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Production of mixed phase Ti3+-rich TiO2 thin
films by oxide defect engineered crystallization†
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Kalle Lehtola, a Antti Tukiainen, c Jarno Reuna c and Mika Valden *a

Amorphous TiO2 has insufficient chemical stability that can be enhanced with annealing induced crystalli-

zation. However, the crystalline structure is already predetermined by the defect composition of the

amorphous phase. In this paper, we demonstrate that the oxide defects, i.e., oxygen vacancies and Ti3+

states, can be created by O2 deficiency during ion-beam sputter deposition without affecting the O/Ti

ratio of TiO2. The films are thus stoichiometric containing a variable degree of interstitial O instead of

lattice O. Defect-free TiO2 crystallizes into microcrystalline anatase during vacuum annealing, whereas a

moderate number density of defects causes crystallization into nanocrystalline rutile. An excessive

number density of defects results in a mixed amorphous/nanocrystalline rutile phase that was analyzed by

near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. The number density of defects did not

affect the crystallization temperature, which was 400 °C. All crystalline films, including the mixed amor-

phous/nanocrystalline rutile phase, were chemically stable in 1.0 M NaOH for 80 h. Unlike annealing treat-

ments in oxidizing environments that are typically applied to improve stability, vacuum annealing improves

the stability preserving also the Ti3+ gap states that are critical to the charge transfer in protective TiO2-

based photoelectrode coatings.

1 Introduction

The modification of the crystal structure and defect compo-
sition of TiO2 thin films has gained a lot of interest as they sig-
nificantly impact the chemical stability, optical absorption,
and charge transfer properties of TiO2.

1–5 Anatase and rutile
are the two main polymorphs of TiO2, with rutile being
thermodynamically the most stable one.6 The crystallization of
TiO2 is strongly affected by the presence of oxygen vacancies
(Ov)

1,2,6 and it has been suggested that the Ov in amorphous
TiO2 predetermine to which crystalline phase TiO2 crystallizes
upon annealing.2 Besides pure phases, mixed phases have
gained interest due to their improved photocatalytic pro-
perties.7 Visible light sensitive black TiO2 photocatalysts can
be fabricated by thermal treatments under non-oxidative con-
ditions.5 Kang et al. have suggested that an excessive number
density of Ov causes amorphous TiO2 to crystallize into a
mixed amorphous–crystalline phase.1

The formation of an Ov forces three adjacent hexa-co-
ordinated Ti4+ atoms to change into penta-coordinated Ti atoms,
two of which change their valence state from 4+ to 3+.8–10 Thus
the Ov defects promote the formation of Ti3+ defects. These
oxygen defects act as crystallization centers affecting the crystalli-
zation of amorphous TiO2 during annealing.11 The higher the
concentration of crystallization centers, the closer the growing
crystal grains are to each other. Therefore, increasing the number
density of Ov and Ti3+ defects is expected to decrease the resulting
crystallite size in annealing induced crystallization. The Ov also
decrease the energy required to rearrange the atoms.12 Because
rutile has a lower Gibbs free energy than anatase, making it the
most stable polymorph,6 and because a high Ov concentration
has been shown to promote crystallization to rutile through
lattice relaxation,6,13 it is expected that defect-rich amorphous
TiO2 will crystallize into rutile. Annealing in an oxygen-free
environment, e.g., in an ultra-high vacuum, does not oxidize the
Ti3+ defects, thus preserving the exceptional charge transfer pro-
perties of Ti3+-rich TiO2.

Ov can be created by doping or annealing in a reductive
environment, or with sputtering induced defects.14 More
importantly, Ov are formed if the deposition of TiO2 is per-
formed under O deficient conditions.2 Amorphous TiO2 can
be deposited using various methods including atomic layer
deposition (ALD), pulsed laser deposition, and ion-beam sput-
tering (IBS), in which the number density of Ov or Ti
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can be adjusted by controlling the deposition temperature or
the amount of O2 present during the deposition.2,4 O
deficiency in amorphous TiO2 has been shown to affect poly-
morph selection during annealing induced crystallization.15–17

Ov and Ti3+ defects can be created without changing the stoi-
chiometry of TiO2 and an increase in the defect concentration
does not necessarily indicate that O atoms are removed from
TiO2. Interstitial peroxo species can be formed with the for-
mation of Ov and Ti3+ defects, thus resulting in defect-rich but
stoichiometric TiO2.

