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Abstract: In this study, we report the fabrication and characterization of silver nanoparticle-doped
zinc oxide tetrapod substrates used for surface-enhanced Raman scattering to detect rhodamine
B. Prior to this, silver nanoparticle-doped zinc oxide tetrapods were synthesized using the solar
physical vapor deposition method. Subsequently, silver-doped zinc oxide tetrapods were applied
onto silicon wafers via the droplet evaporation process. The surface-enhanced Raman scattering
activity of the silver nanoparticle-doped zinc oxide tetrapod substrate was evaluated by detecting
rhodamine B using Raman spectroscopy. Our results demonstrate that the silver nanoparticle-doped
zinc oxide tetrapod substrate exhibits surface-enhanced Raman scattering activity and can detect
rhodamine B at concentrations as low as 3 µg/mL. This study suggests that silver nanoparticle-doped
zinc oxide tetrapod substrates have potential as surface-enhanced Raman scattering platforms as
well as potential for the detection of biomolecules.
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1. Introduction

Various measurement and diagnostic methods are currently employed in the fields of
biology and medicine. However, the recent global pandemic and associated lockdowns
have underscored the persistent need for more accurate, time-efficient, and cost-effective
analytical techniques, particularly when dealing with biomedical samples [1–3].

The conventional approach of collecting a biological sample and sending it to a
laboratory, where it may take hours or days to obtain the results during a pandemic
outbreak, is incapable of providing timely and rapid diagnostic information. There is an
urgent requirement for an easy-to-use device that allows for on-site instant testing [4–7].
For such requirements, surface-enhanced Raman scattering (SERS) represents the potential
for an easy-to-use device that enables on-site testing technology with high sensitivity
and selectivity [4,8,9]. However, there are presently no readily available point-of-care
testing solutions based on this approach [4,5]. This is primarily due to the complexity
of measurement systems, the reproducibility issues of SERS substrates, and the high
fabrication costs of SERS substrates. In the case of complex Raman spectra, particularly
in metals where additional peaks frequently emerge, the interpretation of such spectra
can be even more challenging and could require the assistance of computational Raman
spectra obtained through first principle calculations to aid in deciphering these complex
spectra [10,11].

The analytical method SERS is based on the idea of Raman scattering, which is a
phenomenon in which a molecule scatters light, changing the wavelength of the light [12].
In addition to Raman, the scattering effect is amplified by electromagnetic and/or chemical
enhancement [13]. In SERS, the Raman scattering signal is enhanced by many orders of
magnitude, making it possible to detect even extremely small amounts of molecules [14].
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Many advantages of SERS are attributed to its substrate; therefore, the choice of the
substrate significantly impacts the performance of SERS and the quality of the obtained
signal [15]. To understand the influence of substrate choice on SERS performance, it is
essential to delve into the fundamental process of signal enhancement.

In SERS, Raman scattering is electromagnetically amplified due to the increased in-
teraction of light with metal particles, typically composed of silver or gold [16], which
mutually interact with molecules. This electromagnetic enhancement is due to the col-
lective oscillations of electrons on the surface of the metal, known as surface plasmon
resonances, which lead to increased interaction between the analyte molecules and the
metal surface [17].

In addition to electromagnetic enhancement, another crucial mechanism in SERS is
chemical enhancement [18]. Chemical enhancement involves charge transfer and reso-
nance interactions between the analyte molecules and the metal nanoparticle surface [19].
This phenomenon can significantly boost Raman scattering signals beyond that which
electromagnetic enhancement alone achieves.

Chemical enhancement occurs when the analyte molecules chemisorb onto the metal
surface, allowing for strong chemical interactions [14]. This interaction can lead to alter-
ations in the molecular structure of the analyte, enhancing its Raman scattering activity.
Furthermore, resonance effects can occur when the excitation laser coincides with the
electronic transitions of the analyte, amplifying the Raman signal [20].

A variety of substrates, including metals [21,22], metal oxides [23], carbon materi-
als [24], and polymers [25], can be used for SERS, and each has its own advantages and
disadvantages. The choice of the substrate depends on the specific requirements of the
SERS analysis, including the type of sample being analyzed, the desired SERS enhancement,
and the cost of the substrate.

While various substrates have been employed for SERS [26–29], silver nanoparticles
have gained popularity due to their remarkable optical and physical properties [30–32].
These nanoparticles exhibit strong surface plasmon resonances [33], significantly amplifying
the Raman scattering signal. However, our approach to Raman enhancement goes beyond
the conventional strategies that rely solely on electromagnetic and chemical effects.

