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This paper treats a problem of nonstoichiometry in TiO2−y thin films deposited by reactive sputtering at controlled sputtering
rates. Ion beam techniques, Rutherford backscattering (RBS), and nuclear reaction analysis (NRA) along with X-ray photoelectron
spectroscopy have been applied to determine a deviation from stoichiometry y in the bulk and at the surface of TiO2−y layers. The
critical review of these experimental methods is given. Defect structure responsible for the electrical resistivity of rutile TiO2 is
discussed.

1. Introduction

Titanium dioxide is considered as one of the most important
materials from the point of view of both fundamental
properties and applications. These applications rely on excel-
lent chemical stability of TiO2 in hazardous environments,
hardness, high refractive index, and many other remarkable
features.

Titanium dioxide TiO2 exists in three polymorphic forms:
brookite, rutile, and anatase. Anatase and brookite as me-
tastable phases transform irreversibly into rutile over the
temperature range of 973 K–1173 K [1].

Rutile is a high-temperature, stable phase, thus it is not
surprising that this particular polymorphic form has been
the most thoroughly investigated. The majority of crystal
growth techniques yield titanium dioxide in the rutile phase.
Moreover, in many devices (e.g., gas sensors) that operate at
high temperatures, TiO2 is already converted into rutile.

Recently, less common anatase has gained a considerable
scientific importance thanks to a significant role it plays
in photocatalytic, photovoltaic, and photoelectrochemical
applications of titanium dioxide [2]. Some basic physical
parameters such as the bandgap, effective mass, and mobility
of charge carriers, assumed earlier to be the same as in
rutile, in fact were found to differ considerably in the case
of anatase.

Titanium dioxide due to its wide band gap (3.0 eV for
rutile and 3.2 eV for anatase [1]) should be treated as an
insulator. However, when equilibrated in an atmosphere of
low oxygen activity, it becomes an oxygen-deficient sem-
iconductor due to the electronic disorder related to nonstoi-
chiometry [3].

Much work has been devoted to the nonstoichiometric
rutile TiO2−y , both in the structural aspects related to the
nature of defects [4, 5] and in the subsequent physical [6, 7]
and thermodynamic properties [8]. However, there is still
a disagreement as to the extent of nonstoichiometry and
the mechanism by which it is accommodated in rutile. It is
generally believed that titania can support large deviations
from stoichiometry. Earlier investigations overestimated the
homogeneity range of TiO2−y extending it to a value as high
as y ∼= 0.1 at 1170–1270 K [8]. Later experimental evidence
[9] suggests that the homogeneity range is much narrower
(y ∼= 0.008 at 1270 K).

The structure of defects responsible for the electronic
conduction in rutile and anatase TiO2 is still a subject of
discussion in spite of numerous studies devoted to this topic
and the varied experimental techniques used to determine
it. It is often assumed that oxygen deficiency could be
accommodated by point defects: oxygen vacancies [10],
titanium interstitials [11, 12], or a combination of these two
defects [13]. Ionization of these defects provides electrons
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necessary for the electrical conduction. Which particular
defect is responsible for the electrical conductivity is largely
affected by the conditions of experiment. The majority of
defects switch their role when scanning over the temperature
and oxygen partial pressure ranges as shown in [14].

It should be pointed out that there exists a significant
controversy between two different approaches to the problem
of defects in rutile. Some authors [4] claim that even for an
extremely small departure from the ideal composition, non-
stoichiometry is accommodated mainly by a crystallographic
shear plane mechanism while the point defects model may
be applied very close to the stoichiometric composition only.

Randomly distributed point defects of low density,
present when the deviation from stoichiometry is small,
become ordered as their concentration and interaction
between them increase. In rutile (TiO2) this ordering takes
a form of planar defects, that is, crystallographic shear (CS)
planes. The planar defects, when numerous enough, order
to form new compounds with distinct compositions and
structures known as Magnéli phases [5]. Magnéli phases
constitute a homologous series with the general formula
Ti jO2 j−1, where j is related by j = 1/y to a deviation from
stoichiometry y (TiO2−y).

Phase diagram of Ti–O system [1] indicates that the
region of 0.1 ≤ y ≤ 0.25 contains stable ordered phases
Ti jO2 j−1 with 4 ≤ j ≤ 10. For smaller departures from
stoichiometry y < 0.1 (10 < j < 16) the concentration
of the shear planes defects decreases and their mutual
interaction becomes weaker. For a very small departure from
stoichiometry, y ∼= 0.001, corresponding to j > 1000,
formation of isolated shear planes in equilibrium with point
defects was proposed [15]. This is described as a Wadsley
defect.

A detailed description of the mechanism of nucleation,
growth, and aggregation of the shear planes CS is beyond the
scope of this work but may be found in numerous papers
devoted to this problem [4, 5, 16]. Existence of such defects
in single crystals has been confirmed experimentally by STM
[17] and TEM [18].

The experimental results of tracer diffusion [12], chem-
ical diffusion [11], and thermogravimetric measurements
[19] indicate titanium interstitials as the majority point
defects in oxygen-deficient TiO2−y . Works in favour of oxy-
gen vacancies are also numerous. The computer simulation
of the defect chemistry of rutile TiO2 has been carried out as
well [20].

This issue in the case of anatase has been only quite
recently brought up [21, 22]. Na-Phattalung et al. [21] per-
forming first-principle calculations have found that the
formation energy of oxygen vacancies is higher than that of
titanium interstitials. Thus, in undoped samples, titanium
interstitials should be the leading donors while postgrowth
formation of oxygen vacancies is also possible upon heating.

A transition from predominant oxygen vacancies to
titanium interstitials in anatase has been reported by
Weibel et al. [22] on the basis of the measurements of the
electrical resistivity in dense anatase ceramics. This transition
has been observed upon the temperature increase and/or
the oxygen partial pressure decrease. Hence, it could be

Table 1: Theoretical analysis of point defects formation in TiO2−y .

