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ABSTRACT: The role played by oxygen vacancies and rare earth (RE) elements in the
anatase-to-rutile (A−R) phase transformation of titanium dioxide (TiO2) is still a matter
of controversy. Here, we report the A−R transformation of TiO2 thin solid films as
obtained by ion beam sputtering a RE-decorated titanium target in an oxygen-rich
atmosphere. The samples correspond to undoped, single-doped (Sm, Tm, and Tb), and
codoped (Sm:Tb, Sm:Tm, and Sm:Tb:Tm) TiO2 films. In the as-prepared form, the
films are amorphous and contain ∼0.5 at. % of each RE. The structural modifications of
the TiO2 films due to the RE elements and the annealing treatments in an oxygen
atmosphere are described according to the experimental results provided by Raman
scattering, X-ray photoelectron spectroscopy, and optical measurements. The A−R
transformation depends on both the annealing temperature and the characteristics of the
undoped, single-doped, and codoped TiO2 films. As reported in the literature, the A−R
transformation can be inhibited or enhanced by the presence of impurities and is mostly
related to energetic contributions. The experimental results were analyzed, considering
the essential and stabilizing role of the entropy of mixing in the A−R transformation due to the introduction of more and multiple
quantum states originated in vacancies and impurities in the anatase phase.

■ INTRODUCTION

Titanium dioxide (TiO2) has attracted much attention in
recent decades because of its applicability in areas such as
pigments, optical sensors, (photo)catalysis,1,2 ferromagnetic
Fe−N-codoped TiO2 nanotubes,3,4 graphene-TiO2 compo-
sites,5 antimicrobial activity,6 and optoelectronic devices.7−17

Usually, TiO2 can be found in the brookite (orthorhombic
symmetry), anatase (tetragonal), and rutile (tetragonal)
crystalline structureswith the last two being the most
common and interesting structures for the abovementioned
applications. Because rutile is the most stable phase, the
anatase-to-rutile (A−R) phase transformation is an irreversible
process that depends, among other factors, on the temperature,
pressure, presence of impurities, grain size, synthesis processes,
and post-annealing conditions.18,19 Therefore, controlling the
TiO2 phase formation is a challenge to guarantee its final
performance in many practical devices. An interesting route to
manage the TiO2 structure is by inserting small amounts of
foreign species (doping), which can either inhibit or promote
the development of certain phases. Doping with rare earth
(RE) elements can introduce new optical properties to TiO2.
In fact, when embedded into solid matrices, trivalent RE
(RE3+) ions are behind many technological applications,20−22

most of them involving efficient light emission in the
ultraviolet−visible−infrared frequency range.23−25 Moreover,

by combining the electronic properties of the TiO2 semi-
conductor with the RE3+-related optical features, it is possible
to build devices such as photon waveguides, solar cells, color
displays, light-emitting diodes, and temperature sensors.26

Finally, it is well established that doping with Sm3+ or Tb3+

improves the photocatalytic activity and stabilizes the anatase
phase of TiO2.

27

With the aim of improving the understanding of the
influence of RE impurities on the A−R transformation, this
work contains a comprehensive study of undoped TiO2 films
and either single-doped (Tm, Sm, or Tb) or codoped (Sm:Tb,
Sm:Tm, or Sm:Tm:Tb) thin films. In addition to the
deposition and sequential thermal annealing of the films, this
work comprises the examination of their composition [by X-
ray photoelectron spectroscopy (XPS)], structure (by Raman
scattering), and optical electronic (by UV−vis optical trans-
mission) properties. Based on the consistent results obtained
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in previous studies, the structural characteristics (i.e.,
amorphous-crystalline nature and A−R phase proportion) of
the TiO2 films were obtained, with high precision, by Raman
spectroscopy.26,28 Grazing-incidence X-ray diffraction is also an
appropriate technique to study the structure of the films;
however, Raman spectroscopy is faster and essentially gives the
same information.
An important section of the paper discusses how the

increasing presence of oxygen vacancies in the material upon
annealing is related to the increasing entropy of mixing of the
system, as an attempt of understanding the A−R trans-
formation invoking a basic thermodynamic approach. Note
that the goal of the analysis, however, is to study the influence
of defects on the A−R transformation and not the specific
mechanism(s) of their formation. Indeed, the chemistry of the
defect formation in TiO2 is a well-established subject because
of its importance in the performance of the applications
mentioned above.19 Moreover, the control of defect formation
and its effect on the structure on several materials is very
important, for example, in ternary uranium oxides,29 metals,30

and semiconductors.31 In particular, the observed formation of
the anatase or rutile phases in the TiO2 films is consistent with
the presence of RE3+ and RE2+ ions and the formation of
oxygen vacancies,19,32 as also shown in our XPS and UV−vis
analyses.
The role of oxygen vacancies is studied based on the

following: a perfect crystal is free of vacancies at T = 0 K. On
the other hand, it is well known that, at higher temperatures, a
real crystal contains vacancies in thermal equilibrium. The
reason that it is permitted to a flawed crystal to be defective
arises from a decreasing free energy ΔG due to the entropy of
mixing (ΔSmix) introduced by the vacancies. That is, the
negative energy introduced by the TΔSmix term allows to
minimize the ΔG of the system at different temperatures T.33