4,8

One potential use of TiO2 thin films is protective coatings
used in artificial photosynthesis to protect the photocatalytic
material.18,19 The phase structure and defect composition of
TiO2 have been shown to have a significant effect on the
chemical stability of TiO2.

4 Thus, control of the phase compo-
sition of TiO2 via oxide defect engineering can be used to
enhance the chemical stability.

In our earlier research,4 we have shown that the crystalliza-
tion of amorphous ALD grown TiO2 during vacuum annealing
depends strongly on the amount of tetrakis(dimethylamino)
titanium (TDMAT) precursor fragments and Ti3+ defects in the
TiO2 film. The decreased amount of precursor fragments and
increased number density of Ti3+ defects changed the resulting
crystal structure from anatase to rutile and decreased the crys-
tallization onset temperature. However, because both the
amount of precursor fragments and Ti3+ defects depend on
the deposition temperature, it was not possible to differentiate
their roles in crystallization.

In this research, the effect of Ov and Ti3+ defects on vacuum
annealing induced crystallization of IBS deposited amorphous
stoichiometric TiO2 thin films was investigated. In contrast to
ALD, IBS deposition serves as a method for growing TiO2 thin
films with a controlled number density of Ti3+ defects but
without precursor fragments. The number density of defects
(Ti3+/Ti = 0.1–10.5%) in the as deposited samples was con-
trolled by altering the O2 background flow during the depo-
sition to create an O deficient growth environment. The
samples were annealed in an ultra-high vacuum (200–500 °C)
and the chemical composition, crystal structure, and defect
concentrations were analyzed after each annealing step with
photoelectron spectroscopy and near edge X-ray absorption
fine structure (NEXAFS) spectroscopy. The O2 deficiency
during the deposition created Ti3+ and Ov defects, but surpris-
ingly did not affect the O/Ti ratio of TiO2. A low concentration
of Ti3+ defects (0.1%) resulted in microcrystalline anatase after
vacuum annealing, whereas a medium concentration (6.4%)
resulted in nanocrystalline rutile and a high concentration
(10.5%) resulted in a mixed nanorutile–amorphous phase.

2 Experimental
2.1 Sample preparation and characterization

TiO2 thin films were fabricated using IBS on a prepolished
p-type Si(100) wafer (Siegert Wafer, B doped). Sputtering was
carried out in a Navigator 700 (Cutting Edge Coatings GmbH)

reactive ion beam sputtering system. Sputtering was performed
using an ion beam of an Ar : O2 mixture with flow rates of 8 sccm
and 0.5 sccm, respectively. The number density of Ti3+ defects
was controlled by the oxygen deficiency (O2 background flow)
during the deposition. The background O2 flow that is aimed
directly at the sputtering target was varied for each growth using
40, 20, and 10 sccm flow rates and the samples are labeled
accordingly as TiO2-40, TiO2-20, and TiO2-10. A 200 mm ×
200 mm titanium plate with a purity of 99.8% was used as the
sputtering target. The main sputtering parameters, namely the
ion source radiofrequency power, the ion beam current, and the
ion beam voltage, were kept constant at 150 W, 230 mA, and 2 kV,
respectively. The film thickness was controlled with a deposition
time that was 353 s for the TiO2-40 and TiO2-20 samples. The
deposition time was 217 s for the TiO2-10 samples to compensate
for the faster growth rate due to the lower O2 background
pressure. Similar sets of TiO2 thin films were deposited on quartz
glass substrates for optical measurements.

