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Abstract
The aim of this study was to investigate the effect of deposition
i temperature on the structural, optical, morphological, and dielectric
Research Article properties of yttria-stabilised zirconia (YSZ) films prepared by sol-gel
spin-coating method. X-ray diffraction (XRD) measurements of YSZ
films showed that the peaks of the cubic phase were prominent and the
peak intensities increased with deposition temperature. The crystallite
size, dislocation density, and microstrain of the thin films were identified
by XRD. It was observed that the crystal size of the YSZ thin films
increased from 16 nm to 22 nm with the deposition temperature. The
surface roughness of the thin films was found to have changed as revealed
by Atomic Force Microscopy (AFM) measurements. The roughness
increased from 7.72 nm to 11.92 nm with increasing temperature. The
optical transmittance of the YSZ thin films was investigated in the
S(? FE? %:)[(?0(-)(];0?2? ‘ggjﬁz%sz wavelength range 200-900 nm and was found to increase slightly with
V.E: 0000-0002-3511-5612 increasing deposition temperature. Metal-Oxide-Semiconductor (MOS)
devices were fabricated from these YSZ materials for dielectric
characterization. The dielectric properties of the Ag/YSZ/n-Si MOS
structure were investigated. It was found that the capacitance, conductivity
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Biriktirme Sicakhiginin itriyum Katkili Zirkonya Ince Filmlerin Yapisal, Morfolojik
ve Dielektrik Ozelliklerine Etkisi

Oz
Bu ¢alismanin amaci, sol-gel spin-kaplama yontemiyle hazirlanan itriya
ile stabilize edilmis zirkonya (Y SZ) filmlerin yapisal, optik, morfolojik ve
dielektrik 6zelliklerine biriktirme sicakliginin etkisini arastirmaktir. YSZ
filmlerinin - X-15m1  kirmmi  (XRD) Olgiimleri, kiibik fazin tepe
noktalarimin belirgin oldugunu ve tepe yogunluklarinin biriktirme
2Faculty of Dentistry, Prosthetic ~ sicakligiyla birlikte arttigini gosterdi. Ince filmlerin kristalit boyutu,
Dentistry Department, Batman dislokasyon yogunlugu ve mikro gerilimi XRD ile belirlendi. YSZ ince
University, Batman, Turkey filmlerinin kristal boyutunun biriktirme sicakligiyla birlikte 16 nm'den 22
nm'ye arttif1 gozlendi. Atomik Kuvvet Mikroskobu (AFM) olciimleri
sonucunda ince filmlerin yiizey piiriizliliigliniin degistigi tespit edildi.
Artan sicaklikla piiriizliiliik 7.72 nm'den 11.92 nm'ye yiikseldi. YSZ ince
filmlerinin optik gecirgenligi 200-900 nm dalga boyu araliginda
arastirllmis ve artan biriktirme sicakligiyla birlikte hafifce arttign
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bulunmustur. Dielektrik karakterizasyonu i¢in bu YSZ malzemelerinden
Metal Oksit-Yar1 Iletken (MOS) cihazlar iiretildi. Ag/YSZ/n-Si MOS
yapisinin  dielektrik o6zellikleri arastirildi. Bu yapilarin kapasitans,
iletkenlik ve diger dielektrik parametrelerinin giiglii bir sekilde frekansa

This work is licensed under a bagh oldugu bulunmustur.

Creative Commons Attribution Anahtar Kelimeler: itriyum stabilize zirkonya, MOS, dielektrikler,
4.0 International License tavlama etkisi, sol jel

