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This study investigates the influence of substrate temperature on the morphological and structural characteristics of TiO> thin films
synthesized by thermal atomic layer deposited (ALD) using titanium tetraisopropoxide and water as precursors. The substrate temperature
was varied from 200 to 275°C in 25°C increments. Surface morphology was examined using atomic force microscopy, while the crystalline
structure was analyzed by XRD and Raman spectroscopy. It was found that films deposited at 200 °C exhibited an amorphous structure
and a smooth, conformal surface with minimal roughness. Increasing the temperature to 225 °C led to the formation of microstructures and
the emergence of initial signs of crystallization, accompanied by an increase in surface roughness. At 250-275°C, a well-defined
polycrystalline anatase structure was formed, characterized by grain development and nanostructure agglomeration, as evidenced by the
increased intensity of diffraction peaks and higher surface roughness parameters. According to the XRD analysis, the average crystallite
size ranged from 32 to 71 nm, depending on the synthesis temperature. The results demonstrate that deposition temperature exerts a
comprehensive effect on both the phase composition and surface morphology of TiO: films, which must be considered for their application
in functional nanostructures, photocatalytic systems, sensors, and microelectronic devices.
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INTRODUCTION

TiO» is one of the most extensively studied oxide materials due to its high thermal and chemical stability, environmental
safety, and the diversity of its structural modifications. It is widely employed as a functional material in micro- and
nanoelectronics, sensing technologies, photocatalysis, as well as in buffer and protective layers within multilayered
heterostructures [1,2,3]. Of particular interest is the ability to deliberately control the surface morphology and structural state of
TiOs thin films, as these characteristics directly influence the material’s mechanical, electrical, and diffusion properties [4,5].
The type of crystalline phase, such as anatase, rutile, or brookite, along with crystallite size and orientation, the presence of
amorphous components, and surface topography, collectively determine the performance of the film in practical
applications [6]. Among the modern techniques for TiO, thin film fabrication, ALD stands out as one of the most precise and
controllable methods, capable of producing highly uniform coatings even on substrates with complex geometries [7,8].

ALD enables angstrom-level control over film thickness, uniformity, and conformality, making it particularly
attractive for the fabrication of nanostructured materials, especially on substrates with complex geometries [9]. In the
synthesis of TiO> thin films via ALD, various titanium-containing precursors are commonly employed, such as titanium
tetrachloride [10], tetrakis(dimethylamido)titanium [11], and titanium tetraisopropoxide (TTIP) [12], in combination with
oxidizing agents like water, oxygen, or ozone. Among these, the thermal ALD process using TTIP and water as precursors
is especially advantageous due to its low toxicity, high process stability, and the absence of corrosive by-products such
as hydrochloric acid, which are typically generated when using chloride-based precursors [13]. This approach ensures
high chemical purity of the resulting films and offers precise control over their thickness and phase composition, which
is essential for tailoring the structural and functional properties of TiO, layers. One of the most critical parameters in the
ALD process is the substrate temperature, which has a pronounced effect on growth mechanisms, the degree of
crystallinity, and the surface morphology of the resulting films. At low deposition temperatures, films typically remain
amorphous, whereas elevated temperatures can induce crystallization, surface roughening, grain growth, and, beyond the
optimal range, agglomeration and loss of uniformity [14].

This work aims to investigate the effect of substrate temperature on the formation of surface morphology and crystalline
structure of TiO» thin films synthesized by thermal ALD using TTIP and water as precursors. Particular attention is given to
the analysis of surface evolution and crystallinity as a function of deposition temperature in the range of 200 - 275°C with
25°C increments, using atomic force microscopy, XRD, and Raman spectroscopy.

