Strain effects on spinodal decomposition in TiO,-VO, films on TiO,(100) substrates
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Abstract

We investigate the influence of lattice strain in the c-axis direction on spinodal
decomposition in rutile TiO,-VO, films on TiO,(100) substrates. The [100]-oriented
Tip4Vos02(TVO) solid-solution films are fabricated on rutile TiO,(100) substrates using a
pulsed laser deposition with a KrF excimer laser, and are annealed inside the spinodal region.
X-ray diffraction and scanning transmission electron microscopy are employed for
characterization. Consequently, the in-plane tensile strain in the c-axis direction promotes the
Ti-V interdiffusion in TVO/TiO,(100) under thermal annealing. In contrast, relaxation of the
tensile strain results in the occurrence of spinodal decomposition along the c-axis direction in
the film. These results indicate that the relaxation of the tensile strain in the c-axis direction is
critically important for enabling spinodal decomposition in TVO/TiO,(100). Our work helps
deepen the understanding of spinodal decomposition in the TVO film and provides information
on achieving novel nanostructures via spinodal decomposition in TVO/TiO,(100).
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1. Introduction

There has been considerable interest in the spontaneous formation of multilayer films
via nanoscale phase separation in oxide systems [1-6]. In particular, interest has been focused on
vertical multilayer (VML) films in which the multilayer structures are aligned vertically on the
surface of the substrate. This is because VML films have great advantages over conventional
multilayer films (horizontally aligned layers) in terms of easy interface probing, large interface
area, and strain tunability to large thickness [5], and they provide opportunities to create new,
self-assembled device architectures and multi-functionalities. There are several studies of the
spontaneous formation of vertical nanostructures, such as nanopillars in BaTiO3/CoFe,O, [7]
and nanocolumns in BiFeO3/Sm,0; and BiFeOs/Fe;O,4 [8,9]. However, few examples of VML
films have been reported. There are significant requirements to achieving VML films. One is to
determine the mechanism for forming well-ordered multilayer structures on the surface of the
substrate. Another is to understand the influence of lattice strain on phase separation. This is
because lattice strain can change the thermodynamic stability in phase-separated systems
[10-12].

Spinodal decomposition is a phase-separation process in which a material
spontaneously decomposes into two phases with distinct compositions. It leads to the
spontaneous formation of microstructures with compositional fluctuations at the nanometer
scale. Recently, it was reported that the rutile-type TiO,-VO, bulk system exhibits spinodal
decomposition [13-15]. VO, is known to exhibit a metal-insulator transition (MIT) at 340 K
upon cooling, accompanied by a structural change from a high-temperature rutile-type
tetragonal form to a low-temperature monoclinic form (M1) [16]. The TiO,-VO, system shows
a characteristic phenomenon, i.e., anisotropy in decomposition. When solid solutions of
tetragonal-form Ti4Vo602(TVO) are annealed below 800 K, phase decomposition occurs along
the c-axis direction, and a nanometer-scale lamellar structure with alternating stacking of
tetragonal Ti-rich and monoclinic V-rich phases is formed while retaining a coherent interface.
The fluctuation in unidirectional composition is considered to be responsible for the smallest
elastic free energy occurring in the c-axis direction [15,17,18].

Very recently, the anisotropy in decomposition has been applied to form multilayers in
TVO films [19-23]. Chen et al. successfully obtained VML structures in epitaxial films [20].
They fabricated [100]-oriented TVO solid-solution films grown epitaxially on TiO,(100)
substrates. After the annealing of the films, vertically aligned lamellae were achieved through
decomposition along the c-axis direction. The lamella periodicity was approximately 20 nm.
This study showed that the anisotropy in decomposition is a significant advantage in achieving
the spontaneous formation of VML structures in TVO/TiO,(100). Regarding strain effects,
previous studies have shown that the expanded in-plane a-axis length in the tetragonal lattice



does not significantly influence on the occurrence of spinodal decomposition in TVO films [22].
However, there has been no report of the strain effects in the c-axis direction on decomposition
in TVO films. Because the decomposition occurs along the c-axis direction in TVO, the
in-plane c-axis strain should affect the thermodynamic stability of the TVO system. It is,
therefore, critically important to understand the strain effects on spinodal decomposition in
TVO/TiO,(100). Results help not only to deepen the understanding of the spinodal
decomposition in the TVO film but also to establish a method to form the unique nanostructure
of vertically aligned multilayer structures in TVO/TiO»(100).