Introduction

Zirconium dioxide, also known as zirconia (ZrO2), was first discovered in 1789 [1]. Zirconia films
possess a number of exceptional properties that give them an important role in both theoretical research
and real-world applications. Due to its chemical stability, high dielectric constant, high degree of
transparency in the ultraviolet and visible spectrum, high forbidden optical band gap, high melting point,
high hardness and good thermal insulation properties, this versatile material can be used for a number
of practical applications such as thermal and chemical barriers, as buffer layers for growing high-
temperature superconducting films and as sensors in microelectronics [2-5]. Traditionally, zirconia has
been doped with many metal oxides such as Y203, CaO, La203, MgO and Ce203 [6]. Typically, these
oxides are doped to maintain zirconia in its tetragonal or cubic phase at low temperatures [6]. Among
these oxides, yttrium oxide, when doped into the zirconia material, also imparts various properties to
the host material. Some of these benefits can be listed as follows: Improved mechanical properties: The
addition of yttria to zirconia can significantly improve its mechanical properties, including strength,
toughness, and fracture resistance. This is due to the formation of a uniform and fine-grained
microstructure, which can prevent crack propagation and increase corrosion resistance [7]. A high
melting point and high thermal shock resistance make yttrium-stabilized zirconia ideal for high
temperature applications such as solid oxide fuel cells, catalysis, and thermal barrier coatings [8]. YSZ
is a potential material for use in oxygen sensors due to its high oxygen ion conductivity [9]. Due to its
superior biocompatibility, low toxicity, and corrosion resistance, YSZ has been extensively researched
for its potential application in dental and orthopedic implants [10, 11]. In addition, it is extensively used
in implantology, orthodontics, restorative dentistry and prosthodontics, which are all sub-disciplines of
dentistry, to improve the infrastructure of post-core material and crown-bridge restorations [12, 13].
Consequently, YSZ stands out as one of the popular solid electrolytes used in a variety of
electrochemical devices such as gas sensors and oxygen membranes [14]. Apart from these devices,
MOS structures in which YSZ films can be used as applications also attract attention with their
extraordinary features. The MOS structure has been a widely adopted technology for several decades.
Due to the interface effect of metal-oxide and oxide-semiconductor, this MOS device is primarily
utilized for diodes and MOS capacitors in integrated circuits, particularly photodiodes [15, 16].
Furthermore, MOS structures are suitable for energy storage devices due to the dielectric property of
the oxide layer [17]. It is possible to create high-quality YSZ oxides utilizing a range of physical and

chemical methods. These techniques include atomic layer deposition [18], laser-assisted plasma coating
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[19], power impulse magnetron sputtering [20], chemical vapor deposition [21] and the sol-gel method

[22, 23]. Among these methods, sol-gel offers several advantages over other deposition techniques,
including: uniformity and control, which allows for precise control over the thickness and composition
of the deposited films, low temperature processing, high purity, versatility, cost effectiveness, which is
relatively inexpensive compared to other deposition techniques [24-26]. The aim of this study is to
investigate the influence of deposition temperature on the properties of YSZ thin films and to explore
the underlying mechanisms that control their growth and material properties. The results of this
investigation will provide insight into the structure-property relationships of YSZ thin films and
facilitate the optimization of their performance for various applications. Ultimately, a better
understanding of the effect of deposition temperature on YSZ thin films will enable the production of

high quality YSZ thin films with desired properties.
Experimental

In this study, the sol-gel technique was used to deposit thin films. Zirconyl chloride octahydrate (sigma-
aldrich) and yttrium (I11) nitrate hexahydrate (sigma-aldrich) were employed as starting materials for
the synthesis of YSZ thin films. YSZ precursors of 0.1 M were prepared by dissolving zirconium
oxychloride octahydrate and yttrium (l1l) nitrate hexahydrate in 2-methoxyethanol solvent with
monoethanolamine stabilizer. The yttrium ratio in the ZrO2 solution was adjusted to 7% of the atomic
weight of the zirconium metal. The prepared solution was stirred at 60°C for 2 hours to obtain a
transparent liquid. Prior to the formal coating process, the precursor liquid was filtered through a 0.22
pm injection filter. Prior to thin film deposition, Si and quartz substrates were cleaned using RCA (Radio
Corporation of America) cleaning techniques. In addition to this cleaning, n-Si substrates were
immersed in 1% HF solution and the natural SiO2 on the surface was removed. Finally, the n-Si and
quartz substrates were rinsed with deionized water and dried with N2 gas to obtain a hydrophilic surface.
YSZ films were grown on n-Si and quartz substrates at room temperature for 30 s at 3000 rpm. After
each deposition, the films were pre-annealed in an oven at 300°C and this process was repeated 10 times.
Finally, YSZ films were annealed for 2 hours at 700°C, 900°C, and 1100°C, respectively. These films
were designated as YSZ7 (annealed at 700°C), YSZ9 (annealed at 900°C) and YSZ11 (annealed at
1100°C) respectively. The thicknesses of YSZ7, YSZ9, and YSZ11 films were determined by atomic
force microscopy to be 220 nm, 120 nm, and 95 nm, respectively. The schematic diagram of the YSZ/n-
Si MOS structure, which was fabricated to examine the capacitance properties of the produced thin
films, is shown in Figure 1. In order to perform the electrical characterization of the produced MOS
structures, silver paste contacts were made on the films. The resistivity of commercially purchased silver
paste is 1.59 uQ-cm. The C-V characterization of the structures was carried out using the Keithley 4200

semiconductor characterization system. Optical, crystallographic and surface properties of thin films
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were investigated using Shimadzu UV-19, Rigaku Miniflex I1, and Park System XE-100 Atomic Power

Microscope, respectively.

