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Changes in the titanium oxide optical properties during crystallization
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Crystallization of amorphous titanium oxide films synthesized by magnetron sputtering was carried out at
temperatures of 700, 800, and 900°C in an oxygen atmosphere. The refractive index of the films increases
during crystallization with a time constant that depends on temperature, which made it possible to determine the
activation energy of the crystallization process on the order of 0.6 eV. The growth kinetics model for the titanium
oxide nanocrystals, which is used in this work, showed that the indicated activation energy corresponds to the
diffusion energy of oxygen vacancies. This process is decisive for the growth of titanium oxide nanocrystals upon
annealing in an oxygen atmosphere. The study of photoluminescence has shown that crystallization leads to a
change in the ratio of intensities of different emission bands. The bands that are associated with the oxygen vacancy
are extinguished. A decrease in the concentration of these vacancies in films leads to an increase in their resistance

and stabilization of the films in time.
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Introduction

Thin films of titanium oxide find important application in
the creation of active elements of nanoelectronics, including
the manufacture of CMOS gates [1,2], gas sensors [3], and
solar cells with a TiO, heterojunction [4,5]. The TiO,/silicon
heterojunction has a large break in the potential curves
in the valence band, which creates a potential barrier for
holes at about 2.0V in this case, and blocks the transport
of holes into silicon thus increasing es the efficiency of
photodetectors. These products require stable thin films
with high resistance. It is known that the refraction index of
titanium oxide increases after annealing, while the forbidden
band width slightly decreases [6,7]. Structural defects
determine the electronic parameters of these active elements
in all cases, which makes it necessary to study in detail the
mechanisms for their number control.

Titanium oxide films are often created by magnetron
sputtering for the production of nanoelectronic elements [8—
10]. The structure of such films is amorphous immediately
after synthesis [11]. Crystallization of thin films begins
at temperatures above 700°C if they are annealed in an
oxygen atmosphere or in air [12,13]. Such annealing of
titanium oxide changes the phase composition, morpholog-
ical structure, and defects content. In order to effectively
use films in nanoelectronics, it is necessary to understand
the mechanisms of crystallization and film evolution from
amorphous to nanocrystalline.

Analysis of the defect formation processes in titanium
oxide is carried out, as a rule, by experimental study of
emission bands after films treatment under various condi-
tions [14-24]. Oxygen vacancies determine the fluorescence

in the visible region of the spectrum with the energy of the
band maximum 2.4 eV [16-18]. To explain the origin of this
band, a donor-acceptor mechanism of photoluminescence
in TiO, nanostructures was proposed, under which singly
ionized oxygen vacancies capture photogenerated electrons,
while surface hydroxyl groups capture formed holes [20].
The band with the emission maximum in the 1.2 eV region
in the 14eV region is due to interstitial titanium ions
Ti*4. Defect states associated with interstitial titanium ions
contribute to the near-IR luminescence [24]. The broad
luminescence band 1.27eV is associated with Ti*" defect
on the surface of the nanocrystal, while the 1.47 eV band is
attributed to interstitial Ti** in its bulk. The results of X-ray
photoelectron spectroscopy confirm the presence of both
Ti*™- and Ti}"-defects in the films, and the dependence
of their content on treatment. In the paper [21] it was
assumed that the photoluminescence band (2.4 ¢eV) in TiO;
is associated with the recombination of free electrons with
holes that are captured in traps, and the red band (2.05¢eV)
can be associated with complexes of interstitial titanium and
oxygen vacancies. It has been shown that in both anatase
and rutile the weakly bound self-trapped excitons actually
consist of polarons and provide broad emission bands in
the visible region of the spectrum. This is the reason for
the P5 2.85eV band, which is produced by self-trapped
excitons [18,21].

Thus, the optical, photoluminescent properties, and the
content of defects in thin films of titanium oxide are
determined both by the conditions of production, and by
subsequent technological treatments. In this paper we
study the optical and photoluminescent properties of thin
films of titanium oxide, which were annealed in oxygen

2148



Changes in the titanium oxide optical properties during crystallization 2149

2 um

Figure 1. Images of the film surface of TiOx samples immediately after synthesis (a) and after annealing at temperature of 900°C for
10min (b) and 20min (c) in a pulse annealing unit and 120 min (d) in a tube furnace.
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Figure 2. Absorption spectra immediately after synthesis (curve /) and after annealing in oxygen atmosphere at temperature of 900°C
for 1h (curve 2). (a) Determination of forbidden band gap; (b) Urbach edge.
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atmosphere for different times and at different temperatures.
The behavior of the optical properties of these films during
annealing in the oxygen atmosphere is studied in order to
obtain stable layers with low electrical conductivity, which is
achieved by reducing the concentration of oxygen vacancies.

