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In this study, we investigated the morphological properties of nickel (Ni) island-shaped thin films formed on a SiOx/Si substrate using
the electron beam evaporation method. The morphology was examined using Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM). SEM images were analyzed using ImageJ software to determine the size, density, distribution, and coverage ratio
of the islands. The results showed a strong dependence of island morphology on substrate temperature: at 20 °C, the islands had an
irregular shape with a density of 103 pum™, while at 250°C and 500°C, the islands became more spherical in shape, and their densities
increased to 751.8 and 1212.4 um™2, respectively. AFM analysis confirmed the uniform distribution of the islands and their average
height (15.4 nm). EDS analysis revealed the presence and uniform distribution of Si, O, and Ni elements on the surface. These findings
confirm that substrate temperature is a critical factor in the island formation process.

Keywords: Nickel nanoparticles; Silicon oxide; Electron beam physical vapor deposition; Layer morphology,; Vacuum; Substrate
surface; Nanocatalyst
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1. INTRODUCTION

Nickel nanoparticles and thin films possess unique physical and chemical properties that ensure high efficiency and
have a wide range of applications. Specifically, they are effectively used in the synthesis of carbon nanotubes [1],
hydrogenation [2] and oxidation reactions [3], spintronics [4], electronics [5], magnetic devices [6], as well as energy
storage systems [7] and sensor devices [8].

These applications are mainly attributed to the high catalytic activity, thermal and chemical stability, and distinctive
electronic structure of nickel nanoparticles [9]. Nickel nanoparticles embedded in an oxide matrix provide a valuable
platform for in-depth investigation of various physical phenomena. Compared to bulk nickel metal, oxide-supported
nickel nanoparticles exhibit different catalytic activity, stability, and electronic properties [10]. These features are
especially important in heterogeneous catalysis processes [11]. Among the key factors influencing catalytic performance,
the composition of the support material, as well as the size and shape of the nanoclusters, deserve special attention [12].

Research shows that these factors can significantly alter the reactivity and thermodynamic stability of nickel
nanoparticles [12]. Therefore, controlling the size and shape of nickel catalyst particles during their growth process is one
of the key challenges [13]. Currently, buffer layers formed on SiOy substrates play a crucial role in regulating the growth
mechanism of metal nanoparticles. These layers help manage the chemical and physical interactions between the substrate
and metal nanoparticles [14]. At the same time, they contribute to improving the morphological and crystalline structure
of the nanoparticles [15]. Buffer layers based on oxide play an important role in the formation of nanostructured materials.
In particular, nickel nanoparticles grown on a SiOx surface exhibit high dispersion, which facilitates an increase in their
activity [16].

Moreover, these layers play an important role in determining the chemical composition, electronic properties, and
thermodynamic stability of the nanoparticles [17]. The primary objective of this study is to investigate the growth
mechanisms of nickel nanoparticles from the vapor phase via electron beam evaporation on a SiOy buffer layer surface.
This involves examining the formation process of Ni nanoparticles, as well as their morphological and structural
characteristics depending on the substrate temperature. Additionally, the study explores how the synthesis conditions
influence the formation and controllability of the nanoparticles’ properties [18]. The obtained results are expected to
contribute to a deeper understanding of nickel nanoparticle formation within oxide-based buffer layer matrices.
Furthermore, the study aims to identify more efficient ways to control nanoparticle formation processes based on these
mechanisms. The findings will serve as a valuable scientific foundation for applications in catalytic processes and
nanomaterials engineering.

2. EXPERIMENTAL
A monocrystalline Si (111) wafer was used as the substrate. To remove various organic compounds from the surface,
the substrate was first immersed in acetone ((CHs):CO) and methanol (CHsOH) baths at a temperature of 55°C for 15
minutes. It was then rinsed with deionized water and dried under a nitrogen atmosphere. To form an oxide layer on the
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silicon substrate, it was annealed in a SNOL furnace at 1000 °C for two hours. The thickness of the resulting SiOx layer
was analyzed using a SER-850 model spectral ellipsometer manufactured by SENTECH. Based on the Cauchy layer
model, the measurements showed that the thickness of the SiOx layer was 60 nm.