Majority defect Reaction of formation
Theoretical
value of my

Doubly ionized
oxygen vacancy V••O

Ox
O ←→

1
2

O2(g) + V••O + 2e′ 6

Singly ionized
oxygen vacancy V•O

Ox
O ←→

1
2

O2(g) + V•O + e′ 4

Titanium
interstitial Ti4+

i
TixTi +2Ox

O ←→ Ti4+
i +4e′+O2(g) 5

Titanium
interstitial Ti3+

i
TixTi +2Ox

O ←→ Ti3+
i +3e′+O2(g) 4

concluded that the formation of titanium interstitials was
more favourable in anatase in comparison to rutile due to
lower density of anatase than that of rutile.

The aim of this work is to review the problem of
experimental techniques best suited to the determination of
deviation from stoichiometry y in TiO2−y thin films. Thin
films were deposited by rf and dc magnetron sputtering
technique. The sputtering conditions are well defined in such
a sense that the substrate temperature and sputtering rate
were continuously controlled as described in detail in [23].

2. Electrical Conductivity and Point Defect
Structure of TiO2−y

The departure from stoichiometry y may be expressed within
the ideal mass action law as a function of the oxygen partial
pressure pO2 :

y ∝ pO2
−1/my , (1)

where my yields information on the nature of the defect
structure [24].

The following types of defects: doubly V••O and singly
V•O ionized oxygen vacancies as well as titanium interstitials
Ti3+

i and Ti4+
i are usually taken into account. Theoretically

predicted values of my associated with the specific point
defect are listed in Table 1. When dealing with the structure
of point defects, the Kröger-Vink notation [25] is used.

The electrical conductivity of titanium dioxide is a
function of the temperature, T , and oxygen partial pressure,
pO2 . The latter is a consequence of the relation between the
departure from stoichiometry y and pO2 given by (1).

The temperature dependence of the carrier concentra-
tion and conductivity for nonstoichiometric TiO2−y involves
the activation energy Ea of the conduction process, associ-
ated with ionization of certain neutral defects. As oxygen
vacancies usually form shallow donor levels, their activation
energy is much smaller than the forbidden band gap Eg
and a measurable value of the electrical conductivity can be
observed even at room temperature for nonstoichiometric
TiO2−y .

The experimental evidence shows that at high oxygen
partial pressures pO2 , close to 0.1 MPa and below 1200 K,
TiO2 exhibits an n-p-type transition [3, 26, 27].



Advances in Materials Science and Engineering 3

In the n-type regime, the electrical conductivity σ of
TiO2−y is affected by the oxygen partial pressure pO2

σ ∝ pO2
−1/mσ . (2)

This is due to the fact that the electron concentration ne

is a function of pO2

ne ∝ pO2
−1/mn , (3)

which results from the relationship between ne and the
departure from stoichiometry y. When the mobility of
charge carriers is independent of the oxygen partial pressure,
then mn = mσ .

The coefficients my , mn, and mσ can be calculated from
the appropriate models of point defects. Experimentally, they
can be determined from the relations given by (1), (2), or
(3) by measuring y, ne, or σ , respectively, as a function of
oxygen partial pressure pO2 . As shown in Figure 1, the slope
of σ(pO2 ) dependence plotted in the double logarithmic
coordinate system yields the coefficient mσ . According to the
analysis presented in Table 1, it should be possible on this
basis to discriminate between different types of defects and
determine the majority defect mechanism.

In practice, the electrical measurements in TiO2 over the
temperature range of 1070–1370 K reveal [14] that the slope
of log σ against log pO2 is different under different regimes
of oxygen activities. Therefore, the parameter mσ associated
with the majority defect, changes when pO2 is varied. At low
oxygen partial pressures mσ close to 5 is obtained which
can be accounted for by titanium interstitials, Ti4+

i . Over
the intermediate range of pO2 , mσ = 6 and doubly ionized
oxygen vacancies V••O are postulated. Finally, at high pO2

the value close to 4 is observed, corresponding to either
singly ionized oxygen vacancy defect, V•O, or interstitial tita-
nium, Ti3+

i .
In the n-p-type transition region, two competitive defect

models have been proposed [26, 27]. One is related to
the extrinsic disorder and assumes that the acceptor-type
impurities are always present in TiO2. The second model
considers the Schottky-type defect comprising the titanium
vacancy V////

Ti associated with oxygen vacancy V••O . Both
models give the same dependence of concentration of
electrons (ne) and that of holes (nh) on pO2 :

ne ∝ pO2
−1/4,

nh ∝ pO2
1/4.

(4)

The p-type conductivity in TiO2 is predicted to occur
under very high partial pressure of oxygen. The same two
models: extrinsic disorder and Schottky-type defect are
discussed in this case [26]. The former assumes that the
concentration of holes is much larger than that of oxygen
vacancies. The latter requires the concentration of holes to be
compensated by V////

Ti . The results of these models are quite
different. The extrinsic disorder yields the concentration of
holes independent of the pO2 [26]. The Schottky model gives
[26]

nh ∝ pO2
1/5. (5)
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Figure 1: Electrical conductivity σ measured at 1250 K as a function
of the oxygen partial pressure pO2 for a thin film of TiO2−y . The
results of σ and Seebeck coefficient Q concern rutile single crystal.

The arguments leading to the relation described above
assume a quite unrealistic situation in which only one type
of defect is present. In practice, under the experimental
conditions of pO2 ≤ 105 Pa the dependence given by (4) is
observed instead.

The following comments to the analysis presented above
should be taken into account.

(i) Unambiguous assignment of the majority defect on
the basis of mσ is difficult to make because frequently
the same value of this parameter corresponds to more
than one type of defect. This is the case for mσ = 4
related to the singly ionized oxygen vacancy or the
titanium interstitial.