The as deposited samples and vacuum annealed samples
were characterized using UV–vis spectroscopy (Lambda 1050
UV/VIS/NIR spectrometer, PerkinElmer), scanning electron
microscopy (SEM, Zeiss Ultra-55), grazing incidence X-ray diffr-
action (GIXRD) and X-ray reflectivity (XRR, PANalytical X’Pert3

MRD diffractometer). SEM images were taken using an in-lens
detector at an acceleration voltage of 1 kV. GIXRD was per-
formed using Cu Kα radiation at a cathode voltage of 45 kV
and a cathode current of 40 mA. A 0.02 mm thick nickel beta
filter with an attenuation factor of 2.5 was used to attenuate
the Cu Kβ peak. XRR was measured in the coupled ω–2θ mode.
XRR spectra were analyzed using the GenX program (version
3.5.5).20 In the analysis, a TiO2–SiO2–Si structure was modeled
to match the measured reflectance spectra and the densities
and thicknesses of the layers and surface roughness were
obtained from the fitting parameters. UV–vis transmittance
and reflectance spectra were recorded using an integrating
sphere module (150 mm InGaAs Int. Sphere).

2.2 X-ray photoelectron spectroscopy

The samples were loaded into NanoESCA photoelectron spec-
troscopy system (Omicron NanoTechnology GmbH), and X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed using a monochromatized Al Kα (hν = 1486.6 eV) exci-
tation source. The samples were cumulatively annealed at 300
and 500 °C in NanoESCA in an ultra-high vacuum using radia-
tive heating. The dwell time was 15 minutes, and the tempera-
ture was measured with a Land Cyclops 160B pyrometer using
an emissivity of 0.60. XPS spectra were recorded before anneal-
ing and after both annealing steps. XPS data were fitted with
Gaussian/Lorentzian components and Shirley type background
subtraction using CasaXPS version 2.3.25PR1.0. The O/Ti ratio
was calculated from the peak areas using experimental sensi-
tivity factors determined from a rutile reference sample.

2.3 Near edge X-ray absorption fine structure spectroscopy

A set of as deposited TiO2 thin films was transferred to the
solid-state end station (SSES) of the FinEstBeAMS beamline at
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MAX IV Laboratory, Lund, Sweden, where NEXAFS spec-
troscopy was performed.21 The samples were cumulatively
annealed in the preparation chamber of SSES from 200 °C to
500 °C in 50 °C steps. The temperature ramp time and dwell
time were both 15 minutes. Annealing was done in an ultra-
high vacuum (p < 5 × 10−8 mbar) using electron beam bom-
bardment and the temperature was measured with a Land
Cyclops 160B pyrometer using an emissivity of 0.60. NEXAFS
spectroscopy was performed at room temperature in the ana-
lysis chamber of SSES before annealing and after each anneal-
ing step.

Both the bulk sensitive total yield and surface sensitive
Auger yield NEXAFS spectra were recorded simultaneously.
The total yield spectra were recorded from the drain current of
the sample and the Auger yield NEXAFS spectra from the
middle of the corresponding Auger electron peak with a dwell
time of 1 s. The kinetic energy window was 510.8–516.2 eV for
the O K-edge. In both modes, the photon beam induced
current was measured from a gold grid that was positioned in
the path of the photon beam. The measured absorption was
normalized by this current, as it is proportional to the photon
flux. NEXAFS spectra were normalized so that the background
level before the absorption edge was set to zero and the edge
jump was normalized to one. The reference spectra of anatase,
rutile, and amorphous phases were fitted to the data using the
least squares method.

2.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed
using the as deposited and vacuum annealed TiO2/Si samples
in 1.0 M NaOH (Sigma-Aldrich, sodium hydroxide, reagent
grade). The measurements were done in a custom-made
electrochemical cell using a three electrode setup with plati-
num wire as a counter electrode and the leak-free reference
electrode 69-0023 (Harvard Apparatus) as a reference electrode.
The sample was used as the working electrode and the area in
contact with the electrolyte was sealed using an O-ring with a
diameter of 6 mm. The total volume of the cell was 3.5 ml. The
measurement was done using an Autolab PGSTAT12 (Metrohm
AG) potentiostat/galvanostat in the galvanostatic mode at 0
A. The impedance was measured from 1 MHz to 0.01 Hz using
an amplitude of 10 μA. The measurements were repeated every
15 min for 80 h to test the chemical stability of the samples.

