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Abstract: Undoped and Nb-doped TiO2 thin films have been fabricated on glass substrate by RF magnetron sputtering. The
morphologic, structural and surface composition of these films before and after annealing in different environments were investigated
by atomic force microscopy (AFM) imaging, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The XRD data
reveal that the crystallinity is improved when the films are Nb-doped and annealed in H2 environment. The TiO2 thin films annealed in
H2 environment exhibit only the anatase phase. The XPS analysis of TiO2 with Nb indicates the maximum shift in binding energy of the
Ti 2p peak. A mechanism for the incorporation of Nb in the TiO2 lattice has been proposed.
Key words: TiO2 thin films, doping effect, H2 annealing, XRD, XPS analysis.

1. Introduction
TiO2 is a large bandgap semiconductor, commonly
investigated more in rutile and anatase phases, has been
extensively studied worldwide. Its response to UV light
has led to the emergence of the photocatalysis research
field [1-3]. New opportunities for the applications of
the TiO2 materials lie nowadays in more challenging
areas, such as energy conversion and storage.
Mesoscopic TiO2 film is a major component of dyesensitized solar cells [4, 5], organic photovoltaics [6]
and quantum dot sensitized solar cells [7, 8].
Furubayashi et al. recently reported that Nb-doped
TiO2 could be used as a new transparent conducting
oxide (TCO) material [9]. The incorporation of Nb
metal ion in TiO2 lattice acts as a donor type impurity
and leads to a decrease in the resistivity of the
semiconductor [10], which is critical for window layer
in the fabrication of the photovoltaic devices based on
hetero-junctions. In order to extend the light absorption
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spectrum into visible region in solar cells, we try to
modify the properties of some TiO2 films by using the
Nb2O5 as dopant. In this paper we report the effect of
annealing in different media on the structural
properties and composition of the films by XRD and
XPS and the mechanism for the incorporation of Nb in
the TiO2 lattice.

2. Experiments
TiO2 thin films were prepared on glass substrates
by radio frequency (RF) magnetron sputtering of a Ti
target of 99.5% purity, 76.2 mm in diameter.
Additionally, TiO2 thin films doped with oxide powder
Nb2O5 of 99.999% purity were prepared. The
sputtering was performed under a mixture of 5
standard cubic centimeters per minute (sccm) of Ar
(99.99%) and 1 sccm of O2 (99.99%) atmosphere
supplied as working and reactive gases, respectively,
through independent mass-flow controllers. The
sputtering chamber was evacuated down to 1 × 10-5
mbar by the turbo molecular pump and the working
pressure was kept at about 5 × 10-3 mbar.
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During the depositions, the RF power was 100 W
and the substrates were kept at room temperature
using the same deposition time of 8 h. The distance
between the target and the substrate was kept constant
at 6 cm. Before the deposition, the glass substrates
were sequentially cleaned in an ultrasonic bath with
acetone then ethanol. Finally, the substrates were
rinsed with distilled water and dried. After the
deposition, the undoped and Nb-doped TiO2 films were
vacuum-annealed in hydrogen environment. The first
set of undoped TiO2 films was vacuum-annealed at
420 °C for 30 min in the deposition chamber at a
pressure of 4.0 × 10-5 mbar and in hydrogen atmosphere
at a pressure of 2.0 × 10-3 mbar. A second set of
Nb-doped TiO2 films was annealed at 420 °C for 30
min in hydrogen atmosphere at the same pressure, as
the first set. We denote the first set of pristine TiO2
films as MD-2 and the second one as TiNbO-2.
The crystal structure was studied by X-ray
diffraction (XRD) using a Bruker-AXS, D8 Advance
diffractometer (CuKα radiation, 40 mA, 40 kV). The
weight percentage of the anatase phase (WA) was
calculated with the relation [11]:
WA =

