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Abstract: In this study, the localized surface plasmon resonances (LSPRs) of Ag nanoparticles (NPs)
embedded in ZnO dielectric matrices were studied. Initially, continuous Ag thin films were deposited
on Corning glass substrates via magnetron sputtering, followed by post annealing, resulting in the
formation of self-assembled nanoparticles. In some cases, a heated substrate holder was employed
to induce NP formation during the deposition. The morphology of nanoparticles was studied
using atomic force microscopy (AFM). Ultraviolet-visible spectroscopy (UV-Vis) probed the LSPRs.
Subsequently, a 70 nm thick ZnO layer was deposited on top of the Ag thin films. For the Ag films,
LSPR characteristics were found to depend on the initial film thickness. The ZnO capping layer
induced an intense red shift, suggesting its potential as a mechanism for tailoring LSPRs. Lastly,
theoretical calculations with the rigorous coupled-wave analysis (RCWA) method were carried out
for comparison with the experimental results.

Keywords: zinc oxide; matrix; silver nanoparticles; nanocomposite; tuning; optical properties;
LSPR; RCWA

1. Introduction

In the field of nanoscience and nanotechnology, manipulating light-matter interac-
tions at the nanoscale represents a key challenge that attracts significant scientific interest,
defining a dynamic and evolving research area. Noble metallic nanoparticles (NPs), grown
with various methods such as lithography [1], laser ablation [2], chemical synthesis [3,4],
sputtering [5-8] green synthesis [9] and more [6-8,10-12], have become versatile build-
ing blocks for diverse applications in sensing, optoelectronics, photovoltaics, catalysis,
photothermal therapy and surface-enhanced Raman scattering (SERS) [13-20] thanks to
their unique optical properties, particularly their ability to exhibit localized surface plas-
mon resonances (LSPRs). LSPRs are collective charge density oscillations excited on the
NPs’ surfaces when subjected to an electromagnetic field, resulting in the confinement of
light and substantial enhancement of the local electric field. The precise control of LSPRs
is of great importance and can be achieved by tuning the structural parameters of the
nanostructures such as the size, shape, composition and distribution and the refractive
index of their surrounding dielectric environment [6,7,10,13]. This can lead to cutting-edge
functional materials for sensing applications, optoelectronics, energy harvesting and others,
as described in [6-8,10,12-19] and references therein.
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The incorporation of nanostructures into dielectric or semiconducting thin films can
lead to the emergence of composite materials with new enhanced properties compared to
those of individual components [21]. Particularly, as we mention below, much attention
has been paid to the employment of noble metal-semiconductor nanocomposites, with
silver (Ag) and zinc oxide (ZnO) being one of the most-studied noble metal-semiconductor
material combinations due to the remarkable properties of its constituent materials.

ZnQ is a direct wide-band-gap semiconductor with a 3.37 eV band gap at room temper-
ature. It possesses unique optical and electrical properties, featuring high electron mobility
and high exciton binding energy (60 meV). ZnO also exhibits piezoelectric, antibacterial
and anticancer properties, high catalytic performance and morphological flexibility while
being chemically stable and ecologically benign [22,23]. Due to its remarkable proper-
ties, it can find applications in solar cells, LEDs, gas sensors, photocatalysis, UV lasers
and optoelectronic components. Recent advances in the field have led to the synthesis of
ZnO nanostructures and thin films using numerous methods, including the hydrothermal
method, sol-gel and green synthesis, sputtering, pulsed laser deposition, chemical vapor
deposition, sonochemical synthesis and others, as reported in [22,24,25].

Furthermore, Ag is an ideal candidate for integration with ZnO, due to its low optical
losses, stability in nanoparticle form, high electrical conductivity, intense LSRP absorption
in the visible spectrum, cost-effectiveness (compared to other noble metals) and non-toxic
nature [7,23]. The integration of Ag nanostructures in ZnO, which exploits the surface plas-
mon resonance phenomenon induced by them, has been widely employed to enhance the
intrinsic properties of ZnO. Numerous studies have reported that Ag/ZnO nanocomposites
demonstrate improved optical and electronic properties, suggesting their potential for use
in photocatalysis [23,26-30], sensing [31-34], solar cells [35,36], optoelectronics [26,37-39]
and antimicrobial [40,41], antibacterial [42] and anticancer [43,44] applications. Clearly,
diverse fabrication methods apply to this nanocomposite, as previously outlined in the
references for net ZnO and noble metallic NP synthesis, as well as described in [23,26—44].

Regarding the plasmonic properties of the Ag/ZnO nanocomposite, ZnO, due to
its high refractive index, can induce substantial shifts and amplification of the Ag NPs’
plasmonic resonances. This system can exhibit intense and tailored LPSRs across a wide
spectral range by adjusting its NPs’ size and geometry as well as the overall material
composition. Since both materials are abundant and affordable, Ag/ZnO nanocomposites
provide an appealing option for advanced optoelectronic, sensing, energy harvesting and
photocatalytic applications, among others. To our knowledge, only a limited number
of studies have focused on investigating the plasmonic features of this system, particu-
larly focusing on the study of plasmon resonances of ZnO/Ag, Ag/Zn0O bilayers and
ZnO/Ag/ZnO multilayers [45], while Roy et al. [46] examined the plasmon resonances
of silver nanoparticles embedded in ZnO matrices after sputtering deposition at substrate
temperatures ranging from 233K to 273K.

On the contrary, most studies on the Ag/ZnO nanocomposite emphasized the en-
hancement of photocatalytic, sensing, antimicrobial and optoelectronic properties of ZnO
after doping with Ag nanostructures followed by an evaluation of its performance.

