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ABSTRACT

We explore the possibility of tuning the metal-to-insulator transition (MIT) of crystalline VO2 thin films by strain engineering. We deposit
high-quality VO2 epitaxial films of different thicknesses on TiO2 (110) substrates by pulsed laser deposition. The strain state of the deposited
film varies with its thickness. This allows us to correlate the MIT characteristics with the strain state of the VO2 film by a careful characteriza-
tion of the structural and electrical properties. Thin VO2 films on TiO2 (110) substrates are almost fully strained up to thicknesses of about
20 nm and exhibit tensile strain along the c axis of the (high-temperature) metallic rutile phase leading to an increase in the MIT temperature
by as much as 30 �C in comparison to the almost fully relaxed 300 nm-thick VO2 film. The strain gradient within the thicker samples leads
to a continuous serial switching of layered regions of the VO2 film from the insulating to the metallic state with increasing temperature.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0152809

In the vicinity of 68 �C, crystalline bulk vanadium dioxide (VO2)
undergoes a reversible structural phase transition from the high-
temperature (HT) rutile phase to the low-temperature (LT) mono-
clinic phase which is accompanied by a metal-to-insulator transition
(MIT).1–3 When approaching the critical temperature TC of the phase
transition from below, the resistivity decreases by as much as five
orders of magnitude at TC,

4 and the optical transmittance in the near-
infrared (NIR) region decreases significantly due to an increase in the
reflectivity. Both effects are induced by the much increased free car-
riers in the metallic phase. Today, considerable effort is made to
understand and manipulate the MIT in VO2 thin films because such
films serve as active functional materials in numerous device concepts,
such as smart glass, storage media, and ultrafast switches.5–7 There are
many ways to tune the TC of the MIT, such as doping and lattice
strain.8–11 In the case of high-quality epitaxial films, a variation of the
MIT temperature can be achieved while keeping an abrupt phase tran-
sition in a narrow temperature window. Thus, a broad transition and a

hysteresis of the switching between up- and down-sweep can be
avoided. Such broadening often occurs when the transition tempera-
ture is tuned by doping.12 Some studies address this issue by compar-
ing the structural transition behavior of pure and doped VO2 thin
films grown on sapphire (Al2O3) substrates with the VO2 bulk mate-
rial.13–15 An effective tuning of the transition temperature by strain is
best achieved in the case of pseudomorphic growth of a crystalline
thin film on a crystalline substrate of the same crystal structure and
slightly different lattice constants. For example, rutile TiO2 possesses
the same crystal structure as the high-temperature VO2 phase and
comparable lattice parameters. Therefore, rutile TiO2 substrates offer
ideal conditions for the pseudomorphic growth of VO2 thin films.
Zhang et al. were the first to systematically study VO2 films on TiO2

substrates by transmission electron microscopy (TEM).16 Basically, the
MIT temperature of VO2 varies with the spacing along the chain of V-
atoms whose direction corresponds to the a and c axes of the mono-
clinic- and rutile-phase, respectively. Muraoka et al. reported that
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compressive strain along the c axis of very thin VO2 films on rutile
TiO2 (100) and (110) substrates induced a reduction in the MIT tem-
perature.17 Zou et al. confirmed that the temperature of MIT in the
interface region of epitaxial VO2 films grown on rutile TiO2 (001)
using oxide molecular beam epitaxy depends on the strain state.18 It
should be noted that for VO2 thin films pseudomorphically grown on
crystalline TiO2 substrates of various orientations different strain states
can be induced. In the case of TiO2 (001) substrates, the c axis is per-
pendicular to the substrate surface and the VO2 layer is biaxially
strained. In contrast, the c axis lies in the substrate plane when TiO2

(110) substrates are used and the in-plane strains are not the same in
the directions parallel and perpendicular to the c axis. As yet, a system-
atic analysis of the intrinsic relationship between lattice strain and
MIT is lacking. However, a thorough understanding of the strain
effects is essential for exploiting such a correlation in device concepts.