(ii) Different types of majority defects predominate over
different ranges of oxygen partial pressure.

(iii) One should expect the combination of point defects
rather than a single defect to be present in TiO2−y .

In fact, the coexistence of divalent oxygen vacancies with
tri- and tetravalent titanium interstitials has been proposed
[13].

3. Nonstoichiometric Thin Films of TiO2−y

A variety of deposition techniques including chemical
(CVD) [28–31] and physical vapour deposition (PVD) [32–
34] have been reported for titanium dioxide thin films.
One should mention here growth techniques successfully
applied in the elaboration of TiO2 thin films, such as sol-
gel process [35], atomic layer epitaxy (ALE) [36], pulsed
laser deposition [37], and filtered arc deposition (FAD)
[38]. Excellent reviews, covering both the growth techniques
applied to deposition of TiO2 coatings as well as the film
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morphology and optical properties, have been published
[39].

Among the PVD techniques, the most important from
the point of view of mass production is the sputter deposition
in its multiple forms [32–34]. From all of these forms, only
the reactive process, that is, the sputtering of the metallic
target in oxidizing atmosphere was chosen in this work.
The reason for that is the simple preparation procedure
and a low cost of the target. Moreover, reactive sputtering
provides thin films that are dense and uniform in thickness.
It is relatively easy to control the film stoichiometry in the
reactive sputtering.

The problem of nonstoichiometry is especially important
in the case of thin films deposited by high-rate sputtering
sources such as magnetrons. Here an uncontrollable switch-
ing between two stable modes: reactive and metallic, is likely
to occur causing an abrupt change in the oxidation state of
the target surface followed by modification of sputtering rate
[40–43]. This affects not only a departure from stoichiometry
y of TiO2−y deposited thin films but the microstructure and
related film properties as well.

Microstructure understood as an ensemble of physical
features such as phase composition, density, porosity, rough-
ness, and grain size is generally accepted to be the most
important factor affecting the behaviour of specific devices
based on thin films. This is true for gas sensors as well
as for photonic and optoelectronic devices in which the
electrical and optical properties of thin films are responsible
for device performance. Stability of the electrical and optical
responses is directly related to the microstructure changes
during device operation. The control over the material
microstructure is in most cases the prerequisite condition for
the successful application of thin films.

3.1. Crystallographic Properties of Thin Films. It is well
known that the occurrence of anatase and rutile phases
in thin films depends significantly on the method and
conditions of the deposition process [44–47]. There were
attempts to create phase composition diagrams for thin
films defining the experimental conditions under which the
anatase or rutile form prevailed. The most important seem to
be two such diagrams: one proposed by Pawlewicz et al. [44]
and another given by Löbl et al. [47]. The work of Pawlewicz
et al. [44] suggests that the phase composition is controlled
by the substrate temperature and oxygen partial pressure pO2 .

According to the diagram of Löbl et al. [47] (see Figure 2)
modified to show the properties of the films prepared for
the purposes of this work, the substrate temperature and
the energy of particles impinging on the substrate, but
not directly the oxygen partial pressure, are the relevant
parameters that determine the film structure. The nucleation
of rutile is favoured by the increasing energy transfer to the
growing film and by the presence of Ti in the vapour phase.

The conclusions drawn from the above results are,
however, by no means universal. As the parameters of
the technological importance change from one preparation
technique to another, the conditions of anatase and rutile
growth should be reexamined for each particular case.
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Figure 2: Phase composition diagram after Löbl et al. [47] modified
to include the results obtained for TiO2 thin films discussed in this
work; Sd : deposition rate of thin films.

For the purposes of this work, such an analysis has been
performed [23, 34, 48–51] and the results can be summarized
as follows.

(i) Thin films grow as a mixture of amorphous, anatase,
and rutile polymorphic forms with a varying con-
tribution that depends on the substrate temperature
and deposition rate related to oxygen partial pressure
and oxidation state of the sputtered target. Low sub-
strate temperature, low deposition rate, and oxidizing
atmosphere result in anatase small crystals embedded
in the amorphous background.

(ii) The contribution from the anatase TiO2 increases
with the increasing substrate temperature up to 720 K
and is typical for rf sputtering at relatively low sput-
tering rate.

(iii) Dc magnetron sputtering at higher deposition rates
yields anatase/rutile mixture. Rutile content increases
with the sputtering rate under oxygen-deficient
atmosphere.

3.2. Determination of the Departure from Stoichiometry y in
Thin Films of TiO2−y . Among many methods used to deter-
mine the chemical composition of a thin film, only some
of them are sensitive enough to small negative or positive
deviation from ideal stoichiometric composition (y in the
formula TiO2−y). These methods of microanalysis comprise
Rutherford backscattering (RBS), analysis by nuclear reac-
tions (NRA), and X-ray photoelectron spectroscopy (XPS).
Traditionally employed methods of chemical analysis of
elements such as electron microprobe (EMP) or energy-
dispersive spectroscopy (EDS) have been used in this work
but with a moderate success as they are not particularly
destined for determination of oxygen nonstoichiometry.

Both RBS and NRA use the same experimental con-
figuration that consists of an analyzed sample placed in
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a monoenergetic beam of protons, deuterons, or helium
ions, typically 4He++ [52–57]. Particles coming from the
bombarded sample as a result of the interaction of the beam
and the elements in the sample are detected and analyzed. In
the case of RBS, it is the energy of the backscattered particles
that dissipated their incident energy by elastic (Rutherford)
collisions, while for NRA, the energy of the reaction products
is analyzed. XPS is a method that makes use of the X-ray
radiation to excite electrons from the core levels of atoms
[58]. Kinetic energy of the photoelectrons measured directly
in XPS is related to their binding energy in atoms, which in
turn is sensitive to the atom environment. The chemical shift
in the binding energy forms a basis for the identification of
elements and their oxidation states in the specific chemical
compounds.