In this study, we examine the influence of the lattice strain in the c-axis direction on
phase decomposition in [100]-oriented TVO epitaxial films on TiO,(100) substrates. For this
purpose, we prepare two types of films with thicknesses of 60 and 260 nm, using a pulsed laser
deposition technique. In the 60-nm-thick film, the c-axis length is expanded due to the in-plane
tensile strain in the c-axis direction to match the TiO, lattice constant. In the 240-nm-thick film,
the tensile strain is relaxed in most of the film, while remaining in a small part of the film.
These films are annealed at 673 K up to 540 h and characterized by X-ray diffraction (XRD),
reciprocal space mapping (RSM), and scanning transmission electron microscopy (STEM).
From the experimental results, we determine the importance of the relaxation of the tensile
strain in the c-axis direction for the occurrence of spinodal decomposition in TVO/TiO,(100).
The relationship between the lamella periodicity and Ti content for the 260-nm-thick film is also
examined. Finally, the results are explained from the viewpoint of energy considerations.

2. Experimental details

Solid-solution films oriented along the (100) plane were fabricated on TiO,(100)
substrates using a pulsed laser deposition method with a KrF excimer laser (A = 248 nm). A
target sample for TVO films was prepared via a normal solid-state reaction using rutile TiO,
(99.99 %, rare metallic) and V,03. V,03 was obtained by reducing V,0s (99.99%, rare metallic)
under 5% H,/Ar atmosphere at 1173 K. TiO, and V,03; powders were mixed thoroughly with the
molar ratio of Ti : V =4 : 6. A pellet of the mixture was sintered at 1173 K for 12 h under an
atmosphere of 5% H,/Ar, and, subsequently, cooled to 300 K at a rate of 300 K/h. To prepare
Tig4V060, films, the substrate temperature was set to 673 K, and the oxygen pressure was
maintained at 0.1 Pa. The deposition time was 0.5 h with a repetition rate of 1 Hz, increasing to
24 h with a repetition rate of 10 Hz. When the deposition was completed, the heater was turned
off, and the films were cooled to 300 K under the same pressure. The laser fluence was 1.0
Jlem?,

Table 1 shows the a- and c-axis lengths of TVO and TiO, in tetragonal form, together
with the corresponding lattice mismatch. The a- and c-axis lengths of TVO are smaller than



those of TiO,. This means that when a [100]-oriented TVO film is grown epitaxially on
TiO,(100), the in-plane ac lattice should be expanded due to the in-plane tensile strain at the
interface. The lattice mismatches for the a- and c-axes are 0.81%, and 1.23%, respectively. The
critical thickness calculated using the model of People and Beans [24] is 322 nm for the a-axis
length and 76 nm for the c-axis length. With reference to these values, we prepared two types of
films with thicknesses of 60 and 260 nm. These thicknesses were chosen to straddle the
expected critical thickness for the c-axis length, below which the film is strained in the c-axis
direction to match the substrate lattice constant and above which the film starts to be relaxed.
Meanwhile, the in-plane a-axis is expected to be strained in the 60- and 260-nm-thick films
because the thicknesses of two films are below the critical thickness for the a-axis length.
Strictly speaking, the in-plane and out-of-plane a-axes are not equivalent in epitaxial
TVOITiO,(100), because the tetragonal TVO lattice is deformed owing to the epitaxial strain in
the in-plane a- and c-axes directions. However, we do not distinguish between these differences
in this study and use the notations of in-plane and out-of-plane a-axes for simplicity.