Finally, it is remarked that the role of ΔSmix in the last decade
has attracted much attention because of its important function
in stabilizing multicomponent alloys.34,35

■ RESULTS

Surface Electronic Structure Analysis: XPS. The
chemical composition of the as-deposited TiO2 thin films
and after the thermal annealing at ∼1000 °C (ex situ) was
obtained from the XPS spectra. These analyses considered the
Ti 2p doublets (2p3/2 and 2p1/2 orbitals) located at ∼459 and
∼464 eV, respectively, along with the following core levels: O
1s at ∼531 eV, Sm 4d at ∼132 eV, and Tb 4d at ∼150 eV.26,36
According to the XPS analysis, all TiO2 films were almost
stoichiometric ([Ti] ∼30 ± 3 at. % and [O] ∼70 ± 7 at. %)
and presented the following RE concentrations: [Sm] ≈ [Tb]
≈ [Tm] ∼0.5 at. % and [Sm + Tb] ∼1 at. % with a ∼0.5 at. %
contribution of each RE. The data corresponding to SmTm-
and SmTbTm-doped TiO2 films are shown in Table 1.
Figure 1 shows the XPS spectra of a representative set of RE-

doped TiO2 films, as-deposited and after thermal annealing at
800 °C. The bands associated with the Ti 2p [Figure 1a] and
O 1s [Figure 1b] core levels, along with the main titanium−
oxygen bonding configurations and features associated with
oxygen vacancies, are also indicated. According to Figure 1a,
the Ti2O3-related signal increases after thermal annealing at
800 °Cas observed as shoulders at ∼463 and ∼457 eV.37−39
Moreover, they are more intense in the SmTb-doped film,
merging with the Ti3+-related signal, denoting the presence of
oxygen vacancies.40,41 The advent of oxygen vacancies is also
evident in Figure 1b, where in each case, after thermal
annealing, a high-energy shoulder merges on the left of the O
1s core level.38,40,42 In order to evince the Ti oxidation states of
the SmTb-codoped TiO2 film arising after thermal annealing,

Table 1. Summary of the Compositional (XPS Data) and Structural Results (as Obtained by Raman Spectroscopy) of the Ion
Beam-Sputtered TiO2 Filmsa

single-doped codoped

undoped Sm 0.5 at. % ±0.2 Tb 0.5 at. % ±0.2 Tm 0.5 at. % ±0.2 Sm:Tb 1 at. % ±0.4 Sm:Tm 1 at. % ±0.4 Sm:Tb:Tm 1.5 at. % ±0.6

as-dep, °C a-TiO2 a-TiO2:Sm a-TiO2:Tb a-TiO2:Tm a-TiO2:Sm:Tb a-TiO2:Sm:Tm a-TiO2:Sm:Tb:Tm
∼600 A A A A A/R a-TiO2:Sm:Tm a-TiO2:Sm:Tb:Tm
∼800 A A A A A/R R R
∼1000 A/R A A A A/R R R
∼1170 A/R A A/R A R R R

aAll of the as-deposited films are amorphous (a-TiO2). After the first annealing stage, the anatase (A) phase is identified in single-doped films, while
in codoped films (Sm + Tm- and Sm + Tb + Tm), the samples remain amorphous. Depending on the doping (element and concentration), the
Raman signal shows the rutile (R) phase merging at different annealing stages.

Figure 1. (a) Ti 2p; (b) O 1s electron core levels as obtained from the XPS measurements of the TiO2 films doped with Sm, Tb, and SmTb, as-
deposited and after thermal annealing at 800 °C. The presence of oxygen vacancies is indicated in the figures, denoting their susceptibility to
thermal annealing treatment and doping characteristics; (c) subtraction of the SmTb-codoped TiO2 film XPS spectrum obtained after thermal
annealing from the XPS spectrum of the as-deposited sample. The deconvoluted components as well as the oxidation states are indicated.
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we subtracted the XPS spectrum obtained after thermal
annealing from the XPS spectrum of the as-deposited sample.
The resulting curve is shown in Figure 1c. It is remarked that
oxygen vacancies are not only associated with Ti3+ ions but
also with the presence of Ti2+ ions,37−39,43 both defects
contributing to increase the optical subgap absorption (see the
next section). Also, in the single-doped films, these
contributions are less evident (not shown).
Optical Properties: UV−vis Optical Transmission

