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Abstract 

Perovskite materials, specifically strontium titanate (SrTiO3, STO) thin films, have gained 
significant attention in materials science and electronics owing to their unique properties. 
However, low-temperature fabrication via sputtering can introduce oxygen vacancies that 
compromise film quality. O2 plasma treatment (OPT) has the potential to improve film 
properties, such as bond recomposition, electrical conductivity, and optical properties, by 
reducing the number of oxygen vacancies. In this study, STO films treated by O2 plasma were 
characterized using analytical techniques to understand the OPT-induced microstructural, 
morphological, and optical changes in these films. In addition, the possibility of improving 
device properties by low-temperature processes was confirmed by exploring the correlation 
between the number of oxygen vacancies reduced by the OPT process and the enhanced film 
properties. This result is expected to promote the application of STO thin films in flexible 
electronic devices and display components and provides insights into the role of oxygen 
vacancies and the effectiveness of OPT as a low-temperature solution for reducing their number. 
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Highlights 
 

• Reduction of oxygen vacancy concentration in SrTiO3 thin films by O2 plasma treatment 

• Defect control through a low-temperature process 

• Changes in band gap and work function of SrTiO3 thin films by oxygen plasma treatment 

• SrTiO3-based capacitor with an improved dielectric constant in the low-frequency region 

 

 
Introduction 

Perovskite materials, such as strontium titanate (SrTiO3, STO) thin films[1], have garnered 
significant attention in the fields of materials science and electronics because of their unique 
and diverse properties, including ferroelectricity[2, 3], magnetism, and electrical[4] and optical 
characteristics. These properties stem from the flexible crystallographic structure of 
perovskites, which allows the incorporation of various metal or organic cations (A and B sites) 
and anions (X site)[5]. The crystal structures of various ABX3 perovskite oxides can be 
distinguished as functions of their tolerance factor (t) with references to an ideal cubic structure 
(Figure 1(a)). For example, STO thin films, a typical perovskite material with a tolerance 
factor[6] close to 1[7, 8], exhibit several attractive features, such as a high dielectric constant[9, 

10], a low electrical loss[11], and optical transparency[12]. 
 

STO thin films have been widely employed as building blocks in electronic components, 
such as high-frequency filters, capacitors, and transistors, as well as in various optical devices 



 

 

like lenses, polarizers, and reflective and transmissive coatings. However, low-temperature 
fabrication via sputtering can compromise the quality of the resulting thin films[13, 14], primarily 
due to the presence of oxygen vacancies. 

 
 
 

 
 

Fig. 1. Schematics of a perovskite crystal structure and OPT. (a) Perovskite crystal structure, (b) The mechanism 
for filling oxygen vacancies with oxygen ions in the plasma. 

 
 

The presence of defects such as anion (X site) or cation (A and B sites) vacancies in 
perovskite structure can influence material characteristics. In particular, these vacancies could 
trap the charge carrier, alter local bonding configurations, and subsequently modify the 
polarization and dielectric constant of the STO films. Therefore, several techniques such as 
high-temperature annealing and high-pressure treatments in the presence of hydrogen, oxygen, 
or nitrogen have been used to enhance film quality by minimizing the number of oxygen 
vacancies[15]. Nevertheless, these high-temperature annealing processes are unsuitable for 
flexible electronic devices because of their adverse effects on the mechanical properties and 
overall integrity of the devices. Hence, a low-temperature process that can effectively control 
or reduce the number of oxygen vacancies in thin films needs to be developed for 
manufacturing thin-film-based flexible electronics and display devices. 

 
Several methods[16], each with its own set of advantages and limitations, have been 

previously proposed to regulate oxygen vacancies in STO thin films. Although traditional 
methods, such as annealing and ion implantation, specifically with Ar and O[17, 18] ions, can 
effectively control the number of oxygen vacancies generated, they require high-temperature 
processing[19], which is incompatible with the requirements of flexible electronics. Alternative 
approaches, such as atomic layer deposition (ALD) and chemical vapor deposition, enable 
better control over film properties. However, these methods may still require elevated 
temperatures during processing, and the ALD process, in particular, can be less favorable 
because of its low throughput and high costs[20]. The sputtering deposition method suits specific 
goals such as flexible and display devices processing due to its advantages of a relatively simple 
setup, low-temperature process, and high versatility. Although sputtering has the advantages 
of a low deposition temperature and high deposition rate compared to ALD, it generates a large 
number of defects, such as oxygen vacancies[21]. Given the limitations of the existing methods, 
it is essential to develop a low-temperature process for controlling the number of oxygen 
vacancies in STO thin films to enhance their applicability in flexible electronic devices and 



 

 

display components. One promising approach for addressing this issue is the application of O2 
plasma treatment (OPT), a process that exploits high-energy oxygen ions and atoms to control 
surface and bulk defects in materials such as Figure 1(b). This technique involves the use of 
reactive oxygen plasma generated by an ionizing oxygen gas in a high-power density 
electromagnetic field. 