Synthesis and heat treatment of films

TiOx titanium oxide films were synthesized by magnetron
sputtering of the titanium target in argon and oxygen
atmosphere on thermally oxidized n-type single-crystal
silicon wafers. The working gases supply to the chamber
was carried out using two automatic regulators. The flow of
Ar was 20 cm?/min, of O; — 4.7 cm®/min. The power of
the magnetron during the gas discharge was 300 W, and the
sputtering time was 3 h.

The films were annealed in the oxygen atmosphere at
temperatures of 900, 800, and 700°C; the annealing time
was varied in order to track the kinetics of crystallization
processes.

Morphological and phase analysis of TiO,
before and after annealing

Morphological analysis was carried out using a scanning
electron microscope. Sample images are shown in Fig. 1.

The surface of the initial samples immediately after
synthesis was fine-grain with individual coarse inclusions
(Fig. 1,a). After annealing, the surface became denser,
and the development of large-block structures with clear
boundaries of individual blocks became noticeable, however,
transmission electron microscopy showed that the blocks
also consist of nanocrystals with sizes from 20 to 40 nm.

X-ray phase analysis showed that the films immediately
after sputtering were X-ray amorphous. After annealing
at temperature of 900°C for 1h the titanium oxide films
begin to crystallize. In this case, the X-ray amorphous
phase partially transforms into anatase, and the samples
become two-phase one. The Auger analysis revealed that the
films have TiOx composition, which is uniform throughout
the entire film thickness. The Ti/O ratio after annealing
was close to 0.5; therefore, the films became almost
stoichiometric.

Electrical measurements have demonstrated the high
resistivity of the films after annealing.

Experimental study of the optical
properties of titanium oxide films during
crystallization

The components of the imaginary refraction index were
determined on SENDURO spectral ellipsometer (SEN-
TECH Instruments GmbH) with the SpectraRay/3 mathe-
matical processing package. The absorption coefficient was
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Figure 3. Refraction index spectra immediately after synthesis
(curve I) and after annealing in oxygen atmosphere at temperature
of 900°C for 1h (curve 2).

calculated from the extinction coefficient by the formula:

4k
“=7 ®

where, k is the extinction coefficient, and A is the wave-
length.

The spectral change in the absorption index is shown in
Fig. 2. The absorption spectrum as a whole corresponds
to the assumption of indirect optical transitions of titanium
oxide [6,7), however, it has a feature associated with the
presence of X-ray amorphous phase, which manifests itself
in the presence of Urbach edge (Fig. 2, b), the appearance
of which is associated with the density of states below the
bottom of the conduction band. Crystallization processes
during annealing result in ordering of the films, their band
width decreases from 3.22 to 3.14 eV, which corresponds
to the result of X-ray phase analysis, which showed the
presence of anatase nanocrystals in the films (Fig. 2,a).

The refraction index spectra of the samples before and
after annealing are shown in Fig. 3. After annealing in the
oxygen atmosphere at a temperature of 900°C for 1h, the
absorbance of the samples increases, and their refraction
index increases throughout the entire spectral region.

The drop in the value of the refraction index with the
photon energy of the incident light decreasing indicates the
normal dispersion of the samples (Fig. 3). The measurement
results show that the refraction index increases during
annealing from 2.42 to 2.53 at He-Ne laser wavelength of
633 nm, and reaches a value close to the refraction index
of TiO, bulk anatase. It was noted in the [6] that the
films synthesized by the sol-gel method are amorphous
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Figure 4. Kinetics of the refraction index change of thin films of titanium oxide during annealing at 900°C. (a) Kinetics of the index
change measured at different wavelengths, nm: 7 — 321, 2 — 400, 3 — 500, 4 — 850 nm,; () kinetics of the increment change of the

refraction index during the annealing time at wavelength of 321 nm.

immediately after preparation, and their refraction index is
1.96 at 633 nm. In our case, films synthesized by magnetron
sputtering have the refraction index of 2.42. These films are
X-ray amorphous, but fine crystalline with nanocrystal sizes
less than 5nm. Therefore, their refraction index is higher.
Upon annealing at 900°C, the refraction index increasing
may be due to the thermal growth of grains, which increases
the packing density. Both of these results show that during
annealing the processes of crystallization of small particles
into larger nanoparticles take place. Thus, the process of
growth of nanocrystals and the merging of fine crystalline
nuclei, similar to the process of coalescence of substance
clusters, is observed.