RBS and NRA measurements were carried out at a beam
line of the 2 MeV Van de Graaff accelerator being at the
disposition of GIP (Groupe de Physique des Solides) at Ecole
Normale Supérieure, in collaboration with LOS (Laboratoire
d’Optique des Solides) Université P. et M. Curie, Paris 6,
France, described in detail in [54]. The energy of particles
was measured with a silicon surface-barrier detector and
the signals were analyzed with a multichannel analyzer.
Complementary RBS measurements were performed at
California Institute of Technology CalTech, USA. In this
work, the RBS experiments were done mostly with alpha
particles 4He++ of the incident energy E0 = 2.012 MeV or
1.96 MeV. The detector was placed at the scattering angle
Θ = 165◦.

The XPS was studied at the Surface Spectroscopy Lab-
oratory, AGH University of Science and Technology. Multi-
technique setup of VSW Scientific Instruments was used.

3.2.1. RBS. Microanalysis by Rutherford backscattering
(RBS) provides the ability to distinguish the atomic masses of
elements and their distribution in depth as a function of the
detected energy [52–56]. It is a nondestructive method, the
most suitable in the case of heavy nuclei on light substrates.
Typically silicon and carbon are used as substrates.

In the energy domain of the order of 2 MeV, only
Coulomb interactions are responsible for the elastic scatter-
ing [52] of particles with atomic mass m at nuclei of the
atomic mass M.

The energy E1 of the ionized particle scattered at the
sample surface is related to the incident energy E0 by the laws
of conservation of momentum and energy as [52, 53]

E1 = KME0, (6)

with the kinematic recoil factor KM

KM =
(
m cosΘ +

√
M2 −m2sin2Θ

m + M

)2

. (7)

Hence, for a given scattering geometry, the detected
energy of ions scattered from the surface is a simple function
of the atomic mass M of sample atom.

Equations (6) and (7) allow us to establish the position
of the higher energy (leading) edge of the RBS spectrum
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Figure 3: Comparison between the experimental RBS spectra of a
TiO2−y thin film deposited by rf sputtering on different substrates:
thermally oxidized Si wafer (Si/SiO2) and carbon foil C.

as indicated by arrows in Figure 3. The leading edge can be
further used for the identification of elements constituting
the sample.

The energy difference ΔE between the position of the
high and low energy edges represents the amount of energy
lost by the beam on inward and outward passage through a
layer. The total width ΔE of the signal is proportional to the
film thickness d [52]:

ΔE = [S]d, (8)

where [S] is the energy loss that depends on KM and on the
energy loss per unit path length dE/dz in a given material
[52].

Equation (8) can be used to determine the thickness of
layers. This is shown in Figure 3, where two experimental
RBS spectra of TiO2−y obtained by rf sputtering are shown.
One sample was deposited on carbon foil thus enabling to
observe clearly O peak (the atomic mass of carbon is smaller
than that of oxygen). Simultaneously, the TiO2−y thin film
was deposited onto Si wafer thermally oxidized to form a
thin layer of SiO2. Thickness of this layer of about 160 nm
was calculated from the width of the step shown on the Si
edge in the RBS spectrum. The error in the evaluation of
the thickness is determined by the energy resolution of the
detector and amounts to 10–20 nm in this case.

However, one should keep in mind that the factor [S] in
(8) depends on the material density ρmat. Therefore, if the
layer thickness is known independently and ΔE is derived
from the RBS spectrum, then [S] can be used to calculate the
energy loss per unit length dE/dz from

[S]TiO2
Ti = KTi

dE

dz

∣∣∣∣
TiO2

in
+

1
|cosΘ|

dE

dz

∣∣∣∣
TiO2

out
. (9)
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Table 2: Summary of the microanalysis of TiO2−y by RBS and NRA; Sd : deposition rate, d: film thickness, NO: surface number of oxygen
atoms, NTi: surface number of titanium atoms, ρmat: film density; calculated density of anatase ρA = 3.864 g/cm3 and calculated density of
rutile ρR = 4.250 g/cm3 according to [1].

Sample/substrate Deposition method
Time
(sec)

Sd
(nm/s)

d
(nm)

NO × 1017

(at/cm2)
from NRA

NO × 1017

(at/cm2)
from RBS

NTi × 1017

(at/cm2)
from RBS

ρmat

(g/cm3)
from RBS

Na1/C
dc magnetron

sputtering
41 1.43 58–60 3.25 3.03 1.58 3.17–3.39

Na2/C
dc magnetron

sputtering
48 1.17 54–58 3.36 3.20 1.52 3.67–3.94

Na3/C
dc magnetron

sputtering
57 0.98 52–58 3.41 3.09–3.22 1.43 3.67–4.09

Na4/C
dc magnetron

sputtering
72 0.76 54–56 3.16 2.79 1.40 3.22–3.33

Na5/C
dc magnetron

sputtering
95 0.54 50–52 2.53 2.69–2.74 1.31 3.15–3.27

Na6/C
dc magnetron

sputtering
143 0.23 32–34 2.45 2.48 1.16 3.35–4.60

M50/C rf sputtering 2750 0.02 50–60 3.54 2.93 1.57 3.27–3.92

M50/Si/ SiO2 rf sputtering 2750 0.02 50–60 7.95 — 1.6 3.27–3.92

WO 1/Si rf sputtering 15000 0.02 300 17 — 9.13 3.7

The energy loss factor [S]TiO2
Ti of TiO2 for scattering

from Ti is composed of two terms: KTi(dE/dz)|TiO2
in that

represents the energy loss of particles on their inward
path and (1/| cosΘ|)(dE/dz)|TiO2

out that corresponds to the
outgoing factor.

