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Abstract

Wide band gap (WBG) oxide and metal nanocomposites can possess bifunctionality
from combining tightly coupled nanoobjects with different physicochemical proper-
ties. Adjusting synthesis conditions tunes these properties through modulating the
process—morphology—function relationship. However, the controllable synthesis of such
nanocomposites and their related applications are still underexplored. Here, we present a
novel process flow to synthesize crystalline ZnO nanosheaves dotted with silver nanopar-
ticles. The uniqueness of our strategy lies in the use of a silver mask for vertical growth
of ZnO nanosheaves and thermal evaporating/dewetting Ag film to form a photocat-
alytic/plasmonic heterostructure. Upon combining a huge specific surface area and
nanocrystallinity of ZnO nanosheaves, we enabled its surface-enhanced Raman scatter-
ing (SERS)-activity free of plasmonic components, yet their Ag modification resulted in
improving detection limit in relation to Ellman’s reagent. Ag/ZnO nanosheaves showed
dramatic photocatalytic activity to clean SERS-active surface. The systematic approach to
synthesize Ag/ZnO heterostructure holds great promise in practical applications associated
with interest in both photocatalytic and plasmonic properties.

Keywords: zinc oxide nanosheaves; photocatalytic activity; charge transfer; silver nanoparticles;
surface-enhanced Raman scattering; molecular sensing

1. Introduction

Surface-enhanced Raman scattering (SERS) of light was observed and explained about
half a century ago [1-3]. Since then, the scientific community has paid ongoing attention
to this intriguing surface effect [4,5]. SERS addresses the detection and structural analysis
of chemical compounds at extremely low concentrations, including but not limited to
carbon nanostructures [6,7], inorganic oxide molecules [8], organic dyes [9-11], colorogenic
chemicals [12], drugs [13-15], vital proteomic analytes [16-18], and biomarkers of different
diseases [19-21]. In the long course of study of SERS phenomena, justified skepticism
has arisen related to its reliability for biosensing. In fact, most SERS-active substrates
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consist of plasmonic nanostructures that contribute to a dramatic increase in the Raman
signal of analyte molecules due to the electromagnetic mechanism [22,23]. Certainly, a
material of such nanostructures has electronic conductivity and is typically represented
by noble metals [24]. SERS-activity can be maximized by adjusting geometric parameters
of metal nanostructures, which is invariably connected to the overheating of SERS-active
substrates due to the increase in the local electromagnetic field in them [25,26]. Temperature
growth usually leads to the burning of analyte molecules. This is especially critical for
the detection of chemicals in small amounts. As a result, collected SERS-spectra can be
irreproducible and noninformative. Therefore, it is an urgent goal to engineer reusable
SERS-active substrates with modest plasmonic properties that avoid overheating but are
effective enough for the detection of target molecules at submolar concentrations. An
elegant approach to achieve this objective is to introduce nanostructures of wide band
gap (WBG) semiconductors in SERS-active substrates [27-29]. The WBG semiconductor
nanostructures contribute to SERS-activity due to the chemical mechanism assisted by an
athermal charge transfer [28,30]. Additionally, they have a potential to be cleaned for new
use since many WBG semiconductors possess a photocatalytic property that facilitates the
destruction of organic analyte molecules if exposed to ultraviolet (UV) light [31,32].

Zinc oxide (ZnO) is one of the WBG semiconductor leaders applied to improve SERS-
active substrates [33]. Recently, SERS-sensing of many vital organic molecules on various
ZnO nanostructures free of or combined with noble metals has been reported [34,35]. To
unleash a full potential of this WBG semiconductor in the SERS-spectroscopy field, opti-
mization of the structure of ZnO nanocrystals and minimizing the content of plasmon metal
are encouraged. These require fundamentally based research devoted to a deep understand-
ing of the process—structure-property relationship of ZnO and noble metal nanostructures.

Here, we engineered original quasi-ordered Ag/ZnO nanosheaves composed of ZnO
nanowires (NWs) dotted with Ag nanoparticles (NPs) which demonstrate prominent
SERS-activity as a result of combined plasmonic/charge transfer effects and photocatalytic
activity enabling their reusability.

2. Materials and Methods
2.1. Materials

Silicon wafers with 300 nm wet SiO, were supplied by University Wafer Inc. (Boston,
MA, USA). Zn(NOj3),-6H,0O, NaOH, methylene blue (MB), 5,5'-dithiobis-2-nitrobenzoic
acid (DTNB), and Rhodamine B (RhB) were purchased from Sigma Aldrich (Darmstadt,
Germany) and used without further purification. Deionized water was provided by a
Millipore water system (Merck KGaA, Darmstadt, Germany).

