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Abstract: We demonstrate the heteroepitaxial growth of phase-pure bronze-phase TiO2 films using
pulsed laser deposition on MgAl2O4 single-crystal substrates. While the growth on cubic substrates
with smaller lattice parameters favors the stabilization of an out-of-plane-oriented anatase phase, and
the use of substrates with larger lattice parameters leads to formation of the rutile phase, MgAl2O4

lies in a narrow intermediate range where the bronze phase is stabilized. X-ray diffraction shows
that the b-axis is oriented out-of-plane, while the a–c lattice plane lies within the film plane. The
bronze films show twinned domains due to their monoclinic structure that are aligned along all
four in-plane directions of the MgAl2O4 lattice. In a subsequent step, TiO2 films are grown on top
of MgAl2O4-buffered MgO single crystals in order to demonstrate a route to stabilize the bronze
phase on a larger variety of substrates. The growth of bronze-type TiO2 films with the unique, open,
one-dimensional framework aligned along the film normally may allow for the investigation of its
basic functional properties related to ion diffusion that cannot otherwise be studied easily in other
crystal forms.
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1. Introduction

Among all transition metal oxides, titanium dioxide is one of the best studied and most
used materials in industry [1]. A number of polymorphs of TiO2 are known that differ in
their physical properties and make them appealing for various applications. The three main
polymorphs that are frequently encountered in nature are the rutile, anatase and brookite
phases. All of these three phases are still heavily investigated in photocatalytic [2,3] and
solar-cell applications [4,5], and improvement of their performances typically requires an
optimized phase mixture. A fourth naturally occurring, far less well studied, polymorph is
bronze-type TiO2. This modification is the least dense of the four natural polymorphs of
TiO2, so it seems to be an excellent host for Li intercalation [6]. The bronze-type structure
has one-dimensional open channels along the [010] direction that offer a good path for ion
transport [7]. Bronze-TiO2 has therefore, for example, been considered as a candidate anode
material for lithium-ion batteries [8–10]. Because of its metastable properties, only a few
investigations have been carried out in the electrochemistry field. These publications have
indicated great potential in applications when several intrinsic drawbacks, such as moderate
electrochemical kinetics and unsatisfactory long-cyclic stability, can be resolved [11].

The preparation of phase-pure crystals with well-defined surfaces is a prerequisite
to understanding the potential of bronze-type TiO2 for future applications. However, the
preparation of phase-pure epitaxial films has been a challenge. Coexistence with one of the
three more thermodynamically stable polymorphs is commonly observed [12]. Advances
have recently been made in thin film heterostructures where the insertion of suitable buffer
layers has allowed for the stabilization of epitaxial single-phase bronze films [13–15]. These
films are c-axis oriented, which puts the one-dimensional ion channels in the film plane.
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Here, we show that phase-pure bronze-type TiO2 films can be prepared using pulsed
laser deposition on single-crystal MgAl2O4 substrates without the need of a buffer layer.
Our films are b-axis out-of-plane oriented and might thus serve as an ideal system to study
fundamental properties of bronze-like TiO2 related to ion migration.

2. Experimental Procedure

TiO2 thin films with a thickness of 300 nm were grown on single-crystalline (001)-
oriented LaAlO3 (LAO), MgO and MgAl2O4 (MAO) substrates using pulsed laser depo-
sition. A KrF excimer laser with a wavelength of 248 nm was used at an energy density
of 2.0 J/cm2 and a repetition rate of 2 Hz. The target was a stoichiometric ceramic rutile
TiO2 pellet. The growth temperature was 700 ◦C. The growth was carried out in an oxygen
pressure of 100 mbar, and the films were subsequently annealed for 20 min at the deposition
temperature and cooled in 0.5 atm O2 to ensure a good oxygen stoichiometry. Additionally,
a TiO2 film was grown on MgAl2O4-buffered MgO substrates. The 50 nm thick buffer
layers were deposited from a MAO substrate under the same conditions as mentioned
above. Structural characterization of the films was carried out via X-ray diffraction (XRD)
using a Bruker D8 Discover diffractometer. The optical properties of the TiO2 films were
determined using variable angle spectroscopic ellipsometry (VASE). The ellipsometric data
were collected with a J.A. Woollam Co. ellipsometer working in rotating analyzer mode
in the energy range of 1.2 eV < hν < 5.0 eV at incidence angles of 65, 70 and 75◦ and at
room temperature.

