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Abstract. Samples containing Ag nanoparticles (NPs) in a ZnO matrix were produced using a
sol-gel method, with varying the annealing temperature and the thickness of the ZnO cupping
layer. The dependence of the optical and structural properties of the samples on the silver
diffusion was studied. As a result of annealing at temperatures of 570-650 °C, a long-
wavelength shift of the plasmon absorption peak of NPs was observed due to an increase in
their average size, as well as an increase in the intensity of the absorption peak due to a narrower
size distribution of NPs. The transformation of the nanoparticle shape and size during annealing
was shown to result from the diffusion of silver, whereas the ZnO cupping layer and its
thickness was proved to control these processes.
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Introduction

Uniform arrays of metal nanoparticles (NPs) embedded in a dielectric or semiconductor matrix
have unique optical, catalytic, magnetic, electronic, and other properties, which are controlled
by plasmonic phenomena. The mentioned properties depend on the composition, size, and
shape of the particles, as well as on the distance between them. In recent years, the
nanostructures comprised of NPs have been increasingly used as active elements for producing
solid-state chemical and biological sensors [1,2], catalytic systems [3], optical devices and other
applications [4,5]. Such systems require precise control of the NPs density in the array, also, a
two-dimensional array structure with a well-defined geometry is to be formed on the substrate.
The size of the NPs can influence the defective structure of the NPs [6-9], which is also
important for their functional properties. Conventional methods, including ion implantation,
chemical or vacuum deposition, do not appear to produce uniform NP arrays with narrow
distributions of particle sizes and the distances between them [10-12]. Therefore, in recent
years, various modifications of these methods were developed, for example, colloidal
lithography [13], laser interference lithography [14], vapor phase deposition through a mask of
a given pattern [15,16], adsorption of NPs from colloidal solutions onto substrates modified by
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the self-organizing monolayers of functionalized silanes and thiols [17], microcontact
printing [18].

Uniform NPs array fabrication requires a detailed study of their formation processes.
Although multiple papers have been published on the topic, a clear physical model of metal NP
formation process in a dielectric matrix does not seem to have been reported. However, the NP
formation is known to result from sequential addition of metal atoms or ions to each other due
to the activation of diffusion processes in the matrix [19-21]. Otherwise, two simultaneous
processes of coalescence (the augmentation of the NP sizes and an increase in the distance
between them) and evaporation are responsible for the formation of NPs during the thermal
decomposition of Ag and Au thin films [22-24].

Our previous research involved experiments for producing silver NP arrays in thin ZnO
films deposited on quartz substrates by sol-gel method [25-27]. We showed that the diffusion
through annealing in such samples results in significant changes in the morphological and
optical properties of the Ag NP arrays. At a fixed annealing time (10-15 minutes), an increase
in the annealing temperature from 300 to 650 °C caused an increase in the NP size from 20-30
to 50-70 nm. With a further increase in the annealing temperature up to 700 °C, we observed
NPs decomposition and diffusion of silver into the quartz substrate with the formation of small
clusters up to 10 nm in diameter in the near-surface layer of the substrate [25]. Besides, there
was an increase in the NPs size with an increase in the annealing time from 5 to 20 minutes at
a fixed temperature [26]. On the other hand, an increase in the silver concentration in the initial
solution, as well as an increase in the number of the solution layers deposited on a substrate,
resulted in an increase in the NPs array density while maintaining their size [27].

This paper discusses the effect of the ZnO cupping layer and its thickness on the
parameters of the NPs. We produced a series of the samples with the silver NP array in a ZnO
matrix, differing in the thickness of the ZnO coat and the annealing temperature. It was
suggested that if it is the diffusion of silver in the ZnO layer being influential in the NP array
formation, then when the annealing temperature changes while there is no ZnO layer or when
its thickness is different, the diffusion processes would occur differently, and the resulting NP
arrays will have different optical and structural properties.

