si wafer surface. As the time of treatment in the

electrolyte containing a sufficient amount of Ag (as in case

of diffusion from an inorganic source) grows or when a

solution with high concentrations (excess concentration) is

used, free nanoparticles will continuously diffuse to the

produced nucleation layer forming more coarse particles,

and then, when colliding with each other followed by

aggregation, will form dendrites.

It is known that the morphology of the resulting

nanoparticles is defined by different growth rate of crystal

faces. Since silver is a metal with face-centered cubic

lattice, the growth mechanism is more efficient in 〈111〉
orientations than in other orientations. Thus, at the initial

stage, Ag nanoparticles will grow along 〈111〉 orientation

forming a rod-like Ag trunk (sample S1). Then, growth

of a structure with attachment of new particles to the

trunk continues, these attached Ag nanoparticles also start

growing in [111] orientation with formation of further

secondary (sample S2) and tertiary branches (sample S3).
As the reaction is executed, all trunks, branches and leaves

become larger, thicker and denser, and form ordered, well-

oriented Ag dendritic nanostructures. For Ag dendritic

nanostructure formation, both diffusion control and oriented

growth process play an important role.

2.2. X-ray diffraction (XRD) analysis

XRD patterns of the formed Ag dendritic structures are

shown in Figure 3. The experimental XRD pattern shows a

set of Bragg reflection peaks at 2θ of 37.8, 43.9 and 64.2 deg

corresponding to (hkl) — (111), (200) and (220) planes.
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Figure 3. XRD patterns of the dendritic Ag nanostructures

(samples S1, S2 and S3).

The XRD examination has confirmed that silver dendritic

structures are Ag with face-centered cubic crystal structure

(JCPDS, file No. 9008459) [68]. Thus, Ag nanoparticles are

in metallic phase without impurities. As the amount of Ag

increases, XRD intensity on samples grows indicating the

growth of the degree of crystallinity.

2.3. Raman spectroscopy

Before SERS examination of Ag dendrites with applied

BG aqueous solution, Raman scattering measurements of

the initial c-Si wafer and Ag dendritic nanostructures on

7 Technical Physics, 2024, Vol. 69, No. 7
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c-Si without dye were performed. All spectra show a

line near 520 cm −1 corresponding to scattering on optical

phonons of the first-order c-Si crystal lattice and a less

intense Raman scattering band of the second-order c-Si
(940−980 cm−1) [40,69]. Also, the spectrum from Ag

dendritic nanostructures clearly shows an intensive band

at ∼ 240 cm−1 caused by Ag-N bond stretching [70].

A drop (10µl) of BG aqueous solution with different

concentrations was applied to each substrate, then it was

dried in air within 2 h. Figure 4 shows averaged values

of 63 SERS spectra for the test samples with applied BG

aqueous solution at concentrations 10−11, 10−10, 10−8 and

10−7 M on S1, S2 and S3 substrates. The SERS spectra

clearly show all characteristic
”
fingerprints“ of BG [71].

The principal bands on 1616, 1593, 1491 and 1288 cm−1
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concentration with standard deviation. Curve 1 — sample S1,
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correspond to ν(C−C) ring stretching. Peaks at 1426 and

1363 cm−1 correspond to ν(N−ph) stretching+ ν(N−ph)
ring oscillation and stretching, respectively. And peaks

at 1182, 1162, 1007 and 905 cm−1 correspond to in-plane

bending of (C−H) ring. The highest intensity of the

SERS signal is observed from sample S1 and then from

S2. Substrate S3 demonstrates the lowest intensity, two

reasons are possible: 1) dendritic structure becomes highly

branched with time, and the Raman signal becomes weaker

due to denser branches, gaps between dendrites decrease

considerably, thus, reducing the number of
”
hot spots“

in the sample and affecting the Raman scattering char-

acteristics; 2) high dendritic structure thickness (∼ 1µm)
shields the signal from BG that has been absorbed into

the depth to the dendritic bases. Although S1 is less

morphologically developed compared with S2 and S3, its

height turned out to be more effective for absorbing BG

crystals. Concentration of 10−12 M was also applied to the

structures, SERS intensity was ∼ 10 cps on all structures.
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Figure 6. 3D SERS spectra from S1 (a), S2 (b), S3 (c) with BG aqueous solution (10−7 M) measured on an area of 30× 40 µm at

5 µm interval.