3. Results and Discussion
3.1. Phase Identification and Epitaxy

Figure 1 shows wide-angle XRD 2θ-θ scans of a set of TiO2 films grown on the three
substrates. The film on LAO is phase-pure and exhibits a very intense film peak at 38◦.
This film’s peak can be assigned to the 004 peak of highly crystalline, out-of-plane-oriented
anatase, which has been shown to stabilize on LAO substrates in prior work due to the
favorable lattice mismatch [16,17]. On the contrary, the film on MgO is of poor structural
quality and shows only a weak peak that can be assigned to the rutile 110 reflection. Thus,
this film appears to be epitaxial, with the crystallographic c-axis within the film plane.
Previous publications on TiO2/MgO films have revealed rutile phases, or rutile/anatase
mixtures as well, with the crystallinity strongly dependent on growth conditions [18,19].
The XRD scan of TiO2/MAO shows only one film peak at ~48.5◦ over the entire scan range
from 10 to 90◦. We conclude that this film is single-crystalline. It is shown below that the
film on MAO is phase-pure and of bronze type.

TiO2 is known for having a plethora of polymorphs in close energetical proximity.
Here, we focus on the four main polymorphs that are frequently observed experimentally,
i.e., rutile, anatase, brookite and bronze. In order to rule out the stabilization of a more
unique TiO2 phase, we also considered all experimentally observed TiO2 phases listed in
the Crystallography Open Database [20] as well as all theoretically predicted structures
listed in the Open Quantum Materials Database [21]. However, none of these phases are in
agreement with our XRD data.

Figure 2 shows pole figures at the 2θ values of prominent reflections for each of the
four main polymorphs. It can be seen that no film peaks are observed for the 110 rutile and
111 brookite reflections. These phases are not present in crystalline form. The situation
is more complex for the anatase and bronze phases. In both pole figures, film peaks are
visible, and it is not immediately clear if the film is phase-pure or if an anatase/bronze
mixture is present. Virtually all lattice reflections of the anatase phase are at 2θ values
that are in the vicinity of lattice reflections of the bronze phase. This fact makes it difficult
to discern the two phases solely by the presence of certain film peaks. For example, the
peak at 2θ~48.5◦ can be associated with the 020 reflection of the bronze phase that, in bulk
bronze-TiO2, would be located at 2θ~48.7◦. However, the 200 reflection of bulk anatase is
located at 2θ~48.3◦. These small differences in the experimentally observed value could
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be easily attributed to stress induced by the lattice, a thermal expansion mismatch to the
substrate or slight non-stoichiometry.
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Figure 2. Pole figures around prominent reflections of each of the four main TiO2 polymorphs con-
sidered. The reflections and their corresponding 2theta values are given. Film peaks are highlighted
by black circles.

In order to separate the anatase and bronze phases, their epitaxial relationship to the
substrate needs to be considered. Figure 3a shows a scan of the rotational goniometer
axis ϕ at 2θ = 25.1◦ and the goniometer tilting angle φ = 18◦. A double peak profile with
four-fold symmetry can be seen. The peaks are rotated by +/− 18◦ with respect to the
cubic substrate axis. There are two possible scenarios that are in agreement with the XRD
data shown in Figures 1, 2 and 3a. They are illustrated in Figure 3b,c. In case one, the film
is a b-axis, out-of-plane-oriented bronze film, with the a-axis aligned along the [100] and
[010] in-plane axis of the cubic MAO substrates (Figure 3b). This arrangement provides a
favorable lattice match along the a-lattice direction, since the lattice parameter of the bronze
unite cell a = 12.16 Å is only slightly larger (0.2%) than 3/2 of the cubic lattice parameter of
MAOaMAO = 8.09 Å. The parallel and perpendicular components of the c-lattice vector with
respect to the a-lattice vector are 2.00 Å and 6.20 Å, respectively, and, thus, about 1

4 and 3
4

of the MAO lattice parameter. In case two, the TiO2 film is an in-plane-oriented anatase
film. Here, the lattice mismatch would be minimized by aligning the c-axis along the [130]
MAO lattice direction (Figure 3c).
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Figure 3. (a) ϕ-scan at 2θ = 25.1◦ and φ = 18◦. At these goniometer parameters, the 110 reflection
of a b-axis-oriented bronze film and the 101 reflection of an a-axis-oriented anatase film would be
expected. The two epitaxial configurations are illustrated in (b,c), respectively. In both cases, twinning
would lead to a double peak structure with 4-fold symmetry as seen in (a). The stabilization of the
bronze phase is confirmed via 2θ scans around the 022 and 310 bronze reflections, as shown in (d).
(e) Scans along the 103 and 204 anatase reflections show no film peaks and indicate that no anatase
is present.