Titanium oxide films were annealed in the oxygen
atmosphere at various temperatures. Annealing at each
temperature was performed during different time period,
which made it possible to study the kinetics of the refraction
index change during film crystallization. The measurement
results are presented in Fig. 4.

The refraction index change with annealing time can be
described by the empirical formula:

An = Ang[1 — exp(—t/7)], (2)

where An., is the maximum change in the annealing index
at the end of the crystallization process, t is the annealing
time, 7 is the crystallization time constant.

The kinetics of the crystallization process makes it
possible to determine the time constant of this process (7),
this can be done at different annealing temperatures. The
time constant was the same when calculated at different
wavelengths. Its value did not depend on the wavelength,
but depended on the temperature. It increases while the
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temperature decreases. The reciprocal of the time constant
of the crystallization process was plotted in Arrhenius
coordinates (Fig. 5), which makes it possible to calculate
the crystallization energy of titanium oxide. The result of
the calculation gives the value 0.6 £0.1eV.

The results of X-ray phase analysis and the optical
properties of the films show that they tend to crystallize
in the anatase structure during annealing in the oxygen
atmosphere. The crystallization process has an activation
energy of about 0.6 eV.

Photoluminescence of thin films

The photoluminescence of the films was excited by a
laser with a wavelength of 325 nm. The photoluminescence
spectra of titanium oxide immediately after synthesis and
after annealing at temperature of 900°C for 1h are shown
in Fig. 6.

The results of the luminescence study show that before
and after annealing the energy of the maximum of the
emission band changes insignificantly. This change may
be associated with a width change in the forbidden band
gap of the material after annealing. This fact allows us to
assume the stability of the mechanisms that determine the
emission of these bands. The dispersion of emission bands
depends both on the disorder in the amorphous material
and on the magnitude of the electron-phonon interaction.
The dispersion decreases for all bands during annealing
in the oxygen atmosphere. This is due to the fact that
annealing is accompanied by the material crystallization,
and the component of the dispersion, which is associated
with amorphization, decreases significantly. However, the
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Parameters for separating photoluminescence spectra into components
Number of radiation 1 2 3 4 5
band (Fig. 6)
Parameters, eV E; o, E, o, E; o E4 o Es o
Immediately after 1.18 0.07 148 0.10 1.96 0.11 240 0.13 2.8 0.11
synthesis
After annealing 1.22 0.052 1.44 0.08 1.98 0.10 242 0.11 2.86 0.10
in oxygen
at 900°C 1h

Note. Ej is energy of emission band maximum, o is dispersion of emission band.
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Figure 5. [Inverse constant of the crystallization process vs

temperature in Arrhenius coordinates.

dispersion of emission bands in the crystalline material
remains significant, which indicates the leading role of the
electron-phonon interaction in the formation of emission
bands in titanium oxide. The effect of the electron-phonon
interaction on radiation in oxide materials was noted in
previous works. The paper [14] is one of the first, where the
temperature dependences of the luminescence of titanium
dioxide in the anatase and rutile phases are studied in
detail, and the conclusion is made about the significant
role of the electron-phonon interaction in the formation of
emission spectra. The authors of the paper [15] showed
that the band 1.22eV in crystalline TiO, is related to the
interstitial titanium complex and is due to strong electron-
phonon interaction. In this paper a method for plotting the
configuration-coordinate diagrams based on the measured
emission bands is developed.

Annealing at high temperatures in the oxygen atmosphere
leads to two parallel processes: first, oxygen interacts with
oxygen vacancies, and their concentration on the surface

decreases. A vacancy concentration gradient occurs, and
this is the reason for the movement of oxygen vacancies
to the surface, while the surface is enriched with titanium
atoms in the lack of oxygen. Secondly, titanium atoms
on the surface interact with the oxygen of the reactor,
and titanium oxide is formed, which completes the crystal
lattice of the already existing titanium oxide nanoparticles,
which increase in size, and this is observed experimen-
tally, including by the method of transmission electron
microscopy. The tendency to multiple amplification of
the emission bands (Fig. 6) after annealing in oxygen is
primarily due to the material crystallization, which leads to
its ordering, thus reducing the losses due to nonradiative
recombination. However, annealing affects each of the
bands differently. The intensity of the emission bands,
which are associated with the electronic states of defects,
change not only due to the ordering of the material
structure, but also as a result of change in the defects
concentration. The intensity of the band / associated with
interstitial titanium ions Ti*> on the surface of nanocrystals
increases by 168 times, and the intensity of the band 4
associated with oxygen vacancies increases by 110 times.
This shows a tendency towards the concentration decreasing
of oxygen vacancies, but they do not disappear.  As
shown by the results of high-resolution transmission electron
microscopy, the nanocrystals remain small with sizes of
about 20—40nm and are surrounded by the amorphous
phase, which is consistent with the presence of the Urbach
edge in the absorption spectra (Fig. 2,b). Therefore, there
are many oxygen vacancies. The intensity of the band 3
becomes relatively less /, this is due to the fact that the
number of interstitial titanium ions Ti** in the bulk of
nanocrystals decreases. The intensity of the band 3, which
is associated with complexes of interstitial titanium and
oxygen vacancies, noticeably decreases, which indicates that
vacancies from the bulk of nanocrystals are transferred to
their surface.

