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The metal-insulator switching characteristics of VO3 play a crucial role in the performances of
VO3-based devices. In this work we study high-quality (010)-oriented epitaxial films grown on (001)
sapphire substrates by means of electron-beam evaporation and investigate the role of interface
defects and thermal strain on the parallel evolution of the metal-insulator transition (MIT) and
structural phase transition (SPT) between the monoclinic (insulator) and rutile (metal) phases.
It is demonstrated that the highly-mismatched VO3 /Al;O3 interface promotes a domain-matching
epitaxial growth process where the film grows in a strain-relaxed state and the lattice distortions
are confined at the interface in regions with limited spatial extent. Upon cooling down from the
growth temperature, tensile strain is stored in the films as a consequence of the thermal expansion
mismatch between VO3 and Al;O3s. The thinnest film exhibit the highest level of tensile strain in
the interfacial plane resulting in a shift of both the MIT and the SPT temperatures towards higher
values, pointing to a stabilization of the monoclinic / insulating phase. Concomitantly, the electrical
switching characteristics are altered (lower resistivity ratio and broader transition) as result of the
presence of structural defects located at the interface. The SPT exhibits a similar evolution with,
additionally, a broader hysteresis due to the formation of an intermediate, strain-stabilized, phase
in the M1-R transition. Films with thickness ranging between 100-300 nm undergo a partial strain
relaxation and exhibit the best performances, with a sharp (10°C temperature range) and narrow
(hysteresis < 4°C ) MIT extending over more than four orders of magnitude in resistivity (6 x 10%).

I. INTRODUCTION

Vanadium dioxide (VOs) is considered as an archety-
pal strongly electron correlated material undergoing a
reversible first order metal-to-insulator transition (MIT)
at a temperature Ty around 68°C' . It exhibits a
high-resistivity insulating phase for T < Ty and a
metallic behavior for T > Ty, with up to five or-
ders of magnitude change in electrical resistivity between
the two states and intrinsic transition timescales down to
100 fs? . These properties triggered an increased inter-
est for its possible integration in electronic and optical
devices, such as high-speed switches and Mott-field ef-
fect transistors®® , microwave switch devices”® , or op-
tical detectors/ switches®!? . In these applications, the
switching characteristics of VO (resistivity ratio, switch-
ing hysteresis, etc.) play a crucial role in the device
performances®
The MIT in VO, is accompanied by a structural phase
transition (SPT) from a low-temperature insulating mon-
oclinic M1 phase to a high temperature rutile R phase.
Although the simultaneity and the causal relationship be-
tween the MIT and the SPT, as well as the possible role of
intermediate phases occurring during the transition are
still the subject of intense research, it is now well estab-
lished that structural defects'?'® and strain are major
factors affecting the switching characteristics. In partic-
ular, the role of strain in the MIT of VO, materials has
been thoroughly studied in the last decades, both from
a theoretical'® '® and experimental'®2¢ point of view.
Regarding thin film systems, the most interesting conclu-
sions could be drawn from VO film epitaxially grown on

TiO, substrates with various orientations?:21,27729  In

brief, from these studies it appears that the SPT and the
MIT are decoupled33! and that uniaxial tensile strain
exerted along the c axis of the R phase (i.e. along the
direction of the formation of the V-V dimers) opens the
gap in the insulating phase and shifts the MIT towards
higher temperatures. In the case of VO, films grown
on (001) sapphire substrates, the situation is less clear.
Whereas, a shift of the MIT temperature under the ac-
tion of strain is sometimes observed®23* | other reports
do not indicate such a shift but rather a degradation of
the switching characteristics'#3® . Moreover, in these
studies, little or no consideration is given to the SPT.

In this work we investigate the role of strain of the on
both the MIT and the SPT in epitaxial VOq films grown
on (001) sapphire substrates by electron beam evapora-
tion. We demonstrate that, because of the large lattice-
match between VOs and AlyOgs, the films grow in a
strain-relaxed state and that tensile strain is stored in
the films upon cooling down from growth temperature as
a result of the thermal expansion mismatch between the
film and the substrate. Tensile strain produces a shift of
both the SPT and the MIT towards higher temperatures,
whereas the presence of structural defects located at the
interface alter the switching characteristics. Finally we
discuss the role of thermal strain in the stabilization of
an intermediate phase between the M1 and the R phases.