 
The active oxygen ions in the plasma react with the surface of the film and thus reduce the 

number of oxygen vacancies or improve the surface properties. These high-energy oxygen ions 
physically collide with the surface of the STO film and fill the generated oxygen vacancies, 
resulting in surface rearrangement or recomposition, which help in reducing the defect density 
and enhancing the structural stability of the film[22]. Furthermore, active oxygen ions and atoms 
chemically react with the STO film, thereby reducing the number of oxygen vacancies. 
Consequently, OPT injects oxygen ions into vacancy sites and thus decreases the defect density 
as well as improves the electrical[23-25], optical[26], and mechanical properties of the film. 

 
In this study, we investigated the effects of OPT on the properties of STO thin films by 

assessing the feasibility to control and minimize the oxygen vacancy concentration in such 
films and by evaluating the resulting improved performances of the electronic and optical 
devices. We systematically evaluated the impact of various OPT parameters and characterized 
the treated films using a range of analytical techniques to obtain insights into the 
microstructural, morphological, and optical changes induced by the OPT. We comprehensively 
explored the correlation between the reduced oxygen vacancy concentration and the enhanced 
properties of the films. The results are expected to contribute to the development of an 
optimized low-temperature process for controlling the concentration of oxygen vacancies in 
STO thin films. This study is expected to pave the way for the widespread application of these 
materials in flexible electronic devices and display components as well as provide valuable 
insights into the role of oxygen vacancies in STO thin films and the effectiveness of OPT as a 
viable alternative low-temperature method for reducing oxygen vacancy concentration. 

 
Experiment Method 

In this study, STO thin films were deposited on Si (100) substrates (N-type (As), 500–550 
µm, < 0.005 Ω-cm) by radiofrequency (RF) magnetron sputtering. A 1/8-inch-thick SrTiO3 
target (99.95 %, TASCO, USA) with a diameter of 2 inches and Cu bonded to a backplate, was 
utilized. Prior to the sputtering, 15 × 15 𝑚𝑚2 silicon and quartz glass substrates were 
ultrasonically cleaned in isopropyl alcohol, rinsed with deionized water, and finally dried using 
N2 gas. To minimize contamination, the chamber's base pressure was maintained at 5 × 10-5 

Torr for one hour using an oil diffusion pump. 
 

The STO thin films were deposited on Si and quartz glass wafers for 1 h under the following 
conditions: a substrate temperature of 27 °C, an RF power of 40 W, an operating pressure of 
2.7 mTorr, an Ar flow rate of 30 sccm, and a substrate-to-target distance of 15 cm. The surface 
was hydrophilized by ultraviolet (UV) light (253.7 nm) treatment, before the deposition, to 
improve adhesion of the surface to the Si and quartz glass. This step was essential to prevent 
the formation of voids between the STO thin film and electrodes for obtaining accurate 
capacitance values. The deposited STO thin film had a thickness of approximately 100–150 
nm. 



 

 

OPT was performed using a Planar High-Density Plasma (HDP; SELEX 200, APTC, South 
Korea) system, in which the upper RF antenna was operated at a frequency of 13.56 MHz; this 
antenna integrated both the plate structure of the capacitively coupled plasma sources and the 
coil structure of the inductively coupled plasma sources for plasma generation and density 
control. The lower RF generator operated at a frequency of 2 MHz and controlled the ion 
energy and radical motion energy within the plasma. Before the OPT, the chamber's base 
pressure was maintained at 5 × 10-6 Torr for 30 min using a turbo molecular pump. The wafer 
chuck was connected to a cooling system to maintain a constant substrate temperature of 27 °C 
during the OPT. 

 
The plasma conditions for the OPT process were optimized with upper and lower RF powers 

of 500 and 150 W, respectively. Each OPT process was performed for 5 minutes, with a 10- 
minute cooling time provided every 1 minute to prevent overheating. In this experiment, the 
labels 1 OPT, 2 OPT, and 3 OPT refer to the number of times the OPT was applied, with all 
conditions remaining consistent for each application. To verify the effect of OPT, as-deposited 
and annealed samples were prepared as a controlled group. The annealing process was carried 
out in an 800 °C furnace for 1 hour in an oxygen atmosphere, and the deposited STO thin film 
was characterized by X-ray diffraction (XRD) data (Figure S01). 