This study examines the Ag/ZnO nanocomposite from a fundamental science perspec-
tive, concentrating on the correlation between structural and optical properties as well as
the potential manipulation of the plasmonic characteristics of ZnO-covered Ag NPs. More
specifically, we delve into the plasmonic behavior of a nanocomposite thin-film system
consisting of self-assembled silver nanoparticles inside ZnO matrices. Our main objective
is to investigate how the ZnO capping layer matrix influences the LSPR characteristics
of the coated Ag NPs and evaluate its potential as a tuning mechanism. Specifically, we
focus on how the presence of the ZnO capping layer affects LSPRs obtained from silver
nanoparticles of different diameters and distributions, utilizing two growth methods and
complementary theoretical calculations.

Ag NPs were grown via magnetron sputtering either on heated glass substrates or
using post-deposition annealing of Ag thin films in air. Subsequently, a ~70 nm ZnO layer
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was sputter-deposited on top of them. The morphology of the nanocomposite films was
studied via AFM and SEM microscopy as well as EDS spectroscopy. Notably, UV-Vis
spectra revealed that the ZnO capping layer (matrix) systematically induced a red shift
in all LSPRs obtained, while also affecting their amplitude. This showed that the ZnO
capping layers can be effectively used as a tuning “tool” to obtain pronounced LPSRs in the
visible spectrum, useful for applications such as photocatalysis, solar cells, LEDs and more.
Finally, we employed rigorous coupled-wave analysis (RCWA) theoretical calculations to
further investigate the influence of the ZnO environment on the plasmonic behavior of Ag
NPs and facilitate the interpretation of the experimental results.

2. Materials and Methods
2.1. Experimental Details

Ultrathin Ag films with thicknesses between 6 and 33 nm were deposited via direct-
current (DC) and radiofrequency (RF) magnetron sputtering on Corning glass at 440 °C and
room temperature, respectively. A sputter-coater device (modified Balzers Union model
SCD040) with a heated substrate holder was utilized for the DC magnetron sputtering. The
base pressure of the chamber was 1.5 x 10~2 mbar, achieved using a dual-stage rotation
pump. During deposition, argon was inserted in the chamber, increasing the total pressure
to 5 x 1072 mbar. An Ag #4 film was deposited at 440 °C via DC magnetron sputtering.
The rest of the Ag samples, the net ZnO film and the ZnO capping layers were deposited by
means of RF magnetron sputtering in a custom-made high-vacuum chamber (base pressure
1 x 10~ mbar).

Films deposited at 440 °C were directly self-assembled to NPs. In contrast, films de-
posited at room temperature grew continuously. Therefore, when referring to the thickness
of a self-organized film, we reference the thickness of a continuous Ag film that would form
under the same deposition time at room temperature. Concerning the Ag films deposited at
room temperature, nanoparticles were grown using thermal annealing in a muffle furnace
(model Linn 63 Elektronik VMK 22) in air at 440 °C. Subsequently, all the nanostructured
Ag films were coated with a 70 nm ZnO layer.

To determine the thickness of continuous films, we utilized atomic force microscopy
(AFM) images of the profile of a narrow scratch made intentionally on an as-deposited
Ag film surface [47]. The scratch thickness was measured at 33 nm. Subsequently, we
calibrated the thickness of other samples using the deposition time. Figure la shows
typical absorbance spectra of the continuous Ag films in the as-deposited state. At this
point, we have to mention that for all absorbance spectra, the wavelength (nm) has been
converted to electron volts (eV). Figure 1b,c illustrate the surface morphology of the film
used for thickness evaluation and the scratch area along with its profile, respectively.
Finally, in Figure 1d, we present the nanoparticle diameter distribution of this film. For the
determination of the NP size distribution, we followed the logarithmic normal (log-norm)
distribution function.

Table 1 summarizes the films deposited and their associated thermal processing and
NP growth method to enhance the comprehension of the experimental procedure.

The optical properties of both ZnO-coated and non-coated films were investigated
via ultraviolet-visible (UV-Vis) spectroscopy using the Perkin Elmer A-35 spectrometer
instrument functioning at room temperature in the wavelength range of 200-1100 nm.

Their surface morphology was studied via atomic force microscopy (AFM), utilizing a
multimode microscope with a Nanoscope IIla controller and a 120 pm x 120 um magnet-
free scanner (Model AS-130 VMF) developed by Digital Instruments (Chapel Hill, NC,
USA). The microscope was operated in the non-contact (tapping) mode. Finally, two
ZnO-coated and two non-coated nanostructured Ag films were studied with a scanning
electron microscope (SEM) (model Zeiss EVOMA 10, Jena, Germany) working in the
energy-dispersive X-ray analysis (EDS) mode.
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Figure 1. (a) Typical absorbance spectra of the continuous Ag films in the as-deposited state. (b) AFM
image of the film used for thickness evaluation (Ag #1). (c) AFM image of the scratch area as well as
its profile. (d) Nanoparticle diameter distribution of Ag #1 film along with log-normal fitting.

Table 1. List of all films deposited and their associated thermal processing and NP growth method.

Film—Thickness Growth Method
Ag#1,33 nm RF magnetron sputtering
Ag#2,6nm RF magnetron sputtering and post-deposition

annealing @ 440 °C for 5’

RF magnetron sputtering and post-deposition

Ag #3,12nm annealing @ 440 °C for 30/
Ag #4,18 nm DC magnetron spuétizigg gn heated substrate
ZnO #1, 70 nm RF magnetron sputtering
AgZnO #2, 70 nm RF magnetron sputtering (on Ag #2 NPs)
AgZnO #3,70 nm RF magnetron sputtering (on Ag #3 NPs)
AgZnO #4, 70 nm RF magnetron sputtering (on Ag #4 NPs)

2.2. Theoretical Model

Rigorous coupled-wave analysis (RCWA) is an analytical method for interpreting the
diffraction of an electromagnetic plane wave incident between two materials [48]. Itis a
fast computational method that utilizes the Fourier series to partition the examined areas
into layers, simplifying all calculation processes. The RCWA theory is employed to study
cubes and cylinders that have the same cross-section along the z-axis. Within each layer,
the relative permittivity has a two-dimensional periodicity. Therefore, it can be expanded
in the following Fourier series.

e(x,y,z) =e(x+Ay+Az)= Zp . qu(z)ei(prerquy) (1)
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where A is the grating period, ¢y, the Fourier component of grating permittivity Ky = Ky =
27/Aandi=(—1)2
The electric field of the incoming region can be described with the next formula.