In this study, we took an approach that involved applying the three-dimensional
(3D) displacement of substrate nanoparticles, which augments Raman enhancement in
multiple aspects [34]. The 3D displacement not only results in an expanded surface area but
also provides more attachment sites for analyte molecules [35]. This larger active surface
area promotes a higher interaction between the target molecules and the metal nanopar-
ticles, further enhancing the Raman signal. Moreover, the 3D arrangement increases the
interference and allows for Raman signal enhancement in multiple directions, creating an
SERS-effective substrate [36].

For this purpose, we chose ZnO tetrapods due to their advantageous properties [37] as
a cost-effective matrix for silver nanoparticle deposition. This result is achieved through the
solar physical vapor deposition method, where both ZnO tetrapods and silver nanoparticles
are deposited in one-step synthesis.

From our expectations, integrating silver nanoparticles onto ZnO tetrapods offers sev-
eral advantages for Raman enhancement. Firstly, ZnO tetrapods provide a high surface area,
which can facilitate the adsorption of target molecules and enhance their interaction with
the metal nanoparticles. The unique morphology of ZnO tetrapods, with their extended
branches and sharp tips, provides numerous attachment sites for the metal nanoparticles,
allowing for the high density of active sites for Raman scattering.

Furthermore, the integration of silver nanoparticles onto ZnO tetrapods can create a
synergistic effect. The combination of the plasmonic properties of the metal nanoparticles
and the semiconducting properties of ZnO could lead to a dual enhancement mechanism.
The metal nanoparticles can enhance the local electromagnetic field around the tetrapods,
leading to an increased Raman signal through the electromagnetic enhancement mechanism.
Additionally, the charge transfer between the metal nanoparticles and the ZnO tetrapods
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can enhance the charge distribution and improve the charge–transfer resonance, resulting
in enhanced Raman scattering through the chemical enhancement mechanism. The scheme
of SERS achieved using our proposed substrate is depicted in Figure 1.
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Figure 1. An illustration of the designed SERS substrate is depicted, featuring a silicon base on
which multiple layers of silver nanoparticle-doped zinc oxide (ZnO-Ag) tetrapods are displaced, and
the substrate is excited by a laser, including the formation of Raman signal-enhancing “hotspots”
(represented as the red shells) in proximity to the silver nanoparticles (represented as the grey dots).

In addressing the challenges inherent in the diagnosis of biological samples, our re-
search investigates the potential of ZnO-Ag tetrapods as SERS substrates for biomolecule
detection. While the primary focus is on the ultimate application of our substrates in the
sensitive detection of diverse biomolecular species, we initially conducted investigations
using Rhodamine B (RhB) as a model analyte. This intentional choice provides a more
controlled and reproducible environment to elucidate the efficacy of developed SERS sub-
strates, offering valuable insights into the fundamental interactions between the developed
SERS substrates and analytes. The use of RhB in the early investigations serves as a step-
ping stone, guiding the development of SERS substrates toward broader applications in
biomedical diagnostics.

2. Materials and Methods
2.1. Synthesis

ZnO-Ag tetrapods were synthesized using solar physical vapor deposition with the
following two distinct targets: pressed zinc dust/metallic silver nanoparticles and pressed
silver ion-containing zinc xerogel (ZnX). The atomic percentage of silver in the targets
was varied, though it was specifically set at 0 at.% (Ag0), 1 at.% (Ag1), 5 at.% (Ag5),
and 10 at.% (Ag10). In total, eight different tetrapods were obtained through these two
synthesis approaches. A comprehensive description of the methodology is provided in our
forthcoming study.

2.2. Characterization of ZnO-Ag Tetrapods

Scanning transmission electron microscopy (STEM) measurements for single ZnO-Ag
tetrapods were performed using a Thermo Fisher (Eindhoven, The Netherlands)) Scientific
SEM Helios 5 UX apparatus equipped with a high-angle annular dark-field (HAADF)
detector. A suspension of ZnO-Ag tetrapods in ethanol was applied onto holey carbon
films on 400 mesh copper grids and left at room temperature to dry. The tetrapods were



ChemEngineering 2024, 8, 19 4 of 13

then analyzed via imaging under a microscope in the STEM mode operating at 30 kV
voltage and a 50 pA current. The HAADF detector was used to obtain images of the
tetrapods, and the images were processed using ImageJ software (version 2.9.0/1.53 t) [38]
to determine the size and shape of the tetrapods.