 
This study investigated the changes in electrical properties of STO thin films as the oxygen 

vacancy concentration was controlled via OPT. Oxygen vacancies were indirectly identified 
through XPS, reflecting changes in the material's electronic states and atomic structure, as 
direct detection through photoelectron signals from missing oxygen atoms is not possible. First, 
X-ray photoelectron spectroscopy (XPS; NEXSA, ThermoFisher Scientific, USA) was used to 
verify the changes in the oxygen vacancy concentration, whereas UV-vis spectrophotometry 
(Lambda 35; PerkinElmer, USA) was used to measure the optical transmittance and observe 
the variations in the optical bandgap by the OPT process. Additionally, the changes in the work 
function and surface roughness of the films were investigated. The work function was 
measured by Kelvin probe force microscopy (KPFM) using an electrostatic force microscopy 
(EFM) tip (ElectriMulti75-G; Park Systems, South Korea), and the surface roughness was 
measured by atomic force microscopy (AFM; NX-10, Park Systems, South Korea). The surface 
structure of the thin films was observed using a field-emission scanning electron microscope 
(SEM; FE-SEM-2, SIGMA 300, Carl Zeiss, Germany) and analyzed by XRD (D8 DISCOVER, 
BRUKER, USA). Furthermore, the changes in the surface roughness and defect density due to 
the recomposition process were evaluated. 

 
Based on these results, we evaluated the changes in the physical and electrical properties of 

the fabricated STO thin films by controlling the oxygen vacancy concentration through the 
OPT. After depositing a 140-nm-thick STO thin film, 3 × 3 𝑚𝑚2Ag (99.99 %) electrodes were 
deposited using a thermal evaporator (KVT-2004, KOREAVAC, South Korea) for measuring 
the capacitance. The electrical performances of the STO-based capacitors under various OPT 
conditions were analyzed using an impedance analyzer (4294A Agilent, Keysight, USA). 



 

 

 
 
 
 
 
 

Results and discussion 
 
 

 
 

Fig. 2. XPS analysis of the STO films. (a) XPS depth profiles of the STO films, illustrating the atomic 
composition ratios as functions of etching time: O 1s (black), Ti 2p (red), Sr 3d (blue), Si 2p (green), and C 1s 
(purple). Deconvoluted graphs of (b) O 1s, (c) Ti 2p, and (d) Sr 3d for the as-deposited, O2 plasma treated, and 
annealed STO films. The left side represents the XPS data obtained from the surface, while the right side 
displays XPS data obtained from the uncontaminated STO body. 

 

Figure 2(a) displays the XPS depth profiles of the STO thin films, achieved via ion beam 
etching, and reveals the atomic ratios from the surface to approximately 140 nm deep within 
the as-deposited STO film. (graphs of the O2-plasma-treated and annealed STO thin films are 
provided in Figure S02) The C 1s spectrum detected during the initial 0–15 s indicates the 
presence of a carbon contamination layer within the film. From 15 to 120 s, a pure STO film 
without other impurities is observed. The Si 2p peak observed after 120 s originates from quartz 
substrate (SiO2). Hence, analysis is performed only up to the point before the quartz substrate 



 

 

peak is visible. Figures 2 (b-d) compare the atomic ratios according to the binding energies of 
O 1s, Ti 2p, and Sr 3d for the contamination layer (surface) and pure STO layer (interior). 

 
All the XPS spectra were deconvoluted using the CasaXPS (Version 2.3.24PR1.0, Casa 

