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Abstract: This paper presents a systematic study of the investigation of nanoparticle (NP) agglomerate
films fabricated via depositing spark-generated Au, Ag, and Au/Ag NPs onto quartz microscope
coverslips in a low-pressure inertial impactor. The primary focus of the study is to characterize these
nanostructures and to examine their potential application in surface-enhanced Raman spectroscopy
(SERS). The characterization of the produced nanostructures was carried out by performing optical
absorbance measurements, morphology, and composition analysis, as well as testing the SERS
performance of the NP films at three different excitation laser wavelengths in the visible range. The
study aims to investigate the relationship between the optical properties, the morphology, and the
enhancement of the produced samples at different excitations, and the results are presented and
discussed. The study highlights the potential of using spark ablation and inertial impaction-based
deposition as a method for producing nanoparticle films for SERS.

Keywords: nanoparticle films; spark ablation; Au/Ag alloy; surface roughness; SERS

1. Introduction

Nanostructured films fabricated via the deposition of nanoparticle (NP) agglomerates
onto a substrate are usually characterized by relatively high porosity, i.e., a considerable
ratio of the empty-to-total volume of the film. Such structures exhibit a high surface-to-
volume ratio, which makes them desirable in applications, such as catalysis [1,2], gas
sensing [3,4], or surface-enhanced Raman spectroscopy (SERS) [5–7], just to mention a
few. There are many ways to produce and deposit NPs, among which we will focus on
the so-called aerosol techniques, which result in the formation of particles dispersed in
a gaseous medium [8,9]. Aerosol-based NP generation methods can be combined with
direct deposition methods, such as collection on filters [10], impaction printing [11,12],
thermophoretic- [3,13], or electric field-guided deposition [14,15], hence providing powerful
tools to fabricate nanoparticle films for various applications.

One aerosol technique, which offers exceptionally high flexibility in terms of the
NPs’ material is based on the vaporization of bulk electrodes by energetic spark dis-
charges. This method often called spark ablation only requires a controlled, atmospheric-
pressure gaseous environment and a pair of electrically conductive electrodes, between
which a transient spark plasma creates a vapor plume from the electrodes’ material,
which will condense into nanoparticles [16]. By varying the electrical properties of the
discharge [17–22], the geometry of the electrodes and the surrounding chamber [23–26],
the properties of the electrode material [27–30], or the properties of the carrier gas [31–33],
one can tune the characteristics of the generated particles. Since spark ablation can conve-
niently be used to produce multielement NPs by simply combining dissimilar alloyed or
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compacted electrodes [34,35], this tunability even includes the crystal structure of the pro-
duced particles [29,36,37]. NPs generated via spark ablation have been successfully used in
various applications, such as gas- [4,38–43] and light [44] sensors, catalytic surfaces [45,46],
or SERS substrates [10,12,47–50]. These applications used different approaches to deposit
the NPs to a surface, starting from the most straightforward filtering [10] to a highly so-
phisticated, electrical field-assisted 3D microprinting method [49]. Among all the different
approaches, the impaction-based deposition has already been shown to be sufficiently
simple to integrate into an industrial-level NP printer [11,45] and versatile enough to be
applicable on various substrates, including optical fibers [50] or polymers [51].

In this work, we present a systematic study on the investigation of NP agglomerate
films, fabricated via depositing spark-generated Au/Ag binary NPs onto quartz micro-
scope coverslips in a low-pressure inertial impactor. The characterization of the produced
nanostructures was carried out having SERS as the main potential application in mind
because it is a powerful analytical technique with broad usability in fields like biomedical
analysis, environmental monitoring, and security, to mention but a few [52]. Since SERS is
based on the enhancement of the Raman signal of an analyte due to the localized surface
plasmon—which is the collective oscillation of electrons—resonance (LSPR) in an appro-
priate nanostructure, the fabrication and understanding of the relationship between the
properties of such structures and their enhancement properties are of great importance.
Here, pure Au, Ag, and Au/Ag alloys were chosen as a materials system, due to their
well-known advantages in SERS [52]. It has been shown that even though gold generally
has lower enhancement than silver, alloying pure silver with gold has distinct benefits
in improving the chemical stability of SERS substrates [53]. This indicates that finding
a good compromise in enhancement and chemical stability requires the tunability of the
silver-to-gold ratio in the samples. By exploiting the inherent potential of spark ablation
in producing alloy NPs, we fabricated different Au/Ag NP-based nanostructures with
varying compositions. Since the spectral distribution of the enhancement of the produced
nanostructures varies with the properties of the NPs building up the structures (such
as elemental composition, particle size, shape, density, and surface geometry), the SERS
performance of the NP films was tested at three different excitation laser wavelengths in
the visible range. To understand the factors affecting the enhancement of the produced
nanostructures, we present and discuss the effect of average composition, optical properties,
excitation wavelength, and surface morphology on the SERS performance of the samples.