2.2. Fabrication Methodology

An oxidized Si wafer was used as an initial substrate for magnetron sputtering of
the 100 nm ZnO seed layer. Then, an array of Ag NPs was grown on the ZnO seed layer
by the thermal evaporation method that allowed us to control a mean diameter of Ag
NPs by selecting a metal source mass [36,37]. Here, we used a 6 g silver source located
on the molybdenum evaporator. The distance between the substrate and the evaporator
was 20 cm. The evaporating procedure was carried out at 3 x 107> Torr. After that, the
Ag/Zn0O/SiO, substrate was annealed in air at 400 °C for 10 min. As a result, Ag NPs of
approx. 30 nm diameter were formed. The 30 nm Ag NP layer played a role of the silver
mask in defining the sites for the nucleation and growth of ZnO NWs. The nanosheaves of
ZnO NWs were hydrothermally grown on the ZnO seed layer coated with the silver mask.
The hydrothermal processing was carried out from a Zn(NOj3),-6H,O and NaOH solution
at 80 °C for 30 min. Once hydrothermal synthesis was completed, the ZnO nanosheaves
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were dotted with Ag NPs by thermal evaporation followed by annealing in air at 400 °C for
10 min. The entire fabrication process flow is schematically shown in Figure 1.
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Figure 1. The process flow scheme for fabrication of the Ag/ZnO nanosheaves.

2.3. Characterization

A scanning electron microscopy (SEM) manufactured by Field Electron and Ion Com-
pany (FEI, Hillsboro, OR, USA) was used to study the geometrical parameters of the
Ag/Zn0O nanosheaves. Elemental composition of the samples was investigated using a
JEOL JSM-6020 Plus/LA SEM (JEOL Ltd., Tokyo, Japan) with an energy-dispersive X-ray
(EDX) spectroscopy attachment. The EDX-spectra of the samples were obtained in the mode
of recording secondary electrons at an accelerating voltage of 20 kV. The electron beam
diameter was approximately 1 um during the EDX-spectra collection. The phase composi-
tion of the samples was studied by X-ray diffrectometry (XRD) with a Rigaku MiniFlex 600
(Rigaku Corporation, Tokyo, Japan) that contains a Cu K, radiation source (A = 1.54 A). The
Bragg angle 26 ranged from 30° to 80°. X-ray photoelectron spectrometer (XPS) PHI5000
Versa Probe II (ULVAC-PHI) was used for chemical analysis of the Ag/ZnO nanosheaves.
An excitation source was monochromatic Al K, radiation (hv = 1486.6 eV), the diameter of
the beam was 200 pm. Atomic concentrations were determined by the method of relative
elemental sensitivity factors from the survey spectra, using the integral intensities of the
following lines: C 1s, O 1s, Zn 3p, and Ag 3d. The chemical state of the elements was
determined from the high-resolution spectra of Zn 2p3,,, Zn LMM, Ag 3d, Ag MNN, and
O 1s. To determine a chemical state of silver, the ‘modified” Auger parameter & was used,
which is the sum of the kinetic energy (KE) of the Ag M4N4s5Ny5 Auger peak and the
binding energy (BE) of the Ag 3ds,, peak. The Auger parameter &’ was also determined
for zinc as the sum of KE (Zn LMM) and BE (Zn 2p3 ;). The BE scale was calibrated using
Au 4f—83.96 eV and Cu 2p3,,—932.62 eV peaks. When processing the data, the BE scale
was adjusted using the O 1s line—530.4 eV; the reference value of BE (O 1s) in ZnO [38—40].
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Reflectance spectra were collected with the Proscan MS 122 spectrophotometer (Proscan
Special Instruments Ltd., Minsk, Belarus) in the range of 200-900 nm.

2.4. Computer Simulations

Computer simulations of the 3D geometry of the Ag/ZnO nanosheaves and the electric
field strength (E) were made with COMSOL Multiphysics 5.3. Quantitative analysis of
geometrical parameters of the samples was made using an Image] 1.54i software (Wayen
Rasband, US National Institutes of Health, Bethesda, MD, USA) by adjusting the contrast
and brightness of the SEM images for further evaluation of the ZnO NW length range and
diameter as well as the diameter of Ag NPs. The mean geometrical parameters formed
the basis for the 3D structure modeling. The resulting 3D model was used for further
simulation of the electric field strength distribution. An excitation was a plane wave. A
wave propagation vector was normally directed to the xy plane. We considered a study of
the modeled 3D structure with 473, 633, or 785 nm wavelength lasers. The power of the
laser was a multiplication of the laser spot surface area by E at 1 V/m. The E vector was
parallel to the y axis.