1
1 + 1 .265

(1)
IR

IA

where, IA denotes the intensity of the strongest anatase
reflection and IR is the intensity of the strongest rutile
reflection.
The elemental composition in the surface region was
investigated by X-ray photoelectron spectroscopy
(XPS). The spectra were measured using a Physical
Electronics PHI 5000 Versa Probe instrument,
equipped with a monochromated AlKα X-ray source
(1,486.6 eV). The photoelectrons were collected at a
take-off angle of 45°. The surface quantification was
done following the standard procedure [12] using the
Ti 2p, O 1s, and Nb 3d high-resolution XPS spectra.
Peak deconvolution has been done using the
PHI-MULTIPAK software. The elemental atomic
concentration was calculated from the peak surface

areas, taking into account the sensitivity factors of the
analyzed elements[13].

3. Results and Discussion
3.1 Morphological and Structural Studies of TiO2 Thin
Films
The diffraction pattern for the first set of undoped
TiO2 films is shown in Fig. 1. The various diffraction
peaks could be assigned to reflections corresponding to
the anatase and rutile phases of TiO2 [14] for the
as-deposited and the vacuum-annealed films. For the
as-deposited TiO2 film, the weight percentage of the
anatase phase (WA) is 59.3%. For the vacuum-annealed
film the weight percentage of the anatase phase (WA)
increases to 62%. The TiO2 films annealed in H2
atmosphere exhibit only the anatase phase.
The diffraction spectra of the second set of
Nb-doped TiO2 films are depicted in Fig. 2. The XRD
data show that the crystallinity is improved when the
films are doped.
Annealing at 420 °C in H2 atmosphere results in an
increase in the intensity of the diffraction peak located
at 2θ = 25.2°. No characteristic peaks of Nb2O5 were
observed in Nb-doped TiO2 thin films. Instead, it is
found that the peak position of (101) anatase plane
shifts to smaller diffraction angle values. This may
ascribed to the exchange of Nb with Ti in the TiO2
lattice [15] and the formation of the TiNbO phase with
different concentrations.
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Fig. 1
The XRD patterns of the as-deposited,
vacuum-annealed and hydrogen-annealed TiO2 films. The
annealing temperature was 420 °C (see text).
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Fig. 2 XRD patterns of the NbTiO2 film in the as-deposited
and annealed in H2 states. .

This fact was confirmed by the analysis with the
TOPAS-Academic V5 software. The weight
percentage of the anatase phase (WA) is 93% for
annealed Nb-doped TiO2 film, while for the
unannealed it is 96%. The a and c lattice parameters of
the TiO2 crystalline cell decrease from (a = 3.8214 Å, c
= 9.5868 Å) to (a = 3. 7842 Å, c = 9.5185 Å),
respectively. This is caused by the differences in Nb
concentration, as confirmed below by the XPS analysis
(Table 2).

We suppose that the primary hydrogen annealing
mechanism is the chemisorption of the dissociated
hydrogen on the surface of the films. The half width of
all the peaks of the Nb-doped and annealed TiO2 thin
films increases. The crystallite size was calculated by
Scherer equation using anatase (101) and (110) rutile
phases. As shown in Table 1, for samples annealed in
H2 atmosphere at 420 °C the estimated crystallite size
for the anatase phase increases for both sets.
Figs. 3 and 4 show the AFM images of Nb-doped
TiO2 films as-grown at room temperature and
annealed at 420 °C for 30 min in hydrogen atmosphere.
The AFM measurements reveal a net discrepancy and
indicate an increase of crystallinity of the annealed
films. The as-deposited TiO2 film exhibits a smooth
surface with non-uniform grains. After annealing, the
surface becomes homogeneous and is composed of
many nanocrystalline grains.
3.2 X-Ray Photoelectron Spectroscopy Analysis
Fig. 5 shows the survey XPS spectra of the first set
of TiO2 films in the whole binding energy region. The
characteristic peaks of C 1s, O 1s and Ti 2p are present.

