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Abstract: Thin TiO, films were produced on single-crystal Si-wafers by magnetron sputtering.
Subsequently, they were annealed in air at different temperatures. We researched the structure,
the phase composition, the morphology, and the dimensional characteristics of the films before
and after annealing using X-ray diffraction, energy-dispersive and spectrophotometric analysis,
scanning electron microscopy, and small-angle X-ray scattering. The analysis of the influence
of annealing parameters on the characteristics of TiO, films is carried out. The technique for
determining the qualitative and quantitative phase composition of TiO, during its polymorphic
transformations at high-temperature heating has been developed. It was found that TiO,
annealing at 400 °C leads to crystallization of the anatase phase, and annealing at 600 °C
leads to transformations into the rutile phase. The optical band gap decreases with increasing
temperature and with increasing annealing time.
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Annoranug. OOBEKTOM WCCICHOBAHUS SIBIISIIOTCS TOHKHWE TUICHKM OUOKCHIA THTaHA,
[OJIyYEeHHbIE METOOM MAarHeTPOHHOTI'O PACIIbLICHMUS Ha IOIJ0XKAaX U3 MOHOKPUCTAJLINYECKOIO
kpemuus. [Tnenkn TiO, oTXXUranuch Ha BO3LyXe NIPU pasinyHbIX TemIepatypax. Mccnenosanuch
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CTPYKTypa, (a3oBblii coctaB, MOpdoJioruss U pa3sMepHble XapaKTEPUCTUKM IUIEHOK OO0 U
rnocje orxkura. Vcrnonap3oBajauch MeETOOBI PEHTreHO(ha30BOro, 3HEProAUCIIEPCUOHHOTO
U CIIEKTpO(OTOMETPUUYECKOr0 aHajiu3a, CKaHUpymoollas »3JEeKTPOHHAs MUKPOCKOMNHUS U
MaJIOyIJIOBO€ PEHTIeHOBCKOE paccessHue. [IpoBeneH aHaiuM3 BIMSHUSI IMapaMeTpPOB OTXKHUTa
Ha XapaKTepUCTUKM TUICHOK IMOKCHIa TWTaHa. Pa3paboraHa MeTommKa OIpeIesIeHUS
Ka4yeCTBEHHOTO M KOJMUYECTBEHHOTO (ha30BOT0O COCTaBa TUIEHOK B TIPOIIECCE €0 MOJIUMOPGhHBIX
MIPEBPALIEHUI ITPY BBICOKOTEMIIEPATYPHOM HAarpese. ¥YCTaHOBIeHO, 4To orxur TiO, npu 400
°C nmpMBOAUT K KpHUCTa/UIM3aluu das3el aHaTaza, a orkur npu 600 °C — K mpeBpalleHUSIM
B a3y pyruiaa. OnTuyeckas IIMPUHA 3alpellleHHOl 30HbI YMEHbBIIACTCSI C IOBBIICHUEM
TEMIepaTypbl U YBEJIMUYEHUEM BPEMEHM OTXKUTa.
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Introduction

Nanostructured materials are one of the most fast-evolving areas of research. Among all the
transition metal oxides, titanium dioxide nanostructures have the largest potential in modern science
and technology [1]. TiO, can be obtained by oxidation of thin Ti films. TiO, has become famous
because of its unique photocatalitic properties [2-4]. Active electron-hole pairs can be generated in
the electronic structure of TiO, due to the absorption of photons with energies above 2.8 eV. When
electron-hole pairs emerge on the surface, they participate in redox reactions with the formation of
radical complexes. TiO, crystal exists in three common polymorphs, i.e., brookite, anatase (A), and
rutile (R) [5, 6]. The photocatalytic activity of anatase is estimated to be higher than that of rutile.
However, due to the smaller band gap, rutile can absorb a wider range of sunlight up to 450 nm [7, §].

It is a daunting task to obtain TiO, films with suitable characteristics. We applied thermal
annealing with trial-and-error adjustment of optimal parameters of the processing mode [9].
On the other hand, it is equally important to determine the qualitative and quantitative phase
composition of TiO, during its polymorphic transformations at high-temperature heating.
Therefore, our goal was to investigate the effect of thermal annealing on the morphology and
phase composition of magnetron TiO, films under various processing modes.

Materials and Methods

To obtain thin TiO, films, we used a magnetron sputtering device, MVU TM Magna T
(NIITM, Russia). The films were grown for 30 min on monocrystalline Si substrates in Ar
atmosphere at magnetron discharge power of 300 W. Before deposition, the substrates were
heated to 120 °C (for 1 min), then we carried out ion beam cleaning at a current of 60 mA (for
2 min). To obtain the Ti oxide, the prepared Ti films were annealed in air at 400 °C, 600 °C and
800 °C for 2, 4 and 6 hours using a Mini Lamp Annealer MILA-5050 heater.

Phase composition of the samples was analyzed by the X-ray crystallography technique. To
perform measurements, we used a GBC EMMA powder diffractometer (60 kV/80 mA, 0.005%,
radiation power 2.2 kW, goniometer step 0.002). First, we obtained X-ray diffraction patterns
from pure Ti films, then from annealed films.
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The morphological features and changes in the surface structure of the films were studied using
the JEOL JSM-6610LV scanning electron microscope (SEM, 20 kV, up to 100000x). X-Max
Silicon Drift Detector (Oxford Instruments) allowed getting the distribution of chemical elements
in the samples.