EI _ e—i(kxix+ky,'y+kziz) 4 an ane—i(kxnx+kymy+kznmiz) (2)

where ky, = kyo + 1Ky, kyn = kyo + mKy, ki = V(K*e; — K2y — kzym), kyo and ko are the x
and y components of the incident plane wave, respectively, k = 27t/A, and Ry, is the nn, m
order backward-diffracted wave.

The electric field in each layer is:

E;p = an Sum (Z)e_i(kxnx+kymy+kznmiz) (3)

where S,,,(z) are the space harmonics field amplitudes.
The electric field in the outgoing region is:

Ejp = an Tyye ™ Ren¥Hkymy+Kznmo (2—d)) @

where Kzumo = +/ (Koo — K24 — kzym), and T, is the n, m order forward diffracted wave.
Keeping n = N and m = M harmonics in the Fourier expansion and the continuity of
the tangential electric 165 and magnetic fields at the boundaries z = 0 and z = d, then a 4NM
system of equations emerges, leading to the solution of the Ry, and T}, values.
For multilayer structures with layers that are non-uniform and periodic in the trans-
verse direction, RCWA requires less computational time, outperforming other methods
such as finite difference time domain (FDTD) and finite element (FE) [49].

3. Results
3.1. Experimental
UV-Vis and Microstructure Analysis

Two Ag films, Ag #2 with a thickness of 6 nm and Ag #3 with a thickness of 12 nm,
were annealed in air at 440 °C for 5 and 30 min, respectively. This led to the formation of
self-assembled Ag NPs on Corning glass substrates, visibly detected with the color change
of the films, as illustrated in Figure 2.

Figure 2. Continuous Ag film (Ag #3-12 nm) (left) before and (right) after annealing at 440 °C for 30 min.

After the initial characterization, a ZnO capping layer was deposited on top of them.
Intense LSPRs for both the ZnO-coated and non-coated Ag NPs were observed.
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Figure 3 shows the UV-Vis absorbance spectra of the self-assembled NPs, with and
without the 70 nm ZnO capping layer, alongside the absorbance spectra of a 70 nm net ZnO
film (ZnO #1) in the same figure.

1.0

y T T T g T T T y T
—— Ag #2 (6 nm Ag annelead)
I —— Ag #3 (12 nm Ag annelead)
---- AgZnO #2 (6nm Ag ann. + 70 nm ZnO)
0.8 - ---- AgZnO #3 (12 nm Ag ann. + 70 nm ZnO) -
——2ZnO #1 (70 nm ZnO)

_—
/7%, shift

Absorbance (a.u.)

1.5 2.0 2.5 3.0 3.5 4.0
Energy (eV)

Figure 3. UV-Vis spectra for the two post-annealed films (Ag #2 and Ag #3) before and after covering
with ZnO, as well as for 70 nm net ZnO (Zone #1). A.u. stands for arbitrary units.

The substrate covered only with ZnO did not exhibit plasmonic resonances. This was
expected because the material is a semiconductor. Furthermore, there is a sharp increase in
absorbance around 3.3 eV, corresponding to the energy gap of the semiconductor. Moreover,
the absorption curves of ZnO-covered NPs showed non-zero absorbance at 1.1 eV compared
to the non-covered ones, which is attributed to the presence of ZnO.

Two prominent LSPRs were observed in the absorption curve of non-coated Ag films
at2.77 eV and 2.46 eV, with the secondary ones found at 3.50 and 3.43 eV for Ag #2 and Ag
#3, respectively. The LSPR amplitude was higher for the main resonance of Ag #2; however,
Ag #3 exhibited a larger amplitude of its secondary resonance. After capping with the ZnO
layer, only the thicker (AgZnO #3) ZnO-coated film displayed two LSPRs. The secondary
LSPR of the thinner (AgZnO #2) film seemed to be dampened and only one prominent
LSPR could be detected. LSPR amplitude did not show a clear dependence on the initial
film thickness, as it increased for the thinner film, while for the thicker one, it decreased.
Moreover, while the non-coated specimens displayed typical Ag NP LSPRs [8], in both
samples, the ZnO-covered NPs exhibited a significant red shift in all LSPR peaks. This red
shift can be attributed to the large value of the refractive index (n~1.95) of ZnO. Similar
results were observed when using NiO as the capping layer [49-51]. The ZnO capping
layer also caused an increase in the full width at half-maximum (FWHM) for the main LSPR
of Ag #2, while for the thicker Ag #3, a decrease in FWHM values for both LSPR peaks
was observed. Finally, the absorbance curves of specimens coated with ZnO exhibited a
significant increase at energies above 3 eV due to the band gap of ZnO.

Figure 4a—d show images of the nanoparticles grown after annealing Ag #2 (6 nm) and
Ag #3 (12 nm) films at 440 °C, along with their respective nanoparticle size distribution
diagrams. In Figure 4a, the surface morphology of an Ag #2 film after annealing is depicted,
revealing a bimodal distribution of scattered spherical nanoparticles and several agglom-
erates. The mean NP diameter values for each peak are 35 and 65 nm. Figure 4b shows
an AFM image of an Ag #3 film’s morphology after annealing. A bimodal distribution of
NPs is observed once more, with a limited number of agglomerates. Here, the average NP
diameter values for each distribution peak are 110 nm and 169 nm. It is evident that the
thicker film led to much larger nanoparticles and a wider NP size distribution.