Measurements. The importance of band gap studies on
TiO2 is linked to several technological applications such as
catalysis and photovoltaic devices. This is so because TiO2 is
transparent to visible light and band gap modifications are
necessary to improve the subgap absorption for the cited
applications. The absorption is intimately dependent on the
material defects.44,45 As noted in the introduction, the
importance of the defects is one of the subjects of this paper
and it has been studied by optical analysis. Therefore, the band
gaps and the subgap absorption of all TiO2 films were
estimated from their respective optical absorption coefficient
spectra, as obtained from the UV−vis transmission measure-
ments.46,47 Concerning the band structure of TiO2, theoretical
calculations have shown that the rutile and anatase phases
present direct and indirect optical band gaps, respectively.48,49

However, considering the amorphous and/or polycrystalline
character of the present TiO2 films,50 their optical band gaps
were estimated by Tauc’s method.51 Because our interest is to
compare band gap variations, Tauc’s method satisfies this
objective. Figure 2a shows the band gaps of the TiO2 films
obtained from this method, and Figure 2b shows their
evolution as a function of the annealing treatment.
For the sake of simplicity, Figure 3a1−a4 shows the optical

absorption spectra, as-deposited and after thermal annealing at
600 and 1000 °C of selected TiO2 films (undoped and Sm-, SmTb-, and Sm:Tm-doped). The codoped films have both a

pronounced band gap shrinkage and increased sub-band gap
absorption because of defects and higher doping concen-
tration. It is remarked that in all the annealed samples, the sub-
band gap absorption increases, which is in agreement with the
fact that defects are created during the thermal annealing
procedure.52 The density of states is associated with the subgap
absorption. Therefore, Figure 3b1,b2 shows the sub-band gap
area versus annealing temperature, as obtained by integrating
the low-energy region of the optical absorption curves (e.g.,
hatched region curve in Figure 3a3). The highest energy
integrating limit was fixed at the slope intersection of the
abrupt slope changes.

Structural Behavior: Raman Spectroscopy. The Raman
spectroscopy results show that all the as-deposited TiO2 films
are amorphous. Moreover, depending on the doped RE
element, structural changes occur at different thermal
annealing temperatures (Figure 4), clearly indicating the
development of the anatase (vibrational modes at ∼144, 397,
516, and 639 cm−1) and/or rutile phases (∼235, 449, and 610
cm−1).53 The rutile fraction of each TiO2 film was obtained by
fitting Lorentzian curves to the anatase- and rutile-related
Raman components in the 300−700 cm−1 range.54 The result
is illustrated in Figure 5a, which shows the Raman spectrum of
the SmTb-doped TiO2 film (after thermal annealing at 600
°C). The fraction of the rutile phase in undoped and Tb- and
SmTb-doped TiO2 films as a function of the thermal annealing
temperature is presented in Figure 5b. A summary of the
structural properties as a function of thermal annealing of the
studied samples is provided in Table 1.

Figure 2. (a) Tauc’s plots of the selected TiO2 films (as-deposited
and after thermal annealing at 1000 °C): undoped, Sm-doped, and
SmTb-doped. The band gap is obtained by the intersection at the x-
axis of the absorption edge linear fitting (dashed straight lines); (b)
optical band gaps of single-doped samples as a function of thermal
annealing. The dashed lines are guides for the eyes. For the sake of
clarity, only the optical properties of a selected group of samples are
represented in Figure 1b.

Figure 3. (a1−a4) Optical absorption coefficient vs photon energy for
a select group of samples (undoped and single- and codoped), as-
deposited and after thermal annealing at 600 and 1000 °C. (b1,b2)
Normalized sub-band gap area Nv vs annealing temperature, as
obtained by integrating the low-energy region of the absorption
spectra (e.g., hatched region curve a3). The highest energy integrating
limit was fixed at the slope intersection of the (abrupt) slopes
changing in the absorption spectra. The dashed lines are guides for
the eyes.
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■ DISCUSSION
As mentioned in the Introduction, there is a consensus in the
literature that an important factor in the A−R transformation is
the presence (intentional or not) of impurities in the TiO2
host.6,19 This transformation assumes atom diffusion, nuclea-
tion, and growth processes, with the participation of oxygen
vacancies.19,55 Regarding the doping of TiO2 with RE
elements, there are several reports showing that these species
act as efficient inhibitors of the A−R transformation.19,56−58

Hanaor and Sorrel suggest that the A−R transformation is
favored by the presence of vacancies of oxygen sublattice and
also show that impurities can prevent the A−R trans-
formation.19 Indeed, many doping elements inhibiting the
A−R transformation are reported in the literature, which lead
us to conclude that the limit of solubility is not reached.19,59

The conflicting reports about the effect of impurities on either
preventing or promoting the A−R transformation revealed the
complexity of the phenomenon. Therefore, in the following
paragraphs, we shall discuss in more detail this problem by
describing a mechanism focusing on the effect of entropy in
the phenomenon of the A−R transformation.