2. Materials and Methods
2.1. Production of Nanostructures

The experimental setup used for the fabrication of NP films is illustrated in Figure 1.
For the generation of the NPs, a spark discharge generator (SDG) was used, which is
described in detail elsewhere [30], and thus only a brief overview of the key elements is
presented below.

The NP generation takes place in a stainless-steel chamber that is sealed with two KF-
160 ports on the sides and is equipped with four radially aligned KF-40 ports. This chamber
houses the horizontally positioned and axially aligned electrodes, the gap between which
was set to 2 mm during particle generation. Gold (99.9% purity, Goodfellow Cambridge
Ltd., Cambridge, UK, silver (99.9% purity, Goodfellow Cambridge Ltd., Cambridge, UK),
and alloyed gold-silver (50/50 wt.%, 99.95% purity, ChemPUR GmbH, Karlsruhe, Germany)
electrodes with a diameter of 3 mm were used to achieve different NP compositions. The
different electrode configurations used for achieving different compositions are detailed in
Table 1. A constant 5 slm flow rate of argon gas (99.996% purity, Messer Hungarogáz Ltd.,
Budapest, Hungary) was maintained with a mass flow controller (Model GFC16, Aalborg
Inc., New York, NY, USA) and used as a carrier gas. The gas entered the chamber from
below through one of the KF-40 ports, through an upward-pointing nozzle with an inner
diameter of 2.85 mm.
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Figure 1. Schematic illustration of the experimental setup: the SDG chamber, in which the NP 
generation takes place (1), the tube furnace (2), and the impactor (3) used for depositing the NPs on 
the substrate (its placement marked with color). The arrows indicate the flow of the carrier gas and 
the aerosol. 
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high-voltage capacitor of 8 nF (Model 450PM980, General Atomics, San Diego, CA, USA) 
connected to a high-voltage power supply (Model HCK 800–12500, FuG GmbH, Schechen, 
Germany). Upon reaching the breakdown voltage characteristic of the setup, a spark 
discharge is created between the electrodes, resulting in a bipolar, damped, oscillatory 
discharge. The spark repetition rate was controlled by changing the charging current of the 
capacitor and set to 100 Hz. The electric signal was monitored using a voltage (P6015A, 
Tektronix Inc., Beaverton, OR, USA) and current probe (110, Pearson Electronics Inc., Palo 
Alto, CA, USA) and a 200 MHz oscilloscope (Model DSOX2024A, Keysight Technologies 
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port and was led through a tube furnace heated to 800 °C (EHA 12/300B, Carbolite Gero 
GmbH, Neuhausen, Germany). The NPs were then deposited on quartz microscope 
coverslips via a low-pressure inertial impactor. The coverslips (Ted Pella Inc. 26016, 
Redding, CA, USA) were ultrasonically cleaned (Ultrasonic 300, NEY, now Blackstone-
NEY Ultrasonics, Jamestown, NY, USA) in acetone (VWR Chemicals, Radnor, PA, USA, 
20066.296), followed by ultrasonic cleaning in propanol (VWR Chemicals, 20842.312). 

Figure 1. Schematic illustration of the experimental setup: the SDG chamber, in which the NP
generation takes place (1), the tube furnace (2), and the impactor (3) used for depositing the NPs on
the substrate (its placement marked with color). The arrows indicate the flow of the carrier gas and
the aerosol.