Coatings 2024, 14, 69

7 of 20

Frequency

Frequency

45 T T T T T T 10 T T T T T T T
w0 N [ Experimental Data i [ Bins
\ — =—Cumulative Log-norm Fit — = Cumulative Fit Peak
35| 1 8T 1

251 ~ g 3

20 g >
1 \ :‘f

15 ] \ q

10 ! \ B

0 20 40 60 80 100 120 140 50 75 100 125 150 175 200 225 250
NP diameter (nm) NP diameter (nm)
() (d)

sk [ Bins i [ Bins
— =Log-norm Fit 12 | — —Cumulative Fit Peak —
35 q
30
25 )
c
£
20 =1
o
15 v
10
5
0
20 40 60 80 100 120 140 50 100 150 200 250 300
NP diameter (nm) NP diameter (nm)
(8 (h)

Figure 4. (a,c) AFM image of Ag #2 film (6 nm) after annealing at 440 °C for 5 min and its NP diameter
distribution. (b,d) AFM image of Ag #3 film (12 nm) after annealing at 440 °C for 30 min and its NP
diameter distribution. (e,g) AFM image of Ag #2 film (6 nm) after covering the previously annealed
film with ZnO and its NP diameter distribution. (f,h) AFM image of Ag #3 film (12 nm) after covering
the previously annealed film with ZnO and its NP diameter distribution.
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Figure 4e-h illustrate the surface morphology and nanoparticle size distribution
diagrams of the same annealed Ag films after the deposition of the 70 nm ZnO capping
layer on them. Since Ag and ZnO are immiscible, the topography of the AFM images can
be interpreted as the ZnO surrounding the Ag NPs. Ag and ZnO mapping images recorded
with a SEM microscope reveal that both constituents are uniformly distributed throughout
the sample surface (Figure 5c—f).

Date :1 Jan 2006
EVO MA 10

Date :1 Jan 2006

EVO MA 10

Tum

(©) _ . (d)

Figure 5. SEM images showing surface topography of the samples AgZnO #2 (a) and AgZnO #3 (b).
SEM-EDS mapping images of Ag (c,d) and Zn (e,f) elements. EDS element spectrum for the specimens
AgZnO #2 (g) and AgZnO #3 (h).

More specifically, Figure 4e corresponds to the AgZnO #2 film, which shows a very
dense distribution of imperfectly spherical particles, along with many agglomerates and an
average diameter of 78 nm. Even well-defined particles have limited space around them or
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connect with their neighbors. Therefore, in this case, it might be more appropriate to refer
to these nanostructures as islands rather than NPs. As for the AgZnO #3 film, depicted in
Figure 4f, it shows a dense bimodal distribution of spherical NPs with a few agglomerates,
but the spacing between the NPs is bigger compared to AgZnO #2 (Figure 4e). Furthermore,
the mean NP diameter values for each distribution peak are 95 nm and 215 nm, and the
NPs distribution is wider as well. In the case of thicker films (12 nm), we consistently
observed much larger NPs, as seen in the uncoated specimens.

The thinner film (Ag #2-6 nm) resulted in denser, narrower single distributions of
smaller-diameter NPs compared to the thicker film (Ag #3-12 nm). Ag #3, in contrast,
led to wider, less-dense bimodal distributions of larger NPs. This may explain the more
pronounced main LSPR in the 6 nm film and the two broader LSPRs in the 12 nm film. The
bimodal distribution of NPs of a wide diameter range seems to have resulted in broader
LSPR peaks of lower intensity, along with a more pronounced secondary LPSR. These
observations show a dependence of LSPR features on the initial Ag film thickness and
apply to both ZnO-coated and uncoated NPs.

Figure 5a-h show surface topography SEM images of the nanocomposite AgZnO
films, mapping images of Ag and ZnO, as well as EDS spectra showing the element
composition for each specimen. Figure 5a,c,e,g refer to AgZnO #2 (6 nm Ag + 70 nm
Zn0O) nanocomposite film, and Figure 5b,d,fh to AgZnO #3 (12 nm Ag + 70 nm ZnO). The
corresponding SEM-EDS mapping images of Ag and Zn elements depicted in Figure 5¢c—f
reveal the uniform coexistence of the Ag and ZnO across the coated nanocomposite films’
surface.

As Ag films about 15-20 nm thick fabricated with the post-annealing method show
very broad and less intense LSPRs [6], we decided to grow such films on heated sub-
strates [2]. This enabled us to obtain smaller grains, a narrow grain-size distribution and
sharper and more pronounced LSPRs like those demonstrated in [6,52] for Au NPs.

Silver NPs with the equivalent mass of an 18 nm continuous film (Ag #4) were self-
assembled at 440 °C. Figure 6 shows their UV-Vis spectra with and without the presence of
the 70 nm ZnO capping layer.

2.0 — . . . . , : , . , .

18 i
1.6 ZnO absorption edge,-” i
14 PR red shift ]

1.2
1.0
0.8
0.6
0.4
0.2
0.0

Absorbance (a.u.)