Amorphous to Anatase/Rutile Transformation.
Among the various growth conditions influencing the phase
transformation in amorphous TiO2 (e.g., type of substrate,
deposition method, temperature, pressure, thermal treatments,
and atmosphere), the grain size and thermal annealing rate are
important in the A−R transformation process.60−63 As stated
by Zhang et al.,64 amorphous TiO2 is an important precursor of
single-phase nanocrystalline anatase. According to these
researchers, the amorphous material consists of distorted
shells containing strained anatase-like structures that are
important for the formation of the anatase phase. Indeed,
the as-deposited nondoped and low-doped (∼0.5 at. %
impurities) TiO2 films considered in this research are
amorphous, evolving to anatase as a result of the annealing
treatment, provided that the temperature is maintained below
∼600−800 °C (see Table 1). Alternatively, with higher
concentrations of impurities in codoped samples (∼1.0−1.5
at. %), they transform from amorphous to the anatase/rutile
mixture or attain pure rutile characteristics even at lower
temperatures. The latest effect could be when the concen-
tration of impurities went beyond the solubility limit,
promoting precipitation (Table 1).

A−R Transformation of Undoped TiO2. Because of the
complexity of the problem, we shall first discuss the A−R
transformation of undoped TiO2, keeping in mind that for bulk
TiO2, the rutile phase is the thermodynamically stable
structure65 and that film crystallization is prompted by
annealing.19,66 One can notice that there is enormous data
dispersion for the temperature of the A−R transformation
because of the rate of annealing treatments and the presence of
impurities. One plausible mechanism involving the crystal-
lization of amorphous TiO2 relies on topological arguments
associated with the so-called edge-to-vertex r-ratio linking
octahedral building units. The polymorph crystalline rutile
and anatase share two (2) and four (4) edges, respectively.18

Because of the lack of long-range order in TiO2 amorphous
material submitted to the annealing process of crystallization, a
small percentage to vertex linked ratio could be present in the
precursor material. If it is so, the material evolves directly into
the rutile phase upon annealing treatments. On the contrary,
the anatase phase emerges when the edge-to-vertex linked
percentage is relatively larger in the starting amorphous
material.66−68

Thermodynamic studies of the A−R transformation involve
different approaches. Taking into account that the anatase and
rutile phases have the same entropy S, Chen and Mao
proposed that the stability is governed by the enthalpy H and
that the variation of the Gibbs free energy ΔG can be
approximated by ΔG ≈ ΔH.9 In another approach, Jamieson
and Olinger assumed both zero internal energy U in the A−R
transformation and ΔG0 ≈ PΔV, where ΔV is the volume
variation and P is the pressure. Then, (ΔG0/ΔV)U,S = P. By
substituting the ΔG0 value reported by Navrotsky and
Kleppa69 and the molar volume variation during the trans-
formation, the results show that negative pressures are
necessary to stabilize the anatase phase. In our understating,
however, the “hypothetical negative pression” mentioned by
Jamieson and Olinger is a negative magnitude from PΔV due
to a difference of relative pressures and not by the presence of
a negative absolute pressure.18 Moreover, experimental results
confirm that the bulk anatase phase is metastable up to ∼600−
800 °C under atmospheric pressure conditions, provided that
TiO2 is pure.19 Notably, however, none of the described

Figure 4. Raman spectra of TiO2 films: (a) undoped, (b) Sm-, (c)
Tb-, and (d) SmTb-codoped samplesas-deposited and after thermal
annealing at 600 and 1170 °C. The main vibrational modes associated
with the anatase (black arrows) and rutile (vertical green lines) phases
of TiO2 are indicated. For the sake of clarity, the curves were
normalized and vertically shifted.

Figure 5. (a) Typical spectrum deconvolution denoting the Raman
contributions due to the anatase and rutile phases of TiO2 (SmTb-
doped after thermal annealing at 600 °C). (b) Rutile fraction as a
function of the annealing temperature. For the sake of clarity, only the
selected samples are plotted (see Table 1): undoped and Tb- and
SmTb-doped. Note that the single Tm- and Sm-doped samples are
similar to a single Tb-doped sample. The dashed lines are guides for
the eyes, and the error bars result from the fitting procedure.
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thermodynamic and topological approaches consider the
entropy effects introduced by the presence of oxygen vacancies
and defects.
To understand the occurrence of the A−R transformation,