3 Results
3.1 Structural analysis

The effect of the O2 background flow during the deposition on
the structure of the as deposited samples and the samples
vacuum annealed at 500 °C was characterized by GIXRD and
SEM (Fig. 1). None of the as deposited samples showed any
peaks in the GIXRD patterns or any structure in the SEM
images, which indicates an amorphous phase.23 After anneal-
ing in a vacuum at 500 °C, the TiO2-40 sample exhibited clear
anatase (101) and (200) peaks and the TiO2-20 sample exhibi-

ted a wide rutile (110) peak whereas the TiO2-10 sample did
not exhibit any peaks.22 The FWHM of the rutile (110) peak is
3.0° which roughly corresponds to a crystallite size of 3 nm,

Fig. 1 (a) GIXRD patterns of the as deposited samples and the samples
vacuum annealed at 500 °C. Anatase and rutile reference peak posi-
tions22 are shown on top and the height of the reference lines indicates
the relative intensity of the reference peaks for powder samples. (b) SEM
images of the as deposited samples and the samples vacuum annealed
at 500 °C.
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whereas the anatase 101 peak has a FWHM of 0.7° which
corresponds to a crystallite size of 12 nm.24 The measured
GIXRD peak ratios are not the same as that for the powder
references due to anisotropy. The SEM images show that all
the annealed samples have a clear grain structure. The TiO2-40
sample exhibits very large (>1 μm) elongated grains whereas
the TiO2-20 and TiO2-10 samples exhibit nano-scale grains
(<100 nm) without directional texture. From these results, it
can be concluded that the TiO2-40 sample crystallizes into
micro-crystalline anatase and the TiO2-20 sample into nano-
crystalline rutile during vacuum annealing. A large area SEM
image of the TiO2-40 sample after annealing is presented in
Fig. S1† and shows grain lengths up to 10 μm.

The results obtained from the vacuum annealed TiO2-10
sample are particularly interesting because the SEM images
indicated a nano-scale structure, but no GIXRD peaks were
observed. This may be due to the nano-scale grain size, as it
can result in such wide and low GIXRD peaks that they
become indistinguishable. The structure of the annealed TiO2-
10 sample was further analyzed by NEXAFS spectroscopy, as it
is more sensitive to the nearest neighbor structure.

The thickness and density of the TiO2 films were deter-
mined from the XRR patterns by fitting the measured pattern
with modeled patterns of the TiO2–SiO2–Si layer structure. The
thicknesses of the as deposited TiO2-40, TiO2-20, and TiO2-10
samples were 34.0, 43.2, and 37.8 nm, respectively. After
annealing at 500 °C, the thicknesses were slightly smaller:
33.1, 40.6 and 36.5 nm. Based on our test on a thicker sample
(60.7 nm), the film thickness had no significant effect on the
crystallization or defect formation. As the annealing is done in
a vacuum, the ambient O2 partial pressure does not affect the
crystallization. The presence of O2 could cause film thickness
related differences in the crystallization because in a thicker
film, a smaller proportion of Ti atoms could react with O2. The
densities of the samples are presented in Table 1. The density
of TiO2 increased slightly with increasing oxygen deficiency

during the IBS fabrication process as the Ov made the TiO2

denser by shortening the remaining Ti–O bond lengths.10,25

After annealing at 500 °C, the TiO2-20 and TiO2-10 samples
had higher densities of 4.00 and 4.01 g cm−3, respectively,
whereas the TiO2-40 sample had a density of 3.68 g cm−3.
Rutile is denser than anatase6 and thus the measured den-
sities suggest that rutile is a possible phase for the TiO2-20
and TiO2-10 samples after annealing. For the TiO2-20 sample,
this is also supported by the GIXRD and SEM results.

