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The semi-conducting and photoelectrical properties of TiO, films prepared with thermal oxidation of titanium
in the temperature range from 200 to 600 °C were studied. Short theoretical background for application of photocur-
rent in semiconductor electrochemistry was presented. For all investigated temperatures and times of thermal treat-
ments the semi-conducting properties as photocurrent peaks and band gap energies were determined. At lower tem-
peratures the anodic values of photocurrent peaks confirmed the existence of n-type semiconducting TiO, films with
amorphous structure. With increasing the temperature and time of thermal treatment the development of crystalline
structure in the film is followed with small decreasing of band gap energy. For films formed at higher temperatures
and longer time of thermal treatment the determined band gap energies are close to the 3 eV that corresponds to the
rutile structure of the film.
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OOTOEJEKTPOXEMHNCKHU HCTPAXKYBAIBA HA ®PUJIMOBU TEPMUYKH ®OPMHUPAHHN
BP3 TUTAHOBHU INOBPIIIMHAN

IomycnpoBogauukuTe U (POTOETEKTPOXEMHCKUTE CBOjcTBa Ha TiO,-(pHUIMOBH NPHTOTBYBAaHM CO TEPMHUKa
OKCHJIAIHja Ha TUTAH Ce MCTPaXyBaHH BO TeMIiepatypro moxpadje on 200 mo 600 °C. JlameH e KpaToK TEOPETCKU
OCBPT Ha IpuMeHara Ha ()OTOCTpYyjaTa BO SIEKTPOXEMHjaTa Ha MOJIyCIIPOBOAHUIM. 3a CUTE UCITHUTYBaHU TEMIIepaTy-
pH U BpeMe Tpacmke Ha TEPMHUYKHOT TPETMaH Ce ONpeJellyBaHH IIOJIyCIIPOBOAHIYKHUTE CBOjCTBA Kako mToO ce (oTto-
CTPYJHUTE NHKOBH U €Heprujara Ha 3a0paHeTHTe 30HM. [IpHM IOHHMCKHM TeMIepaTypH PETHCTPHpAHUTE aHOJHU
BPEIHOCTH Ha (DOTOCTPYjHHTE NUKOBU IO MOTBPAHMja IOCTOCHETO HA N-THI MOIXycHpoBOAHMYKH TiO,-GpuiMm co
amopdHa cTpykrypa. Co 3rojeMyBameTO Ha TEeMIepaTypaTa U BPEMETO HAa TEPMHUYKHOT TPETMaH Pa3BUBALETO Ha
KpHCTaIHATa CTPYKTypa BO (PMIIMOT € CJISICHO IPeKy HaMallyBame Ha BPEIHOCTUTE Ha €HEeprujaTa Ha 3a0paHeTuTe
30HM. 3a GUIMOBH (OPMHPAHH IIPU HOBHCOKU TEMIIEPATypH U IOAOJITH BPEMHIba HA TEPMHUKH TPETMaH OIpesie-
JICHUTE EHEepTuH Ha 3a0paHeTaTa 30Ha ce OJHMCKH JI0 BpeAHOCTUTE o] 3 eV, mTo oJroBapa Ha pyTHIHA CTPYKTypa Ha
¢ummor.

Kayunu 36opoBu: TiO, ¢puiaMoBy; moxycpoBogHUK; GoTOCTpyja; pyTHIHA CTPYKTYpa

1. INTRODUCTION

The photo-effect in electrochemical systems
was recognized in 1839 by the French scientist
Becquerel [1]. He discovered that an additional
current could be obtained from the metal elec-
trodes covered with oxide film by light irradiation.
At that time, this phenomenon was named Bec-
querel effect.

The application of the photo-effect for solar
energy conversion into electrical and/or chemical
energy has undergone an enormous advancement
during the last 50 years, especially with develop-
ment of semi-conducting materials [2-6]. At the
present, three basic methods that can convert the
light (generally Sun light) into useful energy exist:
(a) Photosynthesis — the natural processes of solar
energy illumination involving conversion of CO,
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and H,O to sugars and oxygen, (b) Photovoltaic
cells — which can convert solar illumination into
electrical energy, and (c) Photo-electrochemical
cells — where photo-electrochemical processes are
utilized for the conversion of light into electrical
and/or chemical energy.