The thickness of the films was determined using X-ray reflectivity measurements and
TEM observations. Epitaxial growth of the film on the TiO,(100) substrate is confirmed by
X-ray ¢ scans. To induce spinodal decomposition, thermal annealing was performed at 673 K
and an oxygen pressure of 0.1 Pa for up to 540 h. The films were examined using XRD and
RSM measurements with monochromated Cu-Ke radiation (Rigaku Smart Lab-Pro). The TEM
and STEM observations were performed at an accelerating voltage of 200 kV using a
JEM-2100F (JEOL) electron microscope equipped with a Cs corrector and energy dispersive
X-ray (EDX) analyzer (JED-2300). The specimens for TEM were prepared using the focused
ion beam technique.

3. Results and discussion
3.1. TVO solid-solution films (60 and 260 nm thick) on TiO,(100) substrates

Figure 1(a) shows the XRD patterns of 60- and 260-nm-thick TVO films on TiO,(100)
substrates. For both films, (200) and (400) diffractions of the TVO solid solution are observed
and no other peaks apart from those from TVO and TiO, substrate are detected. These indicate
that the two films are the [100]-oriented single phase of TVO solid solution. Figure 1(b) shows
the XRD patterns near the (200) diffraction for the 60- and 260-nm-thick films. For the
60-nm-thick film, the (200) diffraction peak is observed at 26 = 39.80°. The corresponding
d-value is determined to be 0.2265 nm. This value is smaller than the TVO bulk value (0.2278
nm) [13,15], which is plausible owing to the in-plane tensile strain induced by the lattice
matching between films and substrate. For the 260-nm-thick film, the (200) diffraction peak is
observed at 26 = 39.72°. The corresponding d-value of 0.2269 nm is close to the bulk value.



This suggests that the in-plane tensile strain tends to be relaxed in the 260-nm-thick film. To
examine the in-plane lattice matching between the film and substrate, the RSM measurements
of 60- and 260-nm-thick TVO films on TiO,(100) substrates are conducted.

Figures 2(a) and (b) show the RSM results of the (310) and (301) diffractions,
respectively, for the 60-nm-thick TVO/TiO,(100), together with the corresponding diffraction
positions of TVO bulk for comparison. As seen in Figs. 2(a) and (b), the film has the same
in-plane Qoo and Qg Vvalues as the substrate. These show that the film is strained in the
in-plane a- and c-axis directions. The out-of-plane a-axis length of the film is smaller than that
of the bulk. This is because of the presence of the in-plane biaxial tensile stress in the film.
Figures 2(c) and (d) show the results of RSM of the (310) and (301) diffractions, respectively,
for the 260-nm-thick TVO/TiO,(100). In Fig. 2(c), the well-strained (310) diffraction peak of
the film is observed, indicating that the in-plane a-axis length of the film is constrained by the
substrate throughout the entire film. In Fig. 2(d), the (301) diffraction of the film extends toward
the bulk position, and the intense peak is observed at around Qg = 3.42 nm™. The observed
Qooz Value is almost the same as the bulk value (3.421 nm™) [13,15]. A weak (301) diffraction
peak is also seen above the diffraction spot of the substrate. These results indicate that the
tensile strain in the c-axis direction is relaxed in most of the film while still remaining in a small
part of the film. We consider for the 260-nm-thick film a simple picture in which the in-plane
c-axis length is fully constrained near the interface and relaxed toward the surface. The in-plane
and out-of-plane lattice parameters of the 60- and 260-nm-thick TVO solid-solution films
determined from the RSM results are tabulated in Table 2. The results are qualitatively
consistent with those expected from the critical thickness of the film. Notably, the as-grown
films are stabilized as solid solutions owing to kinetic limitations in the nonequilibrium growth
process. This solid solution, however, is metastable and will decompose into phase-separated
structures by thermal annealing.