In case one, the {110} film peak family with four-fold symmetry is expected to be at
ϕ +/− 17.8◦, i.e., the monoclinic unit cell angle of the bronze structure. In case two, the
angle would be expected to be arctan (1/3) = 18.4◦. Figure 3d shows 2θ-θ scans around the
bronze 310 and 022 reflections. Both film peaks are clearly present. This fact confirms the
presence of b-oriented bronze. On the other hand, as can be seen in Figure 3e, no film peaks
are observed around the anatase 103 and 204 reflections. We conclude that case two can be
ruled out and that no anatase is present in the TiO2 film. The film is of pure bronze phase.

3.2. Stability Range from First-Principle Calculations

MAO appears to be an ideal substrate choice for the stabilization of bronze TiO2. Its
lattice only leads to a small mismatch of −0.2% along the a-axis and +1.6% and −2.2% along
the parallel and perpendicular components of the c-axis, respectively. An only slightly
smaller or larger lattice parameter would result in a larger mismatch in one of the two
lattice directions and would increase stress substantially. In order to demonstrate that the
crystal lattice of MAO favors the stabilization of the b-oriented bronze phase, we have
performed first-principle density functional theory (DFT) calculations. All calculations
have been conducted with the Quantum Espresso software package [22,23] and are based
on Perdew–Burke–Ernzerhof (PBE) exchange functionals and a 4 × 4 × 4 Monkhorst
k-point grid. Projector-augmented wave pseudopotentials with an energy cut-off of 680 eV
were employed.
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In order to study the effect of epitaxy, the unit cells of the three observed TiO2 poly-
morphs are fixed to a square lattice with varying lattice parameters, as they would be
forced by epitaxially strained growth on cubic single-crystal substrates. Unit cell planes are
constrained to match the substrates’ square lattice, while the out-of-plane lattice parameters
and all internal coordinates are free to relax. For all phases, the epitaxial relationships
revealed through XRD were addressed. Additionally, for rutile we have considered the
case of biaxial strain within the a–b plane. All other epitaxial relationships have been ruled
out due to their large lattice mismatches.

The result of the calculations is shown in Figure 4. The bronze phase is most stable
in a narrow lattice parameter range around that of the MAO substrate. For smaller lattice
parameters, as, for example, for LAO and SrTiO3, the anatase phase is more stable. This is
in agreement with our experimental observation. According to our calculations, a rutile
phase with the (110) face epitaxially strained to the substrate is the most stable for larger
lattice parameter asub > 4.19 Å. This fact matches with our experimental observation of
(110)-oriented rutile films on MgO as well. It should be mentioned that this epitaxial
configuration favors twinning, and the lattice mismatch of rutile to MgO is still substan-
tial. Film growth with minor structural quality can be expected. In conclusion, our DFT
calculations are in good agreement with our experiments and provide justification for why
the stabilization of the bronze phase has not been observed as single layer on any other
substrate yet.
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Figure 4. Calculated total energies per formula unit of TiO2 as a function of the in-plane lattice
parameter asub. The epitaxial relationships considered are biaxial strains within in the anatase (001)
plane, bronze (010) plane, rutile (001) plane and rutile (110) plane. Pseudocubic lattice parameters of
standard single-crystal substrates are marked for reference. The total energies are given with respect
to the ground state energy of the anatase bulk structure.

3.3. MAO as Thin Film Template

MAO is a cheap, transparent, non-magnetic, chemically stable and easily available
substrate material. Despite these advantages, there might be other reasons to use substrates
that do not allow for the growth of phase-pure bronze films directly. Using MAO buffer
layers can circumvent this issue and possibly enable the growth of bronze films on a large
variety of standard crystals. In Figure 1, this fact is demonstrated by the growth of a
TiO2(B)/MAO/MgO heterostructure. The bronze film is b-axis-oriented and phase-pure.