3.2 Chemical composition and defect concentrations

The chemical composition and defect concentrations of the as
deposited samples and samples vacuum annealed at 500 °C
were characterized using XPS (Fig. 2). Four elements, O, Ti, C
(<7%), and Ar (<0.8%), were detected from the survey spectra
(Fig. S2†). C is an impurity from the atmosphere that is on top
of the sample and Ar is from the fabrication process as it is
used as a sputtering gas in IBS. The amount of C and Ar did
not have significant differences between the samples, and C
was removed during the annealing series.

Three chemical states were identified from both O 1s and
Ti 2p spectra.4,8,26 The O2− and Ti4+ components can be
assigned to TiO2, whereas the O1− and Ti3+ components are
related to the Ov and Ti3+ defects. The third components are
peroxo and Ti2+ species, but the amount of these species is
small.8 The in-gap Ti3+ 3dxy state was identified just below the
Fermi level in the valence band spectra.

The Ti3+/Ti, O/Ti, O1−/O, and Ti3+ 3dxy/VB ratios are pre-
sented in Table 1 for the as deposited samples and for the
samples vacuum annealed at 500 °C. The as deposited TiO2-40
sample had a negligible number density of Ti3+ defects
whereas TiO2-20 had 6.4% and the TiO2-10 sample had 10.5%.
The number density of Ti3+ defects increased during the
annealing. The samples that already had a large number
density of Ti3+ defects also had the largest increase in it during
the annealing. The increase in the defect density is linked to
the thermal rearrangement during the crystallization.4 The
crystallization can cause the formation of interfacial defects at
the grain boundaries. Materials with smaller crystallite sizes
have larger total grain boundary areas, explaining why the
samples with the smallest crystallite sizes had the largest
increase in the defect density during the crystallization.
Unexpectedly, the O/Ti ratio was the same for all as deposited
samples regardless of the oxygen deficiency during the depo-
sition and the ratio is close to the stoichiometric value of 2
despite the strong difference in the number density of Ti3+

defects. Vacuum annealing had a negligible effect on the O/Ti
ratio, which indicates that O is not removed from the samples
during vacuum annealing. Thus, there is no formation of Ti
suboxides, e.g., Ti2O3, during annealing. This is contradictory
to some earlier research where the formation of Ti3+ defects is
linked to the O deficiency in TiO2.

27,28 The information depth
of the XPS measurements was about 6 nm, which represents a
significant proportion of the film thickness.

The O1−/O ratio increases with the number density of Ti3+

defects, as the charge neutrality principle suggests that an

Table 1 Properties of all studied samples under the as deposited con-
ditions and after vacuum annealing at 500 °C. Density is based on XRR
modeling (Fig. S4†) and the light absorption coefficient α on UV-vis
measurements (Fig. 3). Elemental and chemical state ratios are calcu-
lated from the XPS results (Fig. 2)

TiO2-40 TiO2-20 TiO2-10

As deposited
Density (g cm−3) 3.66 3.78 3.86
α @ 528 nm (103 cm−1) 8.4 22.9 70.9
O/Ti 2.04 2.03 2.04
Ti3+/Ti (%) 0.1 6.4 10.5
O1−/O (%) 3.9 5.0 6.1
Ti3+ 3dxy/VB (%) 0 0 1.4

Annealed at 500 °C
Density (g cm−3) 3.68 4.00 4.01
α @ 528 nm (103 cm−1) 47.8 35.6 69.2
O/Ti 2.00 2.04 2.10
Ti3+/Ti (%) 3.7 19.4 41.3
O1−/O (%) 12.6 12.7 19.1
Ti3+ 3dxy/VB (%) 0 1.7 3.9
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equal number density of O1− and Ti3+ defects should be
formed. This means that the O1−/O ratio should be about half
of the Ti3+/Ti ratio as there are about twice as many O atoms
compared to Ti atoms. However, the annealing increased the
O1−/O ratio more than the oxygen deficiency during the depo-
sition, as can be seen in Table 1. The increase in the O1− and
Ti3+ defect states indicates that the bond between O and Ti
atoms breaks, leaving the O atom partially debonded from the
crystal lattice, creating a partial Ov. This has been demon-
strated in our earlier research.4,26

The formation of Ti3+ shifts the Ti3+ 3dxy energy level from
the conduction band to inside the band gap just below the