Table 1. The electrode configurations and deposition times were used for the fabrication of
each sample.

Sample Electrode Configuration (Anode-Cathode) Deposition Time (min)

S1 Au-Au 10
S2 Au-Ag 16
S3 AuAg-AuAg 22
S4 Ag-AuAg 27
S5 AgAg 35

Sparking was maintained by periodically charging and discharging a monolithic,
high-voltage capacitor of 8 nF (Model 450PM980, General Atomics, San Diego, CA, USA)
connected to a high-voltage power supply (Model HCK 800–12500, FuG GmbH, Schechen,
Germany). Upon reaching the breakdown voltage characteristic of the setup, a spark
discharge is created between the electrodes, resulting in a bipolar, damped, oscillatory
discharge. The spark repetition rate was controlled by changing the charging current of the
capacitor and set to 100 Hz. The electric signal was monitored using a voltage (P6015A,
Tektronix Inc., Beaverton, OR, USA) and current probe (110, Pearson Electronics Inc., Palo
Alto, CA, USA) and a 200 MHz oscilloscope (Model DSOX2024A, Keysight Technologies
Inc., Santa Rosa, CA, USA).

The aerosol containing the generated NPs left the chamber through the upper KF-
40 port and was led through a tube furnace heated to 800 ◦C (EHA 12/300B, Carbolite
Gero GmbH, Neuhausen, Germany). The NPs were then deposited on quartz microscope
coverslips via a low-pressure inertial impactor. The coverslips (Ted Pella Inc. 26016,
Redding, CA, USA) were ultrasonically cleaned (Ultrasonic 300, NEY, now Blackstone-
NEY Ultrasonics, Jamestown, NY, USA) in acetone (VWR Chemicals, Radnor, PA, USA,
20066.296), followed by ultrasonic cleaning in propanol (VWR Chemicals, 20842.312).
Aerosols produced from different electrode materials in SDGs are characterized by different
NP concentrations. This means that at a fixed sampling rate, the number of deposited
particles would vary with the composition of the given sample, potentially affecting the
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comparison of the characteristics of the samples. To account for the difference in the
total NP concentration of the aerosol for the different compositions, different deposition
times were used for each substrate. They were chosen so that on each substrate the same
number of NPs were deposited of the chosen material as pure gold NPs under 10 min of
deposition. The deposition times, along with the electrode configurations for each type
of substrate are summarized in Table 1. These values were based on the measurement of
the total concentration of the nanoparticles of different compositions by a condensation
particle counter (CPC, Ultrafine Condensation Particle Counter 3756, TSI Inc., Shoreview,
MN, USA).

2.2. Characterization of Nanostructures

The morphological parameters of the nanostructures were examined using a scanning
electron microscope (SEM) and an atomic force microscope (AFM), and the composition
of the particles was determined by inductively coupled plasma mass spectrometry, fol-
lowing the exact protocol described in [10]. The composition analysis of the deposited
nanostructures was carried out by using energy-dispersive X-ray (EDX) spectrometry, and
their optical characteristics were defined using a spectrophotometer. It should be noted
that the characteristics of the samples derived from various measurements presented in
this section always refer to the whole NP film, i.e., to the deposited nanostructure, and not
to the individual NP agglomerates building up the films.

SEM images were recorded with a JOEL JIM-4700 FIB instrument. The recordings were
made at 2 kV accelerating voltage at 35,000x magnification. We recorded SEM images of a
structure at several points. An atomic force microscope was used for further morphological
studies. AFM measurements were recorded with an AIST-NT Smart SPM AFM Microscope.
A 10 × 10 µm2 area was scanned on each sample at five different points. From these AFM
images, the average surface roughness of the measured regions was determined for each
sample. Here, we define the average surface roughness (Ra) as the arithmetic average of
the absolute value of the deviations in the profile height from the mean value, within an
evaluation length: Ra = 1

L
∫ L

0 |Z(x)|dx, where L is the evaluation length and Z(x) is the
profile height function. The electron microscope also provided the opportunity for electron
beam microanalysis, so EDX measurements were carried out to determine the average
composition of the nanostructures. A Shimadzu UV-3600 spectrophotometer was used to
measure the optical transmittance of the investigated nanostructures.

