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This study investigates the formation of the optical properties and crystal structure of TiO2 thin films, with a thickness of approximately 
1.5 micrometers, grown on a glass substrate using the atomic layer deposition method with titanium tetraisopropoxide and water as 
precursors. X-ray diffraction and Raman spectroscopy analyses confirmed that the TiO2 films crystallize in the anatase polymorphic phase. 
The films exhibit a nanocrystalline structure with an average crystallite size of approximately 28 nanometers, as established by X-ray 
diffraction measurements. The X-ray diffraction pattern revealed distinct peaks at 2θ angles of 25.3°, 38.6°, 48.0°, 55.0°, and 70.4°, 
corresponding to the (101), (112), (020), (121), and (220) crystallographic planes, while the Raman spectra exhibited pronounced peaks at 
frequencies of 143, 194, 392, 514, and 637 cm⁻¹, all characteristic of the anatase phase of TiO2. The Tauc method applied to the absorption 
spectra of the thin film showed that it has a direct bandgap of 3.2 eV and an indirect bandgap of 2.3 eV. 
Keywords: Titanium dioxide thin films; Atomic layer deposition; Anatase phase; X-ray diffraction; Raman spectroscopy; Bandgap 
energy; Optical properties; Urbach energy; Nanocrystalline structure 
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INTRODUCTION 
In recent years, there has been significant interest in TiO2 due to its unique properties, including high chemical 

stability, low toxicity, and a variety of structural phases [1–3]. One of the key features of TiO2 is its ability to actively 
absorb ultraviolet radiation while remaining transparent in the visible spectrum, making it an ideal material for 
optoelectronic applications. The optical properties of TiO2 are determined by its crystalline phase, particle size, and the 
presence of defects, which can affect light transmission and absorption [4, 5]. The bandgap width of TiO2 varies depending 
on the synthesis method and ranges from 2.6 to 3.3 eV [6, 7]. Due to these characteristics, the material is promising for 
the creation of optoelectronic devices. In particular, the optical properties of TiO2 allow for enhanced light absorption in 
solar cells, which improves energy conversion efficiency [8]. Additionally, its application as a material for heterojunction 
solar cells opens up further possibilities for the development of highly efficient photovoltaic systems [9]. In addition to 
solar cells, TiO2 thin films have found widespread applications in a range of advanced technologies. TiO2 films are also 
extensively can used in self-cleaning surfaces due to their photocatalytic activity, where under ultraviolet light, they can 
break down organic contaminants, making them ideal for use in building materials, glass coatings, and environmental 
purification [10, 11]. Moreover, TiO2 thin films serve as efficient dielectric layers in capacitors and as gate insulators in 
field-effect transistors due to their excellent insulating properties [12]. In gas sensor technology, the sensitivity of TiO2 
to various gases, such as hydrogen, makes it a valuable material for detecting pollutants and hazardous gases in the 
environment [13]. Another promising application is in photocatalytic water splitting for hydrogen production, where TiO2 
acts as a photoanode, contributing to sustainable energy solutions. Thin TiO2 films can also be used as buffer layers, 
particularly for the catalytic growth of carbon nanotubes [14, 15]. The combination of optical transparency, photocatalytic 
activity, and chemical stability also makes TiO2 thin films suitable for use in medical devices and antibacterial coatings, 
adding to their versatility across multiple industries. 

There are numerous methods for obtaining thin films of TiO2, including the sol-gel method [6], reactive magnetron 
sputtering [16], solvothermal synthesis [17, 18], and atomic layer deposition (ALD) [19]. These methods make it possible to 
form films with various morphologies, ranging from nanoparticles [20] to nanotubes [21, 22] and nanorods [23], allowing 
the material's properties to be adapted to specific tasks depending on the field of application. 

In this work, we study the features of the formation of optical properties and the crystalline structure of a titanium 
dioxide thin film obtained by the ALD method using titanium tetraisopropoxide (TTIP) and water as precursors. A 
comprehensive structural analysis was carried out, as well as an investigation of the film's optical properties using absorption 
spectroscopy at room temperature.   