The energy loss dE/dz is, in turn, related to the number
of atoms nTi in the cubic centimetre and through it to
the material density ρmat. This relation is expressed by the
stopping cross-section εstop defined as

εstop = 1
nTi

dE

dz
= M

NA

1
ρmat

dE

dz
, (10)

where nTi is the number of target atoms per unit volume, M
is their atomic mass, and NA is the Avogadro number.

The stopping cross section described by (10) expresses
the energy loss based on the number of atoms per square
centimetre.

The values of εstop are tabulated for all elements [53, 59,
60] while for compounds such as TiO2 the stopping cross
section εTiO2 is given as a sum of the elemental contributions:

εTiO2 = εTi + 2εO. (11)

Density ρmat can be found from (10) when the energy loss
dE/dz is known from (9) and the stopping cross section is
calculated from (11). This procedure has been adopted for
determination of the density of the deposited thin films of
TiO2−y as there is no reason to assume the density equal to
that of the bulk rutile or anatase. The film thickness can be
taken from the profilometry and ellipsometry. The error in
thickness determination is the major source of the inaccuracy
of the estimated values of the density.

The results of the analysis are given in Table 2. The lowest
values of ρmat correspond to the density of the amorphous
TiO2 [38], slightly higher ρmat is obtained for the mixture

of anatase and rutile. The samples, the results of which are
presented in Table 2, do not contain a single phase of the
most elevated density (rutile).

The quantitative RBS microanalysis yields the number
of atoms X per square centimetre of the target, NX , either
from the height or from the area of the corresponding peak
[52]. The area AX under the peak is proportional to the total
number of atoms NX per unit area and to the differential
scattering cross section dσ/dΩ. The absolute value of NX

requires a careful calibration, and therefore the procedure
adopted in this work is based on the following formula:

NX = Nref
AX

Aref

(dσ/dΩ)refqref

(dσ/dΩ)XqX
, (12)

where the subscripts ref denote a reference sample (Bi
implanted into Si) of the known concentration Nref. The
integrated charge q of the incident beam is usually the same
for the reference sample and the studied material, qref = qX .
This procedure entails a systematic error in the calculated
atomic concentrations of the order of 5%.

The RBS technique was applied to determine the follow-
ing:

(i) surface number of titanium atoms in at/cm2 (NTi),

(ii) surface number of oxygen atoms in at/cm2 (NO),

(iii) the atomic ratio O/Ti related to the departure from
stoichiometry y,

(iv) film density (ρmat),

for a series of TiO2−y deposited by plasma emission
controlled dc-pulsed reactive magnetron sputtering and by rf
reactive sputtering at different growth rates Sd (see Table 2).
Oxygen can be best analyzed by RBS when the samples are
deposited on C foil.
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The obtained RBS spectra (e.g., in Figure 3) indicate that
the samples are homogeneous and are not contaminated by
foreign species. The amount of build-in argon is negligible.

3.2.2. NRA. Two basic advantages of nuclear reactions with
respect to the RBS are that they provide background-free
detection of light elements on heavier substrates and that
they allow a perfect discrimination between two isotopes of
the same element [54, 57]. Nuclear reaction analysis (NRA)
is a complementary technique used for elements with low
atomic number Z, like oxygen (Z = 8), where RBS loses
sensitivity due to the Z2 dependence of the cross section.
Nuclear reactions are induced by charged particles such
as protons and deuterons. The observed reaction products
could be the charged particles that are detected and analyzed
with the same apparatus as for RBS. Detailed information on
this technique may be found in reviews [54, 57].

In this work, NRA was applied to determine oxygen
concentration in thin films of TiO2−y . The 16O(d, p)17O∗

reaction produced by a deuteron beam with the incident
energy of 850 keV was analyzed at an angle of 150◦.

Typical NRA spectra of thin oxide films are shown
in Figure 4. Apart from the basic reaction 16O(d, p)17O∗

used for oxygen determination, two other nuclear reactions,
16O(d, p)17O and 12C(d, p)13C, take place. The large peak
in Figure 4(c) is related to the 12C(d, p)13C reaction in the
carbon substrate.

In order to perform the quantitative analysis, only the
area of the peak of 16O(d, p)17O∗ is taken into account. It is
then compared to the corresponding peak area of a reference
sample (Ta2O5 thin film) of the known oxygen content.

Table 2 lists the results of the RBS and NRA analysis.
Figure 5 gives the atomic ratio O/Ti for a series of TiO2−y
obtained by reactive sputtering as a function of the sputtering
rate Sd. There is a fairly good agreement between the surface
number of oxygen atoms NO determined from NRA and
RBS (Table 2). However, one should keep in mind that NRA
is much more sensitive to oxygen than RBS. Systematic
dependence between the sputtering rate Sd and the surface
number of titanium atoms NTi is observed for a given
set of samples (Na) deposited by dc magnetron sputtering
(Table 2). For the purpose of keeping the same thickness for
a whole set of samples, the time of deposition was adjusted
accordingly. Metallic mode of deposition results in higher
Sd and yields in a consequence larger content of Ti in the
film. It is interesting to note that neither NO (Table 2) nor
O/Ti (Figure 5) follow the systematic dependence on Sd. For
the intermediate Sd one observes a maximum in O/Ti that
corresponds to the maximum in the film density derived
from the RBS measurements (Table 2). The general feeling is
that there is a strong correlation between the oxygen content
NO and the film density ρmat. This may be due to the amor-
phous nature of very thin films of TiO2. Changes in the film
density in thicker samples are due to the systematic variation
in anatase/rutile ratio as a function of the sputtering rate.