2.3. SERS Measurements

For the SERS measurements, a 1 µM ethanolic solution of Rhodamine 6G (R6G) was
used as a probe analyte in all cases. Before the measurements, 50 µL of the solution
was dropped onto the nanostructures and dried in air. The Raman measurements were
performed with a Horiba Labram Raman-AFM microscope. During the measurements,
lasers with three different wavelengths were used: 473 nm, 532 nm, and 633 nm. In all cases,
the laser beam was focused on the surface of the nanostructure with a 50×magnification
objective. Table 2 summarizes the measurement parameters set during the measurements.

Table 2. Measurement parameters.

Excitation Wavelength 473 nm 532 nm 633 nm

Neutral density filter, % 0.1 0.01 3.2
Laser intensity, mW 0.03 0.01 0.22
Measurement time, s 1 15 15

Number of accumulations 1 3 1

The Raman spectrum of the analyte was measured at five different points on each
sample. The obtained spectra were averaged in all cases. During the measurements, a
reference spectrum was also recorded, during which the R6G analyte solution was applied
to a glass slide at a higher concentration (10 mM) and then measured under the same
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measurement conditions. The characteristic spectrum of R6G was observed both on the
glass substrate and using metal nanoparticles. Based on these, the SERS enhancement factor
(EF) was calculated from the intensity of the ~1650 cm−1 line, which corresponds to the
vibrations of the C-C bond of the aromatic ring [54]. Figure 2 shows the ~1650 cm−1 peak
appearing on the recorded spectra with the use of an excitation source with a wavelength
of 532 nm, measured on the nanostructures (S1-S5, SERS condition) and a glass slide (Ref,
non-SERS condition).
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In this work, the SERS enhancement factor (EF) was calculated using the following
formula [55]:

EF =
ISERS/NSERS

INR/NNR
(1)

In this approach, ISERS is the intensity of the SERS signal measured on the nanostruc-
tures, while INR is the intensity of the Raman signal measured under non-SERS conditions
(reference sample). Furthermore, NSERS is the average number of molecules absorbed
on the nanostructures in the scattering volume during SERS measurements, while NNR
is the average number of molecules in the scattering volume during Raman (non-SERS)
measurements. In the present case, we assume that the ratio of the excited molecules under
non-SERS and SERS conditions (i.e., NNR

NSERS
) is equal to the ratio of the concentration of the

analytes (i.e., 10 mM
1 µM ).

To investigate the spatial distribution of the enhancement of the samples, enhancement
maps were constructed by measuring the Raman spectrum of the samples over a selected
area. The spectral acquisition was carried out in a 100 × 100 µm2 area with a resolution of
10 µm, resulting in a total of 100 measurement points. The measurement parameters were
the same as shown in Table 2. Data processing and visualization were carried out by using
the OriginPro 8.6 software.

3. Results and Discussion
3.1. Morphology and Composition

As mentioned before, we generated Au, Ag, and Au/Ag nanoparticles with different
compositions, as summarized in Table 3, to fabricate various nanostructures on a solid
substrate. The surface layers obtained after depositing the different particles are referred to
as S1–S5, indicating an increasing nominal silver content.
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Table 3. Surface roughness (Ra), and composition values of the substrates.

Sample
Nanoparticle
Composition

(wt%Ag)

Layer Composition
(wt%Ag)

Surface Roughness-Ra
(nm)

S1 0 0 89 ± 4
S2 23.1 ± 1.0 25.1 ± 5.0 78 ± 3
S3 44.6 ± 5.0 44.7 ± 3.0 121 ± 13
S4 67.5 ± 4.4 50.1 ± 8.0 87 ± 8
S5 100 100 54 ± 1

We examined the morphology and composition of the produced structures using
SEM, AFM, and EDX methods. The SEM and AFM images of the samples are presented in
Figure 3 (left and right columns, respectively). It can be seen that the particles are more or
less homogeneously distributed over the substrate, however, the porous nature of the layer
is also evident. One can also note that the surface morphology of the samples varies with
varying compositions. Using the AFM data, we determined the average surface roughness
(Ra) of the different samples, which are summarized in Table 3. The relative standard
deviation of the roughness is ca. 28%, mostly arising from the considerable deviation of S3
and S5 from the rest of the samples. It should be noted that we also determined the average
composition of the fabricated nanostructures using EDX measurement and compared
it with the average composition of the generated nanoparticles obtained from ICP-MS
analysis. Considering the limitations of the two different techniques, the compositions are
reasonably close to each other.