To prepare the synthesized Ag-doped ZnO tetrapods for energy-dispersive X-ray
spectroscopy (EDX) measurements, a small amount of the powder was pressed into indium
using a hydraulic press. The pressure applied during the pressing was carefully controlled
to ensure that the sample was compact and uniform in thickness. Indium was used as a
backing material for the sample to prevent any charging effects during the measurement.
The use of indium also provided a good surface for the sample to adhere to, which ensured
that the sample was stable during the measurement. The sample was then placed on the
sample holder for analysis. EDX measurements were carried out to determine the elemental
composition of Ag-doped ZnO tetrapods. The measurements were performed using a
Thermo Fisher Scientific SEM Helios 5 UX apparatus equipped with an EDX detector.
The EDX spectra were collected by focusing a beam of electrons onto the sample surface
and detecting the characteristic X-rays emitted by the atoms in the sample operating at
a 20 kV voltage. The spectra were analyzed to determine the atomic composition of the
tetrapods and to confirm the presence of silver in the samples. The EDX measurements
were performed at least in triplicate to ensure the reproducibility of the results. The data
obtained from the EDX analysis were processed using Thermo Scientific™ Pathfinder™
software (version 2.8) to obtain the elemental composition and concentration of the silver
in ZnO tetrapods.

X-ray diffraction (XRD) was employed to investigate the crystallographic structure
of the synthesized ZnO-Ag tetrapods. The XRD measurements were performed using a
Malvern PANalytical (Almelo, The Netherlands), XPert PRO instrument at room tempera-
ture. Prior to XRD analysis, a small amount of the synthesized tetrapods was placed onto a
glass slide and spread evenly to form a thin layer. XRD analysis was carried out using Cu
Kα radiation (λ = 0.154 nm).

2.3. Fabrication of SERS Substrates

To fabricate the SERS substrates, ZnO-Ag tetrapods (0.0050 g) were dispersed in
ethanol (1 mL) by shaking the samples on an orbital shaker for 30 min each. Subsequently,
the suspensions were applied using the droplet evaporation method to the (100)-oriented
Si wafers of two-side-polished MicroChemicals Silicon p-type (Boron) substrates, cut into
5 × 5 mm with thicknesses of 500 +/− 15 µm.

Initially, a 3 µL droplet of the prepared solution was dispensed onto a clean silicon
substrate with a micropipette. The droplet was allowed to evaporate on a heating plate at
40 ◦C. The droplet–evaporation process was repeated nine times for each substrate. During
the evaporation process, the nanoparticles concentrated at the edges of the droplet, forming
self-assembled multilayers of nanoparticles.

2.4. Characterization of SERS Substrates by SEM

To analyze the morphology and overall quality of the ZnO tetrapods layer, the obtained
substrates were characterized using a Thermo Fisher Scientific SEM Helios 5 UX apparatus.
The samples of SERS substrates were mounted with carbon tape on aluminum stubs.
Scanning electron microscopy (SEM) analysis was conducted at an acceleration voltage of
2 kV and a current of 25 pA. SEM images were captured at various magnifications to study
the surface features and the distribution of ZnO tetrapods.

2.5. Preparation of RhB Solution Series

To prepare a RhB solution in isopropanol, RhB (Dye content ≥90%) and isopropanol
(ACS reagent, ≥99.5%) were purchased from Sigma-Aldrich (Darmstadt, Germany). Then,
a 6.1 × 10−5 M RhB solution in isopropanol was prepared by dissolving RhB in isopropanol
to achieve the desired concentration. Subsequently, this initial solution was subjected to
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dilution steps to obtain five additional solutions with concentrations of 6.1 × 10−6 M,
6.1 × 10−7 M, 6.1 × 10−8 M, 6.1 × 10−9 M, and 6.1 × 10−10 M. The dilutions were carried
out systematically to create a range of RhB concentrations for experimental purposes.