we suggest that two important thermodynamic considerations
should be contemplated. First, why does the A−R trans-
formation of pure TiO2 occur at ∼600−800 °C at atmospheric
pressure? That is, why is the irreversible phase change to stable
rutile hindered up to relatively high temperatures? Second,
considering the experimental reports showing that this change
depends on the presence of oxygen vacancies and that the rate
of the A−R transformation increases exponentially with
temperature, what is the role of entropy in the phase
transformation?19 With these two questions in mind, we
discuss the A−R transformation of pure TiO2 with a simple
statistical model usually applied to metal alloys, where the role
of entropy allows us to explain the metastability of these
materials at temperatures up to T ∼ 600−800 °C.
First, let us assume that at a fixed temperature, the anatase

metastable phase is constituted, in addition to Ti atoms, by
two oxygen species: vacancies and atoms in thermodynamic
equilibrium. On the other hand, the temperature dependence
of the density of oxygen vacancies nv is determined in a first
approximation by the Boltzmann exponential33,70

ε= −n N kTexp( / )v 0 v (1)

where εv is the energy necessary to create a vacancy, T is the
absolute temperature, k is the Boltzmann constant, and N0 is
the number of bulk oxygen atoms in correctly coordinated
sites, that is, neglecting the contribution of surface atoms
(relative to the ones in the volume). In eq 1, it is assumed that
the detached atoms move to the free surface of the system.62

Provided that the system is below the temperature of the A−
R transformation, one can assume that, for a constant oxygen
pressure and temperature, the system is in a thermodynamic
(metastable) equilibrium, that is, vacancies and oxygen atoms
are at (metastable) equilibrium. More precisely, for a fixed
temperature T, the Gibbs free energy G = U + PV − TS = H −
TS verifies that ΔG = ΔH − TΔS = 0, that is, the free energy is
in a local minimum (non-absolute) of the anatase metastable
phase. This is similar to what occurs with diamond, which, for
all purposes, is in a (metastable) equilibrium up to very high
temperatures at atmospheric pressure.
During a sufficiently slow annealing (adiabatic) procedure at

temperatures below the A−R transformation, TiO2 reaches
new successive metastable equilibrium states, preventing the
A−R transformation. In other words, the anatase metastable
phase remains “frozen” at different constant temperatures.
However, as commented above, the existence of unintentional
impurities and other defects can act as nucleation centers, and
longer annealing times could prompt the formation of rutile
crystallites, even though the quasi-equilibrium treatments are
performed below ∼600−800 °C. Neglecting these effects and
assuming that the anatase phase is preserved up to this critical
temperature range, the variation in the Gibbs free energy for
anatase is given by (assuming P and T constants) ΔG = ΔU −
TΔS, where ΔV ≈ 0 is also assumed, that is, the volume does
not change, which might prove that the A−R transformation
does not occur. Indeed, in the experiments reported here at
atmospheric pressure, a volume contraction of ∼8% arises only
in the case that the A−R transformation takes place.19

However, as the vacancies (defects) increase as a function of
the annealing temperature, the entropy should be considered

because the number of possible quantum microstates of the
mixture also increases. Indeed, theoretical and experimental
studies have shown that oxygen vacancies are formed beneath
the surface of the material where the mobility of the atoms is
greater than in the bulk, contributing to network rearrange-
ment.71 One can go further with these arguments by assuming
an ideal binary solid solution constituted by N0 and nv, and the
entropy of mixing is given by30

Δ = − [ + ]S Nk x N N x n Nln( / ) ln( / )mix 0 0 v v (2)

where x0 = N0/N, xv = nv/N, and N = N0 + nv. Assuming nv ≪
N0, to guarantee the material’s integrity

Δ ≈ −S n k
n
N

lnmix v
v

0

i
k
jjjjj

y
{
zzzzz (3)

Substituting nv given by eq 1 in 3

ε
εΔ ≈ Δ − ≈S

n
T

T S nor 0mix
v v

mix v v (4)

The energy nvεv is the internal energy variation ΔU delivered
to the system to create nv vacancies,33 that is, ΔU = nvεv.
Therefore, ΔG = ΔU − TΔSmix ≈ nvεv − TΔSmix = 0. In
conclusion, the increase of the internal energy increases the
defect density, but it is compensated by the entropic negative
TΔSmix energy contribution.
We remark that this type of thermodynamic approach is well

known in metallic alloys, such as steel, where the increasing of
the internal energy and the creation of vacancies in the system
by heating the material is compensated by an increase in the
entropy of mixing, which stabilizes the material at different
temperatures.30