3.2. Optical Properties

The optical properties of the different samples were characterized by measuring their
absorbance. Figure 4 shows the normalized absorbance spectra of S1-S5, which exhibit the
blueshift of the absorbance peak position with increasing silver content. By comparing
the experimental results with the values calculated (Calculations were made by using the
MiePlot computer program, available at www.philiplaven.com/mieplot.htm (accessed on
3 March 2023)) for individual spherical nanoparticles in the relevant composition and size
range, one can conclude that the measured values follow the theoretical trend reasonably
well. However, the peak positions measured on the nanostructure layers are consistently
larger than those of the individual nanoparticles, which indicates coupling between the
particles forming the deposited layer [56,57]. Since aggregation of the particles is apparent
in Figure 3, such deviation from the theoretical trend is expected.

3.3. SERS Measurements

The fabricated nanostructures were used as substrates for SERS measurements to
assess their surface enhancement properties. Figure 5 shows the Raman spectrum of R6G
recorded with different excitation laser wavelengths on the five different samples. The
Raman spectrum of the analyte measured without nanostructure is shown for reference.
As apparent from the spectra in Figure 5, both samples exhibit considerable enhancement.
However, their exact value highly depends on the sample and the excitation wavelength.

To quantify the SERS activity of the different samples, the enhancement factor was
calculated from the intensity of the peak at ~1650 cm−1, marked in red in Figure 5, based
on the formula given in Section 2. The EF values are listed in Table 4.

As can be seen in Table 4, the enhancement factor of the samples varies approximately
in the 103–105 range, depending on the properties of the nanostructure and the excitation
wavelength. The highest enhancement (ca. 2 × 105) can be achieved either by S5 with 473
nm or by S2 with 633 nm excitation wavelength.

www.philiplaven.com/mieplot.htm


Chemosensors 2023, 11, 180 7 of 16
Chemosensors 2023, 11, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 3. SEM (left column) and AFM (right column) images of S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e). Figure 3. SEM (left column) and AFM (right column) images of S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e).



Chemosensors 2023, 11, 180 8 of 16

Chemosensors 2023, 11, x FOR PEER REVIEW 8 of 16 
 

 

3.2. Optical Properties 
The optical properties of the different samples were characterized by measuring their 

absorbance. Figure 4 shows the normalized absorbance spectra of S1-S5, which exhibit the 
blueshift of the absorbance peak position with increasing silver content. By comparing the 
experimental results with the values calculated (Calculations were made by using the 
MiePlot computer program, available at www.philiplaven.com/mieplot.htm (accessed on 
6 March 2023)) for individual spherical nanoparticles in the relevant composition and size 
range, one can conclude that the measured values follow the theoretical trend reasonably 
well. However, the peak positions measured on the nanostructure layers are consistently 
larger than those of the individual nanoparticles, which indicates coupling between the 
particles forming the deposited layer [56,57]. Since aggregation of the particles is apparent 
in Figure 3, such deviation from the theoretical trend is expected. 

Figure 4. Normalized absorbance spectra of the samples S1–S5 (left), variation of the absorbance 
peak position measured on the samples and calculated for individual nanoparticles as a function of 
composition (right). 

3.3. SERS Measurements 
The fabricated nanostructures were used as substrates for SERS measurements to 

assess their surface enhancement properties. Figure 5 shows the Raman spectrum of R6G 
recorded with different excitation laser wavelengths on the five different samples. The 
Raman spectrum of the analyte measured without nanostructure is shown for reference. 
As apparent from the spectra in Figure 5, both samples exhibit considerable enhancement. 
However, their exact value highly depends on the sample and the excitation wavelength. 

  

Figure 4. Normalized absorbance spectra of the samples S1–S5 (left), variation of the absorbance
peak position measured on the samples and calculated for individual nanoparticles as a function of
composition (right).