1.5 2.0 2.5 3.0 3.5 4.0
Energy (eV)

Figure 6. UV-Vis spectra for the film grown at 440 °C (Ag #4) before (solid) and after (dashed line)
covering with ZnO.
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Two LSPRs could be observed in the absorption curve of non-coated Ag NPs, with
the first one located at 2.51 eV being more prominent, while the secondary at 3.52 eV was
blunt. Furthermore, the in situ grown Ag NPs exhibited a very intense LSPR compared to
post-annealed films of similar thickness [52]. As was the case for post-annealed films, the
ZnO-covered NPs” absorption curve shows a larger absorbance at 1.1 eV compared to net
Ag NPs, which is attributed to the presence of ZnO. Additionally, the ZnO layer induced
once more a substantial red shift in both LSPR peaks due to the quite large value of the
refractive index n of ZnO (1.95) compared to air (n = 1.00). Moreover, the amplitude of both
LPSRs was increased substantially and no significant alteration was noticed in terms of
FWHMs. Finally, similar to post-annealed films, the absorbance curve of ZnO-coated NPs
showed a significant increase above 3 eV due to the band gap of ZnO (3.3 eV).

Finally, Table 2 summarizes the LPSR data for all studied films.

Table 2. LPSR characteristics for all specimens along with information about their thermal treatment.

. LSPR LSPR LSPR LSPR
S’lPlfiCcllfrl\ eel;s_ Thermal Treatment Position Amplitude F‘:ZE)M Position Amplitude F‘(ZS)M
(eV) (a.u.) (eV) (a.u.)
1st peak 2nd peak
Ag #2 Post-deposition annealing
(6 nm) @ 440 °C for 5/ 2.774 0.587 0.521 3.503 0.147 0.384
Ag#3 Post-deposition annealing
(12 nm) @ 440 °C for 30’ 2.460 0.518 0.737 3.425 0.280 0.449
Ag #4 Deposition on heated
(18 nm) substrate @ 440 °C 2.505 1.104 0.955 3.522 0.220 0.299
AgZnO #2 2403 0.644 0.655 - - -
(6 nm)
AgZnO #3 1.887 0473 0.695 2465 0.3668 0.422
(12 nm)
AgZnO i#4 2.029 1.487 0.862 2737 0.788 0.612
(18 nm)

3.2. Theoretical Results

In this section, we deal with the theoretical/computational aspects of our study.
Our objective is to provide a theoretical framework that complements the aforementioned
experimental results. As previously mentioned, our experiments involved Ag NPs with and
without a ZnO matrix on Corning glass substrates. Although detailed theoretical results for
Ag nanostructures surrounded by air have been reported in [8], in this paper, we reiterate
similar calculations, focusing on a direct comparison with the calculations involving Ag
NPs surrounded by ZnO. This comparative analysis provides a clearer understanding of
the nanocomposite system, highlighting observed alterations and trends. The system under
study is visually represented in Figure 7.

NPs are represented as cubes and cylinders because they allow faster computational
processing when applying the RCWA method [49,51,52]. NPs are positioned on a SiO,
substrate, surrounded by the ZnO matrix. For net Ag NPs, ZnO is replaced by air. Previous
articles [8,49] have shown that despite the non-periodical behavior of materials fabricated
via experimental techniques, the theoretical and experimental results practically align.
Calculating the experimentally observed disorder structure is very challenging, if not
impossible, since it requires calculations in a large supercell, demanding significant time
and memory resources. On the other hand, calculating one individual metal nanoparticle is
not reliable because, according to experimental results, nanoparticles are located very close
to each other. For this reason, and to ensure precise calculations, a periodic array between
nanoparticles was employed. However, we expect the calculated absorbance to be higher
than the experimental measurements [53].
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Figure 7. The system of Ag NPs on glass substrate surrounded by ZnO. Side view (left) and top view
(right). “a” represents the lattice constant, “d” the diameter of the NPs, “t,” their height and “t; “the
thickness of the dielectric medium.

3.2.1. Comparative Plasmonic Behavior of ZnO-Coated and Non-Coated Ag NPs of
Various Dimensions and Distributions

NP diameter (d) values in the investigated cases vary from 60 to 150 nm. For each
case, the lattice constant (a) is varied with values corresponding to a = (5d/4), a = (3d/2),
a = 2d and a = 3d, while NP height retains a value of t; = d/2 in all cases. Furthermore,
t1, which represents the thickness of the dielectric medium, maintains a constant value
of 70 nm throughout the process. Table 3 shows the investigated cases. In cases where
a = (5d/4), the lattice constant value was rounded up to the nearest integer.

Table 3. Investigated cases with all the fundamental parameters.

Diameter Lattice Constant  Dielectric Medium NP Height

Case ) (@ Thickness (t;) (t2)

75 nm
. 90
() d =60 nm 12021121 70 nm 30 nm
150 nm

113 nm
135 nm
180 nm
270 nm

144 nm
1
(iif) d =120 nm 238 ?frﬁ 70 nm 60 nm

360 nm

188 nm

. 225
(iv) d = 150 nm 200 22 70 nm 75 nm

450 nm

(ii) d =90 nm 70 nm 45 nm

Calculations were carried out for Ag NPs on an SiO, substrate, surrounded by either
ZnO or air. In Figure 8a-h, we present the calculated absorbance spectra for each case. There
are eight figures rather than four, as each case is divided into two graphs for better visibility.
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Figure 8. The calculated absorbance spectrum of Ag NPs surrounded by air or ZnO. (a,b) correspond
to case (i), (c,d) to case (ii), (e f) to case (iii) and (g,h) to case (iv).
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Case (i) is depicted in Figure 8a,b. Concerning the non-coated Ag NPs, the main
LSPRs for smaller lattice constant (a) values, i.e., denser NP distributions, were located at
3.18 and 3.29 eV, yet for the two bigger lattice constant values they were located at 2.84
and 2.85 eV. As for the secondary LSPRs, in the cases of a = 75 nm and a = 120 nm, they
were located at higher energies compared to the main LPSRs, while for a = 90 nm and
a = 180 nm, they were found at lower energies. For a = 75-120 nm, secondary LSPRs could
be located around 3.7 eV, which in the cases of a = 90 and a = 120 nm could be considered
third resonances. Notably, for a = 180 nm, four peaks were evident, with the two minor
ones being found around 3.15 and 3.35 eV. Furthermore, for ZnO-coated NPs, a significant
red shift can be observed for all LSPRs in all studied subcases. Additionally, the ZnO
capping layer seems to have caused the absorbance peaks to become broader in some
cases, as seen for a = 75 nm in Figure 8a, and sharper in others, as illustrated in Figure 8b.
Moreover, more minor peaks or curvatures that cannot be considered LSPRs appeared
in the absorbance curves. This observation is further explained below in the discussion
section. The amplitude of the main LSPRs was slightly decreased for a = 75 nm, while for
the remaining lattice constant values it increased. Lastly, an amplitude enhancement also
occurred for well-defined secondary LPSRs.