Table 1 Structural parameters of TiO2 thin films.
Sample
MD-2_5
(unannealed)

MD-2_1
(vacuum, 420 °C)

MD-2_4
(H2, 420 °C)

TiNbO_2_1
(unannealed)

TiNbO_2_5
(H2, 420 °C)

25.508

Intensity
(arb. units)
601*

27.438

283

(110) Rutile

3.3228

48.042

170

(200) Anatase

3.1042

25.503

556*

(101) Anatase

1.7967

27.438

386

(110) Rutile

3.3304

48.043

204

(200) Anatase

3.1003

25.508

636*

(101) Anatase

1.7981

37.793

186

(004) Anatase

2.5118

48.048

162

(200) Anatase

3.1064

25.192

3643*

(101) Anatase

1.8121

27.432

246

(110) Rutile

3.3591

37.789

156

(004) Anatase

3.7975

47.783

749

(200) Anatase

4.1726

25.162

4126*

(101) Anatase

1.8141

27.420

226

(110) Rutile

3.3738

37.792

207

(004) Anatase

3.7975

47.747

827

(200) Anatase

4.1783

2θ

Phase name

d (Å)

(101) Anatase

1.7954

D (nm)
51.0
44.1

51.5

88.4

47.4

55.2
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Fig. 3 Two-dimensional AFM image of an as-grown
Nb-doped TiO2 thin film.

Fig. 4 Two-dimensional AFM images of a Nb-doped TiO2
thin film annealed in H2 atmosphere at 420 °C.
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Fig. 5 XPS survey scan spectra of an as-deposited TiO2 film,
vacuum-annealed and annealed in H2 atmosphere at 420 °C.

The C 1s peak of the unannealed film is located at a
binding energy value of 284.6 eV, while for the sample
annealed in H2 it shifts to 285.7 eV.
Fig. 6 shows the high-resolution Ti 2p doublet of the
pristine TiO2 films. For the unannealed TiO2 film the
spectrum indicates binding energies at 458.5 ± 0.2 eV

4

1.6x10

Ti2p3 MD_2_4
Ti2p3 MD_2_5
Ti2p3 MD_2_III

4

1.2x10

3

8.0x10

Ti2p1/2

4

Ti2p1/2

3x10

2.0x10

MD_2_5

O1s

4

Ti2p3/2

Ti2p3/2

C1s
4

4x10

Ti2p3/2

MD_2_III

XPS signals (counts)

O1s

4

5x10

Ti2p3/2

6x10

Ti2p3/2

XPS signals (counts)

MD_2_III
MD_2_5
MD _2_4

O1s

4

9x10

for Ti 2p3/2 and 464.3 ± 0.2 eV for Ti 2p1/2, respectively,
which are very close to the values of the Ti4+ valence
state of stoichiometric rutile TiO2 [16, 17].
For the vacuum and H2 annealed films at 420 °C the
binding energies of the Ti 2p feature binding energy
values shifted towards 459.5 ± 0.2 eV for Ti 2p3/2 and
465.2 ± 0.2 eV for Ti 2p1/2, also reported in Ref. [18].
We suppose that this shift could be generated by the
reduction of Ti4+ ions to Ti3+ defect states which usually
are accompanied by a loss of oxygen from the surface
of TiO2.
Liu et al. [19] proposed that the interaction between
H2 and TiO2 fell develops in three successive steps.
Firstly, hydrogen interacts physically with the
adsorbed oxygen on the surface of TiO2. Secondly,
electrons are transferred from the H to the O atoms in
the lattice of TiO2. Then, the oxygen vacancies are
formed when the O atom and the H atom form of H2O
or OH groups. Thirdly, when the temperature increased
to 420 °C, the interaction between H2 and TiO2
proceeds more drastically, the electrons are transferred
from oxygen vacancies to Ti4+ ions, and then Ti3+
defect states are formed. Zhang et al. [20] irradiated the
TiO2/Si films by electron beams and found that the
number of Ti3+ ions increased and Ti4+ ions decreased
after the irradiation. The atomic concentration of Ti and
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Fig. 6 XPS spectra of Ti2p region of an as-deposited TiO2
film, vacuum-annealed and annealed in H2 atmosphere at
420 °C.
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Table 2 The atomic concentration and the binding energies for the Ti 2p, Nb 3d and O 1s lines.
Samples