Chemosensors 2023, 11, x FOR PEER REVIEW 8 of 16 
 

 

3.2. Optical Properties 
The optical properties of the different samples were characterized by measuring their 

absorbance. Figure 4 shows the normalized absorbance spectra of S1-S5, which exhibit the 
blueshift of the absorbance peak position with increasing silver content. By comparing the 
experimental results with the values calculated (Calculations were made by using the 
MiePlot computer program, available at www.philiplaven.com/mieplot.htm (accessed on 
6 March 2023)) for individual spherical nanoparticles in the relevant composition and size 
range, one can conclude that the measured values follow the theoretical trend reasonably 
well. However, the peak positions measured on the nanostructure layers are consistently 
larger than those of the individual nanoparticles, which indicates coupling between the 
particles forming the deposited layer [56,57]. Since aggregation of the particles is apparent 
in Figure 3, such deviation from the theoretical trend is expected. 

Figure 4. Normalized absorbance spectra of the samples S1–S5 (left), variation of the absorbance 
peak position measured on the samples and calculated for individual nanoparticles as a function of 
composition (right). 

3.3. SERS Measurements 
The fabricated nanostructures were used as substrates for SERS measurements to 

assess their surface enhancement properties. Figure 5 shows the Raman spectrum of R6G 
recorded with different excitation laser wavelengths on the five different samples. The 
Raman spectrum of the analyte measured without nanostructure is shown for reference. 
As apparent from the spectra in Figure 5, both samples exhibit considerable enhancement. 
However, their exact value highly depends on the sample and the excitation wavelength. 

  

Chemosensors 2023, 11, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 5. Raman spectrum of Rhodamine 6G measured on S1–S5 with three different excitation 
sources: 473 nm (a), 532 nm (b), and 633 nm (c). Please note the different vertical scales. The Raman 
spectrum of the analyte measured without nanostructure is included for reference. 

To quantify the SERS activity of the different samples, the enhancement factor was 
calculated from the intensity of the peak at ~1650 cm−1, marked in red in Figure 5, based 
on the formula given in Section 2. The EF values are listed in Table 4. 

Table 4. EF values of S1–S5 were calculated for the ~1650 cm-1 peak at different excitation 
wavelengths. 

Excitation 
Wavelength 

473 nm 532 nm 633 nm 

S1 819 ± 112 8904 ± 1326 24,153 ± 2020 
S2 10,759 ± 696 91,847 ± 5401 195,305 ± 12,638 
S3 8163 ± 654 43,922 ± 3964 24,421 ± 3173 
S4 30,130 ± 2890 124,547 ± 10,105 88,910 ± 7116 
S5 197,155 ± 11,819 132,280 ± 3311 137,275 ± 28,584 

As can be seen in Table 4, the enhancement factor of the samples varies 
approximately in the 103–105 range, depending on the properties of the nanostructure and 
the excitation wavelength. The highest enhancement (ca. 2 × 105) can be achieved either 
by S5 with 473 nm or by S2 with 633 nm excitation wavelength. 

The data shown in Table 4 are visualized in Figure 6, to illustrate the effect of the 
wavelength of the excitation laser on the EF values for different samples. Considering that 
an increasing sample number means increasing Ag content in the sample, with S1 being 
pure gold while S5 is pure silver (please see Table 3), one can note that by decreasing the 
excitation wavelength, the samples with higher Ag content provide the higher 
enhancement. At the same time, at higher excitation wavelengths, the optimum Ag 
content decreases. Although the variation is not continuous (which will be discussed later 
in the text), this trend qualitatively agrees with the shift of the peak absorbance, which 
exhibits a blueshift with increasing silver content, indicating that the optimal excitation 
for maximum enhancement follows the absorbance peak of the sample. This readily 
means that by varying the composition, we can tune our substrates to provide optimal 
enhancement at the wavelength of the laser to be used for excitation. A practical aspect of 
such tunability arises from the fact that despite its high enhancement, the use of silver as 
a material for SERS is sometimes undesirable. This is due to the lower chemical stability 
of silver, which can be overcome by alloying with gold [53]. As evidenced by Table 4 and 
Figure 6, by carefully choosing the Au/Ag composition and the excitation wavelength, 
similar enhancements can be achieved to that of pure silver. 