Thus, the crystallization process is accompanied by the
vacancies movement from the bulk of growing nanocrystals
to their surface.

Optics and Spectroscopy, 2022, Vol. 130, No. 14
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Kinetic model of titanium oxide
crystallization

We previously considered models of the processes
of nanocrystals formation during annealing in the pa-
pers [25,26]. Films of titanium oxide immediately after
synthesis by the magnetron method are X-ray amorphous
and consist of nanocrystals smaller than 5 nm, which can be
considered as crystallization centers. Annealing of titanium
oxide leads to self-organization of atoms and causes the
following transformation: crystallization centers combine
into clusters; the clusters become denser and turn into
small nanocrystals. Then small nanocrystals continue to
grow, ordering occurs inside them, and larger nanocrystals
appear [25,26]. This stage was called coalescence.

There are two models of nanocrystal growth: homoge-
neous and heterogeneous. The homogeneous formation of
clusters corresponds to the scheme: A + A« A.i. This
model is only suitable for the growth of crystals that
consist of only one kind of atom, such as silicon [25,26].
Titanium oxide consists of titanium and oxygen atoms;
therefore, the growth of its crystals occurs according to a
heterogeneous mechanism. The heterogeneous growth of
the nanocrystal is described using the following equation:
AC + A — A C Initially, the titanium oxide film consists
of crystallization centers less than 5nm in size. There
are many broken bonds and vacancies on the surface
of these centers. The film is annealed in the oxygen
atmosphere. The oxygen interaction with nanocrystals
is carried out on the surface of these single crystals.
Therefore, their surface is depleted of oxygen vacancies.
There is a diffusion flow of oxygen vacancies to the
surface of nanocrystals, and the surface is enriched with
titanium ions Ti*3. These ions react with oxygen to form
titanium oxide, which finish the lattice and increase the
size of the existing oxide nanoparticles. The process of
oxygen vacancies movement to the surface is decisive,
so, finally, it causes the size of nanocrystals increasing.
This process can be considered as the escape of oxygen
vacancies to sinks, which include the boundaries of growing
single crystals.  Crystallization centers capture oxygen
atoms to form oxide particles and emit oxygen vacancies
(monomers). This process is described using the system of
equations [25,26]:

dh = —Ni(kiN+gi) + gir1Nist + ki 1NNi_y,
&= NI kiNi+ 3 giN,

Nc = Z Ni (t) = const,
i=0

(3)

where N; is the bulk-average concentration of crystallization
centers that attached i particles; N is concentration of
monomers (oxygen vacancies); kiN and g; are capture and
ejection rates of the monomer for the crystallization center
that attached i particles.

Increasing of the size of crystallization centers (for-
mula (3)) as a result of diffusion of oxygen vacancies to
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sinks occurs at the initial stage of the process [25,26],
when a fractal cluster is formed from nucleation centers that
were formed during synthesis, then the cluster continues to
compact as before due to the escape of oxygen vacancies to
the sinks, the growth of the nanocrystal occurs. The growth
of the nanocrystal is called reactionary (formula (3)) if there
is a potential barrier at the boundary of the nucleation
center. In this case, the vacancy escape from the surface
of the crystallization center requires energy associated with
overcoming the potential barrier. For kinetic coefficients,
you can use the expressions [27]:

kD = 4JTDb,
ki = , (4)
ke = 2R exp {— &

where kp is the probability of oxygen vacancy escape
to the surface of growing nanocrystal under the diffusion
mechanism of its formation; Kg is the probability of vacancy
escape from the crystallization center, if it is necessary to
overcome the potential barrier, which corresponds to the
reaction mechanism of nanocrystal growth; D is diffusion
coefficient of the oxygen vacancy in a substance; b is lattice
period of a growing nanocrystal; ¢ is nanocrystal radius.