EXPERIMENT 
TiO2 was deposited onto a pre-prepared glass substrate using the thermal ALD method on an SI PEALD system 

(SENTECH Instruments GmbH). During the deposition process, TTIP and water were used as the primary precursors, 
while nitrogen was employed as both the carrier and purging gas. 
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The deposition parameters were as follows: nitrogen flow rate was 120 cm³/min, reactor pressure was approximately 
60 Pa, substrate temperature was around 225°C, and each cycle duration was 8 seconds. The process consisted of 5 steps 
in the following sequence: an initial purge; introduction of TTIP for 0.5 seconds; nitrogen purging for 3 seconds; 
introduction of H₂O for 1.5 seconds; and final nitrogen purging for 3 seconds. Under these conditions, the growth rate per 
cycle was 0.2 nm, and the deposition process was carried out for 7500 cycles. As a result, a sample with a TiO2 film 
thickness of 1500 nm was obtained. A visual representation of the titanium dioxide film deposition process by the ALD 
method is shown in Figure 1. 

 
Figure 1. Schematic diagram of the ALD process of TiO2 on a glass substrate 

 
XRD Structural Analysis 

TiO2 can exist in three crystalline forms: the stable rutile phase and two metastable phases—anatase and brookite [3]. 
Both rutile and anatase have a tetragonal structure but differ in lattice parameters and space groups. Rutile is more stable 
at high temperatures, whereas anatase and brookite form at lower temperatures and transform into rutile upon heating. 
Each of these phases possesses unique optical and structural characteristics, making them suitable for various 
technological applications. 

X-ray diffraction analysis of the samples was carried out using a PANalytical Empyrean diffractometer, confirming 
the formation of the TiO2 film in the anatase polymorph after the deposition process. As shown in Figure 2, the diffraction 
pattern of the freshly deposited sample exhibits clear peaks characteristic of the anatase phase of TiO2 at 2θ angles: 25.3°, 
38.6°, 48.0°, 55.0°, and 70.4°, corresponding to the (101), (112), (020), (121), and (220) crystallographic planes of 
anatase. Additionally, no reflections characteristic of other TiO2 polymorphs, such as rutile or brookite, were observed, 
confirming the purity of the anatase phase [6, 24]. 

 
Figure 2. X-ray diffraction pattern of the TiO2 film. Characteristic reflections for the anatase phase of titanium dioxide are 

observed at 2θ angles: 25.3° (101), 38.6° (004), 48.0° (200), 55.0° (211), and 70.4° (220) 

The interplanar spacing of the crystal (𝑑) was calculated based on the obtained diffraction patterns using Bragg's 
equation [6]: 

 𝑑 = ௡ఒଶ௦௜௡ఏ (1) 

where d is the interplanar spacing between atomic planes, n = 1 is the order of diffraction, λ = 1.5406 Å represents the 
wavelength for CuKα radiation, and θ is the diffraction angle. 

The obtained d values were subsequently used to calculate the crystal lattice parameters. For the tetragonal structure, 
the lattice parameters a and c were determined using the following equation: 

 ଵௗమ = ௛మା௞మ௔మ + ௟మ௖మ (2) 
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h, k, and l are the Miller indices for the corresponding crystallographic planes, and a and c are the lattice parameters. The 
calculated lattice parameters were a = 0.3785 nm and c = 0.9513 nm, which are in agreement with the literature values 
for the anatase phase of TiO2 [21]. 

The average crystallite size was calculated using the Scherrer formula [6, 25]: 

 𝐷 = ௄ఒఉ௖௢௦ఏ (3) 

where D is the average crystallite size, K is the Debye-Scherrer constant, λ is the wavelength of CuKα radiation equal to 
0.15406 nm, β is the full width at half maximum (FWHM) of the peak, and θ is the Bragg angle. 