YSZ thin film

Ag paste

contact {

Keithley 4200 SCS

4 gpas .
Figure 1. The schematic diagram of YSZ/n-Si MOS structure

Result and Discussions

The crystallinity and preferred crystal orientation of the YSZ films were determined through the XRD
technique. Figure 2 shows the XRD patterns of YSZ thin films formed on n-Si substrates at 0.1 M with
varying deposition temperature and the photograph of the YSZ thin films deposited on n-Si wafers. The
cubic crystal structure is confirmed by the four prominent peaks corresponding to (111), (200), (220)
and (311) planes in all YSZ thin film samples [27-29]. No impurity peaks are visible either, all of these
polycrystalline ZrO2 films are free of impurities. The intensity of the most prominent (111) reflection
is observed to increase with increasing deposition temperature, indicating that the improvement in
crystal quality of YSZ is caused by the increase in temperature. The (200), (220), and (311) orientations
are the other orientations observed with slightly lower intensities. The average crystal size of the
nanostructured YSZ films is calculated by the semi-empirical Debye-Scherrer formula [24]:

0.94
- Bcosb (1)

where D, A, 0, and B are the mean crystal size, the applied X-ray wavelength, the diffraction angle in
degrees and the full width at half maximum (FWHM) of the observed diffraction peak in radians,
respectively. The D values for YSZ films were calculated to be 16 nm, 19 nm and 22 nm for YSZ7,
YSZ9 and YSZ11 films from AFM micrographs, respectively. The increase in crystallite size with
increasing temperature can be explained by the coalescence of smaller crystallites into larger ones.
During this process, elevated temperatures can induce grain boundary migration leading to the growth
of larger grains [30-32].
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Figure 2. The XRD patterns of YSZ thin films and the photograph of the YSZ thin films coated on n-Si
wafers

The improved crystallinity is achieved by annealing, which allows the atoms of the film to rearrange
into a more ordered structure. In addition, it has been hypothesized that annealing films can reduce
residual stress and a defect in the lattice structure, which would increase the growth rate [28, 33]. Other
important parameters of crystal structures are dislocation density (8), which is a measure of the number
of dislocations (line defects) present in a crystal structure, and microstrain (¢), which is a measure of the
degree of elastic deformation or strain within a crystal structure. These parameters can be defined by the
following equations [27];

1
2

Dislocation density (§) = o7 (2

Lcos6
4

3)

The D, 6, and € values of the thin films are given in Table 1. From the observations, it can be concluded

Micro strain (&) =

that changing the annealing temperature for YSZ thin films causes changes in the recrystallization

process and parameters.
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Table 1. Crystallite size, dislocation density and micro strain of YSZ thin films obtained at different
deposition temperature

sample Cryséallite Size, Dislocatiol? Dinsity, Micro st_;rain,
(nm) 5 (10% m?) £ (10
YSZ7 16 40 29
YSZ9 19 29 18
YSZ11 22 21 16

The effect of annealing temperature on the surface morphology of YSZ films was investigated using
AFM. Figure 3 shows the AFM images of the films.
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Figure 3. The AFM images of YSZ thin films

The surface roughness values for YSZ7, YSZ9 and YSZ11 films are 7.72 nm, 10.25 nm and 11.92 nm
respectively. The AFM results showed that rougher films were formed with increasing growth
temperature. The increase in roughness of Al doped ZrO2 films with annealing temperature was also
reported by Cai et al. [34]. The increased surface roughness associated with annealing at higher

temperatures may be due to agglomeration phenomena caused by greater heat absorption or a possible
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crystallization factor resulting in large grains [34, 35]. The optical properties of the YSZ thin films were

investigated using transmittance analyses. Figure 4 shows the spectra as a function of wavelength

obtained by using UV-Vis spectroscopy to define the transmittance spectra in the range 200-900 nm.
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Figure 4. The transmittance spectra of YSZ thin films. (Inset: Zoom of transmittance spectra)

