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Abstract. Spectral and kinetic characteristics @fithe‘photoluminescence of TiO, films obtained
from TiO, nanoparticles and nanotubes yvere studied. Luminescence spectra typical for the
TiO, with anatase structure were observed under UV excitation of the films. Heat treatment of
the films at T=1273 K leads to a lofg-wavelength shift of the photoluminescence band with
maximum at 850 nm, which correSpends taithe rutile structure. The luminescence duration of
rutile films is longer than the Juminescenee duration of the anatase films as for nanoparticles
and for nanotubes. The phatovoltaie, preperties of TiO, films with different structures were
investigated. It was established that'anatase structured films have a higher photocurrent than
the rutile structured filmy By impedance spectroscopy method it was found that the electron
transport resistancegin the nanotube films is higher but the recombination rate is lower than in
the TiO, nanoparticlesfilms.

1. Introduction

Titanium dioxide (TiQ,;) . Mbelongs to a class of wide-band semiconductors widely used in
photocatalysis, medicine,‘gcology, and dye-sensitized solar cells (DSSC) [1-4]. The speed of electrons
transport throu@h the, oxide semiconductor to the collecting electrode has a great importance for
efficient opgrationjef solar cells. Using the various methods we can get TiO, nanostructures in the
form of nanoparticles (NPs) [6], nanotubes (NTSs) [7], nanorods [8] and nanowires [9]. In DSSC TiO,
NPs afe the’most commonly used. However, the relationship between the NPs formed by thermal
annealing, affects the ability of electron transition from nanoparticle to nanoparticle. Unformed
contacts 1ead to a decrease in the efficiency of electron transport. When using NTs one-dimensional
electrons transport is possible along the sides. In addition, with proper design of the electrodes there
will be fewer defects hindering electrons transport [10]. The presence of defects in nanostructures can
create additional trapped levels of energy in the forbidden gap. Defects in the TiO, crystal lattice have
a significant impact on its optical and electrical properties that can affect the efficiency of converting
solar energy into electrical one. Therefore, the need to obtain information about the defect states in the
bulk and on the surface of TiO, nanostructures is essential [11-13]. One of the sensitive methods in the
study of structural defects is photoluminescence spectroscopy. It is characterized by high sensitivity to
the presence of impurities and defects in the crystalline structure that alter the spectral composition
and intensity of the luminescence. There is a number of papers devoted to the study of defects in
nanostructures of titanium dioxide [14-17]. It should be noted that the majority of studies were
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performed for the anatase and rutile of titanium dioxide nanoparticles [18]. Luminescence centers of
titanium dioxide nanotubes obtained by electrochemical anodization, remains little explored. This
paper presents the results of studies of the effect of heat treatment of films formed by NTs titanium
dioxide on their luminescent and electrophysical properties.

2. Experimental part

2.1. Obtaining films from NPs TiO,

Colloidal TiO, powder (Sigma Aldrich) was triturated in a porcelain mortar with deionized water and
acetone in a volume ratio of 10:1. After the formation of a homogeneous viscous paste NP§,solution of
titanium dioxide was deposited on the substrate surface by the doctor-blading methed. For. optical
measurements polished plates from non-luminescent quartz were used. For measugementsyof current-
voltage characteristics (CVC) glass plates with a conductive layer of the FTO (glass,coated with tin
oxide doped with fluorine) were used. The average size of NPs is ~ 21 nm. Fhe resulting films were
subjected to heat treatment at a temperature of 773 and 1273 K during 2 hours.

2.2. Synthesis of NTs TiO,

The titanium foil with a thickness of 60 microns was subjected to chemi€al polishing. As the basis of
electrolyte the C,HgO, was used (content of NH,F is 0,5 wt%{H,O is 3 Wt%). Anodic oxidation of
titanium was carried out in an electrochemical cell in potentiostatiGmode at a temperature of 5-7 °C.
The platinum foil was as a cathode. The distance between the anode and cathode was 3 cm.