It is noted that when looking at carefully (301) diffraction spots of the film and substrate in
Figs. 2(b) and (d), we can see the finite intensity along the out-of- plane direction between the
two spots. This suggests that the Ti-V interdiffusion starts to occur during the film preparation.
Such interdiffusion can change the interface composition to Ti,V1.,O,, which results in lowering
the effective misfit and weakening the epitaxial strain at the interface between film and substrate.
However, since the observed intensity between the two spots is small, it is considered that the
influence of the intermixing at the interface on the epitaxial strain is small in the solid solution

films.

3.2. TVO films (60 and 260 nm thick) on TiO,(100)substrates after thermal annealing
The 60-nm-thick TVO solid-solution film on TiO,(100) is annealed at 673 K up to 300



h to induce spinodal decomposition. Figure 3 shows the RSM results of the (301) diffraction for
film annealed with the duration of 0, 100, and 300 h. After annealing for 100 h, the (301)
diffraction spot of the film shifts downward, almost merging with the substrate at 300 h. No
indication of phase separation is detected. The results show that during thermal annealing, the Ti
content in the film is increased, and the film composition changes near TiO,. The increase in Ti
content is due to the Ti-V interdiffusion between the TVO film and TiO, substrate [25]. Such an
interdiffusion has not been previously reported for TVO/TiO,(100) in which the strain in the
c-axis direction is relaxed [20]. Therefore our result indicates that the tensile strain in the c-axis
direction in the film has the effect of promoting interdiffusion in TVO/TiO,(100).

The 260-nm-thick solid-solution film is thermally annealed at 673 K up to 540 h.
Figures 4(a) and (b) show the RSM results of the (310) and (301) diffractions, respectively, for
the film annealed for 540 h. As seen in Fig. 4(a), the (310) diffraction of the film maintains a
single peak with the same Qg0 Value as that of the (310) diffraction of the substrate. Meanwhile,
in Fig. 4(b), satellites appear on either side of the strain-relaxed (301) diffraction spot in the
c-axis direction of the film. These indicate that the 260-nm-thick film exhibits spinodal
decomposition along the c-axis direction while retaining the in-plane tensile strain in the a-axis
direction. The spacing between the satellite and central main spot yields a modulation
periodicity of approximately 18 nm, which is consistent with a previous study [20]. The present
results show that the relaxation of the tensile strain in the c-axis direction is important in
enabling the spinodal decomposition in TVO/TiO,(100). It is also shown that the in-plane
tensile strain in the a-axis direction does not have a significant influence on the occurrence of
spinodal decomposition in the film. When looking carefully at the (301) diffraction of the film
in Fig. 4(b), we can see the strained part in the c-axis direction. This is quite in contrast to the
result of the 60-nm-thick film in which the strained part of the (301) diffraction almost merges
into the substrate after annealing for 300 h. The results indicate that the interdiffusion between
the film and substrate tends to be suppressed in the 260-nm-thick film compared with the
60-nm-thick film, possibly due to the presence of spinodally decomposed phases inside the
TVO film.

3.3 Spinodal decomposition in the 260-nm-thick TVO/TiO,(100)

The occurrence of spinodal decomposition is examined using electron microscopy.
Figure 5(a) shows the STEM image and selected-area electron diffraction (SAED) pattern
(inset) of the 260-nm-thick TVO/TiO,(100) after annealing for 540 h. The incident beam is
oriented parallel to the [010] axis of the film. From the STEM image, the total film thickness is
determined to be 260 nm. As shown in the figure, the bright and dark bands are vertical to the
substrate and alternate quasi-periodically along the c-axis direction. The interface between the



bright and dark bands is perpendicular to the c-axis, appearing as a line when incident electrons
are parallel to the [010] zone axis. The lamella periodicity determined from the average
thickness of the bright and dark bands is approximately 18 nm, which is in good agreement with
the estimated value from the RSM results. STEM-EDX analysis of the films shows that Ti
condenses in the dark bands and V in the bright bands as shown in Figs. 5(b) and (c). The
composition profiles along the c-axis direction in Fig. 5(d) reveal antiphase modulations for Ti
and V. The results show that the film consists of Ti-rich and V-rich lamellae, and clearly indicate
that spinodal decomposition along the c-axis direction occurs in the film. The occurrence of
spinodal decomposition in the film is further supported by the result of resistivity measurements
shown in Appendix A.1.