When the transmittance measurements of the YSZ films are examined, it can be seen that the thin films
have a transmittance in the range of about 66-83%, and it can be seen from the inset graph that the
transmittance increases slightly as the growth temperature increases. The transmittance of thin films can
be influenced by several factors including the composition, thickness and microstructure of the film
[36]. In general, increasing the deposition temperature can improve the crystallinity and reduce the
defects in the thin film, leading to higher transmittance [37, 38]. Additionally, the optical transparency
analysis of the films revealed slight interference fringes, which could be attributed to the homogeneity
and smooth morphology of the thin films [39, 40]. The Tauc model was used to calculate the energy
band gap (Eg) of YSZ films. The (ahv)*2-hv graphs of thin films are drawn and shown in Figure 5. It
was observed from the graph that the optical band gaps of the thin films decreased as the deposition

temperature increased. This situation is generally attributed to the quantum size effect [41, 42].
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Figure 5. Band gap prediction of YSZ thin films at various deposition temperatures using the Tauc
method
A dielectric is an insulator that can be polarized under an electric field. When subjected to an external
electric field, electric charges within this dielectric material do not generate a current. However, the
equilibrium positions of the charges change. As a result, the dielectric material becomes polarized and
an electric field is generated within it. The external electric field is partially counteracted by the electric
field within the material, which works towards equilibrium. This internal electric field persists,
particularly in metals, until the applied external electric field is zeroed. Although the term "insulator"
commonly implies low electrical conductivity, the term "dielectric" is typically used to describe
materials with a high polarization capability. This is expressed by a quantity called the dielectric constant
[43, 44]. In order to investigate some basic physical properties of the fabricated Ag/YSZ/n-Si MOS
capacitor, capacitance-frequency (C- log (®)), and conductance-frequency (G- log (»)) measurements
were investigated in a wide frequency range at room temperature. The C- log (®) and G- log (®) plots
of the Ag/YSZ/n-Si structure is shown in Figure 6(a) and (b), respectively. The C- log (®) plot for the
fabricated structures is shown in Figure 6(a). According to this graph, the capacitance value decreases
with increasing frequency and then reaches a constant value towards higher frequencies. This
phenomenon is caused by the ability of the charge carriers to follow the AC signal. The contribution to
the capacitance is limited because the charges at the states/traps cannot follow the AC signal at higher

frequencies [45]. Upon examining the measurements of the fabricated MOS structures, it was observed
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that the conductivity remained relatively unchanged up to 100 kHz, and thereafter, it increased with the

rising frequency. The interface states and the ability of the charges to relax with time may be the cause
of the change in conductivity with increasing frequency [46, 47]. Figure 6(c) shows the series resistance
versus frequency (Rs-log (w)) curves of MOS’s calculated from C-f and G-f values. When the Rs-log
() curves of the MOS are examined, it can be seen that the series resistance values decrease with
increasing frequency and remain constant at high frequencies. The presence of fixed and mobile oxide
charges, as well as trapped charges in the oxide forming the interface states, can be identified as the
underlying cause of the observed series resistance behavior [46, 48]. The fact that the series resistance
values at high frequencies remain constant with frequency suggests that the interface states may not be
able to follow the AC signal at these frequencies [45]. The localized states at the interface and the
thickness of the layer are the main contributing elements, and together they have a considerable impact
on the interfacial layer's dielectric characteristics and the capacitive performance of the MOS. As the
experimental C and G values may change with bias voltage and frequency, a thorough dielectric analysis
of the observed capacitive and conductive nature is required to appropriately determine the dielectric
characteristic of the MOS [49].

8x10"1°
a) —=—YSZ7/n-Si 7x10* b) —=—YSZ7/n-Si
7x10°1" 1 —e— YSZ9/n-Si —e— YSZ9/n-Si
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6x107° 5x104-
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Figure 6. (a) The plots of C- log (w) (b) G- log (w) and (C) Rs- log (w) for Ag/YSZ/n-Si MOS
structures
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In this situation, it is possible to evaluate the dielectric parameters complex dielectric constant (%) and

ac electrical conductivity (cac). Typically, the €' and €" are used to represent the real and imaginary
components of the complex dielectric constant (e*) for MOS’s. The real part, sometimes referred to as
the relative permittivity or dielectric constant, is represented by ¢€'. It is a measure of the ability of the
material to store electric charge in an electric field. €" represents the imaginary part, which is also known
as the dielectric loss factor. It is a measure of the energy that is lost as heat when the material is subjected
to an electric field. The values of €' and €" for MOS’s depend on factors such as the materials used in
the MOS and the frequency of the applied electric field. The complex dielectric constant can be defined

as follows equation;

e =¢ —ig" (4)
5.0 , .
«s3) ysonsi | P =
4.0 YSZ11/n-Si L .~ YSZ11/n-Si
3.51 6
3.0 - 59

W sel =) - " 4-
2.0- 2
1.5 b 2 \\-\
1.0 Ly “.
il : s A —— ol . T =
10k 100k 1™ 10k 100k 1M
Log o (Hz) Log o (Hz)