2.5. SERS-Measurements

SERS-activity of the Ag/ZnO nanosheaves was studied using two Raman spectrometers.

3D scanning confocal laser Raman microscope-spectrometer Confotec NR500 (SOL
Instruments, Minsk, Belarus) equipped with 473, 633, and 785 nm lasers was used to
experimentally reveal an optimal laser wavelength for the SERS-spectra excitation of the
DTNB analyte, its detection limit, and the Raman/SERS-spectra of RhB. Such equipment
was selected for study of the DTNB and RhB molecules because these analytes are charac-
terized by absorption bands out of the 473, 633 and 785 nm wavelength regions. The laser
beams were focused on the sample surface through a 100x objective (N.A. = 0.95). Passed
through the objective, the 473, 633, and 785 nm laser beams had 4.65, 4.66, and 13.67 mW
powers, respectively.

The second Raman spectrometer was Confotec MR200 (SOL Instruments, Minsk,
Belarus) equipped with a 532 nm laser. The laser beam power was approx. 4.4 uW after
passing through a 40x objective (N.A. = 0.75). This spectrometer was used for the SERS
study of MB because its absorbance bands do not overlap the green range.

The Raman spectrometer photodetectors were cooled to 20 °C to eliminate the influence
of thermal noise. SERS-measurements were made by scanning the 20 x 20 pm area of the
sample to collect 100 SERS-spectra in total, which were then processed to present a mean
SERS-spectrum for each spectra array. The accumulation time was 1 s for the single
spectrum in the array.

Before measurements, both spectrometers were calibrated referring to a Raman peak
of monocrystalline silicon at 520 cm ™.

The analyte liquids for the SERS-study were prepared by dissolution of RhB and MB
in water, DTNB was dissolved in a mixture of water and ethanol (1:1 volume ratio). The
experimental samples were kept in analyte solutions for 30 min, rinsed with water, and
then air dried.

3. Results and Discussion
3.1. Morphology and Chemical Composition of the Samples

Figure 2 shows SEM images of the ZnO nanosheaves before and after deposition
of silver. The pull of the ZnO NWs into the nanosheaves is apparently caused by their

flexibility and a surface tension when the sample dries after the hydrothermal synthesis.
Silver deposition provided a tight coating of each ZnO NW with Ag NPs. The length of
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ZnO NWs was found to vary from 100 to 300 nm while its mean value was approx. 120 nm.

The mean diameter of the ZnO NW cross section was 15 nm. The same mean diameter was
typical for Ag NPs.

Figure 2. SEM images of the array of ZnO nanosheaves (a,b) before and (c,d) after silver deposition.

The phase composition of the experimental samples was revealed by the XRD method.
Figure 3a presents the corresponding XRD patterns, which show that the samples are
composed of polycrystalline ZnO with a wurtzite phase (JCPDS No. 36-1451). A distinct
diffraction peak at 26 = 38.2° attributed to metallic Ag (111) is also observed in the XRD
patterns of the samples subjected to the Ag deposition (JCPDS No. 04-0783). Phase
analysis shows new XRD peaks corresponding to crystalline silver (Ag (200) and Ag (220))
once magnetron sputtering/annealing is completed. Considering the only bright spots
on the ZnO nanosheaves are new nanostructures observed after the Ag sputtering one
can conclude on their metallic nature. Scherrer equation [41] was used to calculate the
crystalline size of the ZnO nanocrystals.

D— K-A
B-cosb

)