When looking at the image near the interface, we find a different feature from inside
the film. Figure 6(a) shows the STEM image near the interface in the film. As the interface is
approached, the number of dark (Ti-rich) and bright (V-rich) bands decreases, and the dark
bands widen. Near the interface, only the dark bands are left. This feature can be also seen in the
composition profiles along the c-axis direction in Fig. 6(b). At 110 nm from the surface of
substrate, the antiphase modulations for Ti and V are observed, and the lamella periodicity is
approximately 18 nm. At 64 nm from the substrate, the antiphase modulation becomes less
obvious, and the thickness of the Ti-rich layer is widened. The modulation period increases to
approximately 31 nm. At 20 nm from the substrate, the antiphase modulation disappears, and
the solid solution is present. The results indicate that near the interface, spinodal decomposition
is less likely to occur, and the solid solution is stabilized. In Table 3, the lamella periodicity at
the distance from the substrate is tabulated.

We consider that near the interface, the film composition is altered due to the Ti-V
interdiffusion in TVO/TiO»(100). Figure 7(a) (left-side axis) displays the composition profile
along the out-of-plane a-axis direction in the film, which is obtained from the analysis of the
STEM image in the film. It is observed that inside the film, the Ti content increases toward the
interface. From the film surface down to approximately 100 nm, the Ti content remains
unchanged with a value of 0.4. This value is consistent with the nominal value of the film
(Tip4Voe). Below 100 nm, Ti content starts to increase continuously, reaching a value of 0.73 at
approximately 20 nm. The Ti content of 0.73 is almost unchanged from 20 to 0 nm (substrate).
The results reveal that Ti-V interdiffusion occurs and extends to approximately 100 nm, near the
interface in the film. Remember that the Ti-V interdiffusion in TVO/TiO,(100) is enhanced by
the presence of the tensile strain in the c-axis direction, as shown in Fig. 3. Therefore, it is
considered that in the 260-nm-thick film, before annealing, the tensile strain is free from the
surface of the film till 200 nm; however, the interdiffusion gradually increases from 100 to 20
nm, and is fully functional between 20 and 0 nm (substrate).



When plotting the lamella periodicity in Table 3 with respect to the distance from the
substrate, an interesting feature can be seen; this feature corresponds to the periodicity changes
with distance that are similar to the Ti content, as shown in Fig. 7(a) (right-side axis). The
periodicity of approximately 18 nm is maintained from 260 nm to approximately 100 nm and
subsequently increases toward the interface. There are two possible reasons for the increase in
periodicity on the interface side. One is the decrease in the driving force of the spinodal
decomposition due to the increase in strain energy [10,26]. Another is the increase in Ti content
on the interface side. As seen in Figure 7(b), the lamella periodicity is plotted with respect to Ti
content inside the film. The lamella periodicity tends to increase with increasing Ti content. This
result indicates that the Ti content is an important factor in determining the lamella periodicity
in the TVO film. These suggest that the lamella periodicity in the TVO film can be controlled
by two parameters, which are the strain in the c-axis direction and Ti content.

Finally, we estimate the compositions of the Ti- and V-rich phases at the distances of
64 and 110 nm from the substrate. In this estimation, the intensity ratios of elemental Ti and V
in each Ti- and V-rich layer are averaged. The results obtained are plotted in Figure 8. In the
figure, the horizontal axis represents the Ti content, and the vertical axis represents the distance
from the substrate. The result in Fig. 7(a) (left-side axis) is shown again in the same figure. As
the distance changes from 110 to 64 nm, the Ti content evidently increases from 0.33 to 0.45 in
the V-rich phase, whereas it changes slightly from 0.61 to 0.65 in the Ti-rich phase. The results
show that the V-rich phase is difficult to precipitate near the interface. The Ti content of ~0.7
corresponds to the concentration near the phase boundary with the Ti-rich phase. This phase
boundary composition is almost the same as that for the bulk [13].