II. EXPERIMENTAL
A. Film growth

The VOg layers were obtained inside a high-vacuum
chamber (evacuated to a base pressure of 5 x 107° Pa
prior to the deposition) using the electron-beam evapo-
ration of a metallic vanadium target under oxygen atmo-
sphere (working pressure ~ 8 x 1072 Pa)3¢ . Typically,
thin films having thicknesses between 15 and 600 nm were
grown at deposition rates not exceeding 0.05 nm.s~! on
c-cut (001) sapphire substrates heated at 500°C. After
the growth process, the films were cooled down to room
temperature and were submitted to a post-deposition an-
nealing process at 550°C under oxygen atmosphere (base
pressure of 0.5 Pa) for 15 minutes. The obtained films are
highly uniform, with homogeneous thickness and prop-
erties (structural, electrical, optical) even on sapphire
wafers with diameters as large as two-inches, with root-
mean squared roughness of 2.4 nm as recorded by atomic
force microscopy. All the VOg films presented further
on this paper were obtained on similar 20x20 mm? c-cut
sapphire substrates.

B. Electrical properties

The electrical resistivity variation with temperature
across the MIT of the VO, films was recorded in the
25-95°C temperature interval and have been measured
using the four-probes technique. We used a custom set-
up employing four in-line spring-loaded probes (spaced
by 1 mm) coupled to a Keithley 2612B sourcemeter. A
Peltier element was used to control the heating/cooling
of the samples while the temperature was monitored by
a Pt-100 thermocouple attached near the films’ surfaces.

C. Structural properties

Raman spectroscopy measurements have been car-
ried out using a Raman inverted microscope (Horiba
LabRAM HR Evolution) using a continuous HeNe laser
light (A = 632.8 nm) with an incident power of 6 mW and
focused on the sample with a 60x objective (Nikon S plan
fluor ELWD, numerical aperture of 0.7) to a spot of ~2
pm in diameter. Temperature-dependent measurements
were performed using the same Peltier element used for
the electrical characterization of the samples.

X-ray diffraction experiments (XRD) have been per-
formed on a Bruker “D8 discover” diffractometer
equipped with a parabolic multilayer mirror, a two-
reflection asymmetrically cut Ge(220) monochromator
(Cu Kal radiation) as primary optics and linear position
sensitive detector covering a 2° 20 range with a 0.01°
angular resolution. 6-26 scans performed over a wide 26
range (20 = 10-110°) revealed that all films correspond
to the VO2 phase with a single (010) orientation with
respect to the underlying (001) sapphire substrate, see

Fig. 1(a). Moreover, grazing incidence diffraction (scan-
ning 26 at a fixed w incidence) evidenced the absence of
any disoriented phase (data not shown here). The in-
plane orientation of the films have been determined by
performing XRD ¢-scans, using the (220) reflection of
VO, and the (104) reflection of sapphire, Fig. 1(c).
High-resolution #-26 scans and w-scans (scanning inci-
dence angle w at fixed 260) have been performed through
the (020) and (040) reflections of VOg3. The former scans
give access to structural information in the direction nor-
mal to the surface (out-of-plane direction), such as the
film thickness and the level of strain. The latter w-scans
provide structural information in the direction parallel to
the surface (in-plane direction), such as the mosaicity and
the lateral coherence length. Temperature-dependent
XRD experiments, using a Peltier heating element, with
temperature varying between 50°C and 90°C have been
performed in order to monitor the structural phase tran-
sition in the films.
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FIG. 1. (a)#-20 scan of 100 nm thick film (zoomed on the
30-95° region). (b) w-scan around the (020) reflection of VO2
(dot: data; red line: simulation). (c) ¢-scan recorded from the
(220) planes of VO2. The dotted lines indicate the positions
of the (104) peaks of sapphire.

III. RESULTS
A. Film orientation and quality

Fig. 1(c) displays the ¢-scans recorded from the
(220) reflection of VO3 in the case of a typical 100
nm thick film. For the VOs planes we observe
a six-fold symmetry instead of the two-fold symme-
try expected for the (220) planes. This discrepancy
is well known and is due to the existence of three
structurally equivalent orientations of the (010) planes



with respect to the (001) plane of sapphire, hence
giving rise to three in-plane epitaxial variants3337:38
. The corresponding epitaxial relationships read:
[100]vo2 || [210]aiz0s, [100]vo2 || [-110Ja;0s and
[100]vo2 || [120]a1203 (in this article we don’t make use
of the four indices notation for the hexagonal unit-cell).
We also notice that the (220) peaks from VOg are broad
and splitted (with satellite peaks appearing at approxi-
mately + 2.6°, as indicated by the arrows). This is due
to angle mismatch between the § angle of VO5 (122.6°)
and the v angle of Al,O3 (120°), as already observed in
this system3” . In the growth mechanism proposed by
Chen et al.?3 | the VT ions form bonds with the sub-
strate surface O?~ ions and stack on a triangle of the
02~ ions to minimize the electrostatic potential. The in-
terfacial strain hence originates from the distance misfit
between V4t ions in the VOg structure and the centre
of the O?~ triangles in the sapphire structure. This cor-
respond to huge epitaxial strains of -4.4% (compressive)
along [100]y 02 and 2.1% (tensile) along [001]yo2.