In the present study, a thin nickel island layer was deposited onto the SiO,/Si substrate via electron beam physical
vapor deposition (EB-PVD). This method enables high-purity film growth under controlled vacuum conditions. The
schematic diagram of the deposition setup used in the experiment is presented in Figure 1.
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Figure 1. Schematic representation of the thin film deposition process via electron beams physical vapor deposition (EB-PVD)

The device is equipped with an electron beam evaporation system (model SEB-06) with a power capacity of 6 kW,
capable of operating with an external voltage of up to 10 kV and an electron emission current of up to 600 mA. A high
vacuum of up to 107 Torr is achieved in the chamber using a turbomolecular pump. This minimizes the contribution of
impurities from the sample and the crucible during the evaporation process. Nickel (Ni) vapor was deposited onto the
substrate surface under a vacuum of 107 Torr, using an electron beam with a current of 30 mA and a voltage of 10 kV for
a duration of 3 seconds.

The surface morphology of the obtained thin films was studied using a Thermo Fisher Scientific (Apreo 2S SEM).
During the investigation, accelerating voltages ranging from 2 kV to 20 kV were used. Low accelerating voltage (2 kV)
was applied to obtain surface morphological images of the sample, while high voltage (20 kV) was used for elemental
composition analysis. SEM images were captured at various magnification levels (from x5,000 to x100,000), allowing
the assessment of film uniformity and the identification of potential structural anomalies on the surface.

3. RESULTS AND DISCUSSION

To evaluate the surface morphology of the samples, scanning electron microscopy (SEM) analyses were performed.
The Image] software was used to determine the size and surface distribution of Ni islands from the SEM images. This
software allows for the identification of individual island areas and quantities within the image, which in turn helps
calculate the island diameter, surface density, and coverage coefficient. Figure 1 shows the SEM images of the Ni island
structure grown on SiO/Si at different substrate temperatures (20°C, 250°C, and 500°C) for 4 seconds. The shape of the
islands was idealized as spherical, and their diameters were determined. The histograms of Ni nanoparticles diameters
were displayed in Figure 1(d-f).

Figure 1(a) shows the SEM image of the surface morphology of the Ni island structure formed at a substrate
temperature of 20°C using the electron beam heating method. It can be seen that the islands have an irregular shape and
are arranged in a way that they are not entirely separated from each other.

The values of parameters such as the diameter, area, surface density, and surface coverage ratio of Ni nanoparticles
obtained from the SEM images (a—c) in Figure 1 using the ImageJ software are presented in Table 1. Using the ImageJ
software for image analysis, the average diameter of the islands was found to be 52.9 nm, and the surface density was
103 um™. These values indicate that at low temperatures, the mobility of metal atoms is limited. As a result, many voids
may form in the structure. For this reason, the islands are unevenly distributed on the substrate and have an irregular
shape.

Table 1. Results of SEM analysis for the size and surface density of Ni island structures grown on the substrate at 20°C,
250°C, and 500°C temperatures.

SiO,/Si temperature (°C) Area (10 pm?) Diameter (nm) Density (um?) Coverage (%)
20 21.9+7.2 52.9 103+0.2 62.70
250 5.814+2.8 27.2 751.8+0.4 43.610
500 2.3+1.2 17.3 1212.4+0.3 28.7
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In Figure 1(b), it is observed that as the substrate temperature increased up to 250°C during the deposition process,
the shape of the islands became more orderly, approaching a spherical form. At this temperature, the mobility of atoms
increases, causing them to start approaching a more energetically stable configuration, that is, transitioning to a shape that
minimizes surface energy. According to the analysis results, at 250°C, the average diameter of the islands decreased to
27.2 nm, and the surface density increased to 751 um™2, with the islands being fully separated from each other and evenly
distributed across the surface.
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Figure 1. SEM images of Ni nanoparticles formed on the SiOx/Si substrate surface at substrate temperatures of 20°C, 250°C, and
500°C and and the histograms of Ni nanoparticles diameters (a, b, s). Scale bar — 500 nm.