3.4. Interpretation of the experimental results for 60- and 260-nm-thick TVO films on
TiO,(100) substrates

We interpret the experimental results of 60- and 260-nm-thick TVO films on
TiO,(100) substrates from the viewpoint of energy considerations. Here, we consider the
influence of the in-plane tensile strain in the c-axis direction only, because the expanded a-axis
length does not have a significant effect on the occurrence of the decomposition. In the
60-nm-thick solid-solution film, the in-plane c-axis length is expanded owing to the tensile
strain in the c-axis direction to match that of TiO,. The expansion of the c-axis length generates
an elastic energy, resulting in the increase in the total energy of the film. This can lead to the
loss of the driving force of the spinodal decomposition and stabilization of the solid-solution
state in the film at the annealing temperature of 673 K [10-12]. During thermal annealing, the
film remains in the solid-solution state and retains the expanded c-axis length with increasing Ti
content via interdiffusion to obtain a lower effective misfit. Because the volume of TiO,



substrate is much larger than that of the film, the film incorporates a considerable amount of Ti
ions from the substrate to change the film composition close to that of TiO,. Consequently, the
elastic energy required to match the film to the expanded lattice of the substrate can be relieved,
and the total energy in the system is reduced. The Ti diffusion from the substrate plays a role in
reducing the elastic energy in the film. This is illustrated in Figure 9(a).

For the 260-nm-thick solid-solution film, the in-plane tensile strain in the c-axis
direction is fully relaxed in most of the inside of the film (100-260 nm from the substrate). As
there is no strain in the c-axis direction, the film lattice does not need to incorporate the Ti ions
to reduce the elastic energy by annealing. In this region, the driving force of the spinodal
decomposition is kept large, in which only the spinodal decomposition serves to lower the total
energy [27].

In the region around the interface (20-100 nm from the substrate), the in-plane tensile
strain in the c-axis direction gradually increases toward the interface. The increased elastic
energy results in a decrease in the driving force of the spinodal decomposition. In this situation,
both the interdiffusion and spinodal decomposition can be generated by thermal annealing. A
certain amount of Ti ions is incorporated into the film via interdiffusion, depending on the
degree of the tensile strain in the c-axis direction, which lowers the elastic energy. The spinodal
decomposition also occurs to reduce the free energy in the film. Thus, both the incorporation of
Ti ions and spinodal decomposition contribute to the energy reduction in this region.

Near the interface (0-20 nm from the substrate), the situation is the same as that for the
60-nm-thick film. The expansion of the in-plane c-axis length of the film produces an elastic
energy, reducing the driving force of the spinodal decomposition. By thermal annealing, the
solid-solution phase takes Ti ions from the substrate via the diffusion while maintain the
expanded c-axis length to obtain a lower effective misfit. Near the interface, the film changes its
composition to obtain a lower elastic energy. The picture for the 260-nm-thick film is shown in
Figure 9(b).

We interpret the experimental results in terms of the energy considerations. It is also
important to consider the effect of kinetics on the decomposition to better understand the results.
Nevertheless, because the explanation above seems to be reasonable, our picture provides a
good starting point to understand the influence of the lattice strain in the c-axis direction on the
decomposition in TVO/TiO,(100). Knowledge of the present work helps deepen the
understanding of the spinodal decomposition in the TVO film. Regarding the VML formation,
the strain relaxation in the c-axis direction is crucially important in the formation of VML
structures via spinodal decomposition in TVO/TiO,(100). Using buffer layers that function to
relieve the lattice strain is effective in achieving VML structures. Buffer layers that act as



diffusion barriers for Ti ions are also effective. Our results provide helpful information in
establishing a way to form VML structures via spinodal decomposition in TVO/TiO,(100).