Such high strains prohibits any possibility of pseudomor-
phic (lattice-matched) growth. In such cases the growth
generally takes place by domain-matching epitaxy where
different integral multiples of lattice planes match across
the interface, i.e. njs lattice planes of the film match
ng lattice planes of the substrate and ny # n,. The
region of bad matching gives rise to a so-called geomet-
ric dislocation3®4? . This growth mechanism has also
been observed in (010) VO4 films grown on NiO buffered
substrates'®#! . This mechanism ensures a strain free
growth, so that the only remaining source of elastic strain
is due the difference in thermal expansion coefficients be-
tween the film and the substrate upon cooling down from
the growth temperature, T, . Moreover, as observed ex-
perimentally, within this mechanism the lattice distor-
tions are confined close to the geometric dislocations at
the interface, ensuring a high crystalline quality despite
the high lattice mismatch.

Fig. 1(b) show the w-scans recorded around the (020)
reflection from the same 100 nm thick film. The peak
exhibit a peculiar two-component profile shape, com-
prising a narrow (coherent) peak superimposed with a
broad (diffuse) peak. This behavior is characteristic of
thin films in which the random lattice distortions (rota-
tions) are confined into regions of limited spatial exten-
sion, quantified by the correlation length £4243 . The
coherent peak then originates from the long range crys-
talline order (attesting of the film quality), whereas the
broad diffuse peak originates from the highly distorted
regions. The simulation of such profiles*?4* (red curve
in Fig. 1(b)) then allows to determine the mosaicity &,
the correlation length £ and the lateral coherence length
D (in-plane crystallite size) as long as the coherent peak
is visible (this analysis requires the simulation of at least
two diffraction orders; for conciseness only the 020 reflec-
tion is shown here). From the simulation, it appears that
the mosaicity is confined into narrow regions (£ = 9.5 nm
and a mosaicity of 0.68°), in very good agreement with
the domain-matching growth mechanism mentioned ear-
lier. The simulation also provides an in-plane crystallite

size of ~300-400 nm for all films considered, without any
dependence to the film thickness.

B. Influence of film thickness on the SPT

The 6-20 scans recorded around the (020) reflections
from VOsq films with increasing thickness have been fit-
ted with pseudo-Voigt functions in order to accurately
determine the peak position. The peak position provides,
through Bragg’s law, the planar spacing dgog, and con-
sequently the lattice parameter b = 2 dgog of VOs. The
deviation of the observed lattice parameter from its theo-
retical value b*" | will be quantified using the out-of-plane
strain:

bh— bth
€zz = Tpth (1)

The subscript ’zz’ indicates that this strain correspond
to the third diagonal component of the strain tensor,
the z axis being chosen normal the surface and the x
axis is in the surface of the film in the direction of the
X-ray beam. The evolution of the strain for increasing
film thickness is given in Fig. 2 . The most striking
feature is that the level of strain in the film significantly
decreases from a highly strained state (-0.52%) to an
almost strain-free state (-0.02%). The continuous curve
is a fit assuming that the strain vs. film thickness obeys
a linear behavior, e,, = a Xt +b. A moderate scattering
(with standard deviation of 0.055%) of the strain values
around the interpolated curve is observed. This may
be explained by the fact that the samples analyzed in
this work have been synthesized at different moments in
time: the microstructure and the level of strain of the
film may be dependent on the wear of the VOg target
used for the film growth. In the following, the results
will be discussed as a function of the level of strain.
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FIG. 2. Evolution of strain with increasing film thickness.
The red line is a fit with a linear equation of the type strain
= a X thickness + b.

