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The optimization of the geometrical properties of gold/silver nanoparticle arrangements to maximize
their surface-enhanced Raman scattering (SERS) efficiency is studied in this work. For this purpose, the
metallic nanostructures were created by thermally annealing gold and silver thin film layers deposited
onto glass substrates. The SERS capabilities of the samples were evaluated by measuring an analyte solu-
tion of benzophenone with three different excitation laser wavelengths. Systematic investigations were
carried out on different gold and silver nanoisland samples to determine how the SERS enhancement
depends on the geometrical (particle diameter, interparticle distance) and optical parameters (plasmon
wavelength) of the nanostructures, as well as on the wavelength of laser excitation. The importance
of matching the excitation wavelength with the resonant plasmon absorbance properties of the sur-
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Photonic devices face was proved. However, it was also shown that the optimization of the geometrical properties of
Sensors the nanoisland arrangements dominates over the selection of the excitation wavelength. A generalized

exponential relationship between the SERS enhancement and the non-dimensional interparticle dis-
tance/particle diameter ratio was established. Optimal technological parameters for the fabrication of

gold/silver nanoisland SERS substrates were proposed.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Raman spectroscopy is an efficient vibrational spectroscopic
technique that allows the analysis of the structure and composition
of materials in solid, liquid, or gas state [1]. The disadvantage is that
Raman scattering has low scattering efficiency. Surface-enhanced
Raman spectroscopy (SERS) is used for decades to improve the pro-
cess sensitivity [2] The SERS phenomenon was first observed in
1974 by Fleischmann et al. [3], who observed unexpectedly large
Raman signals when studying pyridine adsorbed on a roughened
silver electrode [4]
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The magnification of Raman signals by several orders of magni-
tude is made possible by the nanostructured or roughened metal
surface [5]. Several studies have addressed the SERS enhancement
mechanism. Nowadays, it is accepted that two major factors con-
tribute to the enhancement of Raman signals: electromagnetic [6]
and chemical [7,8], from which the electromagnetic mechanism is
considered to be the key one [6,9]. SERS incorporates the essential
benefits of Raman spectroscopy such as fingerprint identification of
molecules, non-destructive analysis, minimal sample preparation;
analysis of biological samples; the possibility of carrying out field
analysis using portable devices [8], all with high sensitivity, which
in some cases even allows the detection of a single molecule [4,10].

Silver and gold nanostructures are the most widely used mate-
rials in SERS substrates due to their surface plasmon resonance
(LSPR) properties, which cover a wide wavelength range in the
visible and near-infrared regions where most Raman measure-
ments are made [1,11]. Several methods have been developed for
the fabrication of these substrates, which follow one of two gen-
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eral strategies: top-down and bottom-up [10,12]. The top-down
strategy is based on micro- and nanofabrication techniques (elec-
tron beam lithography [13], atomic layer deposition [14], focused
ion beam [15] nanosphere lithography [16]). On the contrary, the
bottom-up strategy relies on chemical synthesis and assembly
that offers the opportunity to prepare cost-effective SERS sub-
strates. The morphology of chemically synthesized nanostructures
includes nanospheres [17-19], nanocubes [20], nano triangles [21],
nanorods [22], and nucleus nanostructures [23,24]. Each technol-
ogy is capable of controlling the parameters (dimensions, shape) of
the nanoparticles. This is important because the enhancement of
the SERS effect is influenced by these parameters and other factors
as well [24,25].

Nowadays, research focuses on the structural properties of
SERS substrates [26,27] and the development and fabrication of
substrates with optimal enhancement properties [4]. The SERS
enhancement factor (SERS EF) of a substrate depends on several
factors, such as the geometrical properties of the nanoparticles
(size, shape, interparticle distance, and general arrangement) or the
wavelength of the excitation source [28]. These factors are inter-
twined in a nontrivial way, forming a complex system, which is
essential to be optimized for the best SERS performance.

The effect of nanoparticle size on the SERS performance was
previously studied [29-32] with mixed conclusions. It was shown
that the highest SERS EF could be reached with spherical gold and
silver nanoparticles with a diameter of 50 nm [29,31], while oth-
ers reported a broader range of optimal particle sizes between
30-100 nm for the improvement of SERS [30,32]. Generally, when
the particles are too small, both the actual conductivity and the
scattering properties are reduced, which expectedly reduces the
SERS efficiency [30]. As the particle size increases, the SERS effect
increases since they act as larger scattering centers. However, in
these papers, there was no study concerning the interparticle dis-
tance.