4. Conclusions

We examine the influence of the lattice strain along the c-axis direction on the
spinodal decomposition in rutile TVO/TiO,(100). Solid-solution [100]-oriented TVO films with
thicknesses of 60 and 260 nm are fabricated on rutile TiO,(100) substrates using a pulsed laser
deposition with a KrF excimer laser; these films are characterized using X-ray diffraction and
scanning transmission electron microscopy. In the 60-nm-thick film, the c-axis length is
expanded due to the in-plane tensile strain in the c-axis direction to match the TiO, lattice
constant. In the 260-nm-thick film, the tensile strain is relaxed in majority of the film while
remaining in a small part of the film. These films are annealed inside the spinodal region. As a
result, remarkable Ti-V interdiffusion occurs in the 60-nm-thick film, and the resultant film is
the solid solution with a composition close to that of TiO,. In the 260-nm-thick film, spinodal
decomposition occurs in the strain-relaxed part inside the film, whereas the solid-solution phase
remains near the interface. These results reveal that the in-plane tensile strain in the c-axis
direction promotes interdiffusion; this indicates that the relaxation of the tensile strain in the
c-axis direction is critically important for the enabling of spinodal decomposition in
TVOITiO,(100). It is also shown that both strain in the c-axis direction and the Ti content are
important parameters for determining the lamella periodicity in the TVO film. The obtained
results can be reasonably explained in terms of energy considerations. Our work helps not only
to deepen the understanding of the spinodal decomposition in the TVO film but also to establish
a method to form the unique nanostructure of vertically aligned multilayer structures in
TVOITiO,(100).
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Appendix A.l. Resistivity of the prepared 260-nm-thick TVO/TiO,(100) film before and
after annealing

Resistivity measurements are performed via a standard four-probe method within a
temperature range of 280 to 380 K using a physical property measurement system (Quantum
Design). Figure A.1 shows the temperature dependence of resistivity for the 260-nm-thick



TVOITiO,(100) films before and after annealing at 673 K for 540 h. After annealing, the film
shows a metal-insulator transition (MIT) at 339 K. The MIT temperature is considered the
midpoint of the jump in the resistivity curve that is measured upon heating [28]. The MIT is a
result of the presence of the V-rich phase in spinodally decomposed films, which supports the
occurrence of the spinodal decomposition in the 260-nm-thick TVO/TiO,(100) films after
annealing. The transition temperature of the films is lower than those of [100]-oriented
TiV1.,O; solid solution films grown on TiO,(100) [29]. This suggests that the in-plane and
out-of-plane a-axis lengths of the V-rich phase are expanded due to the tensile strain induced by
the coherent interface between the Ti-rich phase and V-rich phase [28]. The result of resistivity
measurements provides useful information about the strain between the TiO,/VO, lamellar walls.
Before annealing, the film is insulating although a sign of the MIT is observed. This implies that
the spinodal decomposition starts to occur in the film before annealing, although there is no
obvious sign of the decomposition in the results of the XRD measurements.
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Figure captions

Fig. 1. (a) XRD patterns of 60- and 260-nm-thick TVO solid-solution films grown on TiO,(100)
substrates. (b) Enlarged XRD patterns near 26 = 40° for the 60- and 260-nm-thick TVO films on
TiO»(100) substrates. The 28 position of the (200) diffraction for TVO bulk [13,15] is also
shown in the figure.

Fig. 2. Results of RSM of (a) (310) and (b) (301) diffractions for the 60-nm-thick
TVOITiOy(100). Results of RSM of (c) (310) diffraction and (d) (301) diffraction for the
260-nm-thick TVO/TiO,(100). In these figure, the (310) and (301) diffraction positions for TVO
bulk are displayed with a cross mark (x) for comparison [13,15].

Fig. 3. Results of the (301) diffractions for the 60-nm-thick TVO/TiO,(100) film before and
after annealing at 673 K for 100 and 300 h .