In Figure 1(c), at a substrate temperature of 500°C during the deposition process, the size of the islands further
decreased, with the average diameter reaching 17.3 nm and the surface density increasing to 1212 um=. These results
indicate that at higher temperatures, the activation of atomic diffusion leads to an increase in the number of islands and a
decrease in their size.
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Furthermore, the coverage ratio of the islands was found to vary with the substrate temperature. Specifically, the
coverage coefficient was 42.7% at 20°C, 46.3% at 250°C, and 48.9% at 500°C. This indicates that as the temperature
increases, both the density of the islands and the overall surface coverage increase. These analyses confirm that substrate
temperature is a decisive factor in the process of metal island formation.
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Figure 2. Elemental mapping/EDS spectrum of Ni/SiOx/Si

Energy dispersive spectroscopy (EDS) analysis was performed on a sample grown at a substrate temperature of
250°C to determine the chemical composition of the Ni/SiO/Si structure. This analysis allowed for the determination of
the elemental composition in the sample as well as their distribution across the surface.

According to the EDS elemental mapping results, the presence of silicon (Si), oxygen (O), and nickel (Ni) elements
in the Ni/SiO/Si structure was confirmed, and their uniform distribution across the substrate surface was observed.
Specifically, it was noted that nickel nanoparticles and their aggregates were not localized but were almost uniformly
distributed on the sample surface.

The Au element identified in the EDS spectrum was deposited on the sample surface in a very thin (3 nm) layer prior
to analysis. Its purpose is to enhance the SEM image quality and contrast, as well as to improve the electrical conductivity
of the sample. This is a standard practice widely used in SEM analyses. The presence of carbon (C) observed in the
spectrum is mainly explained by the effect of the carbon tape used to attach the sample during the SEM analysis. That is,
the C element is not a constituent part of the sample itself, but is present in the composition due to the technical support
material. Based on the EDS spectrum, the atomic percentages of the identified elements were determined as follows: Si -
70.7%, O - 16.3%, C - 11.2%, Ni - 1.3%, and Au - 0.4%.

It was determined that the main composition of the sample consists of Si and O elements, indicating the dominance
of the SiOy substrate. The relatively small amount of Ni nanoparticles is located in the upper parts of the layer, and it is
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these that play a key role in morphological analysis and determining functional properties. In general, the results of the
EDS analysis, in agreement with the SEM and AFM analyses presented above, qualitatively explained the presence or
absence of foreign impurities, reflecting the elemental composition in the Ni/SiOy/Si structure.

To further assess the surface unevenness of the Ni island structure and the spatial distribution of the islands, Atomic
Force Microscopy (AFM) analysis was conducted. The 3D AFM image (Figure 3) provided detailed information about
the surface topography and roughness of the Ni/SiO/Si sample, which was obtained at a substrate temperature of 250°C.

Figure 3. 3D topographic AFM image for the Ni/SiO/Si sample

The image reveals that the distribution of the Ni islands across the substrate surface is relatively uniform and exhibits
a clear structure. The islands are located close to each other, with some of them not fully separated, forming a dense mass.
This observation aligns with the results from the SEM analysis, showing that the islands exhibit irregular shapes and vary
somewhat in size. The height profile from the AFM image indicates that the surface roughness is relatively stable, with
minimal variations between individual islands. The average height (Rm) of the Ni islands was found to be approximately
15.4 nm. This suggests that the surface relief of the thin film does not have significant differences between peaks and
valleys, and the islands grew at nearly the same height. These findings are consistent with the data obtained from the SEM
analysis, demonstrating that at higher substrate temperatures, Ni islands adopt a more uniform shape and higher density
distribution.