Temperature dependent XRD measurements, per-



formed in the angular domain containing the 020 and 006
reflections of VO5 and sapphire, respectively, have been
recorded for temperatures ranging between 50 and 90°C
for selected films with different thickness (the substrate
peak has been used as an angular reference to account
for any possible dilatation-induced sample-displacement
errors). The evolution of the (020) reflection for 200 nm
- thick film is displayed in Fig. 3 for selected tempera-
tures across the SPT. Fig. 3(a) and (d) correspond to
the (020) reflection from the monoclinic phase, M1 (26
= 39.94°) and the (200) reflection of the tetragonal rutile
phase, R (20 = 39.91°) of VOa, respectively. For inter-
mediate temperatures an additional peak, labeled Mx, is
clearly observed at 20 = 39.89°, revealing the existence of
intermediate phase during the transition. In order to ex-
tract the volume fraction of each phase during the SPT,
the XRD data have been simulated with pseudo-Voigt
functions (i.e. a linear combination of a Gaussian and
a Lorentzian function). The positions of the M1 and R
peaks have been fixed to their respective values as given
above, whereas the position of the Mx phase, whose the-
oretical position is unknown, was allowed to vary dur-
ing the simulation (the value given above is the result of
the simulations and is similar for all investigated samples
where the Mx phase is present). The full-width at half
maximum (FWHM) and shape parameters (n € [0,1]
where 0 corresponds to a Gaussian function and 1 to a
Lorentzian function) of the peaks corresponding to the
M1 and R phase have been fixed to their respective val-
ues observed before and after the transition, respectively.
The parameters of the third peak were allowed to vary
freely during the simulation procedure. The integrated
intensity of each phase can be written®® :

L; =CUPL Mhukl ‘Fhkl|2 V’L’/l/m’i (2)

where V' is the volume of the phase i (i = R, M1, Mx)
irradiated by the x-ray beam, C is a constant depending
on the intensity of the incident beam and the counting
time, P and L are the polarization and the Lorentz
factors, vy, ; is the unit cell volume of the phase ¢, and
mpk; and Fpi; are the multiplicity and the structure fac-
tor of the considered hkl reflection, respectively. In this
special case, because of the epitaxial nature of the film
the multiplicity factor is reduced to 1. Because of the
limited temperature range considered in the experiment
(25°C), all temperature-dependent factor other than
the phase volume (in particular the unit-cell volume, or
the thermal Debye-Waller contribution to the structure
factor) can be safely neglected. For instance, whereas
the phase volume varies by 100% across the temperature
range considered, the unit-cell volume varies by only
~0.1%, which is smaller than the lowest experimental
uncertainty on the measured intensity (which is of the
order of 0.2%). Therefore the intensity ratio Ipsq/Ins
(60°C) can be considered as a good approximation of
the volume fraction zp1 = Vai/ (Vi + Ve + Vi)
of each phase during the transition. Similarly, the
volume fraction of the R phase can be obtained from
xr = Ir/Ir (85°C). Finally the volume fraction of the
intermediate phase follows z, =1 — z1 — ZR.

Intensity (arb. units)

Intensity (arb. units)
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FIG. 3. Evolution of the (020) peak of VO3 during the tran-
sition. The peak has been fitted with three pseudo Voigt
functions corresponding to the M1 phase (blue line), the R
phase (red line) and an intermediate Mx phase (purple line).
The grey curve is the sum of all three contributions. The ver-
tical lines indicate the peak positions of the M1, R and Mx
phases.
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FIG. 4. (a) Temperature evolution of the volume fraction of
M1, R and Mx phases as evaluated by XRD for a 200 nm -
thick film. (b, ¢) evolution of the volume fractions of the R
and Mx phases, respectively, for a 50 nm and 200 nm - thick
films. (d) evolution of the SPT temperature as a function of
the out-of-plane strain. The line is an interpolation with a
linear function. (e) evolution of the hysteresis width (AH,
red circles) and temperature range (AT, blue squares). The
lines correspond to an interpolation with a linear function.

The evolution of the the volume fractions during the
SPT are displayed in Fig. 4(a) for a 200 nm thick VOq
film. Considering the temperature evolution of the R
phase in Fig. 4(a) and (b), we define Tspr “P and