In case (ii), the most prominent LSPRs were located between 2.54 and 3.11 eV, while
the secondary ones were located around 3.70 eV for a = 113 nm and a = 135 nm. For the
two bigger lattice constant values, more than two peaks could be identified. The third one
appeared at 3.74 eV for a = 180 nm and at 3.32 eV for a = 270 nm. Moreover, numerous
minor peaks or curvatures could be detected at energies lower than 2.20 eV. As in case (i),
Zn0O induced a considerable red shift in all LSPRs, which was more intense for a = 135 nm.
LSPR amplitude was enhanced for a = 180 nm and a = 270 nm, whereas for the smaller
lattice constant values it decreased. Notably, for a = 113 nm, the main LSPR was dampened,
and several low-intensity peaks developed. Interestingly, for a = 270 nm, a very sharp
double LSPR peak occurred between 2.92 and 3.00 eV.

In case (iii), one can observe a similar behavior of the main LSPRs of the net Ag NPs
as in case (ii). More specifically, the main LSPRs were located between 2.30 and 3.18 eV. For
a =144 nm and a = 180 nm, secondary peaks were detected around 3.65-3.70 eV. However,
for a = 240 nm and a = 360 nm, the secondary LSPRs were located at lower energies
compared to their main LPSRs. For a = 360 nm, a third LSPR appeared at 3.14 eV and for
all cases, many minor peaks could be observed for energies below 2.30 eV. Once again, the
ZnO capping layer resulted in a substantial red shift of LSPRs, whose amplitude increased
for a = 360 nm but decreased for the rest.

Finally, in case (iv), one can notice main LSPRs between 1.90 and 2.99 eV. For a = 188 nm
and a = 225 nm, no apparent LSPRs could be detected besides a small peak around 3.70 eV
and numerous minor peaks below 2.50 eV. For a = 300 nm and a = 450 nm, more than
two distinct peaks were evident, and for the latter case, the main LSPR was very sharp
compared to the previous cases when a = 3d. In addition, for those two cases, secondary
peaks were located on both sides of the main LSPR. One more time, the LPSRs of the
ZnO-covered Ag NPs exhibited a substantial red shift. As also noticed in previous cases,
the ZnO capping layer once again broadened the absorbance peaks, particularly for lower
lattice constant values, and resulted in several low-amplitude peaks. Regarding the main
LSPR amplitude on which we focus more, it was enhanced for a = 300 nm and a = 450 nm;
however, it decreased for a = 188 nm and a = 225 nm.

3.2.2. Influence of ZnO Thickness on Plasmonic Behavior

Moving forward, we present below the influence of the dielectric medium thickness
(t;) on LSPRs in randomly selected cases in order to elucidate its role in both LSPRs and
the absorbance curve in general under various array configurations. Our objective was to
identify trends and not fully predict the precise absorbance spectra of the investigated cases.
Here, the thickness t; varied between 20 and 60 nm and we also present the absorbance
curve of Ag NPs surrounded by air for comparison purposes.
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Figure 9a illustrates the first case for d = 60 nm, a = 120 nm and NP height t; = 30 nm.
It can be clearly seen that the ZnO environment induces a significant red shift for all
calculated t; values. As t; increases, the absorbance curve shifts consecutively to even
lower energies. Additionally, larger t; values resulted in an enhanced LSPR amplitude,
showing that the ZnO layer, depending on its thickness, could affect both the LSPR position
and amplitude. Similar behavior was observed for the LSPRs of the AgZnO #2 and AgZnO
#4 films. However, the calculated spectra did not show a significant absorbance increase
around 3.3 eV, which was evident in the experimental ones. This was consistent for all
cases studied, so it will not be repeated below. Last, as observed in the initial calculations,
ZnO presence induced additional LPSRs or broad absorbance peaks, which became more
pronounced with increasing t; values.
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Figure 9. The calculated absorbance spectrum of Ag NPs surrounded by ZnO compared to Ag NPs
surrounded by air, for various thickness values (t1). Four different cases were studied: (a) d = 60 nm,
a=120nm, t; =30 nm; (b) d =90 nm, a = 135 nm, t, = 45 nm; (c) d = 120 nm, a = 360 nm, t, = 60 nm;
(d) d =150 nm, a = 225 nm, t, = 75 nm.

The next investigated case was for d =90 nm, a = 135 nm and t, =45 nm. In Figure 9b, a
similar behavior is witnessed, since the ZnO dielectric environment induced major red shifts
for increasing t; values. The LSPR positions were moving towards lower energy values;
however, the LSPR amplitude was declining with increasing t; Furthermore, absorbance
curves broadened with increasing t; and the trend of additional LPSRs or broad absorbance
peaks was once more evident.