Fig. 4. Results of RSM of (a) (310) and (b) (301) diffractions for the 260-nm-thick
TVOITiO,(100) after annealing at 673 K for 540 h. The (310) and (301) diffraction positions for
TVO bulk are also displayed.

Fig. 5. (a) Dark-field STEM image obtained at the [010] zone axis for the 260-nm-thick TVO
film after annealing at 673 K for 540 h. The SAED pattern is shown in the inset of (a). The
arrows denote the superlattice peaks arising from the monoclinic nature of the V-rich phase [20].
EDX elemental maps for (b) Ti is marked as red and (c) V as yellow in the annealed
260-nm-thick TVO(100) film. Dark bands in (a) contain more Ti/V content. (d) Line scans of
the EDX elemental maps along the [001] direction (lateral direction) in the STEM image (a).
Alternating variations of Ti and V contents are observed. The average wavelength is
approximately 18 nm.

Fig. 6. (a) Dark-field STEM image around the interface obtained at the [010] zone axis for the
260-nm-thick TVO film after annealing at 673 K for 540 h. White dot lines show the position of
the distance, 64 and 110 nm from the substrate surface. (b) Line scans of the EDX elemental
maps along the [001] direction (lateral direction) in the STEM image (a) at the distance of (top)
110 and (bottom) 64 nm from the TiO, substrate.

Fig. 7. (a) (Left axis) Ti content profile along the out-of-plane a-axis direction in the
260-nm-thick TVO film after annealing at 673 K for 540 h. Horizontal axis is represented in



distance from the substrate. (Right axis) Lamella periodicity in Table 3 plotted with respect to
the distance from TiO, substrate for the 260-nm-thick TVO film after annealing at 673 K for
540 h. (b) Lamella periodicity plotted with respect to the Ti content in the 260-nm-thick TVO
film after annealing at 673 K for 540 h.

Fig. 8. Ti content in the Ti- (triangles) and V-rich (circles) phases for the 260-nm-thick TVO
film after annealing at 673 K for 540 h. In the figure, a horizontal axis represents the Ti content
in V- and Ti-rich phases, and a vertical axis represents the distance from the TiO, substrate to
the film surface. Results of the Ti content at the distances of 64 and 110 nm are shown along
with the Ti content of the solid solution phase near interface (square). The Ti content profile
along the out-of-plane a-axis direction (black dot line) is shown in the figure again.

Fig. 9. (a) (Left) Schematic illustration of the 60-nm-thick film at 673 K. (Right) A simple
picture of free energy with respect to Ti content at 673 K for the 60-nm-thick film. (b) (Left)
Schematic illustration of the 260-nm-thick film at 673 K. (Right) Simple pictures of free energy
with respect to Ti content at 673 K for the 260-nm-thick film.

Fig. A.1. Temperature dependence of resistivity for (a) the 260-nm-thick TVO/TiO,(100) before
and after annealing at 673 K for 540 h.



Table 1 Lengths of the a- and c-axis of Tip4V060, and TiO, in tetragonal form. The lattice
mismatch between Tig4V060, and TiO, is presented.

Axis length / material al/nm c/nm
Tio4V060; [13,15] 0.4556 0.2923
TiO; 0.4593 0.2959

Lattice mismatch / % 0.81 1.23




Table 2 Lengths of the a- and c-axis of the 60- and 260-nm-thick TVO solid-solution films on
TiO,(100) substrates determined from the results of the reciprocal space mapping.

Axis length / film Out-of-plane a-axis In-plane c/nm
length / nm a-axis length /
nm
60-nm-thick TVO 0.453 0.459 0.296
260-nm-thick TVO  Strained part 0.453 0.458 0.296

Relaxed part 0.454 0.459 0.293




Table 3 Lamella periodicity vs. distance from the TiO, substrate for 260-nm-thick
TVO/TiO,(100) after annealing at 673 K for 540 h.

Distance from TiO, substrate / nm Lamella periodicity / nm
36 32
64 31
90 25
110 18
124 17
180 19

233 19
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