XPS Peak
O 1s
C 1s
Ti 2p
O 1s
C 1s
Ti 2p3/2
O 1s
C 1s
Ti 2p3/2
O 1s
C 1s
Ti 2p 3/2
Nb 3d
O 1s
C 1s
Ti 2p3/2
Nb 3d

MD_2_4 (H2, 420 °C)

MD_2_5 (unannealed)

MD_2_I (vacuum, 420 °C)

TiNbO_2_1 (unannealed)

TiNbO_2_5 (H2, 420 °C)

4

XPS signals (counts)

2.4x10

%
38.1
36.7
25.3
42.8
42.2
15.0
38.1
38.0
23.8
41.3
32.9
21.5
4.3
41.5
30.5
22.1
5.8

O1s1/2

4

2.0x10

O1s1/2 MD_2_4
O1s1/2 MD_2_5

4

1.6x10

O1s1/2 MD_2_III
4
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3
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Fig. 7 XPS spectra of O1s region of as-deposited TiO2 film,
vacuum-annealed and annealed in H2.

O in the TiO2 thin films are shown in Table 2.
We can conclude that the Ti4+ ions are reduced by
both electron donors such as H2 and lattice oxygen in
TiO2 and the binding energy of 459.5 eV may be
attributed in this case to Ti3+ defect state of anatase
TiO2 phase, according to the XRD analysis. Significant
increases in the intensity of the Ti 2p peaks are
observed, too.
Fig. 7 shows high-resolution O 1s XPS spectrum. For
the unannealed TiO2 film, two oxygen chemical species
appear, the lower binding energy (BE) at around 529.7

XPS Peak
O 1s
Ti 2p3/2

%
60.1
39.9

O 1s

74.0

Ti 2p3/2
O 1s

26.0
61.5

Ti 2p3/2
O 1s

38.5
61.6

Ti 2p3/2
Nb 3d
O 1s

32.0
6.4
59.8

Ti 2p3/2
Nb 3d

31.9
8.3

± 0.2 eV can be attributed to the basic peak of TiO2
lattice oxygen (Olat); the other 532. 8 ± 0.2 eV
represented the surface weakly bound (or adsorbed)
oxygen (OH and molecular O2 species). The O 1s
spectrum of the vacuum-- and H2- annealed films at
420 °C consists of a main peak with higher intensity at
about 530.7 ± 0.2 eV and an obvious shoulder located at
about 532.9 ± 0.2 eV, indicating that the detected OH
group and molecular O2 may be adsorbed at the surface
of the film during annealing. The binding energies of
the O 1s signal of the vacuum- and H2- annealed films
shifted toward higher binding energies with the same
value 1.0 ± 0.2 eV as for Ti 2p spectrum of these films.
Figs. 8-10 depict the high-resolution Nb 3d, Ti 2p
and O 1s signals of the unannealed Nb-doped TiO2
films and annealed in H2 atmosphere at 420 °C,
respectively. From Table 2 it can be observed that the
atomic percentage of the Nb element is different in
unannealed TiO2 films, compared to the films after H2
annealing. Therefore, for these samples it is hard to
discuss about the influence of the H2 treatment on their
structural properties. The Nb 3d binding energy for the
unannealed Nb-doped TiO2 film was determined to be
208.2 ± 0.2 eV for Nb 3d5/2 and 211.0 ± 0.2 eV for Nb
3d3/2, while for the annealed one in hydrogen, the BE
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4