In this work, we prepared a series of VO2 epitaxial films on rutile
TiO2 (110) substrates of various thicknesses by pulsed laser deposition
(PLD) and studied the strain relaxation with increasing film thickness.
VO2 thin-film samples were deposited on rutile TiO2 (110) substrates
by PLD employing a KrF excimer laser (Lambda Physik COMPEX
PRO 205 F, k¼ 248nm) as the ablation source. The laser beam energy
was fixed at 600 mJ/pulse at a pulse repetition rate of 5Hz. A VO2

ceramic disk of high-purity (99.999%) was used as an ablation target.
Additional O2 gas was introduced into the chamber as reactive gas.
The same growth conditions were used for all samples, only the
number of pulses in the ablation process was varied to obtain different
sample thicknesses. The O2 pressure was kept at 1.0Pa during the film
growth. The TiO2 (110) substrates were cleaned ultrasonically in ace-
tone, ethanol, and de-ionized water, each for 15min, and then trans-
ferred into the deposition chamber immediately after blow-dry with

nitrogen gas. The target–substrate distance was set to 6 cm. The base
pressure in the chamber was 1� 10�4Pa prior to letting in the O2

reactive gas. The substrate temperature during the deposition was
fixed at 600 �C. By varying the number of pulses in the ablation
process from 500 to 18 000, we obtained a series of VO2 films with
thicknesses of 7 to 300nm.

X-ray diffraction (XRD) and reciprocal space mapping (RSM)
using a four-circle x-ray diffractometer (Bruker, D8 discover) with Cu
Ka radiation (k¼ 1.5406 Å) were performed for the structural charac-
terization of the deposited VO2 films. The sample’s electrical resistance
in a linear configuration of four contacts is measured between 25 and
90 �C to investigate the electrical switching properties of the VO2

films. Cross-sectional samples of the VO2 thin films on rutile TiO2

(110) substrates for TEM analyses were prepared in an FEI Helios 600
instrument with a standard lift-out and polishing process. After pol-
ishing, the samples were cleaned in a Gatan 691 PIPS at 0.8 keV to
remove the residual contamination and possible damage. The high-
angle annular dark-field (HAADF, 64 < b < 180 mrad) images were
recorded using the scanning-TEM mode of the JEM Grand ARM300F
microscope with double spherical aberration (Cs) correctors.

Figure 1(a) depicts x–2h–XRD traces of VO2 films of various
thicknesses between 7 and 300nm. The film thicknesses were deter-
mined by x-ray reflection for films with thicknesses below 100nm,
and for thicker films, the thickness was estimated using the growth
rate per laser pulse established for the thinner samples (see Fig. S1 of
the supplementary material). The lattice parameters of the rutile TiO2

substrate (a¼ b¼ 4.593 and c ¼2.959 Å) and of the rutile VO2

(a¼ b¼ 4.554 and c¼ 2.855 Å) are very close.19,20 In the case of pseu-
domorphic growth on a TiO2 (110) substrate, the VO2 films should
experience an anisotropic in-plane strain (0.85% along the [1–10]r

FIG. 1. (a) x–2h XRD traces of VO2 films
deposited on (110) TiO2 substrates with
various thicknesses. (b) AFM image of the
surface of the 7 nm VO2 film. (c) HRTEM
image in the vicinity of the VO2/TiO2 inter-
face of a sample with a 20 nm VO2 film
and corresponding FFT patterns.
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direction and 3.5% along the [001]r direction) induced by the TiO2

(110) substrates. The XRD traces show clear features of the VO2 film
in addition to the diffraction peaks from the TiO2 (110) substrate. The
two peaks close to 28� and 57� are assigned to diffraction from the
monoclinic VO2 (011)m and (022)m planes, respectively. No sign of
polycrystalline or amorphous phases is present in the diffractogram,
which demonstrates that a VO2 film with domains of single orienta-
tion was prepared. Furthermore, we characterized the surface mor-
phology of all grown VO2 films by atomic force microscopy (AFM).
Figure 1(b) shows an exemplary AFM image of the VO2 film with a
thickness of 7 nm. The surface of the film is dense and homogeneous,
exhibiting small grains only. The root mean square roughness of all
films averaged over a 2� 2lm2 surface area increases from 0.2 to
0.99 nm, when the film’s thickness increases from 7 to 300nm. Thus,
all films grown can be considered smooth. Additional AFM images
can be found in Fig. S2 of the supplementary material. The high-
resolution TEM (HRTEM) data in Fig. 1(c) and the corresponding fast
Fourier transformation (FFT) pattern confirm the assignment of the
structures in the XRD analyses.