The photo-electrochemical cell (Fig. 1) con-
sists of two electrodes: one semi-conducting under
illumination and one metal electrode, as a counter
electrode, both immersed in electrolyte containing
electro-active redox species A/A™.
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Fig. 1. Photoelectrochemical cell:
1 — semiconducting electrode, 2 — metal counter electrode

The semi-conducting electrode should effi-
ciently absorb incidence light, creating delocalized
charges and producing an electrical current, while
the interface between the semiconductor and the
liquid is responsible for electrochemical reactions
that lead to energy conversion. In operational con-
ditions the photo-electrochemical cell can produce
electricity, chemical fuels or both. The overall
process that occurs in the photo-electrochemical
cell depends only on the electrochemical reactions
on the semi-conducting and metallic counter elec-
trode. In the case of the reactions at the counter
electrode are reversible of those at semi-conduc-
ting electrode, no net chemical change will take
place in the cell. The light induced will only pro-
duce electrical current. Alternatively, if sufficient
energy is available from the delocalized electrons,
the water electrolysis producing O, and H, as fuels
from the incident photon energy might be possible.
The energy storage processes in photo-electroche-
mical cells result from mobility of the charge car-
riers that are created by light excitation. The abil-
ity for transport of charge carriers will depend
critically on the electronic properties of the semi-
conducting electrode. By introducing the doping

atoms as impurity or existing crystal defects in
very low concentrations (1 part per billion) the
conductivity of semi-conductor samples will dras-
tically increase. Doping atoms can be either donors
or acceptors. Donors produce an electron in the
conduction band and a positive charge on the dop-
ing atom. They create free electrons and the sam-
ple is denoted as a n-type semiconductor. Accep-
tors produce holes in the valence band and nega-
tive charges on the doping atom. They create
holes, which have a positive charge and the sample
is denoted as a p-type semiconductor. Electrons
are majority carriers in the N-type semiconductor
and holes are the majority carriers in the p-type
semiconductor.

On Fig. 2 the schematic presentation of en-
ergy levels in the semiconductor with donors and
acceptors doping atoms, in reference with the bend
edges is shown.
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Fig. 2. Schematic presentation of band energies to
semiconductors; (a) N-type semiconductor, (b) p-type
semiconductor, 1 — valence band, 2 — conduction band,
3 — donors level, 4 — acceptors level, Ef — Fermi level,

o_ electrons, O _holes

In comparison with undoped intrinsic semi-
conductors (pure semiconductors), where the
Fermi level at the temperature of 0 K is located in
the middle of the forbidden zone, for doped semi-
conductors this level is shifted to the conduction
band where donors are close to the conduction
band, or to the valence band where acceptors are
close to the valence band.

Titanium dioxide is an important semicon-
ductor in photo-electrochemical applications as:
photocatalysts for water treatment, dye sensitized,
conjugated polymers, inorganic semiconductor for
solar cell applications etc. [7-9]. It occurs in three
mineral forms: rutile, anatase and brookite. But
only two of them: rutile and anatase, are used in
the photo-electrochemical research. The rutile
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structure can be obtained by thermal oxidation of
the titanium base metal [10] and anatase structure,
electrochemically by anodic oxidation of Ti elec-
trodes in various electrolytes [11]. So far more
attempts were consecrated to the formation of pas-
sive films with the amorphous and anatase struc-
ture [12, 13]. The electronic structure of these
films was investigated by photocurrent measure-
ments (using continuous monochromatic lights and
pulsed laser irradiations). Very often these meas-
urements were combined with capacitance meas-
urements [14, 15]. Relatively less photocurrent
data can be found for the thermally obtained rutile
structure.