Besides, other works studied this parameter, as interparticle
distance also affects the SERS enhancement. In previous works,
a relationship between the interparticle distance and the SERS
enhancement was demonstrated [33,34]. The closer the particles
are to each other, the higher the specific surface coverage of their
active surfaces is, and the surface density of hot-spots (number
of areas with increased near field intensities due to coupled plas-
mons between the particles) is also higher, which altogether results
in an improved SERS efficiency as it was shown in our previous
work [35]. At very short distances (e.g., less than 1 nm), quantum
mechanical phenomena play a role that limits the possible achiev-
able field strengths [36]. Most papers only study the influence of
interparticle distance and do not take into account the effect of
the nanostructures’ size, except for a few [35,37-39]. It could be
concluded that several past works investigated the effect of these
parameters independently; their complex relationship is not yet
fully described.

The shape of the nanoparticles can also be a factor, its effect
on the SERS enhancement was investigated by others [40-42].
According to these, anisotropic metallic nanoparticles with com-
plex shapes (e.g., hexagonal, triangular, cubical, star shape), could
be beneficial due to the more intense near-fields at the sharp edges.
However, the complicated synthesis of some of these particles and
their subsequent surface chemistry are the main drawback of their
current application.

Another general consideration is that the wavelength of the
excitation source should match the plasmonic properties (LSPR
excitation range) of the substrate as close as possible. The LSPR
absorbance wavelength shifts to red with larger nanoparticle
size and smaller interparticle distance (due to the plasmonic
coupling) [43,44]. If the excitation wavelength is far from the
plasmon excitation of the substrate, the SERS enhancement can

be reduced [25,35]. The fine-tuning of all these parameters is the
key to optimize the SERS substrate properties to maximize their
enhancement factor [45].

In this study, SERS substrates based on gold and silver
nanoislands were prepared on glass substrates with different tech-
nological parameters. The effect of material type, particle size,
interparticle distance (which altogether determine the plasmonic
properties of the substrates) and the excitation wavelength on the
SERS enhancement was studied in detail. The complex relationship
between the size of the nanoparticles, the interparticle distance,
and the enhancement factor is studied and demonstrated compre-
hensively. For this purpose, a benzene derivative (benzophenone)
dissolved in isopropyl alcohol was used as a target material, for its
characteristic and identifiable phenol related peaks. Regarding the
application of SERS for the detection of other materials systems,
some recent reviews can be recommended [46,47].

2. Materials and methods
2.1. Preparation of SERS substrates

The substrates for the SERS active nanoparticles were cut from
microscope slides with a handheld glass cutter to form glass plates.
They were cleaned in an EMMI-20HC ultrasonic bath in 96 % ethanol
and then wiped dry with a sterile paper. The amount of material to
be evaporated was measured on a Sartorius Micro M3p semi-micro
analytical balance. The thin metallic films with controlled thick-
nesses were prepared by thermal evaporation. The layer thickness
was measured by using an Ambios XP-1 profilometer. The thick-
nesses of the created gold layers were 9 and 12 nm, while for the
silver layer 15 and 25 nm. Samples were then heat-treated in a
quartz glass tube placed in an oven filled with Ar:H precursor gas.
The heat treatment (solid-state dewetting) took place at different
temperatures (350°C, 450 °C, and 550 °C) for different periods (15,
30, 60 and 120 min), resulting in a variety of geometrical param-
eters (e.g., particle diameter, interparticle distance). During the
treatment, the high temperature induces diffusion on the surface
of the substrate, causing the thin film first to burst, then to form
nanoscale islands.

2.2. Characterization of SERS substrates

The freshly prepared metallic nanoislands were examined by
using a scanning electron microscope (SEM) and then an opti-
cal spectrophotometer. SEM images were recorded with a Hitachi
S4300-CFE instrument. Multiple locations and magnifications were
taken on each sample. The images were evaluated by using the
National Instruments Vision Assistant software package, which
determined the mean nanoisland diameter (defined as the equiv-
alent diameter of a circle having the same projected area as the
nanoisland), measurement uncertainty, and diameter distribution.

To further evaluate the diameter distribution, we used the Orig-
inPro 9 software and a custom-written Matlab script to determine
the average interparticle distance and its standard deviation. The
measurement uncertainty of the diameter of the produced nanos-
tructures and the interparticle distance was 10-15 %, depending
on the sample. The next step was to investigate the plasmon
wavelength of the created metallic nanostructures. Measurements
were made with an OceanOptics Red Tide USB650 optical fiber
spectrophotometer. The optical transmittance of the samples was
measured in air.