3.4. Optical Properties

Variable-angle spectroscopic ellipsometry was used to demonstrate the different opti-
cal properties of the TiO2 films. The energy-dependent ellipsometric angles Ψ and ∆ were
recorded for all three single-layer samples. The data were then fit to a simple two-layer
model consisting of the substrate and film in order to determine the optical properties of
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the film. The substrate and the TiO2 layer are approximated by a B-spline with 38 data
points over the full energy range. Here, the optical properties of the substrates are first
determined independently by fitting the VASE data of a bare substrate. Next, the recorded
film-substrate VASE data were simulated by fitting the TiO2 optical properties and leaving
the substrate properties fixed.

Figure 5 shows a Tauc plot of the absorption coefficients α of the three single-layer
films. Here, the square of αmultiplied by the photon energy is drawn as a function of the
photon energy. This Tauc-plot representation is typically used to determine direct optical
band gaps by extrapolating the linear part to zero. For indirect band-gap materials, the
square root instead of the square of the absorption coefficient would be used. It should be
mentioned that our DFT calculations (not shown) as well as previous work indicate that
bronze TiO2 has a direct band gap. The same is true for rutile. Anatase is considered to be
an indirect band-gap material. This fact indicates that the Tauc plot in Figure 5 is technically
not suited to determine the exact band gap of the anatase film. However, we decided to
present all the data in one single Tauc plot for comparability. It should be stressed that our
main goal is not to determine exact band-gap values, but to highlight the strong differences
in the optical properties between the thin film samples.
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Figure 5. Tauc plot of the absorption coefficient α as function of the photon energy hv for the single-
layer TiO2 films. The band gaps were determined by extrapolating the linear parts of the curves to
zero. A clear difference between the bronze film and the other polymorphs can be seen.

Our experimental data show that, for the bronze film, the band gap (~4.3 eV) is at
notably larger energies than that for anatase (3.7 eV) and rutile (3.8 eV). Little is known
about the optical band gap of bronze TiO2. First-principle calculations have placed the
electronic band gap of the bronze phase at about 4.1 eV, and more than 0.5 eV above that of
anatase and rutile [24]. Our data are therefore in good agreement with the theory. In the
literature, the experimentally determined optical band gaps of bulk TiO2 polymorphs vary
quite a bit, with the values for anatase and rutile typically ranging between 3.1–3.4 eV and
3.0–3.3 eV, respectively [25]. Our experimental values on thin films are about 0.5 eV higher,
mainly due to the method that was used to determine the band gaps [26]. Additionally,
band gaps of thin films determined using ellipsometry have consistently been shown to be
0.1–0.2 eV higher than those determined using transmission spectroscopy [27], the standard
technique used for bulk materials. Our data are, however, consistent with the work of
Lee et al., the only experimental study known to us that reports on the optical properties of
bronze-type epitaxial films [14]. In this report the optical band gap of bronze-type TiO2 was
also found to be about 0.5 eV higher than that of anatase. Figure 5 clearly demonstrates
that the film on MAO has vastly different optical properties than the other two films and
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corroborates the XRD analysis. Our results indicate that the epitaxial stabilization of bronze-
type TiO2 on MAO substrates would also allow for the investigation of other fundamental
properties that otherwise cannot be studied due to the lack of phase-pure crystals.

4. Conclusions

Pulsed laser deposition has been used to grow thin films of TiO2 on pseudocubic
single-crystal substrates. We observe that different TiO2 polymorphs can be stabilized
dependent on the substrate choice. In particular, we find that phase-pure TiO2 with
a bronze structure can be stabilized on 001-oriented MgAl2O4 substrates. This fact is
mostly deducted from four-circle XRD. Measurements of the absorption coefficient using
ellipsometry confirm that the film grown on MAO is of a different phase than anatase
or rutile and corroborate our observation of bronze TiO2. The epitaxial stabilization of
bronze films on other standard substrates has been notoriously difficult and has previously
only been achieved by the insertion of additional buffer layers that improve the lattice
match to the bronze structure but also add another layer of complexity to the growth of
heterostructures. Additionally, in contrast to previous work, our films are b-axis, out-
of-plane-oriented. This epitaxial relationship is ideal to study phenomena based on ion
migration through the one-dimensional open channels along the [010] crystal direction.
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film solar cells prepared via reactive direct-current (DC) magnetron sputtering. Appl. Mater. Today 2022, 29, 101673. [CrossRef]
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