This effect is valid to some extent, and further increase of the
internal energy ΔU can generate a larger amount of vacancies
that cannot be compensated by the increasing TΔSmix and
phase transition occurs. This could explain why in pure bulk
TiO2, a further increase in temperature (T ≥ 800 °C) provokes
A−R transformation.
The discussion outlined in this section suggests that entropy

considerations can contribute to understanding equilibrium
mixtures, such as TiO2, at T ≠ 0 K. We shall return to this
point below. Finally, it is remarked that the phonon
contribution to the total entropy of the crystal was neglected.
This contribution stems from the fact that a missing atom
(vacancy) decreases the constraints of its near neighbors, and
thus, more local random motions are allowed, diminishing the
energy εv (Equation 1). In other words, only ΔSmix is
considered because it is often larger than the phonon
contribution for temperatures much lower than the melting
point.72

A−R Transformation of RE-Doped TiO2. In undoped
TiO2, the metastable stability of the anatase phase upon
increasing the annealing temperature was explained by the
compensation of the increasing ΔU (and concomitant vacancy
creation) by the ΔSmix increase. In doped TiO2, the complexity
of the thermodynamic problem prevents a simple analysis and
only qualitative discussions and heuristic arguments can be
invoked. Indeed, the presence of impurities increases the
difficulty of calculating the possible combinations to estimate
the entropy of mixing because a numerical method of analysis
is necessary. Nevertheless, in the next subsection, we show
experimental results supporting the fact that the formation of
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oxygen vacancies is independent of the impurities causing the
defects.
As mentioned above, there is abundant bibliography

showing that different impurities can inhibit or promote the
A−R transformation.19 In fact, single-doped samples with Sm,
Tb, or Tm are examples of the former, that is, the anatase
phase is stable up to higher annealing temperatures (Figure 5b
and Table 1). These RE elements seem to be good inhibitors
of the A−R transformation, in agreement with the
comprehensive study by Hishita et al.32 At first glance, a
larger number of impurities suggests that the increasing
entropy of mixing could favor the stabilization of the
metastable phase because the −TΔSmix term could contribute
to minimizing the Gibbs free energy. Nevertheless, there are
other effects that could invalidate this simple argument. For
instance, increasing doping concentration could promote the
A−R transformation by the formation of rutile nucleation
centers. In fact, our results show that codoping at RE
concentration ≥1 at. % destabilizes the anatase phase at
lower annealing temperatures (Figure 5b and Table 1) because
of the aggregation of defects2 and, probably, kinetics effects.
The incorporation of impurities (promoting or preventing

the A−R transformation) is expected to depend also on the
creation of oxygen vacancies.19 Additionally, stemming from
structural constraints, the inclusion of dopants (in substitu-
tional or interstitial sites) also influences the transformation.
Finally, previous reports on the subject show that both the
atomic radius and valence of the dopants seem to promote
nucleation and thus the transformation.35 From a thermody-
namic point of view, even considering an ideal solid solution,
the presence of four species (Ti, RE, O, and vacancies) makes
the calculation of the Gibbs function a serious problem. In
addition, the entropy of mixing assumes that the solid solution
components can occupy the sites randomly, a condition that is
not realistic because preferential bonding of the atoms acts
during the formation of the material.19,35 Moreover, the
inclusion of a dopant in the RE+3 state of oxidation increases
the entropy of the system, and the assumption of an ideal
entropy of mixing of two species is a rough approximation. We
understand that all these questions are difficult to answer
satisfactorily at the present stage of the results obtained in this
work. However, the experimental findings show that single-
doped samples, independently on the REs considered (Sm, Tb,
and Tb), show a similar increase in the density of subgap
defects (oxygen vacancies) as a function of the annealing
temperature (Figure 3b1). Therefore, it is suggested that ΔSmix
is the most important factor stabilizing the material at higher
annealing temperatures. Moreover, as we shall show in the next
section, the activation energy associated with the generation of
vacancies is the same, within the experimental error, for all the
single-doped samples, supporting the argument that the type of
defects created by the impurities (Sm, Tb, and Tm) behaves
similarly (Figure 6a). We suggest that this argument is valid,
provided that the RE atoms are occupying substitutional or
interstitial sites forming a solid solution, a situation most likely
limited by the impurity concentration, as discussed in the
beginning of this section.73

To summarize, one can conclude that the inclusion of single-
doped RE elements will increase the entropy of mixing,
stabilizing the anatase phase. In fact, an approach to the
complex problem of the equilibrium phases of multicomponent
alloys was addressed by several authors (please see ref 35 and

references therein). A short discussion of these basic ideas is
outlined in the Supporting Information.