For d = 120 nm, a = 360 nm and t; = 60 nm (Figure 9c¢), an almost identical behavior to
the first case was identified, since the increasing t; thickness caused consistent red shifts
along with enhancement of the amplitude of LSPRs. It is worth noting that in this case,
we obtained LPSRs even in the near-IR range. Additionally, LSPRs of NPs inside the ZnO
matrix were sharper compared to those surrounded by air. This is something that was
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apparent in the first case (Figure 9a) too, but the exact opposite was noticed in Figure 9b.
Interestingly, numerous secondary LSPRs were obtained under a ZnO environment, but
this time they were very distinct and sharp.

Finally, for d = 150 nm, a = 225 nm and t, = 75 nm, which is illustrated in Figure 9d,
we observed high absorption of the non-coated NPs, which could be justified from their
size and their distribution. In this case, the pattern of systematic red shifts along with the
manifestation of numerous secondary LSPRs was once again detected. As in the first case
(Figure 9a), ZnO’s presence initially broadened the absorbance curves, but with increasing
t; the main LSPRs seemed to become sharper.

4. Discussion

In the context of investigating the plasmonic behavior of a nanocomposite thin-film
system composed of self-assembled silver nanoparticles inside ZnO matrices, we conducted
both experimental and theoretical analyses. Our main objective was to investigate how the
Zn0 capping layer affects the LSPR characteristics of Ag NPs and evaluate its potential as
a tuning platform.

NPs grown via post-deposition annealing, as discussed in the results section, exhibited
characteristic LSPRs for Ag NPs located at 2.46 and 2.77 eV with similar amplitudes.
Additionally, secondary LSPRs appeared at 3.50 and 3.43 eV, but with smaller amplitudes.
These secondary resonances might be the result of multiple scattering within the film’s
nanostructure, due to the presence of very small NPs [7,8]. AFM images displayed two
distinct bimodal NP distributions, with the thicker (12 nm) Ag #3 film showing a sparser
distribution of much larger nanoparticles and a wider NP size distribution. This might
explain the greater amplitude of its secondary LPSR. One would expect that its primary
LPSR would also display a higher amplitude due to the larger NPs; however, we have to
consider the radiation damping effect [54], which explains its lower amplitude as well as
the fact that it is also broader, as the FWHM values in Table 2 reveal.

We observed that as the initial film thickness increased, there was a substantial increase
in grain diameter following annealing, accompanied by a broadening of the NP size
distribution. Specifically, Ag #4 exhibited a behavior similar to the previous films, with two
LSPRs at similar energy values to those of Ag #2. Notably, as Figure 6 revealed, its primary
resonance exhibited almost double the amplitude of the other films, despite the secondary
LSPR having a similar amplitude. This can be attributed to its more available mass, which
is equivalent to an 18 nm continuous film, as well as its narrow NP size distribution of
small NPs.

Moving to the ZnO-covered NPs, as seen in Figures 3 and 6 along with the data
presented in Table 2, the ZnO capping layer induced a systematic red shift in all LSPRs and
the absorbance curves overall. This may be interpreted by the fact that, before coating, the
NPs were surrounded by air with a dielectric constant of 1. Similar results were observed
with NiO as the capping layer [49-51]. Furthermore, the absorption curves of ZnO-covered
NPs exhibited a higher initial absorbance compared to the uncovered NPs. This is attributed
to the presence of ZnO, which is not fully transparent around 1.12 eV. Additionally, the
coated NPs presented a characteristic increase in absorbance around 3.3 eV similar to the
characteristic absorbance curve of pure ZnQO, linked to its band gap.

The AgZnO #3 and AgZnO #4 films presented two LSPRs. However, the secondary
LSPR of the thinnest AgZnO #2 film seems to have been dampened and only one prominent
LSPR could be clearly detected. There is a slight curvature at 2.85 eV that cannot be unam-
biguously considered a peak, as can also be explained by the alteration of its microstructure,
as Figure 4e illustrates. After capping with ZnO, AgZnO #2 displayed a very dense sin-
gle distribution, in contrast with the bimodal distribution before covering Ag NPs with
ZnO. In contrast, AgZnO #3, which maintained its two LPSRs, also maintained a bimodal
distribution. For both cases, denser distributions arose, with larger average diameters, as
their AFM images and NP size distribution in Figure 4e-h reveal. It was observed that the
combination of NP size and distribution density affects the LSPR amplitude. In the cases of
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Ag #2 and Ag #4, which displayed dense distributions of small NPs, their LSPR amplitude
was enhanced after ZnO coating, as Figures 3 and 6 reveal. However, for Ag #3, which
showed a sparser distribution of large NPs, its LSPR amplitude decreased.

We might be able to correlate the amplitude alterations with the coexistence of ZnO and
Ag NPs on the surface of the AgZnO films, as depicted in the SEM-EDS mapping images
in Figure 5c—f. More precisely, a possible explanation could be that ZnO filled the space
between Ag NPs in the sparse Ag distribution, thus reducing the coupling effects between
Ag NPs and consequently, their respective LSPR amplitude. In addition, the already very
large NPs of Ag #3 were further enlarged after capping with ZnO, enhancing the radiation
damping effect and therefore decreasing its LSPR amplitude while also making the overall
absorbance curve blunter. This was less intense for the already dense distributions of Ag
#2 and Ag #4, as less space was available, so they were not affected considerably, and no
reduction in amplitude was observed. In the case of initially smaller NPs, the increase
in their diameter, along with the further densification of their distribution, has probably
resulted in enhanced absorbance and possibly contributed to the red shift also. However,
this NP diameter enlargement is attributed to the ZnO coating, which is the driving force
of the red shift. It has to be noted that the above observations concern the main LSPRs.
The secondary peaks were also affected by the aforementioned phenomena, yet further
analysis of the secondary peaks would complicate the discussion, which is focused on the
primary resonances.

Additionally, the main resonances’ width did not show a consistent behavior after ZnO
coating, since for AgZnO #2 it increased, while for the rest FWHM decreased, as shown
in Table 2. A similar inconsistency was also observed in our theoretical calculations and
will not be discussed further, since no safe conclusions can be drawn due to the imperfectly
spherical shape and disordered structure of the experimentally fabricated NPs.