TS’PT down

ing and cooling, respectively; Tspr “P and Tspr
being determined from the maximum of the derivative
dxgr / dT, upon heating and cooling respectively. The
temperature of the SPT is determined from the aver-
age Thyrr = (Tspr “P + Tspr 9°“")/2, whereas the
width of the hysteresis curve is defined from the differ-
ence AH = Tspp “P — Tgpr %", Finally, the smooth-
ness of the transition is defined by the range, AT, over
which the transition takes place®® . With these defini-
tions, the 200 nm thick film exhibits transition tempera-
ture Tspr = 70.9°C with a AH = 4.8°C wide hysteresis
loop and spans a AT = 17°C temperature range. For
a 50 nm thick film (whose R-phase volume fraction evo-
lution with temperature is compared with the 200-nm
thick film in Fig. 4(b)), the hysteresis loop has the same
shape, but the SPT is shifted 1°C towards higher tem-
peratures, exhibits a wider hysteresis (AH = 6°C) and
spans a broader temperature range (AT = 22.5°C). Fig.
4(c) shows the evolution of the intermediate, M, phase.
For both films (50- and 200-nm thick) the maximum vol-
ume fraction is ~0.37 indicating that this intermediate
phase never takes over the whole film volume. However,
it is clearly observed that the intermediate phase spans
a broader range of temperatures for the 50 nm thick film
(19°C instead of 12°C for the 200-nm thick film), in-
dicating a stabilization of this phase for the lower film
thickness. Fig. 4(d,e) summarizes the evolution of the
SPT characteristics for all films analyzed by temperature-
dependent XRD, as a function of their level of strain. The
average transition temperature, Fig. 4(d), the width of
the hysteresis (red circles in Fig. 4(e)) and the transi-
tion smoothness (blue squares in Fig. 4(e)) are all found
to exhibit a monotonic decrease for a decreasing level of
strain (i.e. increasing thickness).

as the transition temperature upon heat-
down

C. Influence of film thickness on the MIT

Fig. 5(a)-(c) shows the temperature evolution of
the electrical resistivity of selected VOg films with
increasing thicknesses. All samples clearly show the
metal-insulator transition characteristic of the VO5 ma-
terial. We observe that the films with a thickness equal
or higher than 200 nm exhibit an abrupt and narrow
transition, with a resistivity ratio p(25°C)/p(95°C)
ranging over more than 4 orders of magnitude. On the
contrary, the thinnest film exhibit degraded electrical
properties, a larger width of the hysteresis loop, a
transition spanning a broader range of temperature and
a lower resistivity ratio (p(25°C)/p(95°C) of only 3
orders of magnitude). Similarly to the definitions given
above, we have Ty = (TMIT P+ Toarrr dow”)/Q,
AH = Typr P — Toyrr %", where Togrr “P and Taggr
down are defined from the maximum of dlog(p)/dT upon

heating and cooling, respectively?”.

In the insulating phase, the electrical conduction can
be described by a thermally activated process, so that the
resistivity obeys an Arrhenius law: p = pgexp(E4/kT),
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FIG. 5. (a-c) evolution of the resistivity vs. temperature for
VO films with thickness 15 nm, 50 nm and 200 nm, respec-
tively. (d) Arrhenius plot of the resistivity in the insulating
phase for VO3 films with increasing film thickness

where F 4 is the activation energy, k is boltzmann’s con-
stant, and pg is the resistivity for T — oco. Fig. 5(d)
shows a plot of In(r) vs. 1/T in the insulating phase, for
different film thicknesses, which indeed exhibit a linear
behavior. From the slope of the plot we extract the values
of E4 which range between 0.31 eV for a 300 nm thick
layer and 0.225 eV for the thinnest, 15 nm thick film.
In the case of an intrinsic semi-conductor (i.e. with the
Fermi level located in the middle of the band gap), the
activation energy is expected to be equal to the half of the
optical gap of the VO, (0.6 eV)*®4% | The values obtained
here, especially for thicknesses higher than 100 nm, are
well superior to the ones usually reported in literature
for VO, thin films®®%! | and are close to the theoreti-
cal value of 0.3 eV reported, for instance, in nanoscale
single-domain vanadium dioxide nanobeams containing
very few defects and impurities®?°3.

Fig.6 summarizes, for all films, the evolution of the MIT
characteristics as a function of the strain extracted from
the XRD analysis. The similarity with the characteris-
tics of the SPT is clearly observed: a decrease in the
film’s level of strain induces a decrease of AT, and an
increase of the resistivity ratio, indicating an improve-
ment of the electrical properties. Additionally, similarly
to what is observed for the SPT, we observe a shift of
the MIT temperature towards lower temperature for de-
creasing strain (or increasing thickness). Contrarily to
what is observed for the SPT, though, the width of the
hysteresis doesn’t seem to be affect by the level of strain
or the film thickness.
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FIG. 6. Evolution of electrical properties with strain: (a) MIT
temperature, (b) transition width (filled circles) and hystere-
sis width (open circles), (c) resistivity ratio and (d) activation
energy. The lines are interpolations with linear functions.