Sub-Band Gap Absorption and Density of Defects.
The sub-band gap absorption evolution of the undoped TiO2
films is a consequence of defect creation prompted by thermal
treatment. As noted above, Figure 1a−c shows the merging of
the bands associated with Ti3+ and Ti2+ defects associated with
Ti2O3 and TiO structures.38−40 Additionally, Figure 3b1,b2
shows a monotonical increase in sub-band gap absorption due
to the defect states for both single- and codoped samples as the
annealing treatment advances.
Regarding the creation of oxygen vacancies, there is

consensus in the literature that they are easier to create
compared to Ti interstitial.52,74 This effect means that most of
the states associated with sub-band gap absorption Nv
represented in Figure 3 can be ascribed to oxygen vacancies,
and one can equate nv to Nv, that is, nv ≈ Nv. Figure 6 shows
that in pure and single-doped TiO2 films, the sub-band gap
densities of defects merge altogether at the higher studied
annealing temperature. Within the experimental error, the
single-doped films show a similar behavior over the entire
range of annealing temperatures. As discussed in the previous
section, this finding suggests that there is no specificity in the
creation of sub-band gap defects associated with the RE
dopants. With these considerations in mind, we fitted the
experimental sub-band gap absorption data by using the
expression Nv = N0 exp(−Ev/kT) of the TiO2 films, undoped
(Ev = 0.87 eV), single-doped (average Ev = 0.78 eV), and
codoped (Ev = 0.60 eV) [Figure 6a,b]. Ev is associated with the
energy necessary to create an individual vacancy for doped
samples. Note that the symbol Ev is used to distinguish it from
the previous εv to make it clear that the latter is an
experimental and specific energy value to form a vacancy for
doped samples. To estimate N0, stoichiometric TiO2 was
assumed to have a density of 3.894 g cm−3 (Figure 7).19

Moreover, in the frame of the present study, the defect
(vacancies) involved in the entropy is estimated by the subgap
absorption spectra; however, other strategies can be used, for
example, those reported by Zhou et al.4

Figure 6. (a) Sub-band gap absorption areas obtained from Figure
3b1 vs 10

3/T (annealing temperature). The black solid lines (square
symbols) correspond to the exponential fitting for the undoped TiO2
films. The magenta solid line (rhombus symbols) is an exponential
fitting corresponding to the average sub-band gap absorption areas of
all the single-doped samples. For comparison purposes, the sub-band
gap absorption curves vs 103/T are compiled in (b), including the
average curve of the codoped samples displayed in Figure 3b2. For the
sake of clarity, the symbols of the experimental data are suppressed.
The value of the activation energies Ev of the exponential fittings are
indicated. Note that the symbol Ev is used to distinguish from the
previous one (εv) to make it clear that the former is an experimental
and specific value of the energy necessary to create an individual
vacancy for doped samples.
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From these results, one can draw the following findings.
First, up to ∼1100 °C, the concentration of oxygen vacancies is
larger in single-doped films than in undoped TiO2. This result
implies that the entropy term (TΔSmix) is larger in the former
samples than in the undoped samples, compensating for the
increasing enthalpy of the lattice incremented by the annealing
treatment. Consequently, in the single-doped films, the anatase
phase is stabilized even at temperatures higher than the range
normally found for the A−R transformation of undoped TiO2
(Figure 5). Second, the rapid growth of defects in all the
studied films (at the higher annealing temperatures) leads to a
larger increase of density of the defects. This merging suggests
that at higher annealing treatments, the internal energy ΔU
[Equation 2] is so high that the TΔSmix energy associated to
entropy is not enough to compensate the increase of ΔU,
prompting the A−R transformation. Moreover, for a large
density of vacancies, the contribution of the PΔV term is an
important driving force for the A−R transformation because
the rutile density is ∼8% higher than the anatase density.6 For
codoped samples, Figure 7 shows a high density of defects
(vacancies), even for relatively low annealing temperatures,
explaining why the rutile phase occurs at lower annealing
temperatures [Figure 5b]. In fact, codoped samples contain
twice the concentration of RE elements, and nucleation centers
of the rutile phase are probably prompting the phase
transformation.
Finally, a qualitative argument about the A−R trans-

formation is presented with the help of a graphical picture
(Figure 8). Assuming constant temperature and T ≠ 0 K, the
system is in a minimum of the Gibbs function. The annealing
treatment increases the internal energy ΔU, pushing the
system out of the (metastable) equilibrium. However, the
number of vacancies nv also increases because of the increase of
the temperature. Therefore, an increasing entropy of mixing
ΔSmix is expected and, to some extent, it could compensate the
increase of the internal energy of the system, ΔU, bringing the
system to a new local equilibrium.