4. CONCLUSIONS

In this study, the morphological characteristics of Ni island-shaped thin films formed on the SiO/Si substrate surface
using the electron beam physical vapor deposition (EB-PVD) method were investigated through scanning electron
microscopy (SEM) and atomic force microscopy (AFM) techniques. Data obtained from SEM images using the ImageJ
software allowed for the determination of the islands' size, surface distribution, density, and coverage coefficient.
According to the results, the geometric parameters and distribution of the Ni islands were directly dependent on the
substrate temperature. At a temperature of 20 °C, the islands exhibited irregular shapes and were located close to each
other, with an average diameter of 52.9 nm and a density of 103 pm™. As the temperature increased to 250°C and 500°C,
the shape of the islands became closer to spherical, their size decreased, and their density increased to 751.8 um and
1212.4 um, respectively. These changes were attributed to the islands striving for a thermodynamically stable state and
minimizing the surface energy. Moreover, AFM images confirmed that the islands were evenly distributed on the surface,
with an average height of approximately 15.4 nm. The elemental composition was determined using EDS analysis, which
showed the presence of Si, O, and Ni elements on the surface, evenly distributed. Thus, the results of the study
demonstrated that the morphology and surface properties of the Ni island structure are strongly dependent on the substrate
temperature.
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AHAJII3 TEMIIEPATYPHO-3AJIEXKHUX IOBEPXHEBUX BJIACTUBOCTEM Y CUCTEMI Ni/Si02/Si IIJT YAC
EJEKTPOHHO-ITIPOMEHEBOTI'O OCA/UKEHHSA
A.A. PaximoB, 1.X. XynaiikyJoB, A.A. Icmatos, M.M. Anijio
Incmumym ionno-nnasmosux ma nazepuux mexuonoeii imeni Y. A. Apigposa, Axaoemis nayx Y3bexucmany
100125, eyn. /lypmon FOni, 33, Tawxenm, Y36exucman

VY 1mpoMy IOCTiKEHHI MU BHUBYaJIH MOPQOJIOTIYHI BIACTHBOCTI TOHKUX IUTiBOK Hikemo (Ni) y ¢opMi ocTpiBUiB, CPOPMOBAHHX Ha
migknaani SiOx/Si 3a JOIOMOTo METOY eNeKTPOHHO-TIPOMEHEBOTO BHIIAPOBYBaHHS. Mop(hoJIoTio JOCTIIKYBaIn 32 TOTIOMOTOI0
ckaHy 0401 enekrponHoi Mikpockomnii (CEM) Ta aromuo-cunoBoi Mikpockomii (ACM). 306pakennst CEM anHaizyBany 3a JJONOMOTOIO
IIporpaMHoro 3ade3nedeHHs ImagelJ 11 BUSHAUSHHS pO3MipY, IMUIBHOCTI, PO3MOLTY Ta KoedilieHTa MOKPHUTTS OCTpiBIiB. Pesymsrarn
NOKa3aJIi CHJIBHY 3aJIeKHICTh MOpQOoJIOTii OCTPOBIB BiJ TeMneparypy minknaaku: npu 20°C ocTpoBH Majiu HENpaBWIbHY (HopMmy 3
miibHicTIO 103 MM 2, Tomi sik ipu 250°C Ta 500°C octpoBu HaOyBau OibIl chepruHOi (HOpMH, a iX MIBHICTH 301TbINyBaIaCs 10
751,8 ta 1212,4 mxm 2 Binnosigxo. ACM-anani3 niaTBepauB piBHOMIpHHIH PO3IO/iT OCTPOBIB Ta 1X cepentio Bucoty (15,4 um). EDS-
aHali3 BUSBHMB HAsBHICTh Ta piBHOMIipHHUH po3momin enementiB Si, O ta Ni Ha moBepxHi. L{i pe3ymsraté miATBEpIKYIOTH, IO
TeMIIepaTypa MiIKIaIKH € KpUTHIHUM (pakTopoM y mpoueci GopMyBaHHS OCTPOBIB.
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wapy, 8aKyym; noepxHs nioOKIAOKU; HAHOKAMALI3Amop