Fermi level due to Jahn–Teller distortion.29 Because the state is
now below the Fermi level, it becomes occupied, which can be
seen from the valence band XP-spectra in Fig. 2 and Table 1.
The Ti3+ 3dxy/VB ratio correlates with the Ti3+/Ti ratio. This in-
gap state also causes broad band absorption at long wave-
lengths (>350 nm) as the electrons can be excited from the in-
gap state to the conduction band.8 This broad band absorp-
tion can be used to estimate the Ti3+ defect concentration in
the bulk by measuring the absorption of the TiO2 thin film de-
posited on a glass substrate. The absorption coefficient α was
calculated from transmission T and reflectance R (Fig. S3†)
using the equation α = −ln(T/(1 − R))/d, where d is the thick-

Fig. 2 XP spectra of O 1s, Ti 2p and valence band of the as deposited samples and the samples vacuum annealed at 500 °C. The spectra were
recorded using Al Kα radiation (hν = 1486.6 eV). The intensities are normalized so that each spectrum has the same area.
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ness of the TiO2 thin film determined from the XRR measure-
ments. The absorption coefficients of the as deposited
samples and the samples vacuum annealed at 500 °C are pre-
sented as a function of wavelength in Fig. 3. In addition, the
band gap values obtained from Tauc analysis are shown. The
wavelength of 528 nm is the focus of interest as the vacuum
annealing treatment has been shown to have the strongest
effect (decrease) on the defect band absorption at this wave-
length. The absorption coefficients at 528 nm corresponding
to the absorption of trapped holes in the band gap are shown
in Table 1.5 The absorption clearly shows that in the as de-
posited samples the defect concentration in bulk follows a
similar trend with the surface Ti3+/Ti defect concentration and
the TiO2-10 sample clearly has the highest number density of
defects both in surface and in bulk whereas the TiO2-40
sample has only a few defects.

The effect of the Ti3+/Ti ratio on optical absorption is not
nearly as consistent for the annealed samples as it is for the as
deposited samples. The shape of the in-gap absorption spectra is
slightly different for the as deposited and annealed samples
because the as deposited samples have a wider in-gap absorption
band. Bharti et al. proposed that both Ti3+ and Ov defects cause a
trap state inside the band gap at slightly different energies and
that the formation of non-lattice oxygen causes Ov.

30 The
annealed samples have a higher O1−/O ratio and the optical
absorption at 528 nm scales better with the O1−/O ratio than with
the Ti3+/Ti ratio. This is consistent with the absorption caused by
the trapped holes in the deep gap states, while the Ti3+ states are
shallower closer to the Fermi edge. The results imply that both
Ti3+ and Ov contribute to the optical absorption.

The band gaps of TiO2 thin films were analyzed from the
UV-vis data using the Tauc method.31,32 An indirect band gap

was assumed in the Tauc analysis.33 The band gap values fall
within the values reported in the literature.34,35 In the as de-
posited samples, the band gap slightly increases with increas-
ing defect concentration because of the Moss–Burstein
effect.5,8,36 As the density of the in-gap defect states just below
the conduction band increases, electrons are thermally excited
from the defect states to the bottom of the conduction band.
As the bottom of the conduction band is now occupied, the
optical transition from the valence band to the conduction
band needs more energy and the observed absorption edge is
shifted to the higher energies. The band gap of rutile is
smaller than the band gap of anatase.37 This further supports
the result that the TiO2-20 sample crystallizes into rutile and
the TiO2-40 sample into anatase, as the band gap of the TiO2-
20 sample is smaller than the band gap of the TiO2-40 sample
after vacuum annealing. The TiO2-10 sample exhibits a large
band gap due to the highest concentration of Ti3+ defects and
the Moss–Burstein effect. The crystallite size also affects the
band gap. A smaller crystallite size increases the band gap of
anatase and rutile, which also partly explains the large band
gap of the TiO2-10 sample after annealing.38,39 Thinner films
also have higher band gap values, explaining why the obtained
band gap values are slightly higher compared to the band gap
of bulk TiO2.