Software Ltd) program with a Shirley-type baseline. For the deconvoluting the line-shapes of 
O 1s and Sr 3d, a Gaussian/Lorentzian (30) function was used, while an asymmetric Lorentzian 
function (1.1,5,7) was applied for deconvoluting the Ti(0) line-shape in the Ti 2p spectrum. 
The Ti 2p and Sr 3d peaks exhibit area ratios of 1:2 for “p” subshells[27] and 2:3 for “d” 
subshells[28, 29] due to spin–orbit splitting. Due to the inconsistencies in the exact binding- 
energy peak positions of the Ti(II) and Ti(III) oxides reported in previous studies, and the good 
agreement between the Ti 2p3/2 peak positions of Ti(IV) and Ti metal, we used the following 
energy intervals for Ti splitting: Ti(0) at 6.1 eV, Ti(IV) at 5.7 eV, Ti(III) at 5.2 eV, and Ti(II) 
at 5.6 eV[30-32]. Our initial fitting parameters for the Ti 2p spectra were developed using the 
averaged binding energy data and 2p½–2p3/2 splitting data obtained from the NIST XPS 
database, which provided a reliable basis for our analysis. The interval between Sr 3d5/2 and 
3d3/2 was set to 1.73 eV[33-35]. The XPS spectra were calibrated using the C 1s peak (284.84 
eV) and adjusted considering the peaks of O 1s, Sr 3d, Ti 2p, and Si 2p. In Figure 2 (b), the red 
line with the largest binding ratio at the surface (O 1s) represents the Ti–O bond (= 529.4 eV)[36- 

38], the green line with the smallest binding ratio signifies the carbon bond, C=O–C (=532.3 
eV)[39], and the blue line indicates hydrogen one, OH- (= 531.0 eV)[40, 41]. Compared to the 
surface of the STO films, the interior exhibits an increase in the Ti–O bond, and a complete 
absence of OH- bonds, highlighting the differences between the chemical environment at the 
surface and that in the interior regions of the STO films. This bond is most suitable for the 
perovskite structure of STO and matches the surface Ti–O bond energy. The O 1s peak at 528.8 
eV indicates the presence of oxygen vacancies in the interior of the film material. Examining 
the ratios of each O 1s bond in Table 1, oxygen vacancies account for 19.08 % of the total O 
1s in the as-deposited film, but decrease to 4.75 % after the OPT and 10.94 % after the 
annealing treatment. These results confirm that OPT is more effective in controlling oxygen 
vacancies. As seen in Figure S03, the annealed STO thin films demonstrate a significant 
reduction in the number of oxygen vacancies near the SiO2 substrate (at depths of 
approximately 80–120 nm). This result can be attributed to oxygen diffusion from the SiO2 
substrate during the annealing process of the STO thin films. 

 
We analyzed the Ti 2p and Sr 3d peaks visible in the spectra shown in Figures 2 (c) and (d) 

to assess the ability of the OPT process to control oxygen vacancies as well as reduce defect 
density. Figure 2 (c) shows the deconvoluted peaks from the Ti 2p peak into components 
corresponding to Ti4+ (blue line), Ti3+ (purple line), Ti2+ (green line), and Ti (0) (red line). As 
the state transitions to Ti2+, Ti3+, and Ti4+, the number of bonds increases, resulting in an 
increase in binding energy. Consequently, the deconvolved Ti 2p peaks can be identified from 
left to right as Ti4+, Ti3+, and Ti2+. The Ti2+ bonding peak on the surface of the STO thin film 
is considered due to defects of the thin film under the sputtering deposition process. The 
dominant ionic species on the surface and inside of the thin film show contrasting behaviors 
depending on the post-process. Specifically, on the surface, the Ti4+ ion dominated the binding 
ratio subsequent to the as-deposition and annealing, whereas the Ti3+ ion demonstrated the 
highest binding ratio after the OPT process. However, the inside of the annealed and O2 plasma- 
treated STO thin film still maintains a constant ratio at a depth of more than 10 nm, while the 
inside of the as-deposited thin film shows significant changes such as the increases of Ti3+ and 



 

 

Ti2+ ratios with drastic decreases of the Ti4+ ratio. This means that natural oxygen cannot deeply 
penetrate into the as-deposited thin film. On the other hand, the ratio of Ti4+ and Ti3+ increases 
after the OPT process, which means that the oxygen ions in plasma can reach deep into the film 
to reduce oxygen defects and generate Ti4+ and Ti3+ bonding. The strong increase in the ratio 
of Ti4+ and Ti3+ after the annealing process indicates that the oxidation process significantly 
enhances at high temperatures. This result suggests that the O2 plasma under low temperature 
induces sufficient oxidation throughout the entire depth of the thin film although not as high- 
temperature annealing. 