In this work more systematic photocurrent
measurements are consecrated to the thermally
films with the rutile structure, formed on the Ti
electrode for various temperatures and time of
thermal treatments. From these measurements
some semiconducting properties such as the type
of semiconductor and the band gap energies ware
determined.

2. EXPERIMENTAL

Preparation of samples. Ti discs were pre-
pared by cutting the titanium rod (Alfa Aesar, a
Johnson Mathey Company) with purity of 99.8 %
and a diameter of 6.35 mm. Before the thermal
treatment one basis of each disc, with approxi-
mately height of 2-3 mm, was successively me-
chanically polished with emery papers (1000, 4000
and 5000) and diamond sprays up to 0.1 um to
yield a mirror like surface. After mechanical pol-
ishing the discs were ultrasonically cleaned in
ethanol and finally dried by the compressed air.

Heating procedure. The heating treatment of
well mechanical polished discs (showing mirror
brightness) was performed in a tubular oven with
previously adjusted constant temperature. The low
temperature limit was 200 °C because between the
room temperature and 200 °C not significant pho-
tocurrent change was observed. The upper tem-
perature limit was 600 °C. At this temperature the
diffusion of oxygen into the bulk of the substrate
becomes a rate limiting process and the develop-
ment of fast film inhomogeneity begins. During
the input of the discs into the oven the temperature
inside of the oven decreased for about 2 °C. But it
will reach the previous constant value for about 3
min. The small deviation of the temperature re-
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gime did not significantly influence the formed
film thickness that was approved by ellipsometric
measurements [10]. The heating time for each
temperature of investigation was raging from 1
min to 30 min. After the heating treatments, the
discs were removed from the oven and immedi-
ately placed in the vacuum desiccator. For the rela-
tively short time their temperatures were equili-
brated to the room temperature. The photocurrent
measurements for each temperature and oxidation
time were repeated at least three times. After fin-
ishing the measurements the oxide film from each
sample was removed by mechanical re-polishing,
using only diamond sprays, that was a satisfactory
procedure in order to reuse the same samples for
the next oxidation.

Apparatus. The photocurrent measurements
were carried out with the combined electrochemi-
cal/photochemical system consisting of a photo-
electrochemical cell, a potentiostat/galvanostat
(HEKA 488) interfaced with PC, a xenon lamp
500 W, a monochromator (McPherson GM252), a
chopper (EG&G model 125 A), a two phase lock-
in amplifier (PAR 2308) and a register (Fig. 3).

Fig. 3. Experimental set-up for photocurrent measurements:
1 — light source, 2 — monochromator, 3 — chopper,
4 — potentiostat, 5 — photo-electrolytic cell,
6 — lock-in amplifier, 7 — register

The Ti discs were fixed in a classical electro-
chemical cell built from quartz (for simultaneously
electrochemical and photocurrent measurements).
The discs were adjusted in a teflon holder and po-
sitioned to a light source in order to obtain maxi-
mum photocurrent response. The used electrolyte
was 1M H,SO, prepared from concentrated H,SO,
(p.a. Merck) in triply distilled and de-ionized wa-
ter. The counter electrode was a large surface Pt
grid while the reference electrode was a saturated
calomel electrode. The lock-in amplifier was used
to measure the amplitude and the phase of signals
buried in noise.
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Measuring procedure. By illumination of the
semi-conducting electrode (Fig. 3) with the light
energy greater, or equal to the band energy gap,
the absorption of photons generated charge carri-
ers. With potentiostatically polarization of this
electrode, the formed band bending causes migra-
tion the charge carriers and appearance of measur-
able photocurrent. For p-type semiconductors the
electron migrates to the surface from where it can
react with an unoccupied (acceptor) state in the
electrolyte which is represented by oxidized che-
mical species. The hole flows to the backside con-
tact and the resulting current is cathodic. For the n-
type semiconductor the hole migrates to the sur-
face reacting with an occupied (donor) state, while
the electron moves to the backside contact and the
resulting current is anodic.