Figure 7. (a) The plots of "'~ log (w) and (b) N'- log () for Ag/YSZ/n-Si MOS structures

This formulation can be stated as follows: given the admittance measurements,

oY _C_; 6 (5)

iwCO - CO (L)CO

where o is the angular frequency of the applied electric field, and Y*, C, G, and CO represent the
measured admittance, capacitance, conductance, and capacitance of empty space of the dielectric

material, respectively. Consequently, €' and €" can be expressed by the following equations:

g =< g =2 (6)

CO (I.)CO

The frequency dependent €' and £"" versus log () are indicated in Figure 7 (a)-(b). When the graph is
examined, it shows that € and &” values are a strong function of frequency and that these values decrease
with rising frequency. The decline in these values with frequency is usually attributed to the density of
surface states, dipole, and interfacial polarization [50]. The loss tangent (tan 0) is a measure of the

dielectric losses in a material, and it is commonly used to describe the electrical behavior of dielectric
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materials. The ratio of the imaginary to real components of the dielectric constant is known as the loss

tangent:

tand = Z—’,’ @)
The term "loss tangent" refers to the process by which electrical energy dissipates within a dielectric
material as a result of internal mechanisms that transform electrical energy into heat or other types of
energy. Other examples of these mechanisms include electronic polarization, dipole relaxation, and
molecular rotations. Furthermore, because the loss tangent is a frequency-dependent metric, it changes
depending on the frequency of the electrical field that is being applied. Molecular and dipole rotations
are frequently the dominant phenomena in the loss tangent at high frequencies, whereas electronic
polarization predominates at low frequencies. Figure 8 (a) demonstrates the tan & versus log (®) for
fabricated MOS structures. The loss tangent is an important parameter for dielectric materials because
it affects the performance of various electrical devices, such as capacitors, transmission lines, and
antennas [51]. High loss tangent materials are typically used in applications where energy dissipation is
desired, such as in damping materials, while low loss tangent materials are preferred for applications
where energy conservation is important, such as in high-Q resonators or microwave components [51].
There are not many studies in the literature examining the effect of deposition temperature on the
dielectric properties of thin films on Si substrates. One of these few researches is the study conducted
by Mehraj et al. [52], which examined the effect of annealing temperature on SnO.. They reported that
the peak in the tan & graph occurs at high frequencies and that the jumping speed of charged particles
(e—) increases as the annealing temperature increases. The Rezlescu model [53] provides a well-
explained reasoning for the increased intensity of relaxation peak with annealing temperature. Based on
this model, the relaxation peaks are a result of the combined contribution of n-type and p-type charge
carriers [54]. Another important parameter for MOS structures is the AC electrical conductivity (c_AC).
The 6_AC is a complex quantity that describes the ability of a dielectric material to conduct AC current

under the influence of an electric field. The expression for the AC electrical conductivity is:
oac = €' we 8

Here ¢ 0 is the permittivity of free space. The variation in AC conductivity with frequency for
Ag/YSZ/n-Si MOS at room temperature is presented in Figure 8 (b). The figure shows that the AC
conductivity of the structures exhibits frequency-dependent behavior, and an increase in AC
conductivity is observed with the increase in frequency. The observed increase in AC conductivity may
be due to an improvement in the conduction process at a specific temperature within the high frequency

range [55].
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Figure 8. (a) The plots of tan J- log (w) and (b) a4¢- log (w) for Ag/YSZ/n-Si MOS structures
Conclusion

The yttrium-stabilized zirconia thin films were successfully grown at different deposition temperatures
by sol-gel spin-coating technique. XRD analysis of YSZ films with thicknesses ranging from 95 to 220
nm showed that the cubic phase peaks were prominent and their intensities increased with higher
deposition temperature. The XRD analysis also identified the crystallite sizes, dislocation density and
microstrain of the thin films. It was observed that the crystal size of the YSZ thin films increased from
16 nm to 22 nm with increasing deposition temperature. AFM measurements showed that the surface
roughness of the thin films changed with the deposition temperature, increasing from 7.72 nm to 11.92
nm. The optical transmittance of the YSZ thin films was investigated over a wavelength range of 200-
900 nm, including both visible and near infrared spectra. The results showed a slight increase in optical
transmittance with higher deposition temperature. Finally, MOS devices were fabricated using the YSZ
films to evaluate their dielectric properties. The dielectric parameters of the Ag/YSZ/n-Si MOS
structures were strongly dependent on frequency, including capacitance, conductivity and other related
properties.
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