Figs.1and 2 illustrates SEM images (with an acceleration voltage
of 5 kV and magnification of x20 000 or x30 000) of gold and silver
nanoislands and their transmittance spectra. The diameter, inter-
particle distance, and plasmon wavelengths could be controlled by
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Fig. 1. Illustration of the prepared gold nanoislands: a) SEM image of gold sample 1; b) SEM image of gold sample 2; c) The corresponding optical transmittance spectra of

the samples. The technological parameters are given in Table 1. The magnification of SEM images was x20 000.

Table 1
Parameters of the two different gold samples.
Au Sample 1 Au Sample 2
Initial layer thickness 9nm 12nm
Annealing temperature 550°C 550°C
Annealing time 15min 15 min
Table 2
Parameters of the two different silver samples.
Ag Sample 1 Ag Sample 2
Initial layer thickness 15 nm 25nm
Annealing temperature 350°C 350°C
Annealing time 60 min 60 min

the initial thickness while keeping the annealing temperature and
time fixed. Fig. 1 and 2 illustrate two different gold/silver samples
with the fabrication parameters given in Tables 1 and 2, respec-
tively. These figures show how the initial layer thickness affects

the diameter of the formed nanoislands and the interparticle dis-
tance at the same annealing temperature and time. By starting from
a thicker layer, larger nanoislands are formed farther apart, while a
thinner film produces smaller nanoislands that are closer together.
Also, the different gold and silver patterns clearly show how the
transmittance of the sample varies with diameter, affected by the
initial layer thickness.

2.3. Sample preparation for SERS measurements

The analyte solution used for the Raman measurements was
50 mM benzophenone, dissolved in isopropyl alcohol, and all SERS
measurements were performed with a solution taken from the
same batch. During the preparation, special care was given to
dissolve all the benzophenone crystals and to homogenize the solu-
tion.

Spin coater was used to place the benzophenone solution on
the SERS substrates, which allows creating a uniform thin layer
of the analyte. The substrates were placed in the center of the
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Fig. 2. Illustration of the prepared silver nanoislands: a) SEM image of silver sample 1; b) SEM image of silver sample 2; c) The corresponding optical transmittance spectra
of the samples. The technological parameters are given in Table 2. The magnification of SEM images was x30 000.

device, which was fixed with double-sided adhesive. Then, using
a micropipette, 20 wL of the sample solution was dropped into the
center of the active surface, and the spin coater was started and
rotated at 1000 rpm for 1 min. The centrifugal force occurring dur-
ing high-speed rotation uniformly distributes the solution on the
substrate surface.

2.4. SERS measurements

A Renishaw inVia, a Renishaw 1000B, and a Horiba LabRam
Raman spectrometer were used for Raman measurements on the
samples. During the work, 488, 532, and 633 nm lasers were used as
excitation sources, and the measurement time for each sample was
10s. The excitation beam was focused onto the sample surface with
a 50x lens. Raman measurements were performed in several points
on the substrate surface (5-7 points), and the measurement has
been repeated in the point where the SERS enhancement proved
to be the best. For the reference Raman spectrum, the analyte was

placed on a bare glass slide under the same conditions and in the
same amount.

The characteristic spectra of benzophenone were obtained in
our measurements on a pure glass substrate and metallic nanopar-
ticles as well. The main bands of benzophenone can be observed on
both with different intensities (see Fig. 3). Based on these, the SERS
enhancement was calculated from the intensity of the 1596 cm™!
peak, which corresponds to the vibration of the C—C bonds of the
phenyl ring [48].

In this work, we calculated the SERS enhancement based on the
enhancement factor (EF) [9], which can be defined as Eq. (1):

- ISERS/Ngeps )
Irs/Npg

In this approach, Igs is the Raman signal under non-SERS con-

ditions (e.g., on the surface of the reference sample). Under the

same experimental conditions and the same preparation condi-

tions, the SERS signal measured on the SERS substrate will have

the intensity of Isggs [9,30]. At the same time, the Ngs - is the aver-
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Fig. 3. The measured Raman and SERS spectra of the benzophenone.

age number of molecules in the scattering volume for the Raman
(non-SERS) measurement, and Nsggrs — is the average number of
adsorbed molecules in the scattering volume for the SERS exper-
iments. This EF calculation approach ignores the fact that SERS is
a surface-sensitive phenomenon: only surface-adsorbed molecules
contribute to the highest EM enhancement, and the signal contribu-
tion decays exponentially with increasing distance to the surface.
Since in our experiments, the sample was present only in the form
of a thin spin-coated layer (for both SERS and reference measure-
ments) we assumed that Nsgrs = Ngs, thus EF can be simplified as
the ratio of the measured intensities.