Figure 5. Raman spectrum of Rhodamine 6G measured on S1–S5 with three different excitation
sources: 473 nm (a), 532 nm (b), and 633 nm (c). Please note the different vertical scales. The Raman
spectrum of the analyte measured without nanostructure is included for reference.



Chemosensors 2023, 11, 180 9 of 16

Table 4. EF values of S1–S5 were calculated for the ~1650 cm−1 peak at different excitation
wavelengths.

Excitation
Wavelength 473 nm 532 nm 633 nm

S1 819 ± 112 8904 ± 1326 24,153 ± 2020
S2 10,759 ± 696 91,847 ± 5401 195,305 ± 12,638
S3 8163 ± 654 43,922 ± 3964 24,421 ± 3173
S4 30,130 ± 2890 124,547 ± 10,105 88,910 ± 7116
S5 197,155 ± 11,819 132,280 ± 3311 137,275 ± 28,584

The data shown in Table 4 are visualized in Figure 6, to illustrate the effect of the
wavelength of the excitation laser on the EF values for different samples. Considering
that an increasing sample number means increasing Ag content in the sample, with S1
being pure gold while S5 is pure silver (please see Table 3), one can note that by decreas-
ing the excitation wavelength, the samples with higher Ag content provide the higher
enhancement. At the same time, at higher excitation wavelengths, the optimum Ag content
decreases. Although the variation is not continuous (which will be discussed later in the
text), this trend qualitatively agrees with the shift of the peak absorbance, which exhibits a
blueshift with increasing silver content, indicating that the optimal excitation for maximum
enhancement follows the absorbance peak of the sample. This readily means that by vary-
ing the composition, we can tune our substrates to provide optimal enhancement at the
wavelength of the laser to be used for excitation. A practical aspect of such tunability arises
from the fact that despite its high enhancement, the use of silver as a material for SERS is
sometimes undesirable. This is due to the lower chemical stability of silver, which can be
overcome by alloying with gold [53]. As evidenced by Table 4 and Figure 6, by carefully
choosing the Au/Ag composition and the excitation wavelength, similar enhancements
can be achieved to that of pure silver.
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To further characterize the enhancement properties of the samples, we created en-
hancement maps of the five substrates, at their most favorable measurement parameters,
i.e., at the optimal excitation wavelength (see Table 4). These maps allow for qualitatively
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assessing the surface features of the nanostructures, i.e., detecting the presence of excep-
tionally high-enhancement hot spots or low-enhancement defects, as well as quantifying
the distribution of the enhancement factor over a surface area, and calculating the standard
deviation, a value which indicates well the homogeneity of the sample.

The enhancement maps of S1–S5 and the corresponding EF distributions are shown
in Figure 7. It is clear from the maps and the distribution graphs that the variation of
the enhancement approximately follows a log-normal distribution over the examined
surface area. The average values and the standard deviation of the enhancement fac-
tor are summarized in Table 5. Relative standard deviation values are obtained in the
1–5% range, indicating that the surface enhancement of the substrates can be consid-
ered exceptionally uniform. However, it should be noted that the measured area of
100 × 100 µm2 characterizes only a small part of the active surface and by approach-
ing the edge of the sample, where fewer and fewer nanoparticles are present, the observed
distributions might change considerably. This is well reflected by the fact that enhancement
factor values measured and averaged over the whole samples (having areas in the range
of several mm2) somewhat differ from those obtained by mapping a smaller portion of
each sample. Nevertheless, the relative standard deviations corresponding to the whole
samples are still in the range of 3–21% (with an average of 9%), which indicates reasonably
good uniformity.