40

3.3 Structural changes during post-deposition annealing

NEXAFS spectroscopy was applied to study changes in the
local electronic structure during the cumulative annealing
series. The phase structure of TiO2 can be identified from the
spectral shape by comparing it to the reference spectra.42 Both
total electron yield (Fig. S5†) and Auger electron yield NEXAFS
(Fig. S6†) spectra were measured to obtain both bulk sensitive
and surface sensitive results.43 The nearest neighbor structure
was determined by comparing the spectral shape of the O
K-edge to the reference spectra of known crystalline struc-
tures.5 The spectra were fitted using the reference spectra of
amorphous, anatase, and rutile phases of TiO2 using the least
squares method. The total electron yield spectra after anneal-
ing at 200 and 500 °C and the concentration of phases are pre-
sented in Fig. 4.

NEXAFS spectroscopy results showed no significant differ-
ence between total electron yield and Auger electron yield
spectra and thus we conclude that the phase of TiO2 is more
or less the same in the bulk and at the surface. The results
show that all the samples have similar NEXAFS spectra at the
beginning of the annealing series. Based on the GIXRD and
SEM measurements, this phase was identified to be amor-
phous. All samples remained amorphous until the 400 °C
annealing temperature. This is contrary to our earlier research
where Ti3+ defects have been caused by N doping,4 but is in
line with the research where the crystallization was controlled
by the O content of the initial amorphous TiO2 thin film.16

NEXAFS spectroscopy shows that at 400 °C the TiO2-40 sample
crystallized into anatase and the TiO2-20 sample into rutile.
This interpretation is also supported by the GIXRD and SEM
results. According to NEXAFS fittings, the TiO2-10 sample had

Fig. 3 Absorption coefficient of the as deposited samples and the
samples vacuum annealed at 500 °C. Band gap energies were calculated
using the Tauc method (Fig. S3†). An indirect band gap was assumed in
the analysis.
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a mixed amorphous and rutile phase after vacuum annealing
at 400 °C. The increase of the separation of the t2g and eg
peaks is a clear sign of crystallization and thus supports the
hypothesis that the TiO2-10 sample is at least partially
crystallized.4,43

The peak ratio of t2g and eg peaks of defect free TiO2 should
be 1.5 as both the orbitals should be unoccupied.43 However, a
large number density of Ti3+ defects causes the t2g orbital to be

partially occupied,4 which decreases the intensity of the t2g
absorption peak. This is clearly visible in the TiO2-10 sample,
especially after annealing at 500 °C, as the intensity of the t2g
peak falls short compared to the fitted reference spectra. As
the intensity of the t2g peak is similar in both total electron
yield and Auger electron yield spectra, it can be concluded that
there is no vast difference in the Ti3+ concentrations between
the bulk and surface phases. The crystallite size of the sample

Fig. 4 (a) NEXAFS total electron yield spectra of the O K-edge measured from the cumulative vacuum annealing series after 200 and 500 °C steps.
The thick gray line represents the measured data. The spectra were fitted with amorphous (red), anatase (green) and rutile (blue) reference spectra
and the thin black line is the sum of the fitted components. The reference spectra of anatase and rutile were recorded from samples with known
crystallinity,5,41 whereas the spectra of the TiO2-10 sample after 200 °C annealing were used as a reference for the amorphous phase as it has the
lowest density of defects. (b) The concentrations of amorphous, anatase, and rutile phases during the annealing series were calculated from the
total yield data. All spectra and fittings are presented in Fig. S5 and S6† and the relative concentrations of the phases in Fig. S7.†
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remained below the detection limit of conventional GIXRD but
partial crystallization was observed by NEXAFS spectroscopy as
it is sensitive to the structure of the nearest neighbors.