The electrochemical oxidation process consists from three, steps. First is anodizing for 2 hours.
Separation the formed film at the first step is carried outjinian ultrasonic bath of 1 M hydrochloric acid
solution. Then the sample was washed with cgpious, amounts of deionized water and dried at a
temperature of 80 °C. The duration of the secofid step 0f anodizing was 24 hours. Anodizing voltage
was 50 V. After the second stage of the amedizinggthe obtained TiO, nanotubes were sonicated to
remove the byproducts and the surface oxide layer. Then they were washed with copious amounts of
distilled water and dried in a stream of nitregens Crystallization of the amorphous phase of TiO, was
performed by the thermal treatment ofysamples in a muffle furnace at 450 ° C for 2 hours with a
temperature increase of 5 °C per finute. The third stage of the anodizing was used for films separation
formed by the NTs titanium, dioxide from titanium foil [20]. Anodizing was carried out at a
temperature of electrolytesof,70% and the voltage of 60 V. The process came to an independent film
separation from the titanium=feil* Then, the resulting films were subjected to heat treatment at a
temperature of 773 andy1273 K'during 2 hours. The images of samples surface were obtained on the
scanning electron microseepe MIRA 3LMU (Tescan, Czech Republic). Measurements of spectral and
kinetic charactesisties of ghe films were carried out on an automated spectral and kinetic installation
with registrationim,_photon counting mode at the boiling point of liquid nitrogen. Excitation was
carried out bysa nitrogen laser AIL -3 (Agen = 337 nm, E = 30 mJ, t,= 10 ns). Before measurement the
samplefwas placed in an optical cryostat, which had previously been evacuated to a residual pressure.

2.3 Assembling DSSC

Solar cells based on NPs and NTs titanium dioxide were obtained following the procedure described
in the paper [21, 22]. To increase the spectral sensitivity range the ruthenium dye N719 was used (Di-
tetrabutylammonium cis-bis (isothiocyanato) bis (2.2 - bipyridyl - 4.4’ - dicarboxylato) ruthenium
(1), Sigma Aldrich). Sorption occurred within 24 hours. Platinum electrodes were deposited from an
ethanol solution H,PtCls by the electrochemical method on FTO. Gasket between the electrodes
served the film Meltonix (Solaronix, Switzerland) with 30 microns thick. As electrolyte lodolyte H30
(Solaronix, Switzerland) was used. 1VV-characteristics of solar cells were measured under illumination
of cells with light of xenon lamp with a light output of 100 mW / cm? (Air Mass (AM) 1.5) at the
measuring complex CT50AAA (PET PHOTO Emission TECH. INC., USA). Spectra of
electrochemical cell impedance was measured under standard simulated solar radiation (Air Mass



(AM) 1.5) at Z-500PRO (Elins, Russia). The amplitude of the applied sinusoidal signal was 20 mV
and the frequency was varied from 1 MHz to 100 MHz.

3. Results and discussion
It is known that before NTs heat treatment, TiO, structure is amorphous [23]. Crystallization ofghe
structure occurs during thermal annealing of the sample, starting with the temperature of 553K.
temperature of 773 K the amorphous phase proceeds anatase structure. At further annealing
anatase structure is completely transformed into the rutile phase. The morphology of the
formed by the NPs and NTs titanium dioxide and heat-treated at a temperature of 773
shown in Figure 1.
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Figure 1. SEM images of the titani

From Figure 1, a and 1, b it is seen that the films fro ium dioxide have distinct granular
structure. For the same magnification it is noticeabl the’ film annealed at 1273 K consists of
mal annealing at a temperature of 773 K.
erature some of the particles sintered forming
a film formed by TiO, NTs. The figure shows
ease of the annealing temperature up to 1273

This is probably due to the fact that under hig
larger agglomerates. Figure 1 shows a SE
that NTs are tightly packed and their ends &

K also results in a significant chang ture (Fig. 1, d). It is evident that although the film
retains a tubular structure, the o nnels are not observed on the surface. Figure 2 shows the
luminescence spectra and kinetic§ of fil minescence decay of anatase structure formed by the NPs

and NTs titanium dioxide.
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re 2. Normalized luminescence spectra (a) and luminescence kinetics (b) of anatase films formed
by NPs and NTs titanium dioxide.