3. Results and discussion
3.1. Gold substrates

For both gold and silver nanoislands, measurements were made
with three lasers of different wavelengths. Before that, their optical
parameters, diameter, and interparticle distance were measured,
and the EF was evaluated for each excitation wavelength.

As mentioned in the introduction, the relationship between the
plasmon wavelength of the substrate and the excitation wave-
length affects the SERS enhancement. The three different excitation
wavelengths in our study are meant to probe this relationship. The
plasmon resonance of nanoislands can be effectively tuned with the
particle diameter, structure, and interparticle distance [33,38,39].
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Fig. 5. Surface-enhanced Raman spectra of benzophenone measured on a gold
nanoisland substrate with three different excitation wavelengths.

Fig. 4aillustrates the effect of the nanoisland diameter on the plas-
mon wavelength. The measured diameter, interparticle distance
and plasmon wavelength of the three nanoisland arrangements
shown in the figure are the following: sample 1: 50 nm, 45 nm,
514 nm, sample 2: 54 nm, 46 nm, 527 nm, sample 3: 59 nm, 37 nm,
561 nm, respectively. It can be seen that by increasing the diam-
eter of the gold nanoislands, the position of the plasmon peak is
shifting to higher wavelengths. The relationship between the plas-
mon absorbance properties and the excitation wavelengths can be
studied based on Fig. 4b. Since the plasmon resonance of the gold
nanoislands is in the 500—600 nm range, it can be expected that the
laser with 532 nm excitation wavelength will yield the highest SERS
enhancement. Fig. 4b partially confirm this, since, in general, the
532 nm excitation resulted in the highest average EF. Fig. 5 presents
sample Surface-enhanced Raman spectra measured with the three
different excitation sources, which also illustrate that the highest
enhancement was obtained by using 532 nm excitation. It should be
noted that the Raman scattering will be non-resonant for all these
excitation wavelengths. The analysis of the absorption spectrum of
benzophenone [49] shows that the absorption bands of the com-
pound are in the UV region, well below our lowest laser wavelength
of 488 nm.

However, there are some peculiarities worth mentioning. In
Fig. 4b, the presented data are given as a function of the normalized
absorbance measured at the given excitation wavelength. A higher
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Fig. 4. a) Normalized absorbance spectra illustrating the effect of different gold nanoisland diameters on the plasmonic absorbance of the substrates (average diameters:
#1:50nm, #2: 54nm, #3: 75nm); b) Dependence of the enhancement factor on the excitation wavelength in the function of the normalized absorbance at that wavelength.
For this, the normalized absorbance of the samples (as in Fig. 4a) were evaluated at the excitation laser’s wavelength.
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normalized absorbance means that the nanoparticle arrangement
has a stronger plasmonic resonance at the given wavelength. The
fact that the EF does not correlate directly with the normalized
absorbance indicates that the excitation wavelength is impor-
tant not only because of its relation to plasmon excitation. E.g.,
in some of the cases, a 633 nm excitation with small normalized
absorbance (around 0.1, in other words far from the plasmon res-
onance peak) resulted in better enhancement than the 532 nm
excitation with high normalized absorbance (around 1, e.g., in the
plasmon resonance peak). Also, the 488 nm excitation resulted in
the smallest average EF regardless of the normalized absorbance
at this wavelength. These observations indicate that other factors
determine or influence the effect of excitation wavelength on the
SERS EF besides its relation to the plasmonic properties of the sub-
strate.

To evaluate the effect of the geometrical parameters on the
measured SERS enhancement factors in more detail, the result-
ing EFs obtained with the 532 nm laser excitation were plotted
as a function of both the average nanoisland diameter (Fig. 6a)
and the average interparticle distance (Fig. 6b). As expected -
according to the discussions in the introduction - the measured
EF shows a strong positive linear correlation with the particle size
and also decays exponentially with increasing interparticle dis-
tance. The variation of the data decreases significantly when the
obtained EFs are plotted as a function of the interparticle dis-
tance/nanoisland diameter ratio (r/D). The enhancement factor
shows a clear exponential relationship with this non-dimensional
parameter (equation given in Fig. 6¢, in which the ID is the interpar-

ticle distance/nanoisland diameter ratio), which makes the design
and optimization of the SERS substrates simpler.