During the illumination of the semi-conduc-
ting electrode the light was chopped into 10 Hz
pulses by a rotating blade in a chopper. Generally
in photocurrent measurements the light beam was
chopped to provide light pulses to the semi-
conducting working electrode in order to create an
AC input signal in the lock-in amplifier. The
chopped light allowed the determination of dark
current and photocurrent in a single polarization
curve. A monochromator is used to select the de-
sired wavelength of light, generally in the range
from 200 nm to 420 nm. By chopping the light the
created currents on the semi-conducting electrode
under dark and illuminated conditions represent
the AC input signal to the lock-in amplifier. To
recognize the signal of interest it must be com-
pared with some reference signal of the same fre-
quency. During the photocurrent measurements,
the reference signal is dark current (chopper posi-
tions when the semiconductor electrode is not il-
luminated) locked in lock-in the amplifier. The
output is DC photocurrent from light absorption
(chopper positions when the semi-conducting elec-
trode is illuminated), as an offset from dark current
which is adjusted to zero position (Fig. 4).

I (nA) 2
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E (mV)

Fig. 4. The current — voltage behavior of semi-conducting
electrode in contact with electrolytic solution.
1 —in the dark, 2 — under illumination

Iphzl_ld

In that way the measured photocurrents are
referred to the dark current and can directly read
from the lock-in amplifier.

3. RESULT AND DISCUSSION

Thermal oxidation of Ti often is used to in-
crease oxide thickness and corrosion resistance of
the base metal for extending the service life. So far
investigations in our laboratory reported that Ti
oxide films formed by thermal oxidation have su-
perior corrosion resistance over the oxide film
formed by anodizing [10, 16].

The recent literature data are more conse-
crated to photoelectrochemical activity of the TiO,
particles prepared by the sol-gel method and ther-
mally simulated current by structural transforma-
tion of amorphous to anatase phase in the film
[17]. The particulate prepared layers from disper-
sion of Degussa P-25 TiO, deposited onto the Ti
substrate and subsequently sintered from 500 °C to
700 °C have been also practiced [18, 19]. The
photocurrent measured values for particulate TiO,
layers are much lower than those of thermal layers,
due to the poor contact among individual particles,
resulting in high electric resistance of the whole
layer. Oppositely, the thermal layers of TiO,
formed on the Ti substrate have very good me-
chanical properties due to good adhesion. The spe-
cial advantage of the TiO, layer grown thermally
on Ti is the supports of high electronic conductiv-
ity. This is the main reason why our measurements
are consecrated to the thermally grown of TiO,
layers.

On Fig. 5 the photocurrent spectra of Ti films
formed for three different temperatures of thermal
treatment are given. For clarity, the spectra re-
corded on 300 and 500 °C are omitted. It should be
mentioned that the interface TiO, film/electrolyte
is a very stable system showing well defined, re-
producible and stable values of photocurrent in the
order of microamperes, compared with systems
where photocurrents are only in the order of nano-
amperes, or even pikoamperes (in the case of par-
ticulate layers, passive films on hafnium or poly-
mer coatings) [18-20].

The measured photocurrent essentially de-
pends on the incident lights energy, so as a fre-
quency of radiation increases, the measured photo-
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current increases. If the light energy hv is equal or
bigger than the band gap energy E, of the semi-
conducting film, then a direct excitation of elec-
trons from the valence band to the conduction
band could be expected. As it can be seen from
Fig. 5 the photocurrent increases with temperature
as a result of increasing the film thickness.

|ph (p,A)

200 250 300 350 400 450
A (nm)

Fig. 5. Photocurrent spectra of thermally formed films
on Ti surface during 30 min. The spectra were recorded
in 1 M H,SO, at applied potential of 1,5 V sce