■ SUMMARY AND CONCLUSIONS
TiO2 films (undoped as well as doped with Sm, Tm, Tb,
SmTm, SmTb, and SmTmTb) were deposited by ion beam
sputtering of a Ti target properly decorated with Sm, Tm, and/
or Tb elements. In the as-deposited samples, Raman and XPS
measurements indicate that all the films are amorphous and
approximately stoichiometric ([Ti] ∼ 30 at. % and [O] ∼ 70
at. %). The single-doped films contain ∼0.5 at. % and the

codoped films contain ∼1−1.5 at. %. The anatase-to-rutile
transformation was studied by sequential thermally annealing
the films under a flow of oxygen at slightly higher atmospheric
pressure in the 600−1170 °C temperature range. In addition to
the compositional (XPS analysis) and structural (Raman)
characterization, the optical properties of the films were
investigated by UV−vis transmission spectroscopy. According
to the experimental results, the thermal treatments increase the
sub-band gap absorption of the material because of the
creation of oxygen vacancies. The importance of these defects
regarding the phase transformation was discussed, focusing on
the thermodynamic role of the entropy of mixing by
considering vacancies and oxygen atoms. In the pure TiO2
films, it is proposed that the increasing density of oxygen
vacancies on annealing treatment is compensated, to some
extent, by the increasing of the entropy of mixing, preventing
the A−R transformation. This thermodynamic approach is well
known in metallic alloys, such as steel, where the increasing in
the internal energy and the creation of vacancies by heating the
material are compensated by the increasing energy of mixing
(TΔS), which stabilizes the material at relatively higher
temperatures. For higher annealing temperatures, the ex-
ponential growth of oxygen vacancies favors the A−R
transformation. On the other hand, the transformation was
prevented up to ∼1000 °C in the Sm- and Tb-doped films.
The inclusion of several RE3+ and RE2+ ions in the TiO2
structure increases the complexity of the calculation of the
entropy of mixing, and only qualitative arguments are
suggested. Indeed, increasing the possible arrangements of
vacancies associated with oxygen bonded either to the RE3+,
RE2+, or Ti4+ species also increases the entropy of mixing. This
increasing helps to stabilize the doped films up to higher
temperatures compared with the one observed in pure TiO2.
However, further increasing the RE doping over ∼1.0−1.5 at.
% prompts the A−R transformation. Precise calculations using
numerical models such as those used in the so-called multi-
principal element alloys could bring more quantitative
conclusions.

■ EXPERIMENTAL DETAILS
TiO2 films (undoped, single-doped, and codoped with Sm, Tb,
and Tm) were deposited on both crystalline Si and fused silica
substrates by argon ion beam sputtering of a Ti (99.999%)
target decorated with RE (99.9%) pieces.50 The concentration

Figure 7. Theoretical density of vacancies assuming the activation
energies obtained from the fittings in Figure 6b. The number N0 was
estimated assuming stoichiometric TiO2 and a density of 3.894 g
cm−3.10

Figure 8. Artistic representation of the anatase-rutile transformation.
The stoichiometric TiO2 structure is assumed in the left part of the
picture. Increasing temperature prompt an increase of vacancies (blue
symbols). Consequently, an increasing entropy of mixing also occurs.
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of each element in the film can be controlled by properly
adjusting the exposed area of each doping material on the
target mosaic assembly, that is, by means of the sputtering
target design. The typical deposition conditions were as
follows: 2 × 10−6 mbar (base pressure), 5 × 10−4 mbar (O2
atmosphere during deposition), ∼200 °C (substrate temper-
ature), and 1.5 keV and 13 mA cm−2 (Ar+ ion beam energy and
current density). Under these conditions, the TiO2 films were
macroscopically homogeneous with a thickness of ∼300 nm, as
obtained by atomic force microscopy (Vecco Innova).
After deposition, the films were investigated by in situ XPS

measurements (1486.6 eV Al Kα line with an ∼0.85 eV energy
resolution75), and the data were analyzed following standard
procedures involving spectra background removal (Shirley
method76) and relative chemical composition analysis (by
adopting the sensitive factors of Wagner et al.77). In the
experimental setup, the sputtering deposition chamber (at 10−6

Pa base pressure) is connected to the XPS analysis chamber (at
10−7 Pa) through a transference chamber (at 10−6 Pa).
Therefore, the as-deposited samples were transferred to the
XPS analysis chamber immediately after deposition, without
being exposed to air. Subsequently, the films were ex situ
thermally annealed under an oxygen atmosphere at 600, 800,
1000, and 1170 °C. The treatments were cumulative, 30 min
long, and carried out at an oxygen pressure slightly above the
atmospheric pressure. Because the films were exposed to
ambient conditions after the thermal annealing treatments,
mild surface cleaning was performed (∼100 eV Ar+ for 30 s)
before the XPS measurements. To avoid differences stemming
from the cleaning procedure to the greatest extent, the
procedure was performed under equivalent conditions for all
the studied samples. All films, as-deposited and after each
thermal annealing step, were further investigated by Raman
scattering (488.0 nm photon excitation) and UV−vis (∼300−
700 nm wavelength range) optical transmission measurements.
Likewise, the photoluminescence of the films was investigated,
and the main results can be found elsewhere.26,36
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