Line-collimation small-angle X-ray scattering was also used in the characterization of the
samples (diffractometer SAXSess mc?, Anton Paar, Austria). This device is designed to find
the structural features of objects with sizes from 0.1 to 100 nm. It is equipped with a typical
X-ray tube with a Cu anti-cathode and monochromator, which allows obtaining X-rays with a
wavelength of 0.154 nm. The measurement time was 30 s. The SAXS data were processed using
GIFT software (PCG Software Package).

To study the optical properties of the annealed films, we used an SF-2000 spectrophotometer
(OKB Spectr, Russia). Its wavelength range is 190—1100 nm. The obtained reflection spectra were
converted to absorption spectra using the Kubelka—Munk equation:

K_(1-R)
S 2R

0

(1

Here K and § are the absorption and back-scattering coefficients, R is remission fraction of
an infinitely thick layer. The absorption spectra were used to determine the value of band gap.

Results and Discussion

Scanning electron microscopy (SEM) revealed that all our TiO, films were polydisperse (scan
for 800 °C, 2 hours is shown in Fig. 1,a). The grain sizes grow with an increase in annealing time.
The minimum grain sizes found on SEM scans are listed in Table 1.

According to SEM results, the thickness of the films varied from 0.95 to 1 um (Fig. 1, b).
During the experiment, the samples were placed at an angle of 89° to the horizontal plane.

To gain insights into the integral characteristics of TiO, grains, we considered the samples us-
ing SAXS. The scattering intensity data (Fig. 2, a) were used for plotting the pair distance distri-
bution functions (PDDF) shown in Fig. 2,b). The configuration of these functions clearly shows
that TiO, grains have an irregular shape and different sizes. The Guinier approximation applied
at the very beginning of the scattering curves give the minimum dimension of grains, amounting
to 20—25 nm.

The phase composition of the annealed films was determined using powder diffractometer. As
evident from the obtained spectra, the TiO, anatase phase is formed at a temperature of 400 °C,
while at 600 °C it transforms into a rutile phase (Fig. 3).

Each peak of the diffractograms was approximated by a Gaussian curve using OriginPro
software:

—(x—x¢ )2
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Fig. 1. SEM results: front view (a); cross-sectional view (b)
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Table 1

Minimum grain sizes found in SEM scans

Time Temperature
400 °C 600 °C 800 °C
2 hours 25 nm 25 nm > 100 nm
4 hours 35 nm 30 nm
6 hours 40 nm 50 nm

The concept of the coherent scattering region (CSR) was also used to research TiO, films. The
CSR size is generally 10—15% smaller than the size of grains identified using electron microscopy,
while coherent scattering region corresponds to the inner (ordered) region of grain and does not
include severely distorted boundaries [10]. CSR sizes were calculated using the Scherrer equation:

kA
Scos0’

where k£ = 0.95 is the dimensionless shape factor; § is the line broadening at half the maximum
intensity; 0 is the Bragg angle; A = 0.154 nm is the X-ray wavelength. The estimation gives the
average size of crystallites is from 3 to 11 nm.

In order to research the influence of the size factor on the width of band gap, we studied the
optical absorption spectrums of TiO, nanofilms. We obtained the reflection spectrums of the
annealed films and then calculated absorption spectrums using Kubelka—Munk equation (1).

According to quantum-mechanical calculations, in the case of intrinsic absorption of
semiconductors and dielectric materials, transitions of electrons from valence band to conduction
band are determined through the sum of the probabilities a, for all states of electrons:

mm, ) g 1
ap{z e j 9 (h-E,), )
m,+m, | ncm,

where m_ and m_ are effective electron and hole masses; ¢, is elementary charge; n is refraction
coefficient.

For all samples, the band gap E was obtained by extrapolating the linear part of the square of
absorption spectrum at (a(/v))>. The dependence of the band gap values on the annealing time at
each temperature appears linear (Fig. 4).

The optical band gap decreases with increasing temperature from 3.10 eV (at 400 °C) to
3.02 eV (at 800 °C). It also decreases with the annealing time growing. SEM and SAXS data prove
that the higher the annealing temperature, the larger the crystallite size, which is accompanied by
a decrease in the band gap Eg.
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Fig. 2. SAXS results: scattering intensity data (a); pair distance distribution functions (b)

152



4 Physical materials technology >

00C_6h .
00C_ah____. n
00C_2h____. -

Fig. 3. X-ray diffractograms of TiO, films, pure Ti, and pure Si
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Fig. 4. Dependence of the band gap value on the annealing time

Conclusion

Titanium oxide films were obtained by magnetron Ti sputtering and subsequent annealing in
air for 2, 4, and 6 hours at 400 °C, 600 °C and 800 °C. The thickness of the obtained TiO, films
is ~1 um. According to SEM and SAXS data, all studied TiO, films are polydisperse. The grains
have an irregular shape, and their size grows with increasing of temperature and the duration of
annealing.

The phase analysis shows that TiO, annealing at 400 °C leads to crystallization of the anatase
phase, and annealing at 600 °C leads to the transformations into the rutile phase. According to
our estimations of coherent scattering region, the average size of crystallites is in the range from
3 to 11 nm. Optical absorption spectra were used to obtain the band gap for each sample. The
value of the band gap decreases with increasing annealing time and with increasing temperature.
It is 3.10 eV at 400 °C and 3.02 eV at 800 °C. To summarize, it is evident that an increase in
the annealing temperature leads to an increase in the crystallite size, which is accompanied by a
decrease in the band gap.
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