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Abstract: Vanadium dioxide is a material that undergoes phase changes and switches between
metallic and insulating states, thereby producing dramatic changes in optical properties. This
transition is a reversible but hysteretic process, which is investigated here as a function of atomic
layer deposited film thickness. Increasing the thickness of vanadium dioxide films from 8.6 to 57
nm lead to an increase in hysteresis width. Thicker films develop two different slopes (steep and
gradual) when cooling through the metal-insulator transition, where the steep transition matches
that of the heating cycle of the transition. This asymmetry in the hysteresis is apparent and similar
in both the electrical and optical measurements. Temperature-dependent Raman spectroscopy
and temperature-dependent x-ray diffraction confirm the same anomaly suggesting a structural
dependence on hysteretic shape. Transmission electron microscopy identifies texturing and
faceting in-plane, especially along the surface of these films, and confirms the x-ray diffraction
data. Identifying this facet texturing is valuable for film growth as well as for applications, such
as logic and memory systems, that utilize the hysteretic nature of vanadium dioxide.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The reversible phase change of vanadium dioxide (VO,) provides significant opportunities as
an optical material. Bulk VO, has a metal-to-insulator phase transition temperature of 68°C,
which makes it accessible from room temperature, and additionally doped and strained thin films
and nanocrystals have decreased this transition temperature to room temperature [1]. Thus, the
large variation in optical properties (metal and insulator) of VO, are used in many applications,
one example is thermal sensing smart windows and passive thermal control [2,3]. Also, this
phase change is hysteretic with temperature enabling a host of other applications, such as optical
modulation, switching and memory [4,5].

The measured transition properties of VO, vary widely and can depend on growth technique,
crystal size (nanoparticles, thin-film, bulk, etc.), annealing, doping, strain, and other factors.
In general, the properties of the hysteresis are widely unknown, which is not surprising since
controversy remains over the origin of the transition [6]. Early work suggested that vacancies
could cause hysteresis by interrupting long-range optical phonons [7]. In addition, crystallite
grain size and stress were correlated with hysteresis width [8], where stress was composed of two
terms: external (thermal expansion mismatch in film and substrate) and internal (voids, grain
boundaries, etc.).

More recent research still links hysteresis to crystal quality and strain. These explanations,
however, can be contradictory: some explain that high-quality crystals resulted in narrow
hysteresis [9,10], and others explained a high-quality crystal resulted in a wide hysteresis
[11-13]. The experimental evidence in the former show that increasing crystal quality (larger
grain size, fewer defects) decreased the hysteresis width while increasing transition amplitude
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and sharpness [9,10]. While the latter groups used VO, nanoparticles and nanoprecipitates
to show that decreasing nanocrystal size produced a wider hysteresis (along with decreased
transition amplitude) [11-13]. In this latter group, the smaller VO, nanocrystals were described
as higher quality crystals which suggested that fewer defects in these smaller crystals widen
the hysteresis by limiting the available nucleation sites for the phase transition [11]. However,
these results were limited to VO, nanoparticles, and therefore do not provide information on
epitaxial integration or more ordered structures which could influence a structural transition, and
additionally nanoparticle results do not provide information for thin film applications (such as
Mott transistors, etc.). Recently, some groups have even used nanostructure geometries to modify
the hysteresis [14].

In addition, the question of stoichiometry and crystal quality were addressed by annealing thin
VO, films, which also produced disparate results. One group showed that oxidation conditions
(0.01-0.25 Torr) during annealing produced a more abrupt transition with a narrow hysteresis
with compact and highly oriented VO, grains [15]. This group explained their narrow hysteresis
was due to larger crystallites. However, another group demonstrated thermal annealing resulted
in a wider hysteresis due to similar grain growth and improved crystallinity with the larger, more
crystalline grains [5]. Counter to the previous claim, the latter experiment was explained by
competing effects of crystallinity and grain size, where the (previous) larger volume crystallites
(not annealed) have a greater probability of finding a nucleating defect that would decrease the
hysteresis [5].

To investigate the transition properties further while minimizing the effects of the crystal
stoichiometry and inhomogeneity, micro-Raman spectroscopy was performed on VO, samples.
As in previous research, the results show opposite conclusions with respect to the hysteresis
width of the transitions. One group showed a narrower hysteresis width when comparing a more
crystalline bulk sample to that of a thin film sample [16]. Another group demonstrated that
isolated VO, nanoparticles had a wider hysteresis than a thin film due to fewer nucleation sites
within the nanoparticles [17].