Based on the results, the highest SERS enhancement (~6.5)
was achieved with gold nanoislands prepared with the follow-
ing fabrication parameters: initial layer thickness: 9 nm, annealing
temperature: 500 °C, annealing time: 15 min. The SERS substrate
fabricated with these conditions has the following parameters:
plasmon wavelength peak: 528 nm, particle diameter: 58 nm, inter-
particle distance: 30 nm.

3.2. Silver substrates

The silver-based nanoisland SERS substrates were investigated
with the same methodology. Fig. 7a shows the three typical spectra
with the following geometrical and plasmonic properties (diam-
eter, interparticle distance, and plasmon wavelength): sample 1:
34nm, 41 nm, 422 nm, sample 2: 37nm, 36 nm, 436 nm, sam-
ple 3: 39nm, 31 nm, 445 nm. For the silver nanoisland samples,
the plasmon absorbance peaks are between 400—460 nm, thus, as
expected, the highest average enhancement factors were achieved
with the 488 nm laser excitation (see Fig. 7b). This is also con-
firmed by the sample Surface-enhanced Raman spectra presented
in Fig. 8. However, similarly to what we saw in the case of the gold
nanoislands, the measured EF does not correlate clearly with the
normalized absorbance, regardless of the excitation wavelength
(Fig. 7b).

As in the case of gold nanoislands, the effect of the geomet-
rical parameters was studied in detail. The charts of Fig. 9 show
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Fig. 8. Surface-enhanced Raman spectra of benzophenone measured on a silver
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the same linear and exponential tendencies between the measured
EF and the nanoisland diameter and interparticle distance, respec-
tively (for the data obtained with the 488 nm excitation). The EF also
shows a clear exponential relationship with the non-dimensional
(r/D) parameter (equation in Fig. 9c, where ID is the interparticle
distance/nanoisland diameter ratio). It has to be noted that silver
nanoislands show a higher respective SERS enhancement in the
function of r/D (by comparing the equations in Figs. 6¢c and 9 c).

The highest SERS enhancement (~27) was achieved with silver
nanoislands prepared with the following fabrication parame-
ters: initial layer thickness: 25 nm, annealing temperature: 350 °C,
annealing time: 60 min. The SERS substrate fabricated with these
conditions has the following parameters: plasmon wavelength
peak: 438 nm, particle diameter: 61 nm, interparticle distance:
22 nm.

4. Conclusions

By comparing the results obtained on the gold and silver nanois-
land arrangements, we can draw the following conclusions:

1)The highest average and maximum obtained SERS analytical
enhancement factors were achieved with the 532 nm laser irradia-
tion for gold nanoislands and with the 488 nm excitation for silver
nanoislands. This proves that the relationship between the exci-
tation wavelength and the plasmon absorbance properties of the

surface is important and should be considered when selecting a
SERS substrate.

2)0ur findings partially contradict the fact that for both of the
cases, the obtained EFs did not show a clear correlation with the
normalized absorbance peaks considering all investigated excita-
tion wavelengths. This suggests that other factors — such as the
geometrical properties of the nanoisland arrangements — dominate
over the excitation wavelength to a reasonable extent.

3)The SERS EF showed a positive linear correlation with the
nanoparticle size and a negative exponential relation with the
interparticle distance for both types of nanomaterials. This can be
attributed to the higher scattering efficiency (bigger particle size)
and the higher density of near-field hot spots on the surface in the
case of tightly packed particles.

4)A precise exponential relationship could be established
between the measured EF and the non-dimensional r/D parame-
ter, which is the ratio of the interparticle distance and the particle
diameter, for both material types.

5)Silver nanoislands (measured at 488 nm) showed a steeper
exponential increase in the EF with decreasing r/D compared to the
gold nanoislands (measured at 532 nm excitation).

6)These results suggest that larger and closer packed metallic
nanostructures will result in better SERS enhancement. In the case
of gold, this can be achieved with a thinner starting layer (6 nm),
lower annealing temperature (450°C) and longer annealing time
(30—60min), or a thicker layer (9 nm), higher temperature (500 °C),
and shorter time (15 min). In the case of silver, larger and denser
nanoislands were achieved with a thicker starting layer (25 nm),
low annealing temperature (350 °C), and longer time (60—120 min).

7)These sets of technological parameters result in smaller aver-
age r/D parameters for the silver nanoislands and thus higher SERS
enhancement factors, compared to the gold nanoislands.
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