Methods

We chose the sol-gel method to produce experimental samples. To study the effect of the ZnO
matrix on the diffusion of silver, a series of samples was made that differ from each other in the
annealing temperature and the thickness of the ZnO cupping layer.

The solution for making Ag NPs contained silver nitrate (AgNQO3) in 2-Methoxyethanol
(CsHgO>) in the concentration of 0.05 M. The solution was treated on a magnetic stirrer for
10 minutes at a speed of 500 rpm at room temperature. No aging was required, so the solution
was finished immediately before application.

The solution for producing the ZnO layers contained zinc acetate dihydrate
(Zn(CH3CO0O0)2¢2H20) in the concentration of 0.2 M in 2-Methoxyethanol (C3HgO2). To
accelerate the sol aging, monoethanolamine (C2H7ON) was added to the solution in a ratio of
1:1 to Zn. The solution was treated on a magnetic stirrer for 60 minutes at a speed of 500 rpm
at room temperature, then kept for 24 hours for aging and transition to the sol state.

The layers were coated on polished flat-parallel quartz plates by spin-coating method at
a speed of 3500 rpm for 12 seconds. After coating, each layer was exposed to air drying for 3
minutes at 300 °C. To produce the samples for the experiment, the first 5 layers of the ZnO sol
were deposited (equivalent to the 50 nm thick ZnO layer) followed by 5 layers of the silver
nitrate solution. Further, more ZnO layers were applied on top with 0 (without ZnO coating),
2 or 5 layers of the ZnO sol. The resulting multilayer samples were not annealed, or else they
were annealed in a muffle furnace in the air for 15 minutes at temperatures of 570 and 650 °C.
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Thus, in total, 9 samples were prepared: without a ZnO cupping layer, with the ZnO cupping
layer 20 and 50 nm thick (equivalent to the 2 and 5 ZnO spin-coated layers, respectively),
without annealing or annealed at temperatures of 570 and 650 °C (Table 1).

Table 1. Description of produced samples

Sample | Thickness of the ZnO cupping |Annealing temperature,
Sample layout No layer, nm oC
1 300
Zn0O 50 nm 5 0 570
quartz 3 650
4 300
Zn0 20/50 nm
5 20 570
Zn0O 50 nm 6 650
7 300
quartz 8 50 570
9 650

The optical absorption spectra of the samples were measured using an Avantes fiber-optic
system based on the AvaSpec 2048 spectrometer and the AvalLight-DH-S-BAL radiation
source, which provides measuring absorption and transmission spectra in the spectral range of
200-1100 nm.

The structural and morphological properties of the NP arrays in the samples produced
were studied using a scanning electron microscope (SEM) Mira 3 Tescan and a transmission
electron microscope (TEM) JEM-2100F JEOL. The combination of SEM and TEM methods
provided a detailed study of the fabricated samples in the plan view and cross-section
geometries.

Thin cross-section samples with Ag NPs in the ZnO matrix for TEM studies were
prepared in accordance with the standard procedure, with preliminary mechanical thinning and
subsequent polishing by an ion beam (Ar*) with energy of 4 keV [28]. The TEM studies were
performed using the equipment belonging to the Joint Research Center "Material science and
characterization in advanced technology" (loffe Institute).

Results and Discussion

Figure 1 shows the absorption spectra of the samples containing Ag NP arrays in a ZnO matrix
produced at different thicknesses of the ZnO cupping layer (0 nm — without a ZnO coating,
20 and 50 nm) and at different annealing temperatures (without annealing - after drying at
300 °C, annealing at 570 and 650 °C). Intense absorption at the wavelengths lower than 400 nm
corresponds to the edge of the ZnO interband absorption [29].