In Fig. 2(a), we zoom in into the region of x–2h XRD traces cor-
responding to the (022)m peak of monoclinic VO2. The diffraction
peak in the range from 58.05� to 57.44� depending on the VO2 thick-
ness is assigned to the monoclinic VO2 (022)m plane, rather than the
rutile (220)r plane. It is important to note for what follows that,
according to this assignment, the c axis of the HT rutile phase of the
VO2 films deposited lies in the film plane. Thex–2h XRD traces probe
the lattice spacings of the VO2 films in the growth direction, i.e., per-
pendicular to the c axis. In the case of pseudomorphic growth, the
VO2 film lattice is under tensile strain along the in-plane c axis of
the HT rutile phase, as discussed above. Consequently, the lattice of
the VO2 film in the growth direction is expected to be compressively

strained. As seen in Fig. 2(a), the (022)m diffraction peaks of the
deposited VO2 films of different thicknesses are located at various
angles, which are all somewhat higher than that of the VO2 bulk mate-
rial (57.43� according to JCPDS No. 431051). This means that the
(022)m-plane interplanar spacings of all the deposited VO2 films are
shrunk relative to that of bulk VO2. Thus, all the VO2 films lattices
are, indeed, under compressive strain as expected. With the increasing
film thickness from 7 to 300nm, the VO2 (022)m diffraction peak
gradually shifts to lower angles, indicating a continuous increase in the
(022)m interplanar spacing and hence gradual relaxation of the com-
pressed monoclinic VO2 (022)m lattice along the film growth direc-
tion. The very thin VO2 films of 7 and 14nm thicknesses show an
almost identical (022)m diffraction angle of 58.05� and can be
regarded as fully strained to fit the TiO2 (110) substrate. The strain
energy builds up with increasing film thickness. At a critical film thick-
ness of about 20 nm, the deposited VO2 films start to relax, and their
(022)m interplanar spacings approach continuously that of unstrained
VO2 bulk material. Almost complete relaxation has occurred at the
film thickness of 300nm. However, the (022)m diffraction peak of the
300 nm-thick VO2 film is not symmetric, showing a pronounced tail
on its right. This asymmetry of the diffraction peak reflects the strain
distribution within the film, i.e., the strain state of the film gradually
varies from the substrate–film interface toward the film surface. Thus,
in thicker VO2 films, this transition of the strain state can be roughly
approximated by three regions with different strain states: fully
strained (almost pseudomorphic growth), partially relaxed, and
(almost) fully relaxed [corresponding positions of the (022)m diffrac-
tion peaks are indicated by red lines in Figs. 2(a) and 2(b)].

Figure 2(b) shows the results of RSM taken at 30 �C, i.e., below
TC where the VO2 films are still in their LT monoclinic phase. The dif-
fraction spots corresponding to the (220) planes of the rutile TiO2

FIG. 2. (a) Zoom in x–2h XRD patterns
of VO2 films. (b) RSM images in the vicin-
ity of the (022)m diffraction peak of the
VO2 films. (c) Rocking curves of the VO2

(011)m plane of all films. All data were
recorded at 30 �C.
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substrate are visible on the left-hand side of the maps, and the diffrac-
tion spots of VO2 (022)m planes occur on the right-hand side. The
position of VO2 (022)m diffraction spot gradually shifts toward to that
of bulk VO2 with the increasing film thickness from 14 via 88 to
300nm, reflecting that the average strain in the film decreases with the
increasing film thickness. The RSM results corroborate the (022)m
peak shift trend of the x–2h XRD traces. In addition, we performed
rocking-curve XRD measurements of (011)m planes to evaluate the
out-of-plane atomic ordering of the deposited single-crystalline VO2

films. The relation between the full width at half maximum (FWHM)
of the XRD x-scan rocking curves and the thickness of the VO2 thin
films is shown in Fig. 2(c). The FWHM increases from 0.078� to
0.567� when the film thickness increases from 28.3 to 300nm. The
increasing inhomogeneity and atomic disorder of the film can as well
be interpreted in terms of the strain relaxation, which progresses with
the increase in thickness.