Other plasmonic and nonlinear-optical methods have been employed in an attempt to understand
the hysteresis in VO,. Plasmonic split-ring resonators interrogated the VO, hysteresis and
demonstrated broadened widths with reduced probing volume, suggesting fewer phase transition
nucleation sites [18]. While a nonlinear optical investigation (third-harmonic generation) suggest
hysteresis width is due to nanocrystal inhomogeneities [19].

To complicate matters further, some experimental optical data have shown an asymmetric
hysteresis, and one work previously noted an asymmetric hysteresis in optical transmittance and
electrical resistance [20]. In some of these works, the transition upon cooling shows multiple
distinct slopes: a slope at the higher-temperature portion of the transition that matches the
slope observed during heating and a more gradual slope during the lower-temperature portion
of the transition. These are most apparent in optical measurements such as infrared emittance
[21,22], optical constants measured via spectroscopic ellipsometry [23], optical transmittance
and reflectance [5,8,20,24], and Raman spectroscopy [25]. Several of these experimental works
exhibited similar hysteresis asymmetry for film thicknesses from 30 nm [21] to 80 nm [23] to
190 nm [22], and were grown by different methods (pulsed laser deposition and rf sputtering).
However, this hysteresis asymmetry is often less obvious in electrical resistivity measurements
since the logarithm of the resistivity is generally plotted, which tends to flatten the multiple
slopes.

In addition to these experimental efforts, several theories have been suggested to describe
the transition hysteresis. Many rely on the hysteresis properties as a strong function of crystal
properties (crystallite size, grain boundaries, defect density, etc.). One qualitative model
revealed several transitional correlations, including: transition temperature proportional to
crystal strain; transition slope inversely proportional to defect density; transition amplitude
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inversely proportional to defect density; and hysteresis width proportional to interfacial energy
and inversely proportional to critical radius [26]. While another report used a charge-transfer
model to demonstrate how increasing elastic defects (vacancies and grain boundaries) increases
hysteresis width [10]. Still others have described the phase transition as a percolation transition
and used an effective-medium approximation [20,27-31].

Only a few models were capable of predicting an asymmetry in the hysteresis. In one model,
an asymmetric hysteresis was created by grain-size dependent phase equilibrium temperature
variations and oxygen nonstoichiometry, which resulted in more gradual slopes during cooling
[32]. Another technique explained the resistive asymmetric hysteresis with a random resistor
network for the interconnected network of polycrystalline regions [33]. Finally, another modeled
an asymmetric hysteresis loop by summing of individual “elementary” nanocrystallites, each
with discrete hysteresis and phase equilibrium temperatures [34]. However, the theory of VO,
nanocrystallites is more useful in powder studies, with possible application to sol gel or sputtered
materials, while these models may not provide an accurate model for more ordered structures
and how that impacts the phase transition.

This paper investigates the gap in understanding of the hysteretic transition by growing a series
of VO, films with varying thicknesses. All films, 8.6 to 57 nm in thickness, were grown by
atomic-layer deposition (ALD) on sapphire substrates and atomic force microscopy (AFM) was
used to characterize film morphology. The temperature dependence of the electrical resistance as
well as optical transmittance and reflectance were measured. To correlate these with structural
properties the temperature dependence of the Raman and x-ray diffraction spectra were also
measured. Our results suggest that facet texturing of the thicker films could be responsible for
the in-plane response, which produces a bi-modal asymmetry in the hysteresis. This is supported
by additional TEM analysis.

2. ALD growth

Amorphous VO, was deposited on c-plane sapphire substrates by ALD in an Ultratech Savannah
200 reactor at 150°C using tetrakis(ethylmethyl)amido vanadium (TEMAV) and ozone precursors
with a saturated growth rate of approximately 0.9A/cycle [35]. The vanadium precursor was
chosen since it is in the + 4 oxidation state and promotes the preferential formation of the VO,
phase. It has been established that anneal is more critical than growth [36], thus, the as-deposited
VO, films were crystallized with an ex-situ anneal at 475°C in 5 x 107> Torr of oxygen for 1-2
hours depending on film thickness. Six different thickness were grown: 8.6, 12.5, 18, 30, 44,
and 57 nm. After annealing, micro-Raman spectroscopy confirmed the correct VO, phase and
ensured the fabrication process resulted in structurally similar films.

AFM images were obtained for all the samples using the same scan conditions and image size
for accurate comparison of film roughness. These data show that the particle size seems similar
across samples, and that there appears to be no trend in roughness with film thickness (see Fig. 1),
except that films less than 20 nm have a larger roughness. To examine the influence of roughness,
the variation of film thickness due to the roughness is shown in Fig. 1(c). For the two thinnest
films, Fig. 1(c) shows the roughness variation can be as large as the thickness itself for the 8.6-
and 12.5-nm films, and for the 18-nm film there can be >100% thickness variations.
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Fig. 1. (a) Atomic force microscopy of a 30-nm VO, film shows a 3.54-nm (rms) surface
roughness. (b) the surface roughness measured by AFM as a function of film thickness. (c)
Film thicknesses range was calculated as + 1.4x rms roughness plotted vs. average grown
film thickness.