IV. DISCUSSION
A. Origin of the strain

We shall first discuss the evolution of the homogeneous
strain e,,. Within the domain-matching epitaxial growth
mechanism mentioned earlier, the film grows in a strain
relaxed state so that the only possible source for the
observed strain is the thermal expansion mismatch be-
tween VO, and the underlying sapphire substrate when
cooling down from the growth temperature. The coeffi-
cients of thermal expansion of VO3 in the in-plane direc-
tion, in the monoclinic (M1) and rutile (R) phases are
ap B =583 x 107K a. ® =297 x10°K~"! and
ag M =121 x 107K~ a. M =257 x 1076 K~1, re-
spectively (computed from®*5° ), where the subscript a,
b and c indicate the respective directions of the unit cell.
Each of the strain component due the thermal expansion
mismatch can be written

e = (i — a1, — Tspr)

’ 3
) (Tspr — 298) ®)

(M) (A1203)
+(a; —ay,

where o/, (4203) = 5 x 107K~ is the in-plane thermal
expansion coefficient of sapphire and, T} is the growth
temperature. Computing a simple average thermal ex-
pansion coefficient of VO in both the R (from 500°C to
68°C) and M1 (from 68°C to 25°C) phases yields a ten-
sile in-plane thermal strain of 0.43 %. The out-of-plane
elastic strain (Eq. 1) is related to the in-plane strain
through ei@h) = —vy e/, where 15 is the biaxial Pois-
son’s ratio, which is itself related to the Poisson’s ratio
through vy = 2v/(1—v), hence the observed out-of-plane
compressive strain.

Computing the corresponding out-of-plane strain re-
quires the knowledge of the Poisson’s ratio. For the (100)
orientation (corresponding to the (001) planes of the R

phase) the Poisson’s ration of VO3 has been recently de-
termined to 0.249%° which yields v, = 0.663 and there-
fore a theoretical compressive out-of-plane elastic strain
of e .= -0.29 %. Since our films are (010) oriented,
the corresponding ratio is certainly different. Nonethe-
less, this value is of the same order of magnitude of the
values reported here (Fig. 2).

Let us now focus on the evolution of the strain for vary-
ing film thickness. Since the elastic energy scales with
the film thickness, strain relaxation is expected to occur
for thicker films, whereas the thinnest film should ex-
hibit the highest strain values as given by the thermal
strain computed above. The maximum strain is given
by the intercept of the interpolating line in Fig. 2, b
= -0.51 %. The discrepancy with the value of the ther-
mal strain, e*) __. obtained above is very likely due to
the fact that we used the Poisson’s ratio corresponding
to the (100) orientation VOs. Using this result we can
compute the Poisson’s ratio corresponding to the (010)
orientation, and we obtain v = 0.372. The thickest film
grown and analyzed in this study (600 nm) appeared to
be heavily cracked®®, which indicates that the in-plane
(tensile) thermal stress has been relieved by the forma-
tion of cracks. The residual strain for this film is close to
0 (-0.02%), indicating a complete strain relaxation.

B. Influence of strain on the SPT and the MIT

Fig. 2 indicates that VO, films are subjected to in-
plane tensile strain as a consequence of the film/substrate
thermal expansion mismatch, and the thinnest films
exhibit a higher level of strain. Figs. 4 and 6 show that
a higher in-plane tensile strain yields (i) a shift of the
SPT and the MIT towards higher temperatures, (ii) a
widening of the temperature range of the SPT and MIT
together with a decrease in the resistivity ratio, and
finally (iii) a stabilization of the intermediate Mx phase
over a wider range of temperature.

The first observation can be qualitatively understood
by examining the dimensional changes of the VO unit-
cell during the SPT. For this purpose, we shall describe
both the M1 and the R phase using a common unit-
cell. The monoclinic equivalent of the R unit-cell is
obtained from a,; = 2cgr, by; = agr, and ¢y = bg -
cr® . At the SPT, the ay, by and ¢y lattice param-
eters vary by -0.98% (compressive), 0.60% (tensile) and
-0.23% (compressive)® . Therefore, the application of
tensile strain in the basal (a,c) plane impedes the SPT
and stabilizes the M1 phase, hence the observed shift
of the SPT towards higher temperatures under the ac-
tion of biaxial tensile strain, Fig. 5(d). Interestingly,
the extrapolation of Tgpr for a strain free film gives
Tspr = 68°C as expected from bulk VO,. The in-plane
tensile strain exerted along the cp axis in our films also
explains the shift of the MIT towards higher tempera-
ture, in good agreement with previous theoretical and
experimental studies!®20,21,27-29:33.34 " However, in con-
trast with most theoretical studies'”? where the role of



strain on the MIT is rationalized in terms of uniaxial
strain exerted along the ci axis, which experimentally
correspond to the growth on (001) oriented TiOy sub-
strates, the state of strain is here biaxial: tensile strain is
exerted both parallel to cg and perpendicular to it (par-
allel to ag). This might partly explain why the observed
shift of the MIT is here relatively moderate when com-
pared to films grown on (001) TiOg substrates?:28:29,