2.6. Raman Measurements

For Raman measurements, a series of RhB solutions in ethanol of varying concentra-
tions ranging from 6.1 × 10−5 to 6.1 × 10−10 mol/L were used. An aliquot (3 µL) of each
solution was deposited onto the SERS substrate and allowed to dry at room temperature.
The SERS activity of ZnO tetrapod substrates was measured using a Raman spectrome-
ter TriVista CRS Confocal Raman Microscope (TR777), Spectroscopy & Imaging GmbH
(Warstein, Germany). The SERS measurements were performed at room temperature us-
ing a laser excitation wavelength of 532 nm. The Raman spectra were acquired with an
integration time of 1 s, and the laser power was kept constant (~462 mW) throughout the
measurements to minimize any thermal effects. The SERS spectra were analyzed using
OriginPro 2021 software.

3. Results
3.1. Morphological Studies

All eight obtained samples of ZnO-Ag tetrapods with varying silver content were
analyzed using STEM. Our observations revealed that the morphology of the ZnO-Ag
tetrapods changed with the increasing silver content in both scenarios, whether synthesized
from the metallic target or the xerogel target. As the silver content increased, we observed
an increase in tetrapod shape defects, indicating a less ideal tetrapod structure. Further-
more, the tetrapods synthesized from the zinc xerogel target exhibited a higher presence of
structural defects compared to those synthesized from metallic zinc dust. Additionally, we
observed an increased tetrapod agglomeration with higher silver content. In HAADF im-
ages, the deposition of silver nanoparticles onto the tetrapod surface was clearly visible, as
the silver nanoparticles appeared brighter. The presence of silver nanoparticles on the tetra-
pod surface became evident even in samples synthesized with 1% silver-containing targets.
The obtained STEM images of ZnO-Ag tetrapod samples are depicted in Figures 2 and 3.

Furthermore, we aimed to evaluate the potential of ZnO-Ag tetrapods with varying
silver content as SERS substrates. To investigate their SERS performance, we employed the
droplet evaporation process for substrate preparation. This process allowed us to apply the
ZnO-Ag tetrapods on silicon wafers, creating a relatively uniform and organized substrate
surface. The surface of the obtained substrates was evaluated using SEM. The acquired
images are depicted in Figures 4 and 5.

3.2. Elemental Composition Analysis: Insights from EDX Measurements

In the EDX analysis, the elemental composition of eight distinct samples, comprising
four tetrapod samples derived from silver ions containing zinc xerogel targets and another
four samples obtained from metallic zinc dust and silver nanoparticles, was determined in
terms of their atomic percentage. As shown in Table 1, the elements analyzed included zinc,
oxygen, and silver. The results reveal a near 1:1 stoichiometry between zinc and oxygen for
all the samples, aligning with the expected composition within the safety intervals of the
measurement technique. The EDX data show that there was significantly more silver in
tetrapod samples made from zinc xerogel compared to those made from metallic zinc and
silver targets. This suggests that achieving the more efficient decoration of ZnO tetrapods
with silver nanoparticles is possible when utilizing silver ions in zinc xerogel, in contrast to
employing metallic zinc dust and silver nanoparticles.
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Figure 2. STEM images obtained in the HAADF mode of ZnO-Ag tetrapods synthesized from metallic
zinc dust and silver nanoparticle targets with varying silver content: (a) 0 a%; (b) 1 a%; (c) 5 a%;
(d) 10 a%.

Table 1. Elemental composition of ZnO tetrapods decorated with silver nanoparticles synthesized
from different targets.

Sample Zinc, Atomic % Oxygen, Atomic % Silver, Atomic %

ZnAg0 51.1 ± 7.5 48.9 ± 7.8 -

ZnAg1 51.1 ± 6.0 48.7 ± 6.0 0.15 ± 0.12

ZnAg5 51.7 ± 2.4 46.7 ± 1.7 1.5 ± 1.4

ZnAg10 49.5 ± 5.3 48.7 ± 0.2 4.1 ± 1.9

ZnXAg0 52.5 ± 1.5 47.5 ± 1.2 -

ZnXAg1 46.5 ±4.3 50.4 ± 2.7 3.4 ± 2.9

ZnXAg5 46.5 ± 6.4 47.6 ± 4.7 5.9 ± 1.1

ZnXAg10 38.3 ± 2.0 44.5 ± 2.6 17.3 ± 0.9
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3.3. XRD Analysis