Five peaks corresponding to different crystallographic planes were selected for the calculation, and β values (FWHM) 
were measured for each. The crystallite sizes of TiO2 were approximately 44.36 nm at the 2θ = 25.36° peak, 30.93 nm at 
2θ = 38.63°, 18.15 nm at 2θ = 48.13°, 25.02 nm at 2θ = 55.16°, and 17.21 nm at 2θ = 70.41°. Therefore, the average crystallite 
size of TiO2, calculated as the arithmetic mean, was approximately 28 nm. 

 
Structural Analysis by Raman Scattering 

The structure of the resulting film was investigated using an InVia Raman spectrometer with a resolution ≤ 0.5 cm-1 in 
the visible range. The Raman scattering spectra of the deposited TiO2 film, presented in Figure 3, show well-defined peaks 
at frequencies of 143, 194, 392, 514, and 637 cm-1. These bands were identified through factor group analysis. It is known 
that the Raman spectrum of the anatase phase of TiO2 contains six active modes with peaks at 144, 194, 397, 517, 513, and 
639 cm-1 [26, 27], corresponding to the symmetries 1A1g, 2B1g, and 3Eg. 

The peaks at frequencies 143, 194, and 637 cm-1 are associated with the Eg phonon modes, while the peak at 394 cm-1 
corresponds to the B1g mode. The Raman line at 514 cm-1 represents a doublet composed of vibrational modes A1g and B1g 
[28]. For the rutile phase, four active Raman modes with symmetries B1g, Eg, A1g, and B2g are typically observed at 
frequencies 144, 243, 447, and 612 cm-1. Based on the data from [26-28], it can be concluded that the Raman spectrum 
confirms that the crystalline structure of the film is the anatase polymorph of TiO2. 

 
Figure 3. Raman scattering spectrum of the TiO2 film, showing characteristic peaks of the anatase phase at frequencies of 143, 194, 

392, 514, and 637 cm-1 
 

Optical Absorption Spectrum Analysis of the Film 
The absorption spectra in the range of 200-1000 nm were investigated using a Shimadzu UV-3600i Plus spectrometer. 

The absorption coefficient was calculated for the 1500 nm thick film based on the Bouguer-Lambert-Beer law using the 
following formula: 

 𝛼 = ଶ.ଷ଴ଷ஺(ఒ)ௗ  (4) 

where A(λ) is the absorption value corresponding to the wavelength, and d is the film thickness in centimeters. 
Figure 4 presents the spectrum of the calculated absorption coefficient, which shows that the film absorbs in the 

ultraviolet range and is transparent in the visible range. A sharp decline in the absorption coefficient begins around 
350-400 nm, corresponding to the material's intrinsic absorption edge. The absorption edge exhibits an exponential 
dependence on photon energy, indicating a high Urbach energy level. According to [29, 30], this may suggest that the 
film is a polycrystal with randomly oriented grains. This phenomenon can be explained by the Volmer-Weber 
crystallization mechanism during the film formation on the substrate, likely due to the lack of chemical bonding between 
the precursors and the substrate at the initial stage of the process. It could also be a result of quantum size effects caused 
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by the nanoscale structure. Furthermore, the increase in Urbach energy in such films is often associated with the formation 
of oxygen vacancies and other defects, which leads to the broadening of absorption tails and a decrease in the crystallinity 
of the material [31, 32]. 

 
Figure 4. Absorption coefficient of the TiO2 film in the 200–1000 nm range 

The optical bandgap was determined using the Tauc function [19, 29, 30], based on the obtained absorption 
coefficient α using the following expression: 

 (αhν)n = A (hν − Eg) (5) 

where A is a material-dependent constant, Eg is the bandgap energy of the semiconductor, hv is the photon energy, and 
n is a variable that can take different values depending on the type of electronic transition. Specifically, for an allowed 
indirect transition, n=1/2, and for an allowed direct transition n=2 [29]. 

For nanostructured TiO2 films and nanoparticles, both direct and indirect transitions are possible, which can be 
explained by their quantum confinement effects and altered electronic structure compared to macroscopic samples. 
Depending on the size of the nanoparticles and their crystalline structure, an increase or decrease in the bandgap width 
can be observed, which may be associated, for instance, with the appearance of defects such as oxygen vacancies in the 
TiO2 crystallite structure. 