The concentration of crystallization centers was formed
during the synthesis and does not change with time.
Therefore, we can find the exact solution (3) in the
following form:

t:C_|_2 Fl (a’a’l_Fa’_M)

Ng — N

Ne \* 1
X<NE—N) KoNc )

where the constant is defined by the equation

N(0) + Ne —NE)
Ne — N(0)

y Ne \° 1
Ne — N(0) ) koN¢’

Here ,F; is hypergeometric function, « is fractal dimension
for a spherical nanocrystal @ = 0.33, N(0) is initial concen-
tration of monomers; Ng is final equilibrium concentration
of monomers; N¢ is concentration of nucleation centers,
which is considered constant in this model.

For equation (5), one can obtain approximations for the
initial (t — 0) (6) and final (t — oo) (7) stages of the
nanocrystal growth kinetics:

C=—Fk (a,a,l—i—a,—

R0 e = e {~Ne (01 - N - Nefkot} 7
(6)

N(t) — Ne = Aexp { —N& “[N(0) + mNc — NgJ“Kpt} .
(7)

In both cases, the temperature dependence of the
exponent is determined by the diffusion coefficient of the
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Figure 6. Photoluminescence spectra of titanium oxide samples immediately after synthesis (a) and after annealing in oxygen atmosphere
at 900°C for 1h (b). The experimental results are shown as an envelope curve, the results of separation using the Gaussian function are
shown as numbered curves. The parameters of the emission bands are shown in the Table. The spectrum was divided into separate peaks
using the Gaussian distribution. The parameters of separation are shown in the Table.

monomer, namely, of oxygen vacancy. The experimental
results in Fig. 6 show that the energy of the crystallization
process is of about 0.6eV. A theoretical calculation shows
that this energy shall determine the diffusion of the oxygen
vacancy. The authors of the paper [28] estimated the
activation energy of diffusion of oxygen vacancies from the
surface (101) of a titanium oxide crystal and obtained a
value ranging from 0.6 to 1.2eV. The value of the activation
energy obtained by us in this work is consistent with this
value. The higher the partial pressure of oxygen and the
lower the partial pressure of titanium are, the higher the
concentration of crystallization centers in the film is. At
large number of them, a large number of defects is formed
in the matrix, which should contribute to the diffusion
acceleration. In this regard, the diffusion coefficient may
have a value less than the calculated value [28], which was
calculated for single crystals. Accordingly, the value of the
activation energy for the diffusion of oxygen vacancies over
the film can be at the lower limit of the calculation, as
was found experimentally in our case. This ensures the
supposition that the main mechanism for the nanocrystalline
formations increasing in thin films of titanium oxide is their
compaction due to the escape of oxygen vacancies on the
surface of growing nanocrystals. In this case, annealing
causes the formation of large nanocrystals with pronounced
boundaries. The boundaries between single crystals are
well observed experimentally. The example is Fig. 1, which
shows the size increasing of nanocrystals on the film surface
with annealing time increasing.

Formulas (6) and (7) show that the formation of
nanocrystals is affected by both temperature (due to

the temperature dependence of the diffusion coefficient
of oxygen vacancies) and the initial concentration of
crystallization centers. This value depends on the par-
tial pressures of oxygen and titanium. These experi-
mental facts confirm that the theoretical model devel-
oped by us agrees satisfactorily with the experimental
results.

Conclusion

After synthesizing the titanium oxide film by magnetron
sputtering at partial pressure of oxygen in a reactor of
0.48 mTorr, it consists of small nanocrystals with sizes less
than 5nm. Annealing of films in the oxygen atmosphere
at high temperatures causes oxygen vacancies to escape to
the surface of the growing nanocrystal, which is enriched
in interstitial titanium ions Ti*3. These ions react with
oxygen, and nanocrystals grow. The film is gradually
densified, the nanocrystals increase in size due to the
growth and merging of neighboring small nanocrystals into
one larger nanocrystal. This process occurs with the
activation energy of about 0.6eV in the case of titanium
oxide, which corresponds to the activation energy of the
diffusion of the oxygen vacancy in titanium oxide. The
experiments performed in this paper demonstrate the re-
fraction index increasing, which indicates film densification
during annealing. The emission intensity of films upon
photoluminescence excitation increases after annealing. The
intensity of the emission bands varies differently. The largest
increasing corresponds to the concentration increasing of
Ti*? ions on the surface of titanium oxide nanocrystals,

Optics and Spectroscopy, 2022, Vol. 130, No. 14
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which agrees with the proposed model of their growth,
which assumes that oxygen vacancies diffuse to the surface
of nanocrystals, the surface is enriched with Ti™3 ions,
where they react with oxygen, causing the nanocrystals
size increasing, which causes the growth of nanocrystals.
The concentration of oxygen vacancies on the surface
decreases after annealing. Since the magnitude of the
resistivity is determined by these defects, the resistance
of the films increases. Films remain stable for extended
time period.
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