By combining NEXAFS and XPS results, it can be shown
that the crystallization of amorphous TiO2 during vacuum
annealing depends on the number density of Ov and Ti3+

defects but the crystallization temperature was the same
regardless of the defect concentration. TiO2 with no defects
crystallizes into microcrystalline anatase, whereas TiO2 with a
moderate number density of defects crystallizes into nanocrys-
talline rutile. Interestingly, TiO2 with a large number density
of defects crystallizes into a mixed amorphous/nanocrystalline
rutile phase. A similar result has been published for pulse
laser deposited TiO2 films by Yajima et al.2 They demonstrated
that the amorphous TiO2 deposited in low O2 pressure (0.1 Pa)
results in the rutile phase and TiO2 deposited in moderate O2

pressure (1 Pa) results in the anatase phase after crystallization
during annealing at 600 °C in N2. Also, the existence of amor-
phous domains in defect-rich black TiO2 has been realized by
Kang et al.1

3.4 Chemical stability

The protective properties of the TiO2 thin films were tested by
conducting electrochemical impedance spectroscopy (EIS) in
1.0 M NaOH (Fig. S8†). Fig. 5 shows the magnitude of the
change of the complex impedance at 316 Hz during the test
compared to the value at 0.5 h. The impedance at this fre-
quency reflects the interfacial charge transfer processes within
the TiO2/Si systems44 and the impedance at 316 Hz was found
to be a suitable parameter for monitoring the degradation of
the TiO2/Si electrodes. The results show that the amorphous as
deposited TiO2 thin films are chemically unstable in 1.0 M
NaOH as the impedance response changes rapidly already
within the first few hours. After the stability tests, a complete
dissolution of the amorphous TiO2 films was confirmed visu-
ally. The vacuum annealed samples were stable for up to 80 h.
Interestingly, the annealed TiO2-10 sample that had the mixed

amorphous/noncrystalline rutile structure was chemically
stable. Annealing has also been shown to enhance the chemi-
cal stability of ALD TiO2 thin films as well.26

4 Conclusions

In this research, the effect of Ov and Ti3+ defects on vacuum
annealing induced crystallization of TiO2 was studied.
Amorphous TiO2 thin films were deposited using IBS and the
Ov and Ti3+ defect concentrations were controlled by the O2

deficiency during the deposition. Interestingly, the O/Ti ratio
was found to be close to the stoichiometric value of 2 and was
not affected by the O2 deficiency and the formation of Ti3+

defects. The Ov and Ti3+ defects induced the formation of in-
gap trap states that enhance the charge transfer properties of
TiO2. After annealing in a vacuum, the sample with only a few
defects crystallized into microcrystalline anatase with
elongated grains, whereas the sample with a moderate number
density of defects crystallized into nanocrystalline rutile. More
importantly, the sample with an excessive number density of
defects partially crystallized into rutile, thus featuring a mixed
amorphous/rutile phase. The effect of the number density of
defects on crystallization is summarized in Fig. 6. The defect
concentration did not affect the crystallization temperature
and all the samples crystallized at 400 °C. No decrease in the
O/Ti ratio was observed after vacuum annealing even though
the number density of Ti3+ and Ov defects increased, indicat-
ing the existence of under- and over-coordinated Ti atoms.

Fig. 5 The change in impedance at 316 Hz during the stability tests in
1.0 M NaOH for the as deposited samples and the samples vacuum
annealed at 500 °C.

Fig. 6 Schematic summary of the effect of Ov and Ti3+ defects on the
crystallization of amorphous TiO2 during vacuum annealing. Unlike
amorphous TiO2, the crystalline samples, including mixed phase Ti3+-
rich amorphous/nanocrystalline rutile, were chemically stable in 1.0 M
NaOH.
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Samples with a larger initial number density of Ti3+ defects
also featured a larger increase in the number density during
the vacuum annealing. The vacuum annealing increased the
chemical stability of TiO2 in 1.0 M NaOH drastically. Most
importantly, the mixed amorphous/nanocrystalline rutile
phase was chemically stable, despite the amorphous phase
that is typically considered unstable. This demonstrates that
the crystallization and chemical stability of TiO2 can be con-
trolled and engineered using Ov and Ti3+ defects. The high
number of in-gap states after annealing due to the Ov and Ti3+

defects makes the charge transfer properties of TiO2 thin films
suitable for photoelectrode coatings where both high chemical
stability and good charge transfer properties are required.
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