 
Inside the STO thin films, the binding ratio of Ti4+ significantly increases from 10.27 % after 

the OPT to 19.55 % and 50.79 % after the annealing. However, the degree of oxidation, as 
signified by the formation of Ti4+, did not reach the level observed in the annealed STO, 
indicating a lower level of oxidation. Conversely, the binding ratio of Ti3+ greatly increases 
from 25.87 % in the as-deposited film to 46.80 % after the OPT and 33.59 % after the annealing. 
Lastly, the binding ratio of Ti2+ underwent a significant decrease from 41.58 % in the as-dep 
film to 26.23 % after the OPT and declined to 12.93% after the annealing. This result suggests 
an enhancement in the binding ratio transition from Ti3+ to Ti4+ as the oxidation process 
intensifies. Additionally, the decrease in the concentration of oxygen vacancies in the OPT, 
compared to the annealed, is speculated to be due to OPT inducing a uniform distribution of 
Ti3+ across the entire film. Consequently, while OPT may not provide a high degree of 
oxidation, it can sufficiently contribute to reducing oxygen vacancies by increasing the binding 
ratio up to Ti3+. As such, our result suggests that the degree of oxidation to Ti3+ appears to be 
sufficient to minimize the ratio of oxygen vacancies in the STO thin film. 

 
Moreover, the Sr 3d binding-energy peak shown in Figure 2 (d) is deconvoluted into Sr 3d3/2 

and Sr 3d5/2. There is no difference between the Sr 3d peak originating from the surface and 
that arising from the interior, and these peaks do not change significantly after the OPT and 
annealing. This indicates that the oxygen vacancies are not affected by the Sr–O bond. These 
results demonstrate that the OPT effectively controls oxygen vacancies without inducing 
additional defects in STO thin films. Furthermore, the Ti–O bond (Ti4+, Ti3+, Ti2+) is the 
primary cause of oxygen vacancy formation in as-deposited STO thin films, whereas the Sr–O 
bond does not produce any oxygen vacancy. 

 
 
 

Sample 
  Chemical composition (%)  

 
As-deposited 

 
O2 plasma treated 

 
Annealed 

 
VO 

 
19.08 

 
4.75 

 
10.94 

 
In the body Ti4+ 

 
10.27 

 
19.55 

 
50.79 

 
Ti3+ 

 
25.87 

 
46.80 

 
33.59 

 



 

 

 
 

 

Ti2+ 41.58 26.23 12.93 
 
 
 
 
 

Table. 1. Chemical composition ratios of oxygen vacancies (VO), Ti4+, Ti3+, and Ti2+ determined from the XPS 
profiles of the STO films. Left column indicates VO, Ti4+, Ti3+, and Ti2+, while the top row shows the as- 
deposited, OPT, and annealed conditions. 

 
 
 
 
 

 
 
 

Fig. 3. Optical properties of the STO films. (a) Optical transmittance spectra of the as-deposited (black line), 1 
OPT (green line), 2 OPT (purple line), 3 OPT (blue line), and annealed (red line; at 800 °C for 1 h) STO films. 
(b) Optical bandgap of the STO films. 

 
 

The optical, electrical, and structural properties[42] of the films are significantly affected by 
their surface states, including chemical composition, oxygen (or cation) vacancy 
concentration[43], grain boundaries, and potential defects[44]. The presence of defects and 
impurities can result in light scattering, absorption, and optical inhomogeneity, while defects 
like oxygen (or cation) vacancies and impurities can act as charge carriers and alter the film's 
conductivity[45], carrier concentration, and mobility. Therefore, we additionally investigated 
the changes in the optical and electrical properties of the O2-plasma-treated STO thin films. 
Figure 3 shows the transmittance and optical bandgap of a 140-nm-thick STO thin film[46], 
measured by UV-vis spectrophotometry. Figure 3(a) reveals that the transmittance of the STO 
thin film increases as the number of OPT increases. This result is considered to be due to the 
reduction of the film thickness and surface roughness due to the etching effect by the ion 
bombardment of the O2 plasma under the DC bias. However, the annealing process increases 
the roughness of the surface during crystallization. (In this process, the change in film thickness 
is not significantly observed.) In particular, a significant number of voids occur between the 
grains of the STO film, which causes a decrease in transmittance due to light scattering[47, 48]. 



 

 

𝑰
𝟎 

Figure 3(b) displays the optical bandgap calculated from the transmittance using the Tauc-plot 
formula (Equation 1). 

 

𝑎𝒉𝒗 = 𝑨(𝒉𝒗 ― 𝑬𝒈)𝜸 (1) 
 

where α represents the absorption coefficient, ν denotes photon frequency, h is Planck's 
constant, A is a proportionality constant, Eg is the bandgap energy, and γ corresponds to the 
nature of the electronic transition. The value of γ depends on the bandgap of the film; γ = 2 and 
1/2 for direct and indirect bandgap, respectively. Because the STO thin film exhibits indirect 
transitions, we used γ = 1/2 in the calculations[49, 50]. The Beer–Lambert law was used to 
determine the absorption coefficient (α) as follows (Equation 2)[51]: 

𝐥𝐨𝐠 ( 𝑰 ) = 𝐥𝐨𝐠 (𝒆 ―𝑎𝒙) 
 

(2) 
 

where I0 denotes the intensity of the incident light, I represent the intensity of the transmitted 
light, and 𝑥 (=1) is the depth of penetration. 