3. Optical characterization

Temperature-dependent optical transmittance and reflectance of the films were collected with
a spectrally broad source using a coarse temperature (10°C) spacing, Fig. 2(a), as well as at a
single wavelength (1550 nm) with increased temperature resolution (<1°C) to better observe the
optical hysteresis, Fig. 2(b). The largest change in optical transmittance and reflectance occurred
in the infrared as seen in Fig. 2(a). There was also an interesting change observable in the visible
region where the optical transmittance and reflectance undergo a small change that is opposite
to the changes in the infrared. In Fig. 2(b), the phase transition slope during heating gets a
little steeper as the thickness increases from 8.6 to 30 nm. An asymmetry in the hysteresis was
observed in the thickest (44- and 57-nm) films, which showed the sharpest insulator-to-metal
transition upon heating, but upon cooling (metal-to-insulator transition) began with a steep slope
and then changed to a second more gradual slope.

The transition properties were determined by fitting the data using several schemes (all of
which agreed), however, the Gaussian method worked best on the multiple transition slopes of
the thickest sample. A Gaussian fit to the derivative of the optical data provided the transition
temperature (Gaussian peak) and transition steepness (AT, Gaussian width—FWHM). Analysis
of the optical properties of the transition are plotted in Figs. 2(c)-2(e) and showed the transition
temperature (both during heating and cooling) slightly decreased with increasing thickness,
except for the thickest sample which deviated from the trend resulting in an increased transition
temperature only upon heating (insulator-to-metal transition). This deviation is not surprising
since the thickest sample also produced a marked increase in hysteresis width, Fig. 2(e).

As sample thickness increased the transition also became steeper (narrower transition, AT), as
shown in Fig. 2(d). While the transition during cooling was slightly steeper than during heating
for the thinner samples this switched for the thicker samples (44 and 57 nm), i.e., a slightly steeper
transition during heating (insulator-to-metal transition)—although the 57-nm-thick sample has
two slopes during cooling: one more steep and one less steep than the heating transition. These
measurements led to an optical hysteresis width, Fig. 2(e), that slightly decreased with increasing
sample thickness (from 8 to 44 nm), followed by a rapid hysteresis increase with a pronounced
asymmetry for the thickest (57-nm) sample.
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Fig. 2. (a) Temperature-dependent optical reflectance and transmittance spectra for the
30-nm VO, film thickness for temperatures of 20, 60, 70, 80, and 99°C. (b) Optical
transmittance at 1550nm for 8.6, 12.5, 18, 30, 44, and 57-nm VO, film thicknesses shows
the hysteretic nature of the transition (red: heating, blue: cooling). Measured (c) transition
temperature and (d) transition width during heating and cooling for each thickness (with two
widths measured upon cooling for the 57-nm sample due to the two distinct slopes when

cooling). (e) The calculated hysteresis width plotted as a function of film thickness.

4. Electrical characterization

To determine if similar changes occur in the electrical response to the phase transition, Ti/Au
contacts were patterned in a circular transmission line model geometry [37] to measure the
resistivity across a 2-um gap. The temperature-dependent resistance was measured for the same
series of VO, thicknesses, shown in Fig. 3(a). The resistance exhibited a similar behavior to
the optical observations of Fig. 2, where the slope of the resistance during the heating transition
gets steeper as the thickness increases from 8.6 to 30 nm, and the 57-nm film shows the steep
transition upon heating but two slopes (steep, then gradual) upon cooling.

While the optical characterization tends to probe the bulk material, the electrical characterization
can be more sensitive to the surface properties. For the thinnest films (8.6 and 12.5 nm) the
surface roughness was large enough (see Fig. 1) to potentially have regions without VO,, and
this could explain the similar higher resistances of these films. The resistance decreased as the
film thickness increased until the thickest (57-nm) film. For this thickest film not only did the
resistance increase, but the hysteresis widened and became noticeably asymmetric.