The XRD patterns for all eight synthesized ZnO-Ag tetrapods were analyzed, and
diffraction pattern comparisons were made using the Match! software (version 3.14)
PDF-4+ database. The obtained results provided the crystallographic structures of the
synthesized tetrapods, as depicted in Figure 6. The diffraction patterns revealed distinct
peaks corresponding to cubic Ag and hexagonal ZnO phases. The presence of these
characteristic peaks indicates the successful incorporation of silver nanoparticles into the
ZnO tetrapod structures. The peaks associated with cubic Ag were identified at the same
angles as those provided in the database, and their intensities were examined. The relative
intensity of these peaks was found to correlate with the Ag content in the samples, as
determined using EDX measurements. Specifically, the diffraction patterns demonstrated
the highest intensity of cubic Ag peaks in the case of the ZnO tetrapods synthesized from
silver ion-containing zinc xerogel, especially for the ZnXAg10 sample, aligning with the
EDX data, which revealed the highest concentration of silver in this sample.
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Figure 4. SEM images of ZnO-Ag tetrapod substrates synthesized from metallic zinc dust and silver
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3.4. SERS Studies

Subsequently, we applied RhB, a common Raman-active molecule, to the prepared
substrates. The prepared SERS substrates were subjected to Raman spectroscopy to examine
their ability to enhance the Raman signals of RhB. The Raman spectra were analyzed to
discern any notable differences in signal enhancement among the eight different tetrapod
samples with varying silver content.

Our results show distinct variations in SERS signal enhancement among the different
samples, depending on the silver content and synthesis method. The spectra obtained from
these substrates reveal that SERS enhancement was significantly influenced by the morphol-
ogy and composition of the tetrapods. The observations in Raman spectra measurements
are depicted in Figure 7, representing RhB characteristic Raman shifts: the deformation
vibration of the xanthene ring (620 cm−1), the C-H in-plane bend vibration (1196 cm−1),
the C–C bridge band stretch vibration (1279 cm−1) and aromatic stretch vibrations (1359,
1531 and 1644 cm−1).
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For the comparison of Raman enhancement between the substrates, the series of ZnO-
Ag tetrapods obtained from silver ions containing zinc xerogel was chosen, and the most
intense Raman shift at 1644 cm−1 was selected. The graphs of three different concentrations
of RhB (6.1 × 10−5, 6.1 × 10−6, and 6.1 × 10−7) are depicted in Figure 8, providing insights
into the sensitivity of the SERS substrates.

Notably, the substrate synthesized from 10 atomic % silver ions containing zinc xerogel
exhibited the highest Raman signal enhancement across all three concentrations of RhB.
The spectra obtained from this substrate were particularly strong, indicating superior
sensitivity for detecting the analyte. The significant enhancement was observable up to a
concentration of 6.1 × 10−6, highlighting the effectiveness of this substrate in amplifying
Raman signals at moderate analyte concentrations. However, at the lowest concentration
(6.1 × 10−7), the Raman spectra of RhB became nearly imperceptible for all substrates,
suggesting a limitation in its detection sensitivity at extremely low analyte concentrations.
This observation could be attributed to factors such as the reduced interaction between the
analyte and the substrate at lower concentrations. Interestingly, at the highest concentration
(6.1 × 10−5), the Raman spectra of RhB were observable for all substrates, with varying
intensities. Conversely, the substrates obtained from silver nanoparticle-containing zinc
dust targets showed comparatively weaker signals, suggesting differences in the SERS
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enhancement capability among the substrates. The higher SERS activity for ZnO-Ag
tetrapods obtained from silver ions containing zinc xerogel targets, especially 10 atomic %,
most likely depends on the actual metallic silver nanoparticle content incorporated in the
substrates, which is validated by the obtained results of EDX analysis.
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4. Conclusions

There is an urgent demand for a dependable and efficient SERS substrate that is
capable of amplifying signals from diverse samples to introduce SERS as a valuable tool
for biochemical analysis. This study introduces an approach that addresses this need by
utilizing a 3D framework composed of ZnO-Ag tetrapods. This method allows the creation
of a SERS-active substrate with a high number of “hot spots”, avoiding the requirement for
exceedingly tight gaps between noble metal nanoparticles, which could otherwise restrict
the size of the molecules amenable to SERS analysis. Through this strategy, we formulated
and refined a simple procedure for producing a SERS substrate that leverages the benefits of
densely distributed, highly SERS-active nanoparticles within a three-dimensional structure,
thus enhancing signal amplification. The resulting SERS substrate material demonstrates
signal-enhancing properties up to 3 µg/mL for the detection of RhB. This substrate has
the potential to be effective in detecting a wide array of molecules relevant to biomedical
applications, including pharmaceutical compounds and viral proteins.
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