We also observe that the MIT takes place approxi-
mately 2°C higher than the SPT. While a decoupling of
the MIT and SPT is sometime observed3®3! | usually
the MIT precedes the SPT. In the present case, this
temperature difference might be partly explained by
the difference in sensitivity of the different techniques
used to characterize the MIT and the SPT. The SPT,
as characterized by XRD, starts as soon as the first
crystallites of the R (or Mx) phase are formed, whereas
the MIT requires the R phase to grow sufficiently to
reach the percolation threshold. However, the quan-
titative analysis of the volume fraction and resistivity
data failed to explain the whole temperature shift in
terms of percolation phenomena, and a systematic shift
of temperature reading between the electrical and the
structural characterizations can not be definitely ruled
out. Simultaneous electrical and in-situ structural char-
acterizations are required to definitely clarify that point.
It must be emphasized, though, that this discrepancy
has no consequences on the conclusions drawn in this
article since we do not discuss the absolute values of the
temperature but only relative evolutions (as above), or
temperature differences (as discussed below).

The widening of the SPT and MIT temperature
range can be explained by the role played by the film
thickness (rather than the level of strain). Indeed, as
outlined earlier, the domain-matching epitaxial growth
mechanism allows, by the formation of geometric dis-
locations confined at the interface the growth of high
quality films despite huge lattice mismatch values. As
a consequence, the regions surrounding the geometric
dislocations are in general highly strained. In the case
of compounds with cations exhibiting multiple possible
oxidation states, it is known than during growth, strain
can be partly relieved by promoting local oxidation or
reduction of the cations®® . In the present case, tensile
strain would yield V4+ + e — V3t whereas compressive
strain would give V4t — V5% 4 e. Since the width of
the transition is proportional to the concentration of
defects, for the thinner films, where the concentration of
defects is increased as a result of the reduced volume of
the defect-free region, larger AT values are observed!® |
for both the MIT and the SPT.

This scenario is confirmed by the evolution of the activa-
tion energy, F 4, with the film thickness. With increasing
strain (i.e. decreasing film thickness), Fig. 6(d), the
defective interface region has a higher influence on the
their electrical properties. Most likely, the presence
of the above-mentioned crystalline defects introduce
(donor or acceptor) defect levels in the band gap of
the films'?'* which directly influence the resistivity in

the insulating phase of the films and might explain the
observed decrease of the activation energy for the lower
film thickness. In contrast, as suggested above, the
thickest films (> 100 nm) have a reduced proportion of
interface-induced defects and exhibit activation energies
close to the expected value for stoichiometric, high
quality VO, crystals®?3 .

The width of the hysteresis of the MIT is believed
to be dependent on the crystallite size'® . Our XRD
experiments reveal that the crystallite size is indepen-
dent on the film thickness which can explain why the
AH does not vary in the case of the MIT. On the other
hand, the increase of AH for the SPT can be viewed
as a consequence of the stabilization of the Mx phase.
Whereas strain free undergo a simple M1—R transition,
strained films exhibit the following sequence M1—M1
+ Mx —Mx + R —R (see Fig. 3), hence the broader
hysteresis.