The extrapolation of the linear segments of the (αhv)n curves to their intersection with the abscissa (Figure 5) allowed 
us to estimate the indirect bandgap as 2.3 eV and the direct bandgap as 3.2 eV. Therefore, the presence of linear segments 
for both transitions indicates that the absorption edge in the TiO2 film is formed by both direct and indirect allowed 
interband transitions. 

 
Figure 5. Determination of the bandgap width in the studied film. The square symbols represent the Tauc plot for direct interband 

transitions, while the circular symbols indicate the plot for indirect transitions. 
 

CONCLUSION 
The structural analysis results obtained through XRD and Raman spectroscopy confirm that titanium dioxide films 

crystallize in the anatase polymorphic phase under thermal ALD conditions. The films exhibit a nanocrystalline structure 
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with an average crystallite size of approximately 28 nm, as determined from the XRD data. Raman spectroscopy further 
revealed phonon modes characteristic of anatase, thereby verifying the presence of this phase within the films. The 
exponential shape observed at the absorption edge suggests a degree of structural disorder, leading to an increase in the 
Urbach energy. This behavior can be attributed to the Volmer-Weber crystallization mechanism, which is typically 
associated with the formation of nanocrystalline films, where nucleation occurs predominantly on the surface with limited 
substrate interaction. The observed bandgap width was slightly smaller than values reported in the literature, indicating 
the presence of oxygen vacancies within the film's structure. While the widening of the bandgap with decreasing 
nanoparticle size is typically linked to quantum confinement effects that constrain electron and hole movement, increasing 
the transition energy between the valence and conduction bands, in this case, the observed reduction in bandgap width 
suggests that oxygen vacancies have a substantial impact on the film's optical properties, altering the transition energy 
and offsetting the quantum confinement effects. 
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ОПТИЧНІ ХАРАКТЕРИСТИКИ ТА КРИСТАЛІЧНА СТРУКТУРА ТОНКОЇ ПЛІВКИ TiO2 НА СКЛЯНІЙ 
ПІДКЛАДЦІ, ВИРОЩЕНОЇ ШЛЯХОМ ОСАДЖЕННЯ АТОМАРНОГО ШАРУ 

Темур К. Турдалієв 
Інститут іонно-плазмових і лазерних технологій імені Арифова Академії наук Узбекистану 

100125, вул. Дурмон Юлі 33, Ташкент, Узбекистан 
У цьому дослідженні досліджується формування оптичних властивостей і кристалічної структури тонких плівок TiO2 
товщиною приблизно 1,5 мікрометра, вирощених на скляній підкладці методом атомарного шарового осадження з 
тетраізопропоксидом титану та водою як попередниками. Рентгенівська дифракція та спектроскопія комбінаційного 
розсіювання підтвердили, що плівки TiO2 кристалізуються в поліморфній фазі анатазу. Плівки демонструють 
нанокристалічну структуру із середнім розміром кристалітів приблизно 28 нанометрів, як встановлено рентгенівськими 
дифракційними вимірюваннями. Рентгенівська дифракційна картина виявила чіткі піки під кутами 2θ 25,3°, 38,6°, 48,0°, 55,0° 
і 70,4°, що відповідають (101), (112), (020), (121) і ( 220) кристалографічних площинах, тоді як спектри КРС демонструють 
виражені піки при частоти 143, 194, 392, 514 і 637 см⁻¹, усі характерні для фази анатазу TiO2. Метод Таука, застосований до 
спектрів поглинання тонкої плівки, показав, що вона має пряму заборонену зону 3,2 еВ і непряму заборонену зону 2,3 еВ. 
Ключові слова: тонкі плівки діоксиду титану; атомне шарове осадження; фаза анатазу; рентгенівська дифракція; 
раманівська спектроскопія; енергія забороненої зони; оптичні властивості; енергія Урбаха; нанокристалічна структура 