Thus, BG limit of detection from the structures studied

herein is equal to 10−12 M.

Figure 5 shows the dependence of intensity of all SERS

spectra measured on the test samples with the most intense

peak 1616 cm−1 on BG aqueous solution concentration

with standard deviation shown by error bars. For sample

S1, standard deviation of the SERS signal is much higher

compared with other samples.

For illustration, Figure 6 shows all spectra measured on

area of 30 × 40µm at 5µ interval from all test samples

with a concentration of 10−7 M. There are individual peaks

whose intensity is twice as high as the signal intensity across

the measured area and distorts the general signal pattern

from the analyte. This may be because laser falls on the

analyte spot edge (
”
coffee ring“). It is well known that

self-induced drying of some liquid drops on particular hard

surfaces forms a
”
coffee ring“ pattern [72].

The enhancement factor (EF) that can provide quan-

titative estimate of substrate efficiency in Raman signal

increase from this molecule is a very important parameter

that shall be considered when using SERS substrates.

Analytical EF was calculated using the average values of

the most pronounced peak at 1616 cm−1 using the following

equation [73]:

EF =
I
C

C0

I0
, (3)

where I and I0 are intensities of signals from the analyte

on the SERS substrate and pure c-Si wafer, respectively; C
and C0 are the analyte concentration applied to the SERS

substrate and pure c-Si wafer, respectively.
Considering the analyte concentration 10−7 M, we have

the mean SERS signal intensity 11375, 7767 and 1732 a.u.

for S1, S2 and S3, respectively. Analyte with concentration

10−3 M was applied to c-Si , however, note that no response

was seen due to luminescence, therefore the Raman signal

intensity is assumed as 1 a.u. Thus, EF for S1 is equal to

1.14 · 108, for S2 is equal to 7.8 · 107, and for S3 is equal to

1.73 · 107 . Calculations of numerical EF are shown below.

2.4. Numerical calculation

EF was calculated numerically in COMSOL Multiphysics

commercial software using the finite element method. A

3D model with periodic boundary conditions along the x
and y axes was developed (Figure 7). The incident field

is a plane wave with normal incidence along the z axis.

Perfectly matched layers (PML) were used on the top

and bottom of the model in order to ignore the wave

rereflection from the boundaries. The model shape was

nominally set by the SEM image (Figure 2, e). The

dendritic structure height is 540 nm, diameter in the base

and apex is 100 and 8 nm, respectively, whereas the

sizes of
”
branches“ are from 100 to 10 nm depending on

position.

Numerical EF was estimated using the following equa-

tion [74]:

EFcalc =
1

S

x

S

|E|4

|E0|4
dS, (4)

where E and E0 are local and incident electric field vectors,

respectively; S is the integration surface at 0.1 nm from the

air/Ag interface.

Thus, the numerical value of EFcalc on 633 nm or the

model shown in Figure 7, a is equal to 5.2 · 107, and for the

model consisting of two nanostructures (Figure 7, b) EFcalc
was equal to 8 · 106.

Conclusion

SERS substrates, representing dendritic Ag nanostruc-

tures, were obtained by chemical reduction of AgNO3 on

the c-Si surface with different Ag deposition times.

The limit of detection of brilliant green from the structures

studied herein was equal to 10−12M. It was found that

the highest intensity of the Raman signal is observed

from sample S1 (40 s, 259 nm), then from S2 (60 s,
627 nm), and substrate S3 (90 s, 1084 nm) demonstrates the

lowest enhancement, which is probably associated with the

7∗ Technical Physics, 2024, Vol. 69, No. 7
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structure morphology. Experimental enhancement factors

from the structures under study with the applied analyte for

sample S1 — 1.14 · 108, for S2 — 7.8 · 107, and for S3 —
1.73 · 107 .

COMSOL Multiphysics software suite was used to

determine qualitatively the positions of
”
hot spots“ of the

structures and to calculate the enhancement factor on

633 nm that is equal to 5.2 · 107 for the model of one

standing Ag nanodendrite, and 8 · 106 for the model of two

dendrites.

The SERS studies demonstrate high degree of analyte

detection on the fabricated structures. The numerical

calculations and experimental data unambiguously show

that these structures are very promising as SERS substrates

for detection of various triphenylmethane dyes at extremely

low concentrations.
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