3.2.3. XPS. X-ray photoelectron spectra (XPS) were record-
ed using a VSW Scientific Instruments electron spectrometer
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Figure 4: The NRA spectra of (a) Ta2O5 reference sample;
(b) TiO2−y thin film deposited on thermally oxidized Si wafer
(Si/SiO2) and (c) TiO2−y on carbon foil C. The nuclear reactions
corresponding to three peaks in the spectra are indicated.

fitted with a dual anode MgKα (1253.6 eV) and AlKα

(1486.6 eV) as a source of X-ray radiation. The anode was
operated at 200 W (10 kV, 20 mA). The XPS/AES cham-
ber was equipped with a hemispherical analyzer HA150
(diameter 150 cm) at a constant pass energy of 22 eV and
a multichannel detector (18 channels, 1.8 kV operating
voltage). The photoelectrons were collected at a constant
take-off angle. The binding energy shifts due to the surface
charging were corrected assuming the C 1s XPS peak at
285.0 eV [61–63]. The position of C 1s line served as an
internal standard for calibration of the binding energy scale.

The depth of XPS analysis is limited by the length of the
escape path of the photoelectrons, which in turn amounts
to about 2 nm for Ti 2p3/2 [64]. Taking into account a
monolayer thickness of TiO2 to be 0.22 nm it was estimated
that only 10% of the total emission resulted from the surface
atoms [65]. Therefore, not only the surface is probed by XPS
but the subsurface layers are as well.

The objective of the XPS studies in TiO2 is usually
twofold. Primarily, it of great interest to establish the
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Figure 6: Typical overall XPS spectrum for a TiO2−y thin film
deposited by reactive sputtering onto Si wafer.

oxidation state of Ti ions. Not only Ti4+ related to TiO2 but
also lower oxidation states due to the presence of titanium
suboxides have been reported in the literature [63, 65–72].
The first detailed study by Carley et al. [68] devoted to
the step-by step oxidation of Ti metal provided evidence
for intermediate oxidation states Ti2+ and Ti3+. As to the
second objective of the XPS investigations, it is of equal
importance to establish the relative surface composition of
elements CX as well as to monitor the evolution of the
O/Ti atomic surface ratio with deposition parameters. This
requires the quantitative analysis of XPS spectra preceded
by smoothing, deconvolution, and fitting of the relevant
peaks. The corresponding peak area AX is then divided by the

respective relative sensitivity factors SX [73, 74] according to
the formula:

CX = 100
AX/SX∑
i Ai/Si

, (13)

where the summation is extended over all elements in the
sample.

In this work the sensitivity factors SX were assumed to be
equal to the corresponding normalized photoelectric cross-
sections SC 1s = 1, SO 1s = 2.93, and STi 2p = 7.91 [75].

Figure 6 shows a survey spectrum of a TiO2−y thin film
deposited by sputtering. The spectrum contains the most
prominent 2p3/2 and 2p1/2 lines of Ti, O 1s and C 1s at
standard positions. The carbon contamination is almost
impossible to avoid [73, 76]. Fortunately, it is usually limited
to the film-air interface.

The binding energies of Ti 2p3/2 and O 1s core levels
are listed in Table 3. The detailed analysis of the oxygen and
titanium XPS peaks is presented in Figures 7 and 8.

Figure 7 shows Ti 2p doublet measured in thin films
deposited under oxidizing conditions controlled by sputter-
ing rate Sd. Two limiting cases are shown: Sd = 1.82 nm/s
that yields substoichiometric oxides and Sd = 0.23 nm/s that
corresponds to overoxidized conditions. The measured Ti
2p doublet is shifted by approximately 5 eV towards higher
binding energy as compared with the metal. The binding
energy shift of this value indicates that both films contain
titanium at the highest oxidation state Ti4+ [68]. Almost
symmetrical shape of Ti 2p peak is observed in the case
of samples obtained at Sd < 1.5 nm/s. Formally, however,
apart from Ti4+ related to TiO2, one can expect at least Ti3+

and Ti2+ oxidation states as a result of the deviation from
stoichiometry already discussed in this work. The substantial
contributions from lower oxidation states (Ti3+ or Ti2+ and
Ti0) are seen for the samples obtained at Sd = 1.82 nm/s
which indicates the largest oxygen deficiency. Therefore, the
experimental spectra have been refined assuming a three-
component structure with each component assigned to a
different oxidation state, as shown in Figure 7. The relative
contributions to the Ti 2p3/2 photoelectron peak have been
calculated, and the results of the quantitative analysis are
listed in Table 4.

The assignment of each of the three components forming
Ti 2p XPS peak is difficult to make, especially because in the
literature there is a large scatter of binding energies of Ti3+

and Ti2+ (see Table 3). The charging effects in thin insulating
films complicate the problem.

In this work, the relative shifts of each of the fitted
components have been compared to those observed in
the literature (Table 3). The highest and the lowest energy
components have been assigned to Ti4+ and Ti0, respectively,
while the intermediate component has the energy shift
relative to TiO2 that falls in between that of Ti3+ and
Ti2+. Therefore, Ti3+ and Ti2+ cannot be resolved without
ambiguity.

In conclusion, the contributions from the lower oxida-
tion states of Ti can be neglected in samples obtained with
the sufficient amount oxygen in the sputtering process (at
Sd < 1.5 nm/s). The presence of small amounts of Ti3+ or Ti2+
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Table 3: Binding energies of Ti 2p3/2 and O 1s states for TiO2−y thin films deposited by reactive sputtering as compared to the literature data.