where D is the nanoparticles crystalline size; K is a shape factor, which is typically equal
to 0.89 if the nanocrystallite shape is assumed to be spherical; A is the X-ray wavelength
(1.54 A); B is the full width at half maximum intensity (FWHM) of the specific line of
the XRD pattern; 6 is the Bragg angle. The sizes of the ZnO (002), (101) and Ag (111)
nanocrystals were found to correspond to 24, 36, and 29 nm, respectively. It should be
pointed out that the mean diameter of Ag NPs (15 nm) obtained by SEM measurements is
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twice less than Ag nanocrystallite size calculated from the XRD pattern. The calculated sizes
of ZnO nanocrystallites (24 and 36 nm) also exceed the ZnO cross section diameter (15 nm)
revealed from the SEM-image. This can be associated with limits of Scherrer equation
related to the estimation of the nanocrystallite sizes below 20 nm reported elsewhere [42].
In such a case, the XRD peak related to the Ag nanocrystallites with the 29 nm sizes appears
from the Ag mask. In the same way, the peaks corresponding to the ZnO nanocrystallites
of the 24 and 36 nm sizes are associated only with the ZnO seed layer. Thereby, the
XRD pattern is unlikely to contain reflexes of the Ag/ZnO nanosheaves but demonstrates
exclusively the contribution of the seed ZnO layer and the Ag mask.
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Figure 3. (a) XRD patterns of ZnO seed layer, Ag mask/ZnO seed layer, Ag NPs/ZnO
nanosheaves/Ag mask/ZnO seed layer; (b) EDX-spectrum of Ag NPs/ZnO nanosheaves/Ag
mask/ZnO seed layer.

The EDX-spectrum of the sample shows a presence of the Ag, Zn, O, and Si atoms as
seen from Figure 3b. However, the EDX-spectroscopy analysis, the same as the XRD one,
hardly provides distinguishing signatures of the Ag/ZnO nanosheaves.

The photoelectron survey and narrow spectra of the Ag/ZnO nanosheaves are de-
picted in Figure 4. The BE of the Zn 2p3,; peak is 1021.9 eV and the Auger parameter
' is 2010.2 eV, which corresponds to ZnO [43]. The spectrum O 1s contains two peaks
at 530.4 eV and 532.31 eV. The first peak is due to O>~ in ZnO, the second broad peak
can be due to both non-structural atoms and adsorbed forms of oxygen. The BE of the
Ag 3d peak is 367.6 €V; the Auger parameter &' (Ag 3ds/,—Ag MyNy5Nys) is 725.9 eV.
The BE value of the Ag 3d peak does not coincide with the reference value for metallic
silver (368.3 eV) and is in the range typical for Ag,O and AgO. Reference values for Auger
parameter ' are in the range 726.1-726.4 eV for metallic silver and noticeably lower for ox-
ides (722.9-718.6 eV) [43]. The signal-to-noise ratio of the Auger spectrum is very low, and
therefore the error in determining the peak position is quite high. However, the obtained
value of parameter «/, taking into account the error, corresponds to metal. The discrepancy
between BE and & values can be explained by an oxide encapsulation of Ag NPs.



J. Compos. Sci. 2025, 9, 686

70f13

Intensity, c/s

™\ zZn3d

Zn 3p

Zn3s

Cis

1
Zn LMM ZnLMM
O1s

Ag3d,,
Ag3d,,

Zn LMM2
Zn LMM3

Zn 2p32

S Zn2p,,
Zn2p,,

Intensity, c/s

OKLL
Ag MNN
Ag MNN1

Intensity, c/s

Zn LMM

T
400

T
600

T
800

Binding energy, eV

T T
1020 1025
Binding energy, eV

T
1000 1200

Intensity, c/s

1030

T
485

T T T T
495 500 505 510

Binding energy, eV

T
490 515

Ag 3d,,

0.27
Ag3d,,

0.22 4

0.17 4

Intensity, c/s

0.13 4

Intensity, c/s

2.08 4

2074

2.06 o

2.05+

AgMN, N

545 45

AgMN N

4 45 45

526

T
528

T T
530 532
Binding energy, eV

0.07 -

T T T T
362 367 372 377 382 1127 1132 1137 1142

T
534

536

Binding energy, eV Binding energy, eV

Figure 4. The photoelectron spectra of the Ag/ZnO nanosheaves grown through the Ag mask on
the ZnO seed layer/SiO; /Si substrate: (a) the survey spectrum; the narrow spectra of (b) Zn 2p3 /5,
(c) Zn LMM, (d) O 1s, (e) Ag 3ds,, (red and blue lines show deconvolution of the spectrum), and
(f) Ag MyNy5Nys.