The absorbed radiation in the film is given by
Lambert Beer’s law. For the bulk semiconducting
electrode the thickness is large enough to absorb
all incidents radiation. For very thin films with not
too high absorption coefficient, the photocurrent
becomes proportional to the absorption coefficient
and for lower wavelengths of incidence radiation
the absorption is complete. For finite metal oxide
film thickness the existing electrical field could be
described with an optical model which takes into
account multiple internal reflections. As the inci-
dent light traverses the metal oxide layer on its
first pass, it is partially reflected at the
metal/metal-oxide interface. When the reflected
light reaches the metal-oxide electrolyte interface,
it will once again be partially reflected back into
the film and the whole process repeats. This mani-
festation of the optical process is the dependence
of the photocurrent on film thickness. For a very
thin film the absorption is not too strong and the
reflected light can have a significant effect on the
photocurrent. In our case the thermally formed
film for the lowest temperature at 200 °C is enough
thick, about 8 nm [10], so that the effect of the re-
flected light does not influence significantly the
photocurrent values.

The value of photocurrent depends also from
the value of applied potential on the working semi-
conducting electrode. Generally, for higher applied
potentials the higher values of photocurrent are
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measured. In all our measurements the constant
value of potential, 1.5 V (SCE), (for bands bend-
ing) in the solution of 1 M H,SO, was applied.

For thinner TiO, films, formed at lower tem-
perature, the amorphous structure is confirmed and
as an effect of the long-range disorder the strong
decrease of the carrier’s mobility is essentially
due. It has been presented by many authors that the
donor density changes with oxide film thickness
[8, 14, 19]. The donor density of n-type semicon-
ductive TiO, also depends on the growth rate for
oxide formation and the donor density decreases
with increase of the film thickness. The film thick-
ness is accompanied by a color changing from
light yellow at 200 °C, to orange at 300 °C, light
purple at 400° C, purple at 500 °C and finally to
bleu at 600 °C. The changing of colors depends
also from the time of thermal treatment. At 600 °C
the film inhomogeneity begins to develop visibly.

For a lower temperature range at 200 °C and
300 °C the kinetic law of film thickness growth is
logarithmic. At 400 °C the transition from loga-
rithmic to parabolic law occurs. For temperature of
500 °C and 600 °C the film thickness growth fol-
low the parabolic law [10].

From photocurrent spectra on Fig. 5 the band
gap energy in TiO, semi-conducting films for each
temperature of thermal treatment can be calcu-
lated. Semiconductors that display a fully allowed
transition between the valence band and the con-
duction band referred to as direct band gap semi-
conductors. In these materials the absorption coef-
ficients are large and the light is strongly absorbed
to the surface of the solid. Indirect band gap semi-
conductors generally display small absorption co-
efficients for photons near the band gap energy
and the lowest energy electronic transition is for-
bidden [4]. The minimum energy required for indi-
rect transitions can be evaluated from (I, hv)"2
versus hv plots. The direct transition can be evalu-
ated from (I, hv)® versus hv plots [4, 21].

Taking into account that indirect transition,
having relatively small absorption coefficient is
present in TiO, semi-conducting films, the mini-
mum energy required can be evaluated by the ab-
scise axis intercept of the linear plots from Fig. 6.

As it can be seen from Fig. 6, for all meas-
ured temperature the band gap energy is located
close to the 3 eV, that corresponds to the band gap
energy for rutile structure. The band gap energy
for TiO, amorphous is 3.1 eV and for anatase
forms 3.3 eV.
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Fig. 6. Determination of optical band gap energy
from the spectra on Fig. 5

Most of authors agree that the indirect band
gap for rutile is 3 eV [24, 26]. But yet there is dis-
agreement what kind of oxide is present on Ti sur-
face for the different surface pre-treatment. It is
well known that after preparation of freshly Ti sur-
faces in atmospheric conditions instantaneously
native oxide films are formed which develop
slowly their thickness with time. This film in real-
ity represents the thermally formation of the oxide
film at room temperature. The previous ellipsomet-
ric measurements in our and other laboratories
have shown that the film thickness can reach the
values from 2—4 nm, depending on the kind of
preparation of the metal surfaces (mechanical pol-
ishing, electrochemical polishing or chemical pol-
ishing) [9, 16, 21, 22 ]. The structure of native ox-
ide films was investigated by A. Hugot Le-Goff
using Raman spectroscopy measurements with
interference enhancement [23]. These investiga-
tions give the rice to patterns of the dense modifi-
cation of TiO,, namely rutile. For thinner TiO,
films grown by potentiostatic ramping of the Ti
substrate, M. Kozlowski et al. using a photoelec-
trochemical spectroscopy and electron diffraction
have shown that the rutile is the only identifiable
phase [24]. Oppositely, by the Raman spectros-
copy and the X-ray diffraction Arsov et al. have
reported existence of anatase for thicker anodic
films and only the rutile structure for thermally
formed films [10, 13]. The brookite structure can
appear only during the short polarization of the Ti
electrode at higher voltage when the very strong
electrical field in the interface metal sub-
strate/oxide film/electrolyte provokes electrical
spark [25].