Binding energy (eV)
Reference

OII OI Ti4+ Ti3+ Ti2+ Ti0

531.9 529.7 458.5 455.8 453.5 Reactive sputtering Sd = 0.23 nm/s

531.9 530.0 458.6 456.3 453.9 Reactive sputtering Sd = 1.82 nm/s

— — 459.0 457.5 455.3 453.9 [68]

532.0 530.3 459.4 457.9 455.4 454.2 [63]

532.4 530.1 458.5 456.7 455.9 — [62]

— — 458.5 456.3 — 453.8 [70]

— — 458.5 456.8 455.0 — [71]

— 529.5 457.9 456.6 — — [67]

Binding energy shifts (eV) relative to Ti4+

0.0 −2.7 −5.0 Reactive sputtering Sd = 0.23 nm/s

0.0 −2.3 −4.7 Reactive sputtering Sd = 1.82 nm/s

0.0 −1.9 −3.5 −5.3 [66]

0.0 −1.5 −3.8 −4.7 [65]

0.0 −1.5 −3.5 −5.1 [68]
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Figure 7: Fit of Ti 2p XPS spectrum for thin films of TiO2−y
obtained at (a) Sd = 1.82 nm/s and (b) Sd = 0.23 nm/s. Three
components of each fit 1, 2, 3 correspond to different oxidation
states of titanium.

in the films that are not completely oxidized (Sd = 1.82 nm/s)
cannot be excluded.

Oxygen O 1s lines are asymmetrical in all studied
samples which suggest that oxygen occurs in two different
chemical states at least. The O 1s line could be resolved

Table 4: Relative contributions (%) to the Ti 2p3/2 and O 1s
XPS lines from the different oxidation states for TiO2−y thin films
deposited by the reactive sputtering.

Sd (nm/s) OII OI OII/(OI + OII) Ti4+ Ti3+/Ti2+ Ti0

1.82 19 81 0.19 75.4 10.5 14.1

0.88 15 85 0.15 91.5 5.1 3.4

0.23 13 87 0.13 91.9 4.7 3.4

525 528 531 534 537

OII

OII

OI

OI

O 1s

Binding energy (eV)

Experimental

Fit

Figure 8: Fit of O 1s XPS peak for a TiO2−y thin film deposited by
reactive sputtering onto Si wafer at Sd = 0.23 nm/s.

into two contributions: OI and OII (see Figure 8 and
Table 4).

The binding energy of OI state matches the literature
value [63, 74] and corresponds to oxygen that occupies
the normal lattice sites in the TiO2 structure. Thus, the OI
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state represents bulk oxygen. The OII state of higher binding
energy could not be classified unambiguously. It is often
assumed that oxygen in the surface state is responsible for
the high-energy component of the asymmetrical O 1s line
[69]. High-energy component has been assigned to oxygen
bonded to Ti+3 (O–Ti3+) [62]. However, the most probable
is the argument involving the presence of hydroxyl species
(OH) that are easily formed at the surface of oxide films
[62, 77]. It was suggested [62] that OH-group chemisorption
takes place on unsaturated Ti-sites such as Ti3+. This
interpretation has been assumed in this work to account for
the OII component of XPS O 1s peak. The presence of OH–
Ti3+ species at the surface is supported by the observation
that the intensity of OII component increases for samples
obtained at Sd = 1.82 nm/s (19% of the total O 1s peak area).
This effect is accompanied by a significant contribution from
the low-energy component to Ti 2p peak.

Meng et al. [78] have attributed the presence of OII

component to the porosity, on the account of the fact that
it is related to the moisture that accumulates mainly in the
pores or empty columns of the material. Using the ratio
of OII/(OI + OII) as a measure of the porosity it may be
concluded that TiO2−y thin films with the largest deviation
from stoichiometry are more porous than the stoichiometric
films (see Table 4).

The observed general trend in the substoichiometric
films that the O 1s high-energy and Ti 2p low-energy com-
ponents are formed is associated with a defect formation.
The electronic charge transfer from the anion (oxygen)
to the cation (titanium) increases the binding energies of
oxygen, but decreases the binding energy of the titanium core
electrons [65].

4. Discussion

The summary of the quantitative analysis is given in Table 5
that compares the O/Ti atomic ratio obtained from XPS
with other methods. X-ray electron microprobe (EMP)
underestimates the results, but it is the method that generates
the largest error as far as the oxygen content is concerned.
This is due to the lack of an appropriate oxygen standard
for this method. On the contrary, XPS yields the highest
values for O/Ti of all the methods employed in this study. The
values of O/Ti from XPS, listed in Table 5, have been obtained
when integrating the area of OI component of the O 1s peak,
only. The area of OII component that corresponds to oxygen
bound in OH− was not taken into account. And even in this
case, the resulting values of O/Ti are much higher than those
expected for a perfectly stoichiometric composition. This
does not remain in accordance with the literature reports
that indicate the defective surface of TiO2 [61]. The result
obtained here suggests rather that the tendency to oxidation
is great for the surfaces containing titanium. The exposed
surface is easily oxidized. The possible systematic error in
O/Ti determination from XPS could result from the relative
sensitivity factors.

Ion beam techniques, RBS and NRA are better suited for
determination of oxygen nonstoichiometry y in thin films of
TiO2−y .

Table 5: Atomic ratio O/Ti determined by four different analytical
methods described in this work for TiO2−y thin films obtained
under controllable conditions; electron microprobe EMP was per-
formed with X-ray microanalyzer ARL SEMQ at beam parameters:
10 kV and 0.5 μA; beam diameter on the sample 5 μm.

Analytical method
O/Ti

Sd = 1.46 nm/s Sd = 0.23 nm/s

EMP 1.87 1.92

XPS 2.47 2.44

RBS 1.93 2.11

NRA 2.06 2.14

The results of all methods discussed in this review differ
as they all have their specific capabilities and limitations
with respect to the material system studied. For instance,
nuclear reaction microanalysis (NRA) allows for a very fast
determination of the absolute total amounts of light elements
in thin films up to 1 μm thick [52]. On the other hand,
Rutherford backscattering RBS provides information on the
composition profile in depth in a nondestructive way [53].
The analysis of XPS is limited to the first (of the order of five)
atomic layers close to the sample surface because of the small
mean escape depth of the photoelectrons [79].