The last observation, regarding the intermediate
phase, is less easily explained. There have been numer-
ous reports of intermediate phases occurring during the
SPT from the M1 to the R phase, the most common
being the M2 phase!6:19:26:57.59,60 = hHyut other phase
were also reported: M357, T19,61 A62:63 B62.64 R_Jjke65
and other disordered or unidentified phases30:31:66 |
Assessing the exact nature of this intermediate phase
is a challenging task. In a similar situation of VOq
films grown on (001) sapphire by pulsed laser deposition
and reactive sputtering Okimura et al.%? reported the
existence of the M2 phase. The M2 phases is known
to be stabilized under the action of tensile strain along
the ¢ direction of the R phase?® . The stabilization
of the intermediate phase for the lowest film thickness
observed can hence be rationalized by its increased
level of strain. However, in contrast with Ref.%0 the
intermediate phase observed here is only visible in the
60-85°C range and totally vanishes above 85°C, whereas
Okimura et al. reported the M2 phase to appear close to
room temperature and, surprisingly, it persisted above
the SPT. Additionally, contrarily with our results, they
observed the XRD peak of the M2 phase to be located
between the (020) and (200) peaks of the M1 and R
phase and attributed it to the (002) reflection of the
M2 phase®®. Our results indicate that the intermediate
phase has a lattice parameter larger than both the M1
and R phase. These results cast some doubt regarding
the exact nature of the intermediate phase, but a
similar transient phase with enlarged unit-cell have been
observed in other studies as well®® . The same behavior
has been observed in VO3 nanowires grown on sapphire
and the additional phase was interpreted as a strained
R phaseS”, although it is not possible, with the present
data, to confirm that the phase observed here exactly
correspond to those observed in% orf7.

Fig. 7 shows the evolution of Raman spectra with in-
creasing temperature for a 100-nm thick annealed VOq
layer. At room temperature, the spectrum is indica-
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FIG. 7. Raman spectra of a VO3 film (100-nm thick) showing
the temperature evolution of the characteristic phonon modes.

tive of the monoclinic M1 VO phase and is consistent
with previous reports on VO3 micro-crystalline thin films
and single-crystal microbeams®:636% . The M1 phase
is identified mainly by the dominant wy phonon fre-
quency at ~615 cm™! (V-O mode), and the w,; and wy,
modes at 195 cm~! and 225 cm™!, respectively, associ-
ated with the V-V lattice motion®"68 . With increas-
ing temperature, in the interval 45-75°C, the wy phonon
peak is getting larger, less intense and is slightly red-
shifted. For higher temperatures the Raman spectra be-
come featureless, characteristic of the metal-like VOs.
The frequency shift of the Raman modes with increas-
ing temperature was explained by the onset of a M2
strain-mediated phases in the film, prior to its transi-
tion to the metallic R phase™ . However, for crystalline
VO3 micro-beams submitted to tensile or compressive
stress, the M1-R phase transition seems to be far more
complex: their strain-temperature phase diagram suggest
complex M1-R path transitions involving either the insu-
lating triclinic T phase, the M2 phase, or both of them®!
. Compared to the Raman signals from single-crystalline
VOs material, the temperature-related Raman peaks of
the VOs analyzed thin film are broader, making diffi-
cult to asses/ discern the exact contributions from addi-
tional T or M2 phases. Nevertheless, qualitatively, the
temperature-evolution of the Raman spectra in our VOo
thin film suggests that the M1-R phase transition seems
to evolve through an intermediate, stress-related phase,

although further work is required to clearly identify the
exact nature of this intermediate phase.

V. CONCLUSIONS

High quality (010)-oriented VOg epitaxial films have
been grown on (001) sapphire substrates by means of
electron-beam evaporation. Their electrical and struc-
tural properties have been characterized by four-probe
resistivity measurements on one hand, and Raman spec-
troscopy and temperature-dependent XRD experiments,
on the other hand. The highly-mismatched VO3/Al;03
interface promotes a domain-matching epitaxial growth
process where the films grow in a strain-relaxed state
and the lattice distortions are confined at the interface
in regions with limited spatial extent (£ = 9.5 nm).
Upon cooling down from the growth temperature, tensile
strain is stored in the films as a consequence of the
thermal expansion mismatch between VO, and Al;Og.
We examined the role of the magnitude of the strain on
both the MIT and the SPT. The thinnest film exhibit
the highest level of tensile strain in the (a,c) of VOag,
resulting in a shift of both the MIT and the SPT towards
higher temperature pointing to a stabilization of the
monoclinic and insulating phase. Concomitantly, the
switching characteristics are altered (lower resistivity
ratio and broader transition) as result of the presence
of structural defects located at the interface. The SPT
exhibits a similar evolution with, additionally, a broader
hysteresis due to the formation of an intermediate
phase in the M1-R transition. Conversely, the thickest
films (600 nm) are fully strain-relaxed and heavily
cracked making them unsuitable for device applications.
Films with a thickness ranging between 100 and 300
nm undergo a partial strain relaxation and exhibit
improved switching characteristics, with a sharp (10°C
temperature range) and narrow (hysteresis< 4°C' ) MIT
extending over more than four orders of magnitude in
resistivity (6 x 10%).
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