Taking into account that the thickness and
colors of thermally formed films strongly depend
on heating time, for each temperature of film for-

mation the photocurrent spectra are measured for
various times of the thermal treatment: from 1 min
to 30 min. On Fig. 7 the photocurrent spectra for
various times of the thermal treatment are given
only for the highest temperature of TiO, at 600 °C.

Iph (nA)

450

Fig. 7. Photocurrent spectra of thermally formed films
at 600 °C on Ti surface during 30 min. The spectra were
recorded in 1 M H,SO, at applied potential of 1,5 V sce

The deviation of photocurrent peaks position
is negligible with the time of the thermal treat-
ment. This can be explained by complete transition
of amorphous film to stable crystal structure at
600 °C.

By (lpn hv)”2 plots versus hv of the photocur-
rents from Fig.7 the band gap energy for each in-
vestigated time of film formation is determined,
Fig. 8.

(Iph hv)#2

hv (eV)

Fig. 8. Determination of optical band gap energy
from the spectra on Fig. 7

As it can be seen from Fig. 8 it is evident that
the band gap energy is close to 3 eV indicating
existence of the rutile form.

On Table 1 the semi-conducting parameters
of TiO, films thermally formed in the temperature
range from 200 to 600 °C and time of thermal
treatment of 30 min are summarized.

Maced. J. Chem. Chem. Eng., 28 (2), 181-188 (2009)
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Table 1

Semiconducting parameters of thermally formed
filmsfrom TiO, on Ti parent metal

T(0O Ion (LA) A4 (nm) Epg (V)
200 5.8 322 3.09
300 6.2 320 3.06
400 6.6 318 3.03
500 7.1 315 3.00
600 7.55 313 2.95

With rising the temperature rise the values of
photocurrent peaks and the position of peaks move
toward a higher wave number, or smaller energy of
illumination. The band gaps energy decreased in-
dicating augmentation of film conductivity. For
higher temperatures in formed films surface de-
fects and surface inhomogeneity begin to develop.
All these parameters strongly influenced the film
conductivity causing the presence of Ti ions and
large porosity. The enhanced migration of intersti-
tial Ti ions to the oxide film solution interface un-
der anodic bias will result in a decrease of the do-
nor density at the depletion layer in the oxide film.
On the other hand, the increasing oxide layer
thickness will influence the greater absorption of
UV photons and hence increase concentration of
trapped photo-generated electrons.

4. CONCLUSION

For all investigated TiO, films formed in the
temperature range from 200 to 600 °C and time of
thermal treatments from 1 min to 30 min the
photocurrent measurements have shown existence
of well stable films with small deviations on the
position of photocurrent peaks and values of
photocurrent peaks in uA order. As a result of in-
creasing the film thickness the values of photocur-
rent peaks rise with the temperature and time of
thermal treatments. The determined band gap en-
ergies for all investigated films are close to the
value of 3 eV, confirming existence of the rutile
structure. Finally it can be concluded that the ther-
mally formed TiO, films with band gap energies
close to the 3 eV are not very suitable for solar
energy conversion. They have to enlarge the band
gaps to be efficient absorbers. But in recent time
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TiO, has been exploited to photo-catalytically oxi-
dize organic and inorganic compounds for syn-
thetic and waste pre-treatment applications.
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