Film composition and particularly oxygen nonstoi-
chiometry, microstructure, and surface morphology are
closely related to the sputtering conditions and in a conse-
quence affect the electrical properties.

Systematic changes in the anatase and rutile contribution
in TiO2−y thin films can be accounted for by the modification
of the oxidation state of the sputtered Ti target and the
film deposition rate. Structure dominated by anatase grains
embedded in the amorphous background seems to be a
result of specific growth conditions such as a low sputtering
rate of the oxidized target surface. Oxygen nonstoichiometry
created at high sputtering rates promotes rutile growth.

High activation energy is required for anatase-rutile for-
mation. This transformation involves an overall contraction
of the oxygen sublattice and a movement of ions so that a
cooperative rearrangement of Ti4+ and O2− occurs. Hence,
it is proposed that the removal of some oxygen ions, which
generates lattice vacancies, accelerates this transformation.

The electrical resistivity ρ as a function of the sputtering
rate Sd is shown in Figure 9 for nonstoichiometric thin films
of TiO2−y obtained by reactive sputtering. It demonstrates
the existing correlation between the electrical resistivity and
film composition.

For fully oxidized samples, that is, at the lowest value
of growth rates Sd the electrical resistance exceeds the limit
of measurement. At Sd > 1.5 nm/s the electrical resistivity
decreases to such a level that it becomes measurable even at
room temperature.

As expected, with the decreasing O/Ti, that is, for increas-
ing deviation from the oxygen stoichiometry y, TiO2−y
thin films become more conducting. The close relationship
between ρ and y indicates that oxygen nonstoichiometry is
the source of electrons in the conduction band of titanium
dioxide thin films.
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5. Conclusions

The importance of ion beam techniques in the determination
of oxygen nonstoichiometry in reactively sputtered TiO2−y
has been discussed in this review paper. The following
detailed conclusions can be formulated:

(i) chemical composition of TiO2−y thin films deposited
by reactive sputtering from Ti target is close to
stoichiometric but a controlled departure from sto-
ichiometry y can be reached at a specific deposition
rate;

(ii) departure from stoichiometry over the range of
−0.2 < y < 0.2 has been found by RBS and NRA
techniques while XPS, which is a typical surface
analysis, yields y as high as 0.5;

(iii) film density ρmat determined from RBS measurement
remains in accordance with the progressive evolution
from amorphous, anatase to rutile phase and is
related to the film nonstoichiometry through the
surface number of oxygen atoms, NO;

(iv) close relationship between the electrical resistivity
and the deviation from stoichiometry y indicates
that the oxygen deficit is a source of electrons in the
conduction band.

It should be pointed out that general understanding of
the problem of nonstoichiometry and its influence on the
material properties is an imperative in order to make TiO2−y
based oxides into reliable and commercially viable electronic
devices.
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and S. Debrus, “The influence of thermal annealing on the
structural, electrical and optical properties of TiO2−x thin
films,” Applied Surface Science, vol. 65-66, pp. 227–234, 1993.

[24] F. Millot, M. G. Blanchin, R. Tétot et al., “High temperature
nonstoichiometric rutile TiO2−x,” Progress in Solid State Chem-
istry, vol. 17, no. 4, pp. 263–293, 1987.
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[69] G. Rocker and W. Göpel, “Titanium overlayers on TiO2(110),”
Surface Science, vol. 181, no. 3, pp. 530–558, 1987.

[70] C. da Fonseca, S. Boudin, and M. da Cunha Belo, “Character-
isation of titanium passivation films by in situ ac impedance
measurements and XPS analysis,” Journal of Electroanalytical
Chemistry, vol. 379, no. 1-2, pp. 173–180, 1994.

[71] M. Sasase, K. Miyake, I. Takano, and S. Isobe, “Photocurrent
performance of TiOx films prepared by Ar+ ion beam-assisted
reactive deposition method,” Thin Solid Films, vol. 269, no. 1-
2, pp. 36–40, 1995.

[72] F. Zhang, S. Jin, Y. Mao, Z. Zheng, Y. Chen, and X. Liu,
“Surface characterization of titanium oxide films synthesized
by ion beam enhanced deposition,” Thin Solid Films, vol. 310,
no. 1-2, pp. 29–33, 1997.

[73] J. H. Scofield, “Hartree-Slater subshell photoionization cross-
sections at 1254 and 1487 eV,” Journal of Electron Spectroscopy
and Related Phenomena, vol. 8, no. 2, pp. 129–137, 1976.

[74] C. D. Wagner, W. M. Riggs, L. E. Davis, J. F. Moulder, and G.
E. Mullenberg, Handbook of X-Ray Photoelectron Spectroscopy,
Elmer Corp., Eden Prairie, MN, USA, 1979.

[75] C. D. Wagner, “Appendix 5,” in Practical Surface Analysis, D.
Briggs and M. P. Seah, Eds., vol. 1, Wiley, Chichester, UK, 2nd
edition, 1990.

[76] L. J. Meng and M. P. dos Santos, “Investigations of titanium
oxide films deposited by d.c. reactive magnetron sputtering in
different sputtering pressures,” Thin Solid Films, vol. 226, no.
1, pp. 22–29, 1993.

[77] K. Zakrzewska, S. Skrzypek, and J. Stoch, “Structure and
composition of transparent conducting CdIn2O4 thin films,”
in Proceedings of the 12th International Congress on X-ray
Optics and Microanalysis, (ICXOM ’89), S. Jasienska and L.
J. Maksymowicz, Eds., vol. 2, pp. 876–879, Cracow, Poland,
August, 1989.

[78] Li-Jian Meng, C. P. Moreira de Sá, and M. P. dos Santos, “Study
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