At room temperature luminescence was not observed for both samples. When cooling film to
T=160 K in the wavelength range of 400 - 800 nm a broad band of emission from maximum 510 and
540 nm is recorded. By lowering the substrate temperature to 90 K the intensity of the luminescence
increases. The nature of this luminescence is associated with defects located in the surface area of the
crystallites [23]. From a comparison of the luminescence spectra it is evident that in NTs luminescence
intensity of 600-700 nm is higher than in the case of NPs. Using the approximation by the Gaussian



functions luminescence spectra were divided into components, the form of which is shown in Figure 3.
The results of approximation show that the observed luminescence spectra are formed by three bands
with maximum at 510, 540 and 600 nm.
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For all of the observed defect luminescence centers 3
measured. Figure 4 shows the luminescence decay kinetics for

2s and NTs on different wavelengths.
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Figure 4. Spectral and kinetic properties of the film annealed at 1273 K.



For both samples luminescence of rutile modification with a maximum range of 850 nm is
observed (Fig. 1, a). It should be noted that the light intensity for NPs is much higher than for NTs.
Figure 4 (b) also shows the kinetics of luminescence decay of NPs and NTs. Excitation wavelength
was 850 nm. Lifetimes of excited states make up 7.5 and 8.0 ms for NPs and NTs respectively. For the
investigation of the possibility of using nano-structured films of titanium dioxide in DSSC sandwich
structures on the standard method were designed [23] and measured their V- characteristics which ‘are
presented in Figure 6.
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Figure 6. I-V characteristics of DSSC based on ~dmpedance spectra of DSSC.
TiO, films and the dye N719.
Based on the obtained curves of IV- characteristi i otovoltaic solar cell parameters were

determined which are presented in Table 3.

Table 3. Photo erties of DSSC.
Sample Uo B S (Alcm?) FF Efflcol/oency,
NPs (773 K) 0.69 0.014 0.62 4.10
NPs (1273 K) 0,68 0.003 0.60 1.32
NTs (773 K) 0.010 0.56 3.80
NTs (1273 K) 0.005 0.38 1.36
From this tabulated dat ident that the photovoltaic characteristics of cells based on films

from NPs and NTs a

for cells based on

hodographs of4

described i

Deff ele e effective speed of k. recombination, effective lifetime of 7, electron, resistance of

electr in the film of R, titanium dioxide, R, charge transfer resistance, associated with
ml tion of electron. The results are shown in Table 4.

gher than for the films of rutile structure. The difference of U, values
d anatase is associated with the location of Fermi quasilevel. Figure 7 shows

Table 4. The electron transport properties of TiO, films in the DSSC.

nealing temperature D Kest Teff R« Rw

o (@ (©) (Om) (Om)
NPs (anatase) 9.9%10” 14.0 0.07 22.0 26
NPs (rutile) 4.7%10° 57.0 0.02 175.0 26
NTs(anatase) 5.5%107 3.6 0.27 17,5 36
NTs ((rutile) 2.9%10° 25.3 0.04 38.0 40

From the tabulated data it is evident that the electron transport resistance in TiO, (Rw) of NTs
films is higher than in NPs. From the table 4 it is evident that the rate of recombination (keff) in the



films based on NTs is less than keff cells based on NPs similar modification of TiO,. This is probably
due to SCS manufacturing technology based on NTs. In accordance with the formula k.;=2Nk, (Ns -
density of electrons on the defect levels of the energy (cm-3), k, - recombination rate constant (cm’s™)
to electrolyte of electrons from TiO, defect levels [26]) it can be concluded that in the rutile films of
NPs and NTs the concentration of the defects through which recombination processes occur is higher
than in anatase.

4. Conclusion

In the paper the spectral and kinetic properties of the photoluminescence films formedgrom NPs and
NTs of titanium dioxide were investigated. For samples annealed at T=773 K, when“€xcited by a
nitrogen laser luminescence is observed with a spectrum characteristic of the anatase“$tructure.
Annealing of the samples at T=1273 K leads to a long-wavelength shift of the photoluminescence
band with maximum at 850 nm wavelength which corresponds to the rutile structurey The researches
of the photovoltaic properties sensitized by the dye of solar cells have showft thatthetanatase-based
films have a higher cell efficiencies than the cells with rutile films. It i§ found that inthe*films based
on NTs the recombination rate is less but the resistance to the election transportyis higher than in the
films from NPs. In the rutile films of NPs and NTs the concentrationfof defeets through which the
recombination processes occur is higher than in anatase.
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