Consequently, the calculated optical bandgap decreases progressively from 4.11 eV (as- 
deposited sample) to 4.08 eV (1 OPT sample), 3.93 eV (2 OPT sample), and 3.86 eV (3 OPT 
sample)[52]. The annealed crystalline STO thin film exhibits an optical bandgap of 3.64 eV. 
This reduction in bandgap is considered to be due to the changes in the film composition, such 
as changes in the concentration of oxygen vacancies and cationic vacancies[53]. 

 
 

 
 

Fig. 4. Bandgap and work function relationship. (a) Graph showing STO's optical bandgap (black axis) and 
work function (red axis). (b) Maximum valence band measurements by XPS. (c) Band structure diagrams of 
the as-deposited, 1 OPT, 2 OPT, 3 OPT, and annealed STO films. 

 
 

Figure 4(a) depicts the relationship between the work function and optical bandgap of the 
STO thin films. The work function was measured by KPFM using an AFM equipment and 
EFM tip. KPFM, which utilizes the EFM technique, is widely employed to analyze the local 
surface potential distribution or work function of a sample. The AFM cantilever applies an 
alternating voltage between the tip and the sample, and a direct current bias compensates for 
the potential difference between the tip and the sample. This method is employed to measure 
the sample surface potential as a feedback signal[54]. The measured work function is shown in 



 

 

Figure S04, and the sample's potential is determined using Equation (3): 
 

𝝓𝐒𝐚𝐦𝐩𝐥𝐞 = 𝝓𝐓𝐢𝐩 ― 𝑽𝐂𝐏𝐃 (3) 
 

Here, ФSample represents the work function of the sample, ФTip is the work function of the tip, 
and VCPD is the measured KPFM potential. An aluminum and gold reference sample (PFKPFM- 
SMPL; Bruker, USA) was used for calibrating the tip potential measurements. The work 
function of the STO thin film is 4.26 eV in its initial state, 4.41 eV in the 1 OPT state, 4.68 eV 
in the 2 OPT state, 4.71 eV in the 3 OPT state, and 4.56 eV in the annealed state. Consequently, 
as the number of OPTs increases, the work function increases from 4.26 eV to 4.71 eV, 
suggesting that the increase in the work function is related to the decrease in the oxygen 
vacancy concentration[55, 56], and surface carbon impurities[57, 58]. It's important to note that the 
valence band measurements by XPS reflect the distance from the Fermi level to the maximum 
valence band[60]. The initial energy of the maximum valence band value for the as-deposited 
state was measured at 1.74 eV. This value undergoes a significant change after OPT and 
annealing; the energy decreases to 1.67 eV after OPT and further to 1.62 eV after annealing. 
The distance from the Fermi level to the minimum conduction band depending on calculation 
from the measured optical bandgap and the valence band energy also decreases from the initial 
2.37 eV in the as-deposited state to 2.19 eV after OPT, and to 2.02 eV after annealing. There 
is a reduction in the oxygen vacancy concentration as the number of OPTs increases, which 
leads to an increased work function and a concurrent decrease in the optical bandgap, maximum 
valence band energy, and minimum conduction band energy. This trend is likely due to a 
decrease in defect-related states in the STO thin films as a result of OPT and the annealing 
process. The reduction of defect-related states can change the physical, and chemical properties 
of STO thin films. In conclusion, the decrease in bandgap and energy distance for both the 
maximum valence band and minimum conduction band can be attributed to the decrease in 
defect-related states. 

 
 
 
 

 
Sample 

Optical bandgap Work function EF-EVMax 

 (eV) (eV) (eV) 

 
As-deposited 

 
4.11 

 
4.26 

 
1.74 

 
O2 plasma treated 

 
3.86 

 
4.71 

 
1.67 

 
Annealed 

 
3.64 

 
4.56 

 
1.62 

 
 

Table. 2. Optical bandgap, work function, and valence band of the as-deposited, O2-plasma-treated, and 
annealed (at 800 °C) STO thin films. 



 

 

 

 
 
 

Fig. 5. SEM images of the STO films. (a) As-deposited state, (b) OPT process, and (c) as-deposited STO film 
annealed at 800 °C for 1 h. 