EXPERIMENT
TiO;, thin films were deposited by thermal ALD using an SI PEALD system (SENTECH Instruments GmbH,
Germany). Polished monocrystalline silicon wafers with a thickness of 0.4 mm, p-type conductivity, and (100)
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crystallographic orientation were used as substrates. TTIP served as the metalorganic precursor, while deionized water was
employed as the oxidizing agent. Nitrogen was used as both the carrier and purge gas. The substrate temperature was varied
from 200 to 275 °C in 25 °C increments to investigate its effect on the morphology and crystallinity of the resulting films.
All other deposition parameters were kept constant and corresponded to previously optimized conditions [12]: nitrogen flow
rate of 120 cm’/min, chamber pressure of approximately 60 Pa, and a total cycle duration of 8s. Each deposition cycle
included five steps carried out in sequence: an initial purge with nitrogen, injection of the TTIP precursor for 0.5 s, a nitrogen
purge for 3 s, introduction of H,O for 1.5 s, and a final nitrogen purge for 3 s. The deposition was carried out for 500 cycles
under the conditions described above.

The structural properties of the films were investigated using a Renishaw InVia Raman spectrometer operating in the
visible range with a laser wavelength of A = 532 nm. Phase analysis of the samples was performed by XRD using a Rigaku
SmartLab diffractometer equipped with a copper anode (Cu Ka, A = 1.5406 A). Diffraction data were collected in the 20
range from 20° to 75° with a step size of 0.02°. The resulting diffraction patterns were analyzed using the ICSD (Inorganic
Crystal Structure Database) to identify the crystalline phases. Surface morphology of the synthesized TiO, films was
examined by AFM using an AFM-NT MDT Solver Next system operating in contact mode.

Surface Morphology

Surface scanning was performed over areas of 5 x 5 pm? for each deposition temperature. Both two-dimensional
topographic images and cross-sectional surface profiles were analyzed, enabling assessment of the influence of substrate
temperature on surface relief evolution.

Topographic AFM images of the films deposited at temperatures ranging from 200 to 275°C are presented in
Figure 1(a). A progressive transformation of the surface structure is observed with increasing deposition temperature. At
200°C, the surface is nearly flat and featureless, indicating a conformal growth mode. At 225 °C, isolated microstructures
appear, likely associated with the onset of crystallization and the formation of initial growth centers. At 250°C, these
microstructures become more pronounced and well-defined, suggesting intensified crystallization and the emergence of
crystalline phase regions. At 275 °C, a substantial morphological transformation is observed, with the formation of
agglomerated spherical nanostructures exhibiting particle sizes of 50-100nm and an overall cluster diameter of
approximately 0.5 um. This indicates that the upper limit of the optimal ALD process window may have been exceeded,
resulting in enhanced surface diffusion and aggregation due to precursor molecule desorption and re-adsorption. Analysis
of the surface profiles extracted from the AFM scans is presented in Figure 1(b).
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Figure 1. AFM images (a) and cross-sectional profiles (b) of TiO2 films deposited at 200-275°C

Quantitative analysis of the AFM surface profiles enabled the determination of key roughness parameters, which
are summarized in Table 1. The values of surface roughness and maximum height difference were calculated using
standard formulas commonly applied in the interpretation of AFM data.

Table 1. Surface roughness parameters of TiO2 films deposited at different substrate temperatures

200°C 225°C 250°C 275°C

R. | 0.14 nm 2.4 nm 2.69 nm 18.64 nm
R:| 1.73nm 1097nm 1744nm 167.92 nm

At 200°C, the R, was measured to be 0.14 nm, indicating a highly smooth surface and uniform growth without the
formation of local clusters. The film growth at this temperature was predominantly governed by saturated surface
reactions. At 225°C, an increase in surface roughness to 2.40nm was observed, along with the appearance of
microstructures, suggesting the onset of conformality loss and the emergence of crystallization centers. This trend
continued at 250°C, where R, reached 2.69 nm and Rz was 17.44 nm, reflecting the development of grains and the
intensification of grain boundaries. The most significant changes were observed at 275°C, where R, increased to 18.64 nm
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and R, to 167.92 nm. These values indicate the formation of a coarse-grained agglomerated structure and a pronounced
loss of growth uniformity, likely due to the exceedance of the ALD process temperature window and enhanced thermally
driven diffusion processes.