The above results reflect the dependence of the Raman enhancement factor on the ma-
terial properties of the applied nanostructure. In our case, this was achieved by generating
nanoparticles with different compositions in the gas phase. However, as evidenced by the
morphology analysis of the samples, the deposited layers fabricated from the generated
particles exhibit differences. One variable which can be used as an indicator of certain
surface morphology-related differences is roughness (cf. Table 3, Figure 3), which is also
known to affect the enhancement of a surface [58]. With fixed NP size, shape, and density,
the average composition of an NP film has the greatest relevance to its overall applicability
in various potential SERS-based applications (see e.g., the question of chemical stability
and biocompatibility). Nevertheless, from a practical point of view, it is worth assess-
ing the potential contribution of surface morphology to the overall enhancement effect,
arising from the impaction-based deposition method. If we assume that in the present
composition and roughness ranges the material dependence is higher than that of the
roughness-dependence, the latter can be investigated by comparing the enhancement factor
values obtained at optimal excitation wavelength—shown in Table 4—with the roughness
of the corresponding sample. Such a comparison is shown in Figure 8, where the average
enhancement of a mapped area is shown as a function of the average surface roughness.
Based on this graph, it can be said that the lower the surface roughness of the substrate,
the greater the enhancement. So, if we omit the material property factor arising from the
different compositions by always using the optimal excitation, then EF is roughly negatively
correlated with the roughness. A similar tendency has been observed for gold nanoislands
exposed to increasing annealing temperatures [59]. This effect is particularly pronounced
below a roughness of ca. 80–90 nm, above which the enhancement factor seems to be
fairly constant.

Table 5. Average enhancement factor and the (relative) standard deviation derived from enhancement
maps of S1–S5.

S1 S2 S3 S4 S5

Average EF 41,200 103,100 34,300 42,800 118,800
Standard deviation 2140 1170 525 680 2487
Relative standard

deviation 5.2% 1.1% 1.5% 1.6% 2.1%
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Figure 8 suggests that the different roughness of the samples contributes to the different
enhancement values obtained with the three excitation wavelengths, summarized in Table 4.
By using the exponential fit shown in Figure 8, we can attempt to correct for the effect of
roughness, to reveal the composition-dependence of the enhancement factor obtained for
the different samples and excitation wavelengths. To this end, the data in Figure 6 were
divided by the exponential function fit to the average enhancement values (see Figure 8)
and the result shown in Figure 9 illustrates the variation of the enhancement as a function of
the excitation wavelengths for the five different samples. Please note that the values on the
vertical axis of Figure 9 are in arbitrary units due to the correction, hence only indicating
the trend of the enhancement factor, but not its exact value. By comparing Figure 9
to Figure 6, one can note that enhancement follows a much smoother and continuous
trend as a function of the sample number, i.e., the sample composition, and exhibits a
clearer maximum. This maximum shifts towards the samples with lower Ag content,
characterized by lower wavelength peak absorption, with increasing excitation wavelength.
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Nevertheless, by comparing Figure 9 to Figure 8, one can note that the contribution of
roughness to the enhancement is much lower than that of the composition of the samples
(a factor of ca. 3 compared to 1–2 orders of magnitude, depending on the excitation
wavelength, respectively).
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4. Conclusions

In the present work, we used the spark ablation technique to produce Au, Ag, and
Au/Ag nanoparticle agglomerates and applied a low-pressure inertial impactor to deposit
them onto quartz surfaces to fabricate NP films. The produced films were characterized in
terms of their morphology, composition, and optical properties. The fabricated nanostruc-
tures were also applied in surface-enhanced Raman spectroscopy, by measuring the Raman
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spectra of Rhodamine 6G as a probe molecule. The average composition of the fabricated
nanostructures and the wavelength of the excitation laser were varied to characterize the
enhancement properties of the nanostructures at different gold-to-silver ratios. It was found
that the samples fabricated via the deposition of Au/Ag NPs of different compositions not
only differ in their optical properties (i.e., their absorbance spectrum), but that there is a
slight variation in the average surface roughness of the structures as well. Therefore, these
factors could both contribute to the observed surface enhancement of the different samples.
As an attempt to decouple the effect of the surface roughness from the material-related
optical properties of the samples, spatially resolved Raman mapping of the substrates was
carried out at different excitation wavelengths. From the resulting data, the contribution
of surface roughness-related effects to the total enhancement was estimated and found to
be ca. 2–30 times smaller than that of the effect of average composition depending on the
excitation wavelength.
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