Different strain states of the VO2 lattice affect the phase transi-
tion temperature TC of the MIT. The determination of TC is not
straightforward, in particular, when the transition takes place in a
broader temperature window due to inhomogeneity of the VO2 sam-
ple, e.g., in our case, due to a strain distribution along the growth
direction of the VO2 film. There are different ways of defining and
determining a value for TC in such cases, which lead to slightly differ-
ent values, but reveal similar trends. Here, we focus on the change in
the film resistivity q with temperature and determine TC by the aver-
age of the positions of the minima of plots d(logq)/dT vs T measured
during heating and cooling of the sample. Corresponding plots of
resistivity q and d(logq)/dT vs T are shown in Figs. 3(a) and 3(b),
respectively, for the samples with thicknesses of 7, 88, and 300nm.
The d(logq)/dT curves of all VO2 films studied are shown in Fig. S3 of
the supplementary material.

The thinnest VO2 film with a thickness of 7 nm exhibits the high-
est TC of 75.6 �C, which is anticipated from the XRD analysis as it pos-
sesses the longest c lattice parameter in the rutile phase due to the
tensile strain in-plane of the film. Although strain relaxation sets in
already at a film thickness of 14 nm, which leads to a slightly lowered
TC (74.8 �C). Drastic TC drop occurs at the film thicknesses between
14 and 28.3 nm. TC is already lowered down to about 55 �C at a thick-
ness of 88 nm and further down to 49.4 �C for the 300 nm thick film.
It is worth noting that the TC values determined for the 88 and

300 nm VO2 films are in concordance with the values revealed by
RSM (see Fig. 4 for the 88 and 300nm samples). Nevertheless, it is
somewhat surprising that the TC values of almost relaxed samples are
lower than the TC of bulk VO2. As both methods yield similar results,
we believe that the determined TC values are reliable and this finding
is due to non-stoichiometry, i.e., occurrence of oxygen vacancies in the
deposited films, as reported by other researchers,21,22 and confirmed
by our x-ray photoelectron spectroscopy (XPS) measurements pre-
sented in Figs. S4 and S5. Nevertheless, Raman measurements in
Fig. S6 of the supplementary material show that the deposited films
are of M1-phase VO2 despite the non-stoichiometry. Furthermore, the
d(log q)/dT vs T curve exhibits an asymmetry for larger film thick-
nesses. A wing develops on the HT side of the minimum. This asym-
metric minimum with the extended HT wing is clearly visible in the
case of 88 nm film thickness and more pronounced in the 140nm
thick film (see Fig. S3 of the supplementary material) and further turns
into a pronounced shoulder with virtually another minimum in the
case of the thickest sample grown, i.e., the 300nm VO2 film. Thus, the
shape of the d(log q)/dT curve reflects the strain distribution from
the substrate-film interface to the film surface. The local strain state
determines the local transition temperature inside the film. The layers
parallel to the interface exhibit the same strain state, and the transition
temperature decreases with increasing distance from the interface.
Therefore, the metallic state across the entire film of the inhomogene-
ously strained samples is anticipated to be gradually established with
the increasing temperature. It initializes in the vicinity of the film sur-
face and finally reaches the layers close to the film–substrate interface.
The samples with thicknesses in the range of 50–200nm show the
largest inhomogeneity due to strain. This is also reflected in Fig. 3(c),
where the variation of TC ¼ (TC,Heating þ TC,Cooling)/2 with film thick-
ness is plotted together with the thermal hysteresis width DT
¼TC,Heating� TC,Cooling, in which TC,Heating and TC,Cooling are the tran-
sition temperatures determined at the minima of the d(log q)/dT
curves corresponding to heating and cooling processes, respectively.
Figure 3(d) illustrates schematically the three regions, namely, pseudo-
morphically/fully strained, partially relaxed, and fully relaxed, in the
deposited VO2 film as we proposed based on the above-mentioned
discussions.