Structural Analysis

The Raman spectrum of the investigated sample exhibits well-defined peaks at 143, 194, 392, and 637 cm ™, along with
an intense band at 520 cm™ (Figure 2). Peak identification was performed based on factor group analysis and comparison
with literature data. It is well established that anatase phase TiO, exhibits six Raman active modes with symmetries Alg,
Blg, and Eg, typically observed at 144, 194,397,513, 517, and 639 cm™ [15]. The peaks recorded at 143, 194, and 637 cm™!
correspond to phonon modes with Eg symmetry, while the band at 392 cm™ is assigned to the B1g mode. The strong signal
at 520 cm™ originates from Si-Si vibrations and is attributed to the monocrystalline silicon substrate [16]. This substrate-
related peak overlaps with the anatase-related Alg and B2g modes at 513 and 517 cm™, respectively, hindering their
unambiguous identification. The rutile phase of TiO, is characterized by principal Raman modes at 144, 243, 447, and
612cm™ [17]. None of which was observed in the acquired spectrum. Similarly, no bands corresponding to brookite-
typically found at 153, 247, 322, 366, 398, 414, and 632 cm'-were detected [18]. This indicates the absence of both rutile
and brookite phases in the film.
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Figure 2. Raman scattering spectrum of the sample

Identification and physical interpretation of the observed Raman peaks: The peak at 143 cm™ is the most intense and
prominent feature of anatase-phase TiO,. It corresponds to the Eg symmetry phonon mode, associated with symmetric in-
plane vibrations of oxygen atoms relative to titanium ions. Its intensity and sharpness are indicative of a high degree of
crystallinity and lattice order. The 194 cm™ peak represents a low-frequency mode with Eg symmetry, attributed to collective
oxygen vibrations directed along the crystallographic axis. The 392 cm™ peak arises from oxygen vibrations perpendicular
to the titanium atoms and is characteristic of the Big mode, reflecting the local symmetry of the anatase crystal lattice. The
strong peak at 520 cm™ originates from the Si-Si bond vibrations of the monocrystalline silicon substrate. In cases of low
TiO, film thickness, this peak appears as a pronounced background signal, which can mask the intrinsic Raman features of
TiO,, particularly those near 513 and 517 cm™. The 637 cm™ peak is a high-frequency mode associated with symmetric
oxygen vibrations within the anatase lattice and serves as an additional signature of this crystalline phase. Taken together,
the presence and assignment of these peaks confirm that the TiO, films synthesized at substrate temperatures of 225-275°C
exhibit a well-defined anatase crystalline structure, while the film grown at 200 °C retains an amorphous phase.

The crystallinity and phase composition of TiO; films synthesized at substrate temperatures of 200°C, 225°C, 250°C,
and 275°C were investigated using XRD. In the sample deposited at 200°C, no diffraction peaks were detected, indicating
an amorphous structure with the absence of long-range crystalline order. For the samples synthesized at 225 °C, 250 °C,
and 275°C, the corresponding XRD patterns are shown in Figure 3 (a). At 225°C, weak but clearly distinguishable
diffraction peaks appear, characteristic of the anatase phase of TiO,. In particular, a peak near 26 =~ 25.3° corresponds to
the (101) crystallographic plane, indicating the initial formation of crystalline nuclei, i.e., growth centers [19]. At the
same time, the presence of a broad amorphous background suggests a two-phase composition-comprising both amorphous
and crystalline components.

To quantitatively evaluate the phase composition, Rietveld refinement [20] was performed using the reference anatase
structure from the ICSD database (entry No. 83795). The analysis revealed that the crystalline phase content in the sample
deposited at 225°C was approximately 25-30%, with the remaining fraction being amorphous. The emergence of crystalline
growth centers at this temperature may be attributed to substrate surface characteristics, including morphology, surface
energy, and the presence of structural defects that promote localized adsorption and structural ordering. However,
crystallization does not extend throughout the entire film, and the majority of the volume remains amorphous.