3.2. Three-Dimensional Geometry and Electric Field Strength Simulations of the
Ag/ZnO Nanosheaf

A structure selected for the simulation of the single Ag/ZnO nanosheaf is shown
in Figure 5a. The Ag/ZnO nanosheaf base represents an octagon with an edge length
equal to 45 nm. The thickness of the air layer above the Ag/ZnO nanosheaf is 1500 nm.
The thickness of the ZnO seed layer is 100 nm. The Ag NP diameters on the ZnO seed
layer (i.e., in the Ag mask) and on ZnO NWs are 30 and 15 nm, respectively. The diameter
of the ZnO NW cross section is 15 nm; the length of ZnO NWs is 120 nm. We selected
periodic boundary conditions (Floquet) along all the faces of the octagon as boundary ones.
Figure 5b depicts the simulated electric field strength distribution in Ag NPs located on the
ZnO seed layer and ZnO NWs at 473, 633, and 785 nm excitation wavelengths. The electric
field strength in the Ag mask (Ag NPs on the ZnO seed layer) reaches the maximum value
upon 473 nm wavelength excitation, which interplays with data previously reported for
30 nm Ag NPs [44]. The 15 nm Ag NPs on ZnO NWs are characterized by a similar electric
field strength for all the wavelengths used.
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Figure 5. Computer simulations of the Ag/ZnO nanosheaf: (a) 3D geometry and (b) electric field
strength distribution depending on the excitation wavelength.

3.3. SERS-Activity and Photocatalytic Property of the Samples

SERS-activity study and validation of the simulation results were performed using
DTNB molecules. It should be noted that DTNB has not been so often used as some
other Raman probe molecules (e.g., organic dyes like rhodamine 6G or methylene blue).
However, it is also popular since the DTNB molecule has the disulfide bond, which is
broken in the presence of silver. As a result, the TNB residues anchor on the silver particle
surface through sulfur forming a uniform layer of the analyte molecules on the SERS-active
substrate. Therefore, DTNB eliminates false negative results during the SERS-scanning that
may occur due to uneven adsorption of molecules of other analytes. In our case, the DTNB
was also chosen because this analyte absorbs light in the UV range, which does not overlap
with the 473, 633, and 785 nm laser wavelengths used during the SERS-measurements.
Thus, we can be confident of a purely SERS-effect free of the contribution of resonance-
enhanced Raman scattering. Figure 6a shows the SERS-spectra of this analyte collected
when excited by lasers with the wavelengths used in the simulations. On the basis of the
results, the Ag/ZnO nanosheaves can be used as SERS-active substrates operating in a
wide wavelength range, which overlaps visible and near-infrared regions. The maximum
signal upon excitation with the 473 nm laser is typical for Ag NPs and is associated with the
surface plasmon resonance belonging to the band around 470 nm. The characteristic Raman
bands of DTNB are observed at 1059, 1152, 1332, and 1561 cm ™!, which can be attributed to
CH3; rocking, C-N stretching /bending, symmetric nitro (NO;) stretching, and aromatic ring
stretching, respectively. A detection limit for DTNB was found to reach 10~? M, as seen in
Figure 6b. It should be noted that the intensity of the aromatic ring stretching band exceeds
that of the nitro group stretching below the 10~8 M concentration. This is not typical for the
DTNB Raman spectra and can take place because of the specific orientation of the analyte
molecules between the Ag/ZnO nanosheaves at very low concentrations.
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Figure 6. SERS-spectra of (a) 10~> M DTNB on Ag/ZnO nanosheaves at 473, 633, and 785 nm;
(b) 107, 1078, and 10~ M DTNB on Ag/ZnO nanosheaves at 473 nm; (¢) Raman spectrum of
10~* M RhB on SiO, /Si substrate and SERS-spectra of 10~® M RhB on the Ag-masked ZnO seed
layer, ZnO nanosheaves, and Ag/ZnO nanosheaves at 532 nm; (d) SERS-spectra of 107> M MB on
Ag/Zn0O nanosheaves and the control sample at 473 nm.

Figure 6c shows the comparison of the Raman (black curve) and SERS-spectra of RhB
depending on the substrate type. Both SERS-spectra collected with the samples containing
ZnO nanosheaves (red and blue spectra) have characteristic bands of analyte molecules
that are shifted to the larger wavenumbers compared to that free of ZnO nanosheaves
(green spectrum). As reported elsewhere, such a shift can be caused by polarization of the
molecules during charge transfer both from the nanostructures semiconductor/dielectric
and metallic nanoparticles [45]. Considering no shift in the analyte Raman bands in the
SERS-spectrum collected with the Ag mask/ZnO seed layer, it can be concluded that the
charge transfer is much more effective for the samples with ZnO nanosheaves. It should be
mentioned that dotting the ZnO nanosheaves with Ag NPs improved SERS-activity (blue
curve). Computer simulations showed that a noticeable enhancement of the electric field in
the Ag/ZnO nanosheaves is observed only in Ag NPs. Although the ZnO semiconductor
is characterized by n-type conductivity [46], ZnO NWs did not provide a worthwhile
contribution to the electric field strength. This indirectly signifies that an improvement in
the SERS-activity of the Ag NPs mask after the growth of ZnO NWs was due to charge
transfer provided by the semiconducting nanostructures. Computer simulations also
demonstrated a maximal value of the electric field strength around Ag NPs on the very
tops of ZnO NWs when exposed to a laser of 473 nm wavelength. This theoretical result
is validated by not only the SERS-analysis of DTNB (Figure 6a) but also the reflectance
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spectrophotometry of the sample of Ag/ZnO nanosheaves (Figure 7a, black spectrum).
The surface plasmon resonance band (SPR) in the reflectance spectra of the sample has
minimum at 425 nm, i.e., in the close vicinity to the simulated results.

100

—— before UV

——after UV a
80
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40 4

Reflectance, %

20

0 T T T T T T
200 300 400 500 600 700 800 900
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Figure 7. (a) Reflectance spectra of the Ag/ZnO nanosheaves before (black spectrum) and after
(red spectrum) UV cleaning; SEM images of the Ag/ZnO nanosheaves (b) before and (c) after the
UV cleaning where the red numbers show sizes of Ag NPs.

The photocatalytic activity of the Ag/ZnO nanosheaves was proved during near-
UV exposure (365 nm) as follows from Figure 6d. At the same time, the SERS-signal
intensity from the testing dye (MB) is not observed compared to that of the simply washed
control sample. It should be noted that the SERS-activity is still typical for the Ag/ZnO
nanosheaves cleaned with the UV light (purple spectrum in Figure 6d). However, the
reflectance spectrum of this sample is characterized by the broader SPR band with the
minimum shifted to 510 nm (red spectrum in Figure 7a). The changes in the reflectance
spectrum of the sample subjected to the UV treatment are caused by the slightly increased
mean diameter of Ag NPs on ZnO nanosheaves from 13.5 to 21.8 nm as calculated from the
SEM images of the corresponding samples presented in Figure 7b,c. These results show the
prospects of the engineered Ag/ZnO nanosheaves as reusable SERS-active substrates.

4. Conclusions

Here, we proposed original SERS-active nanostructures based on the quasi-ordered
Ag/ZnO nanosheaves composed of ZnO NWs dotted with silver NPs. ZnO NWs were
grown hydrothermally on the ZnO seed layer through the silver mask. Then, they were
coated with Ag NPs by the thermal evaporation method. It is found that the DTNB at the
nanomolar concentration can be detected with the engineered SERS-active substrates after
processing the SERS-spectral array. It should be noted that searching for hot spots and
recording the DTNB spectra at these hot spots would be a way to demonstrate an even
lower detection limit, as was performed with the Ag dendrites when single-molecule SERS-
imaging was achieved for the same analyte adsorbed on the SERS-active substrate from its
1018 M solution. However, our goal was not to set a record for the detection limit, which
has already been achieved. Alternatively, we aimed at the theoretical and experimental
study of the contribution of each nanostructured component to an enhancement of Raman
signal from different organic molecules. It was established that the nanosheaves of the
pure ZnO NWs grown through the silver mask provide a more pronounced SERS-effect
compared to just the silver mask on the seed ZnO layer. The subsequent coating of the ZnO
nanosheaves with Ag NPs increased SERS-activity but unfortunately led to the analyte
burning. Computer simulations showed that electric field strength was noticeably enhanced
only in Ag NPs and on the silver mask. The ZnO nanostructures were also expected to
contribute slightly to the strengthening of the electric field because ZnO is known to have
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n-type conductivity. However, such an assumption was not justified by the simulation
results. This indirectly suggests that the improvement in the SERS-activity of the silver
mask after growing ZnO NWs was due to charge transfer provided by the semiconducting
nanostructures. Computer simulations also demonstrated the maximal value of the electric
field strength around Ag NPs on the tips of ZnO NWs when exposed to the laser of a
wavelength of 473 nm. This theoretical result was experimentally validated by SERS-
analysis of DTNB. The thorough structural characterization of the Ag/ZnO nanosheaves
showed a certain amount of silver oxide, which nevertheless did not lead to the loss of
SERS-activity. The detection limit of testing organic dye molecules (RhB) adsorbed on
the Ag/ZnO nanosheaves was found to be equal to the nanomolar concentration. The
photocatalytic activity of the Ag/ZnO nanosheaves in relation to MB was proved upon
near-UV exposure (365 nm), which showed that the Ag/ZnO nanosheaves are prospective
as reusable SERS-active substrates.
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