The in situ temperature-dependent high-resolution XRD-RSM
results provide more evidence for the gradual structural phase

FIG. 3. (a) Temperature dependence of
electrical resistivity. (b) Derivative curves
(d[log (q)]/dT) as a function of tempera-
ture. (c) MIT transition temperature TC
and thermal hysteresis width DT as a
function of film thicknesses. (d) Schematic
illustration of the strain relaxation in a thick
VO2 thin film.
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transition of the VO2 films. Figure 4 shows RS maps obtained at vari-
ous temperatures between 35 and 70 �C from the 88 and 300nm thick
VO2 films with TC of about 55 and 49.4 �C. The maps were recorded
in the vicinity of the diffraction peak corresponding to (022)m planes
of VO2. The change in the central position of diffraction spots in recip-
rocal space mapping reflects the phase transition. Up to three diffrac-
tion spots can be discerned in maps associated with the phase
transition. The bottom diffraction spot in the map corresponds to the
(220) diffraction of the rutile TiO2 substrate. The other two, one at the
top and another in the middle of the map, disappears and appears,
respectively, with increasing temperature. The top diffraction spot,
which gradually fades away with increasing temperature, corresponds
to the diffraction of (022)m planes of VO2 in the LT monoclinic phase.
The intermediate diffraction spot, which gradually appears with
increasing temperature, arises from (220)r diffraction of VO2 in the
HT rutile phase. The position and intensity variation of diffraction
spots of the 88nm thick VO2 film unanimously show that the phase
transition gradually takes place in a rather broad temperature range
between 50 and 65 �C. In this temperature range, both phases of VO2,
the metallic rutile phase and the insulating monoclinic phase, are pre-
sent simultaneously in accordance with the interpretation of the
temperature-dependent electrical measurements. At about 50 �C, metal-
lic rutile-phase regions of the VO2 film start to appear nearly the surface
and at about 65 �C the last insulating monoclinic-phase regions close to
the film–substrate interface lose their insulating character and become
metallic. Between 30 and 45 �C, the VO2 is solely in the insulating
monoclinic-phase. Above 65 �C, the diffraction spot from the monoclinic
(022) plane has disappeared, and the entire VO2 film is transformed into
the rutile phase. The phase transition exhibited by the 300nm VO2 film
follows a comparable pattern. However, when comparing in detail the
RSMs of both films at the same temperature in the vicinity of TC, such as
50 �C, evident differences appear. For the 88nm-thick film, the diffrac-
tion spot associated with the rutile structure is somewhat weaker in
intensity than that corresponding to the monoclinic structure.
Conversely, in the 300nm film, the diffraction spot related to the rutile
structure appears stronger than that associated with the monoclinic
structure. This observation suggests that at 50 �C a greater number of
regions are strain relaxed within the thicker film. These regions contrib-
ute to a lower overall phase transition temperature compared to the thin-
ner film of 88nm. The structural evolution deduced from RSMs
recorded at different temperatures supports our proposal that the strain
relaxation in VO2 thin films grown on TiO2 (110) substrates causes the
reduction in the phase transition temperature of the film.

In summary, we provide further evidence that the phase tran-
sition temperature and the width of the temperature range where
the MIT transition in VO2 takes place depend on the strain distri-
bution in the crystalline VO2 layers. The strain distribution, in
turn, depends on the choice of substrate, its orientation, and the
thickness of the deposited VO2 film. In particular, we demonstrate
that the transition temperature in the case of crystalline VO2 films
deposited on TiO2 (110) substrates can be varied by about 30 �C
from above to below the TC of bulk VO2 when increasing the thick-
ness of the deposited VO2 film from 7 (almost fully strained) to
300 nm (almost fully relaxed). The strain gradient along the growth
direction leads to a continuous serial switching of layer-like
regions of the film into the metallic state with increasing tempera-
ture. The serial switching starts from the almost fully relaxed
region near the surface and ends at the almost entirely strained
region at the substrate–film interface.

See the supplementary material for XRR spectra, AFM
images, and temperature-dependent electrical resistivity and deriv-
ative (d[log(q)]/dT) curves recorded during film heating and
cooling for VO2 films of various thicknesses; XPS survey and high-
resolution spectra acquired for the 28.3 and 140 nm-thick films
and Raman spectra of the 140 nm-thick VO2 film and the TiO2

substrate; and a table of FWHM, MIT temperature, RMSR, and the
lattice parameters calculated from RSM measurements for VO2

films of different thicknesses.
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FIG. 4. RSM images of 88 and 300 nm
thick VO2 films on a rutile TiO2 (110) sub-
strate in the vicinity of the (022)m diffrac-
tion peak of monoclinic VO2 as a function
of temperature. The abscissae scales
remain consistent, and to prevent the
overlap of abscissa values in each image,
only the complete values of the x axis for
the panels on the far left and far right are
displayed.
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