Absorption peaks with different intensities in the range of 500-700 nm, observed in the
samples, appear to be caused by the localized plasmon resonance in Ag NPs [30,31]. Parts (a)
to (c) of Fig. 1 show that irrespective of the ZnO cupping layer thickness, the spectra behave
similarly when annealing conditions change. After annealing at a temperature of 570 °C
(samples Ne 2, 5, 8), the intensity of the NP absorption peak decreases and the peak widens
compared to the sample without annealing (samples Ne 1, 4, 7). After annealing at a temperature
of 650 °C (samples Ne 3, 6, 9), the intensity of the peak increases sharply, while the shape and
the width of the peak remain unchanged.
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Fig. 1. Absorption spectra of the samples Ne 1 to 9 with Ag NPs in the ZnO matrix fabricated
with different thicknesses of the ZnO cupping layer (0, 20 and 50 nm) and
at different annealing temperatures (without annealing, annealing at 570 and 650 °C):
(a) to (c) give a comparison based on the effect of annealing temperature at the same
thickness of the ZnO cupping layer, (d) to (f) provide a comparison based on the effect of
ZnO coat thickness at the same annealing temperature

Comparison of the spectra in parts (d) to (f) of Fig. 1 shows that ZnO cupping layer and
its thickness have negligible effect on the shape and the spectral position of NP plasmon
absorption peak. However, the addition of the ZnO cupping layer increases the absorption
intensity of the NPs, which is especially noticeable for the samples without annealing
(samples Ne 4, 7) and those annealed at 650 °C (samples Ne 6, 9). In the samples without a
cupping layer of ZnO, the NP absorption peak has very low intensity, and in the sample without
annealing, there is no peak at all (sample Ne 1).

The wavelength values corresponding to the spectral position of the NP absorption peak
in the studied samples are marked with respective numbers in Fig. 1. In all samples annealed at
650 °C, the spectral position of the absorption peak is shifted to the long-wavelength region
compared to the samples without annealing. In accordance with the theory of Mie [32], which
describes the dependence of optical properties on the metal NP size, the shift of the absorption
peak to the long-wavelength region indicates that the NP average size in the samples has
increased as a result of annealing. All absorption spectra of the samples annealed at 570 and
650 °C are shown to have a long-wavelength shoulder in the range of 600—730 nm, in addition
to the absorption peak in the range of 530-590 nm. They may represent a superposition of the
absorption spectra of the array of NPs with varying sizes. Moreover, an additional peak
appearing as a long-wavelength shoulder of the absorption spectrum, may indicate the possible
non-sphericity of the NPs [33], for example, the NPs may become ellipsoidal or elongated in
one or more directions.
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A combined study of the sample structural properties by SEM and TEM methods detected
the presence of two simultaneously existing entries: arrays of silver small NPs and large Ag
submicroscopic particles (SMPs). Parts (a) to (c) of Fig. 2 show SEM images of the sample
surface with no ZnO cupping layer without annealing (sample Ne 1) and after it (samples
Ne 2, 3). The images show that immediately after drying at 300 °C (without annealing,
sample Ne 1), a NP array with a high density up to 1.5 x 10° cm is formed, however, this array
has a wide NP size distribution — some NPs with a diameter of 50 to 200 nm are observed, as
well as some larger Ag SMPs reaching 500 nm in diameter. It is possible that the observed wide
NP size distribution in this sample is responsible for a high absorption level in the whole visible
spectrum range and the absence of an obvious NP absorption peak, see Fig. 1(a).
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Fig. 2. SEM images of the surfaces samples Ne 1 to 3 with Ag particles without a ZnO
cupping layer produced by sol-gel method: (a) sample Ne 1 - without annealing,
(b) sample Ne 2 - after annealing at a temperature of 570 °C and (c) sample Ne 3 - after
annealing at a temperature of 650 °C. The inserts show magnified images of NPs
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Fig. 3. Particle size distribution revealed by SEM and TEM studies in the samples Ne 1 to 9

without annealing (300 °C) and after annealing at temperatures of 570 and 650 °C:

(a) samples Ne 1 to 3 - without a ZnO cupping layer, (b) samples Ne 4 to 6 — covered with a
20 nm thin ZnO layer and (c) samples Ne 7 to 9 - covered with a 50 nm thick ZnO layer
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As a result of annealing at the temperature of 570 °C (sample Ne 2), the NPs start being
located more uniformly on the substrate surface, see Fig. 2(b). Besides the equidistant
distribution of NPs in the array, they also demonstrate a narrower size distribution. In addition
to a homogeneous array of ordered large SMPs with a diameter of 500-700 nm, some smaller
NPs with a diameter of 70 to 140 nm are also observed in the sample. The number of the large
SMPs compared to those in the sample before annealing has decreased by 2 orders - from
3 x 10 to 3 x 10° cm™, and the number of small NPs has increased to 8 x 10° cm™. Annealing
at a temperature of 650 °C (sample Ne 3) has further decreased the particle size and distribution
in arrays — the NP size ranged from 50 to 120 nm, large SMPs — from 300 to 500 nm, while the
number of large SMPs has significantly decreased, see Fig. 2(b). For a sake of clarity,
the particle sizes in the samples revealed by the results of SEM and TEM studies are shown in
the graphs in Fig. 3.

The NP sizes in the samples covered with the ZnO layers demonstrated the changes in
Ag NP distributions due to the effect of annealing in a similar way to the NP arrays in the
samples without a ZnO cupping layer, see Figs. 3 and 4. First, the average particle size increases
as a result of annealing at the temperature of 570 °C (samples Ne 5 and 8), and after annealing
at 650 °C (samples Ne 6 and 9), it decreases. The addition of the ZnO cupping layer is shown
to result in the narrowing of the NP size distribution, and to the reduction of the number and
the size of large SMPs in the samples in the case of the largest thickness of the ZnO coating
cupping layer (50 nm, samples Ne 8 and 9). Consequently, it can be concluded that large SMPs
are formed during the coagulation of silver, whereas the ZnO cupping layer prevents this.
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Fig. 4. TEM images of the samples Ne 7 to 9 with Ag particles with a 50 nm thick ZnO
cupping layer produced by sol-gel method: (a) Ne 7 - without annealing, (b) Ne 8 - after
annealing at a temperature of 570 °C and (c) Ne 9 - after annealing at a temperature of 650 °C

The sample absorption spectra suggested that the particle size should increase during the
annealing process. This assumption is in good agreement with the data obtained from the studies
of morphological and structural properties of the samples. The NP average size increased as a
result of annealing, however, the size distribution narrowed, which contributed to an increase
in the intensity of absorption peaks. An array of larger SMPs observed in the samples might be
responsible for the appearance of long-wavelength shoulders in the range of 600—-730 nm.

Since the amount of silver deposited is the same in all samples, it is the presence of the
ZnO cupping layer that is responsible for the particle size change and the shift of the absorption
peak. Referring to the earlier assumption that the transformation of the particle shape and size
during annealing occurs due to silver diffusion [25,34], the fact is that the ZnO cupping layer
and its thickness affect Ag diffusion to these processes.
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Conclusion
Experiments have been conducted to study optical and structural properties of the samples with
Ag NPs in a ZnO matrix made by the sol-gel method with different annealing temperature and
thickness of the ZnO cupping layer. The absorption spectra of the produced samples did contain
Ag NP plasmon absorption peak in the range of 500-700 nm. As a result of annealing at the
temperature of 570-650 °C, a long-wavelength shift of the plasmon absorption peak was
observed resulting from an increase in the NP average size, as well as an increase in the peak
intensity resulting from the narrowing in the NP size distribution. The addition of the ZnO
cupping layer led to a narrower NP size distribution, as well as to a decrease in the number and
the size of large submicroscopic particles in the samples.

The optical and structural properties of the samples with Ag NPs in the ZnO matrix were
shown to be determined by the diffusion of silver passing through the ZnO cupping layer during
annealing. The ZnO cupping layer and its thickness affect the above process.
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