 
 

Figure 5 displays the SEM images of the STO thin films. The large images are magnified 
50,000 times, and the small images are magnified 200,000 times. For the SEM imaging of the 
thin films, a 3-nm-thick layer of Pt was deposited. Figure 5(a-c) show the images of as- 
deposited, O2-plasma-treated, and annealed (at 800 °C) STO thin films, respectively. STO 
exhibits an amorphous state at room temperature, whereas after annealing at temperatures 
above 800 °C, the crystallinity of the thin film stabilizes[59]. The STO thin film annealed at 800 
°C (Figure 5(c)) undergoes a crystallization process, transitioning from the amorphous state (a) 
to a crystalline state (c). During this crystallization process, volume shrinkage occurs, which 
leads to the formation of voids between the grain[60]. Although the proportion of oxygen 
vacancies in the annealed STO thin film decreases, the vacancies are not completely eliminated 
from the films. During the fabrication of oxide thin films, such defects can degrade the 
electrical and physical properties of the films. Interestingly, Figure 5(b) demonstrates that OPT 
can effectively control the concentration of oxygen vacancies without generating additional 
surface defects in thin films. 



 

 

 
 

 
 
 

Fig. 6. AFM images of the STO films. (a) As-deposited state, (b)-(d) films subjected to repeated OPT, (e) as- 
deposited STO film annealed at 800 °C for 1 h, and (f) bar chart of surface roughness. 

 
 

Figure 6 shows the surface roughness of the STO thin film measured by AFM after OPT and 
annealing and indicates the effect of controlling the oxygen vacancy concentration on the 
surface roughness of the STO thin film. While the as-deposited STO thin film exhibits a 
roughness (Rq) of 1.081 nm, the roughness (Rq) measured for the samples after 1, 2, and 3 OPT 
processes (Figure 6(b-d)) are 1.045, 1.007, and 1.040 nm, respectively. This result indicates 
that the surface roughness of STO film tends to decrease as the exposure time to the O2 plasma 
increases. 

 
The decrease in the roughness of the OPT samples is due to the adsorption of oxygen ions 

in the plasma onto oxygen vacancies on the surface. However, in the case of the 3 OPT sample, 
the oxygen vacancy concentration in the film is already saturated, which impedes the 
movement of the oxygen ions into the film's interior. The activated oxygen ions that are unable 
to penetrate the film contribute to the etching of the STO surface, or when the oxygen 
concentration becomes excessive, the lattice mismatch increases[61], which leads to an increase 
in the roughness of the STO layer. 

 
Consequently, maximum oxygen saturation is expected between the 2 OPT and 3 OPT 

processes, whereby the surface roughness is considered to slightly increase in the 3 OPT 
process. Figure 6(e) displays an annealed STO thin film with a roughness (Rq) of 1.289 nm, 
which is more than 20 % higher than that of the as-deposited film. The SEM image in Figure 
5(c) reveals that the increased surface roughness can be attributed to the increase in crystallinity 
and surface void growth. 



 

 

 
 

 
 
 

Fig. 7. Capacitance measurements of the STO films using an impedance analyzer. (a) Logarithmic capacitance, 
(b) linear capacitance, (c) dielectric constant, and (d) impedance of the as-deposited (black line), O2-plasma- 
treated (blue line), and annealed (red line) STO films. 

 
 
 
To examine the changes in the electrical properties of the films due to the reduction in the 
oxygen vacancy concentration, STO was deposited on a highly doped n-type Si wafer by RF 
sputtering. The capacitance and impedance of the films were measured in the frequency range 
of 40 to 107 Hz using an impedance analyzer (Figure 7). The device’s structure can be 
confirmed from the schematic shown in the inset in Figure 7(b). After depositing a 140-nm- 
thick STO thin film, 3 × 3 𝑚𝑚2 Ag electrodes were deposited using a thermal evaporator. 
Figure 7(a) presents the capacitance spectra, which reveal the occurrence of dielectric 
polarization that is typically observed in dielectric materials[62]. Results for as-deposited and 1- 
3 OPT samples can be found in Figure S05. Dielectric polarization categorically spans four 
distinct frequency ranges: electronic polarization (>1015 Hz), ionic polarization (107–1012 Hz), 
dipole polarization (103–107 Hz), and space charge (or interfacial) polarization (<103 Hz)[63-65]. 
Polarizability of dielectric materials weakens in the presence of oxygen vacancies, because 
these vacancies are electrically neutral and thus respond slowly to changes in dielectric 
materials. However, as the number of oxygen vacancies decreases, they become electrically 
active, and the dielectric polarizability of the material enhances, which in turn increases the 
capacitance of the material. Figures 7(a) and (b) show the capacitance expressed in logarithmic 
and linear scales, respectively. The black, red, and blue lines represent the capacitance spectra 
of the as-deposited, annealed STO, and O2-plasma-treated STO films, respectively. The 
dissipation factor for these films can be inspected in Figure S06. The capacitance detected 