Most groups commonly characterize the transition using the logarithm of the resistance (as
opposed to linear resistance) as a function of temperature [9]. Compared to the optical data,
the electrical resistance data show similar dependences of transition temperature, steepness,
and hysteresis width as a function of thickness. While the trends are similar for optical and
electrical measurements, there are some notable differences. The most obvious difference was
the higher transition temperature of the electrical data, for example in the 30-nm-thick film the
electrical transition occurred at 75.4°C versus 68.6°C for the optical transition. This may be due
to the logarithm of the data, since for this type of waveform the logarithm will move the point of
inflection to higher values.
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Fig. 3. (a) Temperature-dependent electrical resistance for 8.6, 12.5, 18, 30, 44, and 57-nm
VO, film thicknesses measured using circular transmission line model contact, as shown
in inset. (b) Normalized optical transmittance (blue) and normalized electrical resistance
(green) measured on the 57-nm-thick sample show similar asymmetric features. Note: the
resistance in (b) is plotted on a linear scale with slope correction applied to remove the linear
temperature-dependent resistance of the insulating phase.

Recalculating transition temperatures using the linear data were much closer to the optical data.
However, the linear resistance data are more challenging since there is a large (somewhat linear)
temperature dependence in the insulating state. The influence of the temperature dependence in
the insulating phase is dramatically reduced to an insignificant slope in the logarithmic plots,
due to the orders-of-magnitude resistance change at the transition temperature. However, using
linear resistance data brought the transition properties in better agreement with the optical data.
For example, in the 30-nm-thick film the electrical transition of 75.4°C using a log scale was
reduced to 67.6°C when using a linear scale, thereby providing much closer agreement with
the 68.6°C for the optical transition while maintaining a similar hysteresis width (6.8°C versus
6.3°C). When examining the linear resistance data, the properties were calculated from a fit with
two-Gaussians. As with the optical data, the cooling data exhibited a noticeable second slope at
lower temperatures. This second slope was hard to resolve amidst the large temperature-dependent
resistance of the insulating phase, but was strong in the thickest sample and compared favorably
with the second slope of the optical data, see Fig. 3(b).

5. Crystal structure
Raman spectroscopy

Since both the electronic and optical measurements showed similar trends with increasing
thickness, temperature-dependent Raman spectroscopy was performed on the samples.. The
samples were excited with a 532-nm source, and Raman spectra were recorded while both heating
and cooling the sample through the metal-insulator transition, as shown in Fig. 4. The excitation
power level was reduced by 100 times to ensure laser-induced sample heating was insignificant.
Gaussian functions provided a good fit to the spectral peaks, and quantified the peak Raman
intensity as a function of temperature, as shown for select VO, Raman peaks in Fig. 4. These
data showed similar trends to the previous electrical and optical data, and the thickest, 57-nm,
VO, film exhibited a significant asymmetry in Raman response thereby suggesting a possible
structural link to this behavior.

For the thickest sample, the temperature dependence of all the resolvable Raman A, modes
of the monoclinic (insulating) VO, exhibited two distinct slopes upon cooling, similar to that
of the optical and electrical data for the 57-nm-thick sample. The Raman peaks at 190, 220,
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Fig. 4. Raman Ay modes at (a) 190 and 220cm™!, and (b) 610 cm™! measured as a function
of temperature for a 57-nm thick VO, film. Gaussian fits to the spectral peaks (c) and (d)
show the Raman intensity varies as a function of temperature similar to the electrical and
optical data, with two distinct slopes upon cooling, suggests a structural link to this behavior.

and 610 cm~! had the best signal-to-noise ratio to resolve these features, as shown in Figs. 4(c)
and 4(d). Throughout the temperature range, the energy of Raman modes (not shown) did not
exhibit any significant change, however, the linewidth (also not shown) of the 190- and 220-cm™!
modes increased monotonically by ~20% with increasing temperature while the linewidth of the
610-cm~! mode did not change.

The intensity of the Ag modes exhibited a gradual decrease with increasing temperature
and then a dramatic decrease to zero at the insulator-to-metal transition near 70°C. This slight
decrease in Raman intensity prior to the phase transition during heating was unexpected, but has
been observed before [16], and was uncorrelated with the optical transmittance and electrical
resistance data. Upon cooling, a similar rapid increase in the Raman intensity is observed at the
metal-to-insulator transition (near 55°C) followed by a gradual increase in Raman intensity as
temperatures decreased further from 55 to 30°C, but, this gradual second slope is steeper than the
more gradual slope observed during heating. This asymmetric hysteresis of the Raman intensity
qualitatively matched that of the electrical and optical data with a rapid change at both phase
transition points, and then a more gradual change upon cooling from 50-30°C.

X-ray diffraction and TEM

To further examine the structure, temperature-dependent x-ray diffraction was performed on a
thick sample with asymmetric hysteresis. Two techniques were used: 1) normal incidence x-ray
diffraction (XRD), shown Fig. 5(a), and 2) grazing incidence x-ray diffraction (GIXