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Thin films of B-phase VO, were grown by pulsed-laser deposition on glass and (100)-cut MgO sub-
strates in a temperature range from 375 to 425°C and at higher gas pressures than usual for this
technique. The films were strongly oriented, with ab-planes parallel to the substrate surface.
Detailed study of surface morphology through Atomic Force Microscopy images suggest signifi-
cant differences in evolution as a function of growth temperature for films on the two types of sub-
strates. Measurements of electrical conductivities through cooling-heating cycles from room
temperature to 120 K showed changes of five orders of magnitude, with steeper changes between
room temperature and ~150K, which corresponds with the extended and reversible phase transi-
tion known to occur for this material. At lower temperatures conductivities exhibited Arrhenius
behavior, indicating that no further structural change was occurring and that conduction is ther-
mally activated. In this lower temperature range, conductivity of the samples can be described by
the near-neighbor hopping model. No hysteresis was found between the cooling and heating
braches of the cycles, which is at variance with previous results published for VO, (B). This appa-
rent lack of hysteresis for thin films grown in the manner described and the large conductivity vari-
ation as a function of temperature observed for the samples suggests this material could be of

interest for infrared sensing applications. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931887]

I. INTRODUCTION

Of the materials which undergo reversible metal-
insulator transitions under the influence of external parame-
ters such as temperature or pressure one of the most studied
is surely VOZ,l which above 68 °C has a stable “metallic”
phase with a tetragonal system lattice (rutile type structure,
designated R) in which each V*" jon is centered in a tetrahe-
dron formed by six O®~ ions at the vertices. On cooling, the
structure changes reversibly to a monoclinic lattice (desig-
nated M;). This phase is non-metallic.

In addition to the M; and R phases, there are several other
VO, polymorphs. One of these, designated B, has a mono-
clinic lattice (a=1.203nm, b=0.3693nm, ¢=0.642nm,
f=106.6°, and space group C2/m) and is metastable at ambi-
ent conditions.>? Its structure can be described as an arrange-
ment, parallel to the ab plane, of double layers (upper and
lower) including slightly distorted VOg octahedra, which
share edges of their (approximately) square base, while in the
normal direction octahedra in each side of the double layer
make only apical contact with those of one side of the follow-
ing bilayer. Thus, the planes corresponding to these apical
contacts only contain oxygen ions and the number of bonds
per unit surface area is low. Hence, bonding between bilayers
is weak compared to bonding within them. The layered and
relatively “open” structure of this material is similar to that of
V,05 and V¢Oq3, which has made all three compounds poten-
tially interesting as electrodes for lithium-ion batteries on
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account of their large capacity for Li* intercalation.* Except
for consideration of substrate surface structure effects, it can
be expected that VO, (B) films will show a tendency to grow
in layers with (001) crystal planes parallel to the substrate sur-
face. This is in fact the case, although at relatively high sub-
strate temperatures (450°C or more) growth of other VO,
polimorphs becomes more favorable.’

Upon heating, VO, (B) transforms to the more stable R
phase at temperatures as high as 550 °C or more.® This is an
irreversible transformation, since VO, (R) transforms into
VO, (M;) upon cooling. Thin films of VO, (B) have been
deposited by several techniques, including sputtering and
metalorganic chemical vapor deposition (MOCVD), in some
cases with the explicit purpose of employing this transforma-
tion to ultimately produce VO, (M;) films.>’ Single-phase
VO, (B) films have been deposited on glass by MOCVD at
substrate temperatures as low as 370°C.° It was recently
shown that VO,(B) thin films can be lattice matched to
(100)-cut SrTiOj3 substrates, growing them by pulsed laser
deposition (PLD) at 550 °C substrate temperature.® Because
of previous (unpublished) results in which we obtained PLD-
grown VO, (B) films at temperatures at least 100° lower, it
seemed of interest to explore the possibility of stabilizing
this particular phase at these lower temperatures using PLD,
even if the films were not lattice-matched to the substrate,
and this was the initial motivation for the present work.
Deposition on SiO, glass is of particular interest because it is
relevant for device integration with silicon-based
technology.

Once single-phase VO, (B) films were in fact prepared,
it was decided to probe their low-temperature electrical
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conduction characteristics, which are of interest in them-
selves because there are currently very few reports of these
properties, and there are substantial disagreements amongst
these reports. Furthermore, VO, (B) has a reversible transi-
tion to a lower temperature phase, first reported over two
decades ago by Oka er al.’ These authors performed a study
of structure and magnetic properties of powder samples of
VO, (B) in a broad temperature range and showed that, start-
ing from near room temperature, the material undergoes a
gradual transition to a different monoclinic structure (also
with space group C2/m), although transformation was never
complete for the sample material and the fraction of the low-
temperature phase saturated at ~70% below ~150K.
According to these authors, through the transition, while the
VO, (B) layered structure is preserved, there occur small
reductions in distance between neighboring V** ions. These
reductions are larger (almost a 7% reduction) for ions in the
ac-plane, which comprise one half of the cations in the
structure.

This pairing of the V** ions could be expected, as origi-
nally proposed in the case of the VO, R — M, transi-
tion,'®'3 to cause a diminution in the material’s electrical
conductivity as the temperature is lowered. However, since
the phase transition of VO, (B)occurs gradually over a very
broad temperature range of ~150 degrees, unlike in the VO,
(R) — VO, (M) case, the associated conductivity change in
VO, (B) cannot be expected to be sharp. In fact, electrical
measurements of resistivity at low temperatures first reported
for B-phase (i.e., when at room temperature) VO, pressed
powder pellets showed a conductivity drop by more than
three orders of magnitude as the sample was cooled from
room temperature, with initial value of ~1S/m, to nearly
2 x 10* S/m by 160K."® These results also evidenced hys-
teresis between cooling and heating, although no full cycles
were presented and the large discrepancy between resistivity
values upon cooling and heating at the lowest temperature
range measured was not explained. Resistivity measurements
over a range from 400K to 150K were reported very
recently for VO, (B) films grown by PLD on (100) SrTiO;
substrates at 500 °C.'7 In this latter case, in which the result-
ing films were epitaxial with the substrate, a conductivity
drop by 4 orders of magnitude (from ~35 x 10*S/m at 400 K
to ~5S/m at 150K) was found, with nearly full heating-
cooling cycles showing hysteresis loops with a breadth of
over ~15K and maximum rate of change near 200 K. While
the two reports in which electrical properties of VO, (B)
were measured at below-ambient temperatures evidenced a
large reduction in conductivity as the temperature was low-
ered, the details differ greatly, no doubt in part because the
two types of samples used were very different in nature.
Hence, it seemed of interest to further explore the conductiv-
ity of VO, (B) films as a function of temperature. As
described later (Section III C), some of the electrical charac-
teristics found for the resulting films were unexpected.

For the present work, the background gas used for PLD
was a mixture of argon and molecular oxygen. Using this
mix instead of pure O, offers an additional control parameter
so that buffering of the high kinetic energy species and oxi-
dation are partially decoupled. In PLD both of these
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functions are usually performed by the same reactive gas, O,
in the case of oxide film growth. Buffering is indispensable
in PLD because of the very high speeds at which particles
are emitted from the target. In fact the plume formed when a
target is ablated in a background gas can be “split” in two
components, one of which consists of particles which con-
tinue to travel at speeds close to those which obtain right af-
ter ablation (~104m/s or more), while the other includes
particles which are substantially slowed.'® The fast compo-
nent can even cause “re-sputtering” of the deposited material
in some cases,'? but impingement of species with moderately
high kinetic energies (tens of eV) enhances adatom mobility
on the surface of the growing films and can promote crystal-
lization even at low substrate temperatures in comparison
with most other vapor deposition techniques. The range of
gas pressures of interest for PLD, assuming common param-
eters for laser fluence (several times the threshold fluence for
the target and laser wavelength used) and target-substrate
distance (4 to 7 cm) usually extends from ~5 to ~75 mTorr.
At higher pressures, species impinging on the substrate are
mostly thermalized and adatom mobility would depend
mainly on substrate temperature. The film growth process
would be closer then to that obtained with “thermal” techni-
ques such as evaporation. At even higher background pres-
sures (over ~150 mTorr), the speeds of the ablated species
become low enough that nanoclusters can be formed in the
expanding shock wave initially produced by the interaction
of the ablated material and the background gas.?’

Since the target used for film growth in the work
reported here was not a vanadium oxide but metallic vana-
dium, most of the oxygen incorporated onto the film is nec-
essarily provided directly from the chamber atmosphere,
except for a likely small amount from a thin oxide layer
formed on the target itself as ablation proceeds over the
same track on the rotating target. Atomic oxygen and other
oxygen radicals, which are much more reactive than molecu-
lar oxygen, are produced by dissociation or excitation of O,
molecules in the gas via collisions with species ejected from
the target with high kinetic energies and directly by the laser
beam (photodissociation) in the high fluence region near the
target surface. These oxygen radicals can react with vana-
dium in the gas phase or with the material already deposited
on the substrate. In-between pulses, and after deposition is
completed and the sample is cooling down, reactions
between the film surface and molecular oxygen will also
occur, although oxidation is then much less significant. On
the other hand, while the substrate remains heated, rear-
rangement and evolution of the deposited species is favored,
which promotes crystallization and grain growth.

In the past, we have been able to grow high quality VO,
(M) thin films using an O, - Ar mixture as background
gas.”! For the present work, attempting to grow VO, (B)
films at lower temperatures, the total pressure used was high
enough that the particle speeds were expected to have been
substantially moderated, and this should favor oxidation of
the vanadium vapor in transit to the substrate. On the other
hand, while formation of small vanadium oxide clusters
before reaching the substrate is possible, the total pressure
was not high enough to expect large numbers of them.
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A recent study of plume dynamics during PLD growth
of VO, thin films on glass substrates (at 500 °C) indicated
that phase purity and vertical grain sizes (~40nm) of the
resulting M;-phase films were optimized at a background
gas (pure O,) pressure of ~7.5 mTorr and that both purity
and grain size were rapidly degraded at higher pressures.”
As shown in the following, it turns out that the situation is
very different at least in the case of VO, (B) film growth,
since excellent quality films, with large vertical grain sizes
(~70nm, comparable to film thickness) were obtained on
glass substrates through a growth procedure which included
total background gas pressure almost one order of magnitude
higher and growth temperatures as low as 375 °C. As in this
case, it seems clear one cannot assume that experience with
preparation of one VO, phase can be readily applied to a dif-
ferent one.

Il. SAMPLE PREPARATION

For the work described here, VO, film samples were
grown by PLD on different substrates (SiO, glass, (100)-cut
MgO, and (100)-cut SrTiO5). Deposition was performed by
ablating a vanadium metal target in an oxygen and argon
atmosphere, at a total pressure of 70 mTorr, measured with a
diaphragm capacitance sensor. Gas flows of 10 standard
cm’/min (sccm) Ar and 15 scem O, were independently
adjusted with mass flow controllers.

The growth temperatures found to produce pure or
nearly pure B-phase VO, were in the range from 375 to
425 °C for both glass and MgO substrates. At substrate tem-
peratures outside this range x-ray diffraction (XRD) analysis
showed very clear peaks from other vanadium oxide phases.
Samples on glass and MgO substrates were grown simultane-
ously for each temperature, while those on SrTiO; were
grown in separate runs under nominally identical conditions.
It was not possible to grow samples of adequate size on all
three types of substrate simultaneously because of the rela-
tively small area for adequate thickness uniformity in our
PLD system.

Substrates were cleaned prior to film growth by sequen-
tial ultrasonic baths in trichloroethylene, acetone and metha-
nol and were attached to the deposition vacuum chamber’s
substrate heater. The crystal substrates, which had polished
surfaces, were not etched or treated in any particular manner
before film growth, aside from chemical cleaning. For all
depositions, the vanadium target was ablated by KrF excimer
laser pulses at a fluence of ~4J/cm” and a frequency of 10
pulses per second. The distance between target and substrate
was 4cm. Background pressure before depositions was
~10"®Torr before the heater temperature was increased, Ar
and O, gas flows were started, and the pump was throttled to
increase the pressure to 70 mTorr. Deposition time was 10
min for all samples. After film growth, the heater was turned
off, gas flows were stopped, and samples were allowed to
cool in vacuum. No post-deposition heat treatment was per-
formed. Sample thicknesses were subsequently measured
with a stylus profilometer, using a step created on the sample
by masking part of the substrate before deposition. Except as
noted, all samples were ~100nm thick, which means that
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the average growth rate was ~0.17 nm/s. From the resulting
film structural orientation, which is discussed in Section III,
and the known lattice parameters, the relevant monolayer
spacing is 0.61 nm, so this growth rate cannot be considered
very large. B-phase VO, films had a characteristic deep pur-
ple color as seen on reflection.

lll. RESULTS AND DISCUSSION
A. Crystal structure

Crystal structure for each sample was determined by
XRD performed with CuK, radiation in a Bruker-AXS D8
Discover diffractometer with parallel-beam geometry and
using a 0-20 configuration. All samples deposited on glass
and MgO under the conditions described evidenced strong
preferential out-of-plane orientation, with VO, (B) ab-planes
parallel to the substrate surface. This is consistent with the
layer structure of the material, as discussed in Section I. For
samples grown on (100)-SrTiO; within the same range of
conditions as for the other two types of substrate, it was
never possible to obtain pure or nearly pure B-phase VO,. In
fact, substrate temperatures of 550 °C or more had to be used
to obtain VO,/SrTiO; films which included the B phase, but
even in those cases strong diffraction peaks corresponding to
either the A phase or the M; phase, or both, were found.
Since the intention of the study reported here centers on pure
or nearly pure B-phase VO, films stabilized at lower temper-
atures, no further results are included in the following for the
films grown on SrTiOs.

For samples grown on SiO, glass substrates strong (00/)
reflections for VO, (B) were observed, with / at least up to
third order. Fourth and fifth order (00/) reflections, which
have much lower intensities,23 were observed for the sam-
ples grown at lower temperatures. Compared with reference
powder diffraction reflections, all (00/) peaks for samples on
glass where shifted to higher angles, more so for higher order
reflections, indicating tensile strain in the films. Figure 1
shows the XRD result for the VO,/glass sample grown at the
highest temperature (425°C). Besides the VO, (B) (00/)
peaks, there is a weak peak attributed to the strongest reflec-
tion for the VO, M, phase. Thus, a small admixture of this

6x10°
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5x10°

4x10°
3x10°

002
2x10° (002)

Intensity (counts)

M4(110)

1x10°

20 angle (degrees)

FIG. 1. X-ray diffraction scan for VO, sample deposited on glass at 425 °C.
Main reflections correspond to the B phase.
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phase, usually obtained in samples deposited by PLD at
higher temperatures and lower oxygen pressures is present in
the sample. The broad peak near 20 =21° is caused by the
glass substrate. For the samples grown at the lower tempera-
tures on glass, in addition to the strong (00/) peaks, several
very low-intensity peaks were observed, some of which are
attributable to VO, (B) (200) and (400) reflections, suggest-
ing that although the (001) orientation is clearly favored,
some out-of-plane disorder remains.

For samples grown on (100)-cut MgO substrates XRD
results again show strong VO, (B) (00/) reflections with / up
to the fourth order, as shown in Fig. 2, for a sample grown at
400°C. This sample appears to be nearly-pure B-phase.
However, the sample deposited at 425°C on MgO resulted
in a mix of A and B phases, as shown by clear A-phase (440)
reflections up to third order,”* in addition to the B-phase
(00/) reflections, along with several very small peaks which
could not be unambiguously attributed. Production of the A
phase is not surprising, since at even higher growth tempera-
tures it can be produced at relatively high O, pressures and
laser pulse rates.” Nevertheless, it is noted that XRD scans
for the sample grown on glass simultaneously with this sam-
ple on MgO did not reveal any A-phase peaks. This under-
scores the importance of the substrate in stabilizing the
resulting VO, phase.

The (00/) B-phase peaks for the VO,/MgO sample
grown at 400 °C are slightly shifted to lower angles, indicat-
ing that, contrary to the samples deposited on SiO, glass, the
film is in compression. This is attributed to the large differ-
ences in thermal expansion coefficients of fused silica glass
and MgO, with values of 0.5 x 10 °K 'and 13.5 x 10 ° K",
respectively.”> While thermal expansion coefficient values
for R-phase and M;-phase VO, (which change substantially
through the structural transition) have been published deca-
des ago,”® we are not aware of similar data for B-phase VO.,.
Considering the observed shifts of the XRD peaks, it is sug-
gested that the thermal expansion coefficient of B-phase
VO,, at least on average along the ab-plane, has a value in-
termediate between those of fused silica glass and MgO, but
closer to the latter, which in turn would place it closer to the

106 i Substrate —
10°4

] (003)
1044 (001) (002)

Intensity (counts)

20 angle (degrees)

FIG. 2. X-ray diffraction scan for VO, sample deposited on (100)-MgO at
400 °C. Reflections for VO, (B) are labeled. Substrate peaks correspond to
MgO (200) reflections for CuK, and CuK radiation.
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average value for R-phase VO, (13.35 x 107® K™"). From
the widths of the (00/) XRD peaks for samples grown on ei-
ther glass or MgO, after correcting for instrumental broaden-
ing, crystallite sizes along the substrate normal were
estimated using the Scherrer equation. Values of ~70nm
were obtained in all cases, which is consistent with sample
thicknesses.

Clearly, lattice matching with the substrate is an impor-
tant factor favoring VO, (B) growth for films grown on
SrTiOj; at higher temperatures and lower oxygen pressures.
The interesting epitaxial relationship between VO, (B) and
(100)-SrTiO5 has been described by Chen et al.,} and relies
on the fact that this cubic crystal has a lattice size
a=0.3905 nm, which is approximately one third the length
of the VO, (B)a lattice size and approximately equal to its b
lattice size. Thus, it can accommodate with relatively low
strain the VO, (B) (001) crystal surface. Other cubic crystals
with lattice constants similar to SrTiO; may serve as epitax-
ial templates for VO, (B) as well. In contrast, MgO has a lat-
tice size a=0.4212nm, which is too far from being a
submultiple of the VO, (B) @ and b lattice parameters. This
severe mismatch will impede epitaxial growth. It is an open
question why, with the growth conditions employed in the
present work, VO, (B) preferentially stabilizes on MgO sub-
strates, on which epitaxial growth is not favored, and on
glass, on which it is impossible, but only in a very limited
manner on (100)-SrTiO5.

B. Surface morphology

The surfaces of the samples were studied by atomic
force microscopy (AFM) in contact mode using a Park
Scientific Autoprobe CP instrument. Figure 3 shows 1 um
x 1 yum AFM images and analysis results of the VO,/glass
samples. It is emphasized that the study presented for the
images is an analysis of the surface roughness, which uses
information from the 256 x 256 pixels available, not a statis-
tical study of grain sizes, although average lateral grain sizes
have been also estimated by direct measurements on the
images. Raising the growth temperature from 375°C to
425 °C has resulted in a gradual increase of the lateral grain
sizes and sample roughening. The average surface grain size
d increases from ~50 nm to ~90 nm, the latter number being
comparable to film thickness. The histogram of the surface
height distribution (SHD) (Fig. 3(b)) broadens and becomes
more asymmetric, an indication of greater differences
between valleys and peaks, which may be also noticed by
inspecting the images and their corresponding depth scales,
shown under each AFM image in the figure. The full width
at half maximum (FWHM) of the SHD increases from 2.3 to
5.3nm: this correlates with the root-mean-square roughness
(0rms) Vvalues of the samples, which increase from 2.6 nm to
3.9nm (see inset in Fig. 3(b)). Comparison of the profiles
along a diagonal for each of the AFM images (see inset in
Fig. 3(c)) indeed shows an increasingly rough aspect with
higher growth temperature. Such temperature dependence of
the surface morphology is expected for thin films synthe-
sized on amorphous substrates. The growth of larger grains
occurs due to increased mass transfer rate in lateral
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directions at higher deposition temperatures. Recalling that
crystallite sizes estimated from Bragg peak widths (~70nm)
are similar to sample thicknesses (~100nm or less) the lat-
eral size and shape of the structures suggests these are domes
of columnar structures originating from island growth after
nucleation. Because the lateral grain sizes are generally not
greater than sample thickness, it appears that at the growth
temperatures employed normal (three-dimensional) grain
growth has not saturated.”’

Although AFM images of the samples grown on (100)-
cut MgO crystals (see Figure 4(a)) appear at first sight to be
very similar to those grown on glass, closer analysis reveals
very significant differences, and in fact some of their result-
ing morphological characteristics as growth temperature was
increased from 375 °C to 425 °C change in opposite ways to
those of the VO,/glass samples. With increasing growth tem-
perature the sample’s surface height distribution (Fig. 4(b))

narrows from 3.0 to 1.9nm and the J,,, value gradually
decreases from 2.9nm to 1.6nm (see inset in Fig. 4(b)).
Comparison of the profiles along a diagonal for each of the
AFM images (see inset in Fig. 4(c)) shows a much more flat-
tened aspect for the sample grown at the highest temperature:
again the opposite of the case for the samples on glass.
Measurements taken directly on these AFM images show the
presence of two sets of grains with different characteristic
sizes. The average lateral size of the smaller grains (~75 nm)
is nearly independent of growth temperature, while for the
larger grains their average size decreases from ~130nm at
375°C to ~100nm at 425 °C. Also, it is noticed that the sur-
face height histogram in Fig. 4(b) for these samples can be
approximated as a sum of two normal (Gaussian) distribu-
tions, one of which is centered at 9.1 nm, independently of
growth temperature, while becoming shallower with increas-
ing temperatures. Hence, this distribution correlates with the
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group of larger grains. At the highest growth temperature
(425°C), the difference between the two groups is much
reduced, the position of the two normal distributions almost
coincides and, in consequence, the height distribution is not
just sharper but nearly symmetric.

Additional information about surface morphology was
obtained from the analysis of the power-spectral-density
(PSD) and autocorrelation function (ACF) of the surfaces.”®
The PSD function is related to the “roughness spectrum”
and, for isotropic roughness

O = 2nJPSD<f)fdf, )

where f is the spatial frequency of the surface. The ACF is
the height-height correlation function of the image with

itself, and is the Fourier transform of the PSD. The PSD
functions obtained from AFM scans can be described by a
two-dimensional “ABC” mathematical model given as

A
1+ (81)?]

PSD =

@)

(C+1)/2 7

where A, B, and C are constants.”’ Constant A is the PSD
value for the low spatial frequency limit, while B is the
inverse of a “drop-off” frequency after which the PSD falls
more rapidly and which depends on the correlation length of
the surface. Constant C defines the power-law exponent
which models the steepness of this drop for higher frequen-
cies. This last constant, which can be extracted from the
slope of the PSD function in a log-log graph, is the most
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informative parameter which can be derived from modeling
experimental PSD data by Eq. (2). As shown in Figs. 3(c)
and 4(c), the PSD function for each film has three distinct
regions. The lowest spatial frequencies, under ~10 pm '
(d > 100 nm), which are only partially shown in the graphs,
correspond to irregularities with relatively large dimensions
(along the sample plane). These include contributions from
substrate surface waviness or scratches, because the thin film
will replicate these larger features. The intermediate region,
from f~10um™"' up to a certain threshold frequency f,,
has nearly constant (and relatively steep) slope for each film;
this mostly contains the roughness contributions of the
grains themselves. Above f,, which has values of 52 um™"
(d < 19nm) for the VO,/SiO, films and 46 umfl (d <22nm)
for the VO,/MgO films, the parameter C is reduced by a fac-
tor of ~2. Irregularities with a flatter roughness spectrum at
these very high spatial frequencies are believed to corre-
spond mainly to regions between grains.

From Fig. 3(c), it can be noticed that PSD values are
higher for the VO,/glass samples grown at higher tempera-
tures. This is consistent with the idea that roughening has
increased with growth temperature. Contrarily, as seen in
Fig. 4(c), PSD values are lower for the VO,/MgO samples
grown at higher temperatures. However, in both cases, the
PSD slope is steeper (higher C value) for samples grown at
lower temperatures. The straight portions of the graphs are
indicated by dashed lines in Figs. 3(c) and 4(c), and the C
values for the model in each case are shown next to the lines.
Figures 3(d) and 4(d) show the surface ACF for the two
groups of samples and, as an inset in each figure, the autocor-
relation length (ACL) for each sample, defined here as the
half-width of the ACF at 1/e of the zero-lag (or zero-length)
value. For the samples grown on glass, the ACL increases
substantially with growth temperature, from 36 nm to 69 nm,
and the ACF tail is also much longer for the sample grown at
the highest temperature, evidencing the increasing lateral co-
herence. In comparison, for the samples deposited on MgO,
there is only a slight increase in ACL with growth tempera-
ture (from 46 nm to 52 nm), and the ACEF tails are all short in
comparison, crossing zero at a lag length of ~90nm for two
of the cases. These results for the samples on MgO lend sup-
port to the previous remarks about the two groups of grains
observed in these AFM images.

As to the possible origin of the differences revealed by
AFM analysis of the samples grown on either glass or (100)-
MgO, we believe these are caused mainly by differences in
nucleation and growth at the early stages. Aside from the
surface structural differences (which would be limited to
some extent by the fact that the MgO substrates were not
etched before film deposition), it is appropriate in a first
approach to consider the surface energy densities (per unit
area) of the different surfaces involved. Recalling the con-
cepts3 g)f capillarity theory, one defines the spreading parame-
ter S

where the ) terms are, respectively, the surface energies per
unit area for the substrate (s), the film material (f) and the
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substrate-film interface (sf). For positive S, if the film mate-
rial is a liquid, it will tend to spread completely over the sub-
strate, since that will lower the surface energy of the system.
For negative S the film material will tend to agglomerate and
not wet the substrate completely. These concepts can be
applied to the case of thin solid film growth when the tem-
perature is high enough that mobility of surface atoms is
enhanced, as is often the case during vapor deposition or
post-deposition annealing.

The reported surface energy density of SiO, glass is
~0.3J/m” and is not expected to vary greatly between room
temperature and the growth temperatures of interest here.>'
This is much less than the measured values for (100)-MgO
surfaces (~1.2J/m?).>? The surface energy densities for low-
index surfaces of VO, (B) have been calculated,® and the
results given for the (001) surfaces are 0.49 J/m? and 0.38 J/m?
for unrelaxed and relaxed surface atoms, respectively.
Hence, without including the effect of the relevant interfacial
film-substrate energy densities (y), which to our knowledge
are not available in the literature, substrate coverage appears
to be energetically more favorable for (100)-MgO than for
glass. However, in neither case the condition S > 0 in Eq. (3)
would be satisfied, so film growth is expected to proceed by
means of island nucleation and growth (Volmer—Weber
mode),* even though the crystal structure of the film grains
is layered, as shown by the XRD results. The measured rms
roughness values for the films grown at 375 °C on glass and
MgO were very similar (2.6 and 2.9 nm, respectively), but
developed in stark contrast for higher growth temperatures,
increasing to 3.9 nm for the sample on glass and diminishing
to 1.6nm for the sample on MgO for the samples grown at
425°C. Thus, for the higher growth temperatures, a larger
value (less negative) of the spreading parameter S seems in
agreement with the lower surface roughness. The reduced
kinetics of adatoms at the lowest growth temperature may
help explain why in that case there is little difference in
roughness values for the films on the two substrates. Lower
values (more negative) of S can indicate a tendency to
“dewetting” or agglomeration of the growing film, causing
formation or growth of holes and even delamination of the
film.* In the AFM images for the VO,(B) samples grown on
both types of substrates at the highest temperature, a few
depressions can be observed (see Figs. 3(a) and 4(a)) which
could correspond to small holes (smaller than grain sizes),
although the AFM scans are not sufficient to verify if these
are indeed holes. In any case, no instances of large holes or
edge retraction were observed in the AFM scans for any of
the samples. This suggests that the film-substrate interface
energy density values () are low for VO,(B) on either type
of substrate.

The preceding remarks rely on simple ideas of capillar-
ity theory. A deeper treatment would require consideration
of surface stresses and in-plane crystal structure,>*>® as well
as application of additional characterization techniques, and
is beyond the scope of the present work. Finally, it is noted
that the measured average surface energy density of the
SrTiO5 (100) surface has been reported as ~2.85J/m>>’
Therefore, coverage of this surface by (001)-oriented VO,
(B) can seem even more favorable energetically than for
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(100)-MgO, even without considering the demonstrated lat-
tice match. However, under the range of growth conditions
employed in the present study competition with other VO,
phases (particularly the A phase) impeded stabilization of
the B phase exclusively or even primarily.

C. Conductivity as a function of temperature

Conductivity (o) measurements were performed in a
4-point van der Pauw configuration. The samples were
attached to a sapphire wafer in the cold finger of a closed-
cycle helium refrigerator and gold wires were bonded to the
corners of the rectangular samples. The temperature was
ranged from ambient to as low as it was still possible to
make electrical measurements accurately for specific sam-
ples, which was limited to an upper resistance value of ~10
GQ. For all samples, full heating-cooling cycles were com-
pleted. The heating and cooling ramps used were 2 K/min
and, in order to minimize the effect of delays between the
sensed temperature and the actual sample temperature, the
measuring program included a waiting time of 2 min once
each preset temperature was reached. Samples were in the
dark through all resistance measurements. As usual, meas-
urements were taken by injecting current between each pair
of consecutive contacts and measuring voltage between the
other two, including polarity reversals, and correcting for
sample asymmetry. Average sheet resistances at each tem-
perature were determined and the bulk sample conductivity
was calculated using the measured sample thickness.

Figure 5 shows an Arrhenius-type plot of the electrical
conductivity for two of the samples, measured in the range
from room temperature to 120 K. Over this range, conductiv-
ities changed by five orders of magnitude. The relatively
rapid change in conductivities from room temperature to
~150K corresponds to the gradual and incomplete phase
transition first reported for VO, (B) by Oka et al.’ It is noted
particularly that no hysteresis was detected between the cool-
ing and heating parts of the cycles: the cooling and heating
curves essentially overlap almost exactly over the full

VO,(B) / MgO, cooling
VO,(B) / MgO, heating

- -
o o
w N
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AA Vv VO,B)/glass, cooling

— 2
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g y vy A a
g 10 Vvg
2 v
10 v
07
3 4 5 6 7 8

1000/ T (K1

FIG. 5. Conductivity (log scale) vs. inverse temperature for samples depos-
ited on glass at 425°C (lower curves) and for sample deposited on (100)
MgO at 400°C (upper curves). Measured curves for cooling and heating
overlap in both cases, as shown.
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temperature range. Consideration of instrumental errors in
the measurements, particularly in the region of steepest
descent, indicates that hysteresis cannot be larger than 0.3 K,
if present at all. The same lack of measureable hysteresis
was found for all samples deposited under the conditions
reported in this work. For temperatures under ~150K, the
graphs exhibited Arrhenius behavior, confirming that no fur-
ther structural change is occurring.

The lower curve in Fig. 5 corresponds to the sample
grown on glass at 425°C (80nm thickness). Conductivity
drops rapidly as soon as cooling starts, attaining its steepest
descent by ~230K and then falling less rapidly until
~150K; afterwards, it falls linearly in the Arrhenius plot.
For the samples grown on glass at the two other tempera-
tures, the conductivity curves (not shown in the figure) are
nearly identical in shape, including the lack of measurable
hysteresis. The main difference is a vertical shift, which is
small between curves for the samples grown at 400 °C and
425°C (with a conductivity difference of less than 5%
through most of the range), but more significant for the sam-
ple grown at 375°C, with conductivity values over 60%
higher than for the case shown. The lower conductivity of
the VO, (B)/glass samples grown at higher temperatures
may be associated with the roughening observed through the
AFM analysis.

The upper curve in Fig. 5 shows results for the VO, (B)/
MgO sample grown at 400 °C. The curve is very similar to
that for the sample on glass, but conductivity values are over
one order of magnitude higher though the complete tempera-
ture range. As the temperature is lowered through the transi-
tion, the curve is initially slightly less steep, but has a more
pronounced shoulder near 225K, and its slope is again
slightly smaller in the linear portion for temperatures under
~150K. The samples grown on MgO at other temperatures
showed similar conduction behavior but substantially lower
values (about 70% lower conductivities for most of the
range), which are attributed, at least in part, to the presence
of other phases, particularly the VO, (A) phase for the sam-
ple grown at 425 °C, which was found to be present from the
XRD results.

Compared with the values measured by Srivastava et al.
for their epitaxial VO, (B)/SrTiO3 films,'” conductivities for
the samples grown on MgO are lower by approximately a
factor of two throughout the overlapping temperature range
(those authors measured in the range from 400K to 150K
and we measured from 300K to 120K or lower, depending
on the sample). Lower conductivities are expected in the
present case because the films are polycrystalline and in-
plane ordering should be either very poor (for samples on
MgO) or nonexistent (for samples on glass). This disorder
and the limited size of crystallites will reduce electrical con-
ductivity with respect to bulk crystal values mainly through
grain boundary (GB) defects. These can trap carriers and
cause depleted regions near them. Charges immobilized in
trapping centers present potential energy barriers which must
be overcome by mobile carriers in order to transfer between
crystallites when an external electric field is applied.*® If re-
sistance to carrier flow is much lower through the interior of
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crystallites than through GB defects, then the latter will dom-
inate conductivity values for the film.

Since the material undergoes a phase transition through
most of the measured temperature range, an analysis of the
relevant conduction mechanisms would be complicated and
require much more experimental information than the o(7)
results offered here. However, for the T =< 150K range in
which we were able to measure conductivities all log (a) vs.
1/T curves are linear, revealing that conduction is dominated
by a thermally activated process. These low-temperature lin-
ear portions may be described according to models which
depict carrier transfer through GB defects in disordered
materials. Recalling the AFM scans, we note that crystallites
(inside which conduction is expected to be bulk-like) in the
samples are fairly large in comparison with the boundaries.
Under these conditions, one may expect the nearest neighbor
hopping (NNH) model to be applicable, although we also
considered Mott’s variable range hopping (VRH) model.***°
The NNH model assumes that carrier transfer (“hopping”) is
most likely to occur between nearest neighbor sites and that
the activation energy between these sites is constant. This
model leads to a pure Arrhenius ¢(T) dependence

oxy = 0o exp [—(Eq/kT)], 4)

where E,, is the activation energy and o, is a factor independ-
ent of 7. In contrast, the VRH model recognizes that at suffi-
ciently low temperatures in disordered systems hopping
between nearest neighbor sites can be less probable than
between more distant sites with energy levels close to the
Fermi level. This model leads to a slower temperature de-
pendency for the conductivity in which the exponential term
is a function of 7~"* instead of 7~' and the pre-exponential
term includes a 7~/ factor. Fitting of experimental data to
the VRH model allows estimation of the density of localized
states near the Fermi level N(E) and the decay constant o of
the wave function for these states.*' However, application of
this model in the present case yields physically unrealistic
results for N(Er) and o (over 10?cm ™ eV™! and over
10% cmfl, respectively) and it was concluded that it is not
suitable.

Application of the NNH model in the low-temperature
region produced very good fits to the data and the values
obtained for the activation energy FE, and pre-exponential
factor o, for the different samples are presented in Table I.
No results are presented for the sample grown on glass at
400°C because its high sheet resistance impeded measure-
ments at temperatures below 150 K.

TABLE I. Results of NNH model fits (T < 150 K).

Substrate Torown (°C) E, (meV) a, (S/cm)
MgO 375 122+2 240 * 40
MgO 400 1112 100 = 20
MgO 425 119+ 1 51=*5
Glass 375 1393 110 =20
Glass 400
Glass 425 1411 83+3
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The activation energies determined are much higher
than the thermal energies in the range (kT = 13 meV) so the
probabilities for surmounting the GB barriers are very low
and hence conductivities under low applied fields are very
low as well. The values of the activation energies are very
similar for samples grown on the same type of substrate, in-
dependently of growth temperature, but are ~20 meV higher
for the samples grown on glass. Thus, the lower conductiv-
ities measured for the latter can be related to higher potential
barriers caused by greater in-plane disorder. On the other
hand, the pre-exponential factor o, shows a clear tendency to
higher values for lower sample growth temperatures, particu-
larly for the samples on MgO. This behavior may be related
to the possible appearance of small holes in the films at
higher growth temperature, as was mentioned in Section
III B, but the effect seems too strong for this to be its single
cause.

The highest conductivities measured at room tempera-
ture for the VO, (B)/MgO samples were ~10%S/m, which is
lower than for VO, (M) in its “metallic” phase, but still as
high as for the most conductive semiconductors. Higher val-
ues are possible for epitaxially grown films, as already
shown by Srivastava er al.,'” or by suitable doping. The
effects of the latter have yet to be studied in this material.

The most remarkable difference found with respect to
the few published studies of electrical conduction for VO,
(B) is the lack of detectable hysteresis observed in the pres-
ent work for all samples grown on either glass or MgO sub-
strates. This was repeatedly observed for all samples
produced within the range of growth conditions described
here. It is possible that the high defect density in the films
reduces the energy barrier for the phase transformation. The
“extended” and gradual nature of the transition between VO,
(B) and the low-temperature phase already suggests that
transformation energy must be distributed in some fashion
over a very large temperature range (~150K). It should be
interesting to perform calorimetric measurements on this ma-
terial over that temperature range, as well as to further study
electrical properties of VO, (B) thin films with different
microstructural characteristics. However, the lack of hystere-
sis observed in the present case, along with the demonstrated
five order of magnitude change in conductivities between
room temperature and ~120K, suggests the material as a
candidate for sensing applications. Naturally, the fact that
employing this full temperature range would require cooling
the device impedes utilization in uncooled detectors.
Nevertheless, it is noted that in the range from 300K to
~250K, which for a microdevice can be easily reached using
thermoelectric cooling, the resistance changes sufficiently
rapidly, particularly for the VO, (B)/SiO, glass samples, as
to warrant some interest. The temperature coefficient of re-
sistance (TCR) in this range, calculated from the (T) meas-
urements for these samples on glass was —3.6% K~'. For
temperatures very close to room temperature TCR is reduced
to —2.75% K !, which is still an attractive value. While we
did not perform conductivity measurements at temperatures
higher than 300 K in this work, the tendency of the log(c) vs.
1/T curves (Fig. 5) and the fact that the phase transition to
VO, (B) is already completed at room temperature suggest
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that the TCR value will not be reduced appreciably at tem-
peratures at least somewhat higher than this.

IV. CONCLUSIONS

Nearly pure B-phase VO, thin films were grown by
PLD on SiO, glass and (100)-MgO using lower temperatures
(~100K lower at least) and higher O, pressures (almost an
order of magnitude more) than previously reported for PLD
growth of this metastable VO, phase on (100)-SrTiOs;.
Samples grown on this last substrate under the present condi-
tions always resulted in mixed VO, phases. Samples on the
first two types of substrates were strongly oriented with VO,
(B) ab-planes parallel to the substrate surfaces. Subtle but
significant differences in surface morphology were found
through analysis of AFM images of the films deposited
simultaneously on glass and MgO substrates, which suggests
that the early stages of nucleation and film formation of VO,
on different substrates should be further studied. Electrical
conductivities at lower temperatures were modeled accord-
ing to the nearest-neighbor hopping model and activation
energies of ~120meV and ~140meV were determined,
respectively, for samples grown on MgO and on glass. With
conductivities ranging from ~10*S/m at room temperature
to ~10~" S/m at ~120K for the samples on MgO (and one
order of magnitude less for the samples on glass), the VO,
(B) films produced have electrical properties which can
make them useful for low-temperature or infrared sensing
applications. Thin VO, (B) films grown on SiO, glass at
temperatures as low as 375 °C and without further heat proc-
essing can be of interest as sensing elements in microbolom-
eters. This is particularly the case because of the lack of
measurable hysteresis observed through the cooling and
heating cycles, and the high conductivity and its rapid rate of
change near room temperatures.
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