In contrast, XRD analysis of the samples synthesized at 250 °C and 275 °C revealed sharp and intense diffraction peaks
corresponding to the anatase phase of TiO,. Reflections from the (101), (004), (200), (105), and (211) planes were identified
at 20 angles of approximately 25.3°, 37.8°, 48.0°, and 54.0°, respectively [20]. The presence of narrow and intense peaks
indicates a high degree of long-range crystalline order. The absence of a broad amorphous background further confirms the



452
EEJP. 4 (2025) Temur K. Turdaliev, et al.

fully crystallized anatase structure in these films, with no detectable amorphous component. Comparison of the obtained
diffraction patterns with the reference anatase phase revealed complete agreement in both peak positions and relative
intensities, indicating a polycrystalline anatase structure. The crystallites are randomly oriented, and the diffraction intensity
is evenly distributed across all crystallographic directions. Based on the results of XRD and AFM analyses, a schematic
representation of the TiO, film growth process via ALD at different substrate temperatures is provided in Figure 3(b).
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Figure 3. XRD patterns of TiO: films (a) and schematic illustration of the temperature-dependent growth mechanism (b)

At 200°C, the film is amorphous, exhibiting a smooth surface with no signs of crystallization. The layer demonstrates
high conformality. At 225°C, localized crystallization centers begin to emerge, accompanied by the initial formation of
anatase domains. The conformality of the film is partially disrupted. At 250°C, the crystallization process intensifies,
resulting in the development of a continuous polycrystalline anatase structure throughout the film. The crystallites are
randomly oriented, and the structure appears stabilized. At 275°C, a coarse-grained structure composed of large crystallites
is formed. Enhanced surface diffusion results in agglomeration, and the film grows with a loss of uniformity. The average
crystallite size was calculated using the Scherrer equation [21]:

D= K2
"~ Bcosb

Where D is the average crystallite size, K is the Scherrer constant, A is the wavelength of Cu Ka radiation (0.15406 nm), 3
is the full width at half maximum (FWHM) of the diffraction peak, and 0 is the Bragg angle. For the calculations, five
diffraction peaks corresponding to different crystallographic planes were selected, and the FWHM values () were measured
for each of them. According to the results, the crystallite sizes ranged from 32.2 nm to 71.3 nm, indicating an average
crystallite size of approximately 40-70 nm in the investigated TiO, samples.

CONCLUSIONS

Structural and morphological characterization of TiO> thin films synthesized by thermal ALD using TTIP and H,O
as precursors has demonstrated a strong dependence on substrate temperature. At 200°C, the films exhibit an amorphous
structure with conformal surface morphology, as confirmed by the absence of diffraction peaks and a low surface roughness.
The onset of crystallization is observed at 225°C, with the emergence of weak diffraction features and microstructural
formations, indicating the formation of anatase-phase nuclei. At elevated deposition temperatures of 250-275°C, the TiO-
films exhibit complete crystallization into the anatase polymorphic phase, as confirmed by the appearance of sharp and
intense diffraction peaks corresponding to the (101), (004), (200), and other characteristic crystallographic planes. The
crystallite size increases significantly with temperature, reaching ~70 nm, and the films exhibit a coarse-grained
polycrystalline structure. AFM analysis reveals a progressive increase in surface roughness, consistent with crystallite growth
and agglomeration driven by enhanced surface diffusion. These results confirm that substrate temperature is a critical
parameter governing the nucleation, growth mode, and final structural configuration of ALD-deposited TiO, films. Control
over this parameter enables precise tuning of crystallinity and surface topology, which is essential for optimizing film
performance in applications such as photocatalysis, sensors, and nanostructured functional coatings.
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BIIVIMB TEMIIEPATYPU HNIJAKJIAJAKU HA MOP®OJIOI'TIO TA KPUCTAJIIYHICTD TOHKHUX IIVIIBOK TiOz,
BUPOLIIEHUX METOJOM ALD 3 BUKOPUCTAHHSM TTIP TA H20
Temyp K. Typaanies, Xomxiaxman X. 3oxinos, Illlyxpar Y. Ickanaapos, Ycmonkon @. bepaies
Incmumym ionHo-nnazmosux ma nazepHux mexnono2ii im. Apigposa Axademii nayx Ysoexucmarny
100125, eyn. [lypmon iiyni, 33, Tawxenm, Y3bexucman