 

 

below 1000 Hz is caused by space charge polarization, and this result confirms that annealing 
or OPT affects the space charges present in dielectric materials[66]. Therefore, the increase in 
the capacitance of the STO films after the OPT and annealing can be attributed to the reduction 
in the number of oxygen vacancies. The capacitances of the as-deposited and annealed STO 
films are 20 nF and 1.2 μF at 40 Hz, respectively, whereas that of the O2-plasma-treated STO 
increases to 2.4 μF, which is twice that of the annealed STO. 

 
From 1000 Hz to 107 Hz, dipole polarization occurs. All the three samples show a constant 

polarization value in this frequency band; however, compared to the as-deposited sample, the 
annealed one shows a decrease in capacitance magnitude, and the frequency range of its dipole 
polarization expands as well. In contrast, after the OPT, the capacitance magnitude changes 
only negligibly, whereas the frequency range of dipole polarization slightly decreases. The 
decrease in capacitance with increasing frequency can be ascribed to the rapid changes in 
electron movement, which disrupt the alignment of the dipoles within a dielectric material, 
thereby suppressing charge accumulation[67]. Figure 7(c) shows the dielectric constant 
determined from the measured capacitance, thin film thickness, and electrode area using the 
following equation 4: 

 

𝐀 
𝐂 = 𝜀𝐫 ∗ 𝜀𝟎𝐝 (4) 

 

where C represents capacitance, εr represents the relative permittivity of the dielectric, ε0 
represents the permittivity of vacuum, d represents the thickness of the dielectric, and A 
represents the electrode area. At a frequency of 40 Hz, the calculated dielectric constant of the 
as-deposited STO capacitor is 25, which amplifies to 1838 for the annealed STO capacitor, and 
further elevates to 3338 for the O2-plasma-treated STO capacitor. Thus, both the dielectric 
constant and capacitance of the STO capacitor increase as the oxygen vacancy concentration 
decreases within the dielectric material. Figure 7(d) shows the impedance of all the fabricated 
and treated STO capacitors. Compared to the as-deposited STO capacitor, both the annealed 
and O2-plasma-treated STO capacitors demonstrate a significant decrease in impedance. In 
particular, the impedance of the O2-plasma-treated STO capacitor is lower than that of the 
recrystallized STO capacitor, suggesting a higher electrical stability. 

 
In summary, the electrical properties of STO thin films were investigated, with a focus on 

the reduction of oxygen vacancy concentration. The capacitance and dielectric constant 
increased as the number of oxygen vacancies reduced within the dielectric materials. 
Furthermore, both the annealed and the O2-plasma-treated STO capacitors showed lower 
impedances and improved stability compared to the as-deposited STO capacitor. These results 
provide valuable insights into the electrical properties of STO thin films and reveal the 
influence of oxygen vacancies on dielectric polarization and capacitance of dielectric materials. 

 
 

Conclusions 
 

In this study, we evaluated the changes in the physical and electrical properties of STO thin 
films by controlling the oxygen vacancy concentration via OPT. XPS analysis showed that the 
oxygen vacancy concentration of the STO thin film decreased from 19.08 % to 4.11 % after 



 

 

the OPT treatment. Further, the optical bandgap of the STO thin film decreased up to 3.86 eV 
upon the OPT. Moreover, the surface roughness of the STO film subjected to OPT also 
decreased, and the optimal surface roughness (Rq) was 1.007 nm. These results demonstrate 
that controlling the oxygen vacancy concentration in STO films via OPT is an effective and 
efficient strategy to reduce the surface defect density as well as minimize the adverse effects 
of oxygen vacancies on these films. Furthermore, the changes in the physical properties of the 
STO films subjected to OPT can be evaluated by comparing the measured properties with those 
of an annealed STO film. We observed that the capacitance increased, and the electrical 
stability improved in the STO thin films subjected to OPT. These results demonstrate that the 
electrical properties of STO thin films can be improved by controlling the concentration of 
oxygen vacancies via OPT. 
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