1,6x10

Ti2p3/2 TiNbo 2_5

4

1,2x10

Ti2p1/2

XPS signals (counts)

Ti2p3/2 TiNbo 2_1

3

8,0x10

3

4,0x10

0,0
472

468

464

460

456

452

X P S signals (counts)

2.4x10

4

2.0x10

4

1.6x10

4

1.2x10

4

8.0x10

3

4.0x10

3

O 1s 1/2

Binding energy, eV
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Fig. 10 XPS spectra of O1s region of unannealed and
annealed Nb-doped TiO2 films.

values are is 207.9 ± 0.2 eV and 210.8 ± 0.2 eV,
respectively.

We suppose that this shift are caused by the
differences in atomic concentration of Nb (Table 2) and
by the effect of annealing in H2 atmosphere..
The Ti 2p XPS spectra (Fig. 9) of unannealed
Nb-doped TiO2 films show values of binding energies
of 459.7 ± 0.2 eV for Ti 2p3/2 and 464.9 ± 0.2 eV for Ti
2p1/2, respectively.
For the film annealed in H2 atmosphere, a slight shift
(~ 0.2 eV) towards higher BE values is seen for Ti 2p3/2
and (~ 0.6 eV) for Ti 2p1/2. The position of the Ti 2p3/2
peak (458.8 eV) is close to the value reported for Ti3+
states in the anatase phase (458.7 eV) [21]. We believe
that the H2 annealing changes the Ti3+/Ti4+ ratio in the
TiO2 thin film. Both 2p1/2 and 2p3/2 binding energies
showed a change in Ti3+ states and the Ti4+ ions, as a
consequence of the H2 treatment.
A chemical shift of the BE is known to mean
changes in the structure. Since the ionic radius of Nb5+
(0.70 Å) is larger than the ionic radius (0.68 Å) of the
titanium, we can thus conclude that the Nb is easily
built into a lattice, adding electrons. The theoretical
calculations of Morgan [22] predict a small-polaronic
Ti3+gap state within an Nb-doped TiO2 thin film. For
Nb dopant at these concentrations, the defect can be
characterized as Nb5+ and Ti3+/Ti4+ ratio.
The peak of the Nb 3d3/2 peak corresponds to that of
Nb5+ oxidation state [23, 24]. Nb5+ species, substituting
for Ti4+ in the crystalline lattice could be a reason for
anatase stabilization. To maintain the charge
equilibrium, the extra-positive charge due to Nb5+ may
be compensated by the creation of an equivalent
amount of Ti3+ ions [25] or by the presence of
vacancies in the cation sites [26].
The O 1s XPS spectra of the Nb-doped TiO2 samples
showed in Fig. 9 indicate that there a single chemical
state. The binding energy of 531.1 ± 0.2 eV for
unannealed and 530.8 ± 0.2 eV for annealed Nb-doped
TiO2 films can be attributed to surface species, such
as Ti-OH resulting from the chemisorbed water
(OH) [27, 28], and to the lattice oxygen (Ti-O),
respectively. The shift of the binding energy to small
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values for the annealed Nb-doped TiO2 film can be
attributed to the fact that a part of the OH group is
adsorbed from the surface, because the weight
percentage of O atoms is reduced from 61.6% to
59.8%.

4. Conclusions
Annealing in hydrogen atmosphere showed
substantial improvement of structural properties TiO2
thin films. Undoped thin films of TiO2, are n-type
conductors with doubly ionized oxygen vacancies as
predominant point defects. The XRD data show that
the crystallinity is improved when the TiO2 films upon
Nb doping. The Nb ions incorporate into the TiO2
lattice. The XPS results indicate that the charge
transfer from Nb metal ions to Ti leads to a change in
the oxidation state of titanium. The H2 annealing
changes the Ti3+/Ti4+ ratio in the TiO2 thin film.
These results demonstrate that hydrogen annealing is
a simple and effective tool to enhance and modify the
properties of the original material.
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