VY 11bOMY JJOCHIJDKEHHI JOCIIDKY€EThCS BIUIUB TEMIIEPATYPH MiAKIAIKA Ha MOP(OJIOTivHI Ta CTPYKTYPHI XapaKTepPHUCTHKH TOHKHX IUTIBOK
TiO2, cuHTe30BaHNX METOAOM TepMidHOro ALD 3 BUKOpHCTaHHSAM TETPai3ONPOIOKCHIY THTaHy Ta BOAM K IpeKypcopis. Temmeparypa
migkTagku 3MiHroBanacs Bifg 200 mo 275°C 3 xpokom 25°C. Mopgooriro moBepxHi JOCITIHKYBaIN 32 AOTIOMOTOI0 aTOMHO-CHIIOBOL
MIKpOCKOIIi{, a KPUCTaJIIYHy CTPYKTYpy aHAJII3yBalId 3a JOTOMOIOI0 PEHTIeHIBCHKOI AU(PAKIi Ta pamMaHiBCbKOi crekTpockorii. Byio
BUSIBIICHO, 1110 IUTiBKH, HaHeceHi npu 200°C, manu aMophHy CTPYKTYpy Ta IJ1aAKy, KOHOPMHY ITOBEPXHIO 3 MiHIMAJILHOIO HIOPCTKICTIO.
[MinBuenns Temneparypu a0 225°C mpu3Beso 0 YTBOPEHHS MIKPOCTPYKTYp Ta MOSIBU IIOYAaTKOBHX O3HAK KPHCTAII3aLli, L0
CYIPOBODKYBAIIOCS 30UIBIIEHHAM HIOPCTKOCTI moBepxHi. [Ipu 250-275°C yTBOpmacst 4iTKo BHpaKeHa MOJIIKPUCTANIIYHA CTPYKTYypa
aHartasy, IO XapaKTepHU3YEThCs PO3BUTKOM 3€pEH Ta arjoMepalrlielo HaHOCTPYKTYp, MPO IIO CBIAYMTH MiJBHINEHA IHTEHCHUBHICTH
JupaKLifHUX MIKIB Ta BHILI MapaMeTpH IIOPCTKOCTI MOBEPXHi. 3TiTHO 3 PeHTTeHIBChKUM JTU(paKLiiiHIM aHAI30M, CepeHiil po3Mip
KPHCTAJITIB KONMUBABCs Bif 32 10 71 HM, 3aJIe)KHO BiJ TeMIepaTypu CHHTE3y. Pe3ynbraTi MoKa3yroTh, 10 TeMIIepaTypa OCaIKEHHs Ma€e
KOMIUTEKCHUH BIUTUB sIK Ha (pa30BUi CKJIaf, Tak i Ha Mop¢oJIorito moBepxHi mwIiBok TiO2, 10 He0O0XiTHO BpaXxOBYBaTH AJIS iX 3aCTOCYBaHHS
y GOYHKITIOHAJIBHIX HAHOCTPYKTYpPax, (POTOKATATITUIHHX CHCTEMaX, CEHCOPaX Ta MIKPOEIEKTPOHHUX IIPUCTPOSIX.

Kuarouosi ciioBa: TiO»; ALD,; anamas; kpucmaniunicms; mopgonozis, memnepamypa niokniaoxu; XRD; pamanisceka cnekmpocKkonis