In our theoretical analysis, different cases were considered, varying parameters like
NP diameter (d), lattice constant (a), NP height (t;) and dielectric medium thickness (t;).
The calculations aligned with the experimental trend, showing that a ZnO environment
consistently induced intense red shifts as well as alterations in the LSPR amplitude for
all investigated cases. Furthermore, in the first phase of our calculations, we compared
the plasmonic behavior of ZnO-covered and non-covered Ag NPs for various NP sizes
and array distributions. Our observations regarding the main resonances were as follows:
The ZnO capping layer induced a systematic red shift in all cases, with the cases where
a = (3d/2) displaying substantially intense shifts, most notable for larger NP size. This
behavior aligns with our experimental findings. Furthermore, the LSPR amplitude’s de-
pendence on the ZnO dielectric environment showed two trends: First, it decreased for the
denser NP distributions, a trend more obvious for larger NPs. One exception was evident
in Figure 8a, for a = 90 nm, where the LSPR amplitude was slightly increased. Second,
the LSPR amplitude was enhanced for the sparser NP distributions, with one exception,
also for a = 90 nm, as illustrated in Figure 8f. In this case, the main resonance’s ampli-
tude was decreased, while its secondary resonance, located at a lower energy, increased.
Nevertheless, it achieved a smaller amplitude compared to the non-coated main LSPR.
According to these findings, the calculated data showed that the main patterns observed
can be disrupted in some cases, making the prediction of the exact LSPR characteristics after
Zn0 deposition really challenging. When compared to the experimental findings, the LSPR
behavior was almost impossible to be exactly reproduced, but this was expected for the
following reasons. First, our theoretical calculations investigated a range of NP dimensions
and distributions in order to identify general behavior and trends. Since we did not attempt
to precisely predict the experimental absorbance, such discrepancies were expected. Addi-
tionally, we have to consider the disordered structure of experimentally grown NPs and
their imperfectly spherical geometry, which was assumed for calculated NPs. Achieving
totally accurate predictions requires a thorough investigation of the complex interaction
between NPs’ size, distribution and ZnO layer thickness, which is beyond the scope of this
study. Moving forward, one more observation that agreed with the experimental results
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was that with ZnO, the absorbance curves exhibited more minor peaks or curvatures. In
cases where a = (5d/4), numerous broad peaks were observed, while for some other cases,
the new minor peaks could be considered LSPRs, as they were well-defined and sharp. The
secondary peaks are attributed to higher-order plasmonic resonances, due to the presence of
Zn0O, which has a high refractive index value. Due to disorder and non-uniformities of the
grown nanoparticles, those higher-order resonances were smoothened in our experimental
results, resulting in broader absorbance curves [39], as illustrated in Figures 3 and 6. Lastly,
UV-Vis spectra from the experimental data showed that ZnO caused a notable increase in
absorbance around 3.3 eV. However, this was not reproduced in our theoretical calculations.

By comparing the calculated absorbance of coated NPs for various ZnO thickness
values (t;), we found once again an inconsistency in the LPSR amplitude behavior. In some
cases, increasing ZnO thickness amplified the LPSR, while in others, it had the opposite
effect. Hence, we can conclude that the behavior of ZnO-coated Ag NPs is influenced by
the initial NP size and distribution. ZnO also led to additional LPSRs or broad absorbance
peaks, and this effect became more pronounced with increasing ZnO thickness (t;). Finally,
increasing the ZnO thickness induced consistent red shifts, repeating the systematic trend
observed in all our analyses. These red shifts became more intense with increasing t; values.

In summary, the results presented in this study provide a comprehensive overview
of the optical properties of Ag NPs with and without a ZnO matrix. This research high-
lights that the ZnO layer matrix can potentially tailor the LSPR characteristics of Ag NPs,
specifically by inducing a systematic red shift regardless of the NP size or distribution.
Additionally, by carefully selecting the proper NP size, distribution and thickness of the
ZnO capping layer, one can obtain tailored LSPRs across a broad spectrum, extending from
the visible to the near-infrared. In our case, this could have been achieved by adjusting
the annealing time and temperature, or by employing an alternative thermal treatment
such as laser annealing to fabricate the desired nanostructures. Silver or other metallic
nanoparticles can be grown through various methods, and by simply coating with ZnO, one
could potentially facilitate the precise tuning of their LSPRs for a plethora of applications.
Zn0O could be useful as a matrix when combined with materials exhibiting LSPRs in the
UV range, extending their applicability for applications in the visible spectrum. Ultimately,
it is important to note that this was a facile study assessing the feasibility of this approach,
and further research is required to investigate the observed discrepancies between the
experimental and calculated results.

5. Conclusions

In this study, we carried out both experimental and theoretical analyses to study the
influence of ZnO dielectric matrices on the LSPR characteristics of Ag NPs and evaluate
their potential as an LSPR tuning platform. The self-assembled NPs exhibited intense LSPRs
in all cases. After coating with ZnO, a systematic red shift was observed in all LSPRs, with
their amplitude showing a dependence on the combination of NP diameter and distribution
density. However, even though the RCWA calculations successfully reproduced the red
shift for all studied cases, accurately predicting the LSPR amplitude was a challenging task.
Moreover, the thickness of the ZnO layer affected the intensity of the red shift and LSPR
amplitude. Our results demonstrated a reproducible red shifting in all LPSR that depends
on the Ag NP size and distribution, as well as the ZnO layer thickness. The current results
are promising for potentially tunable LSPRs, mainly towards lower energy values. Hence,
our study paves the way for potential research for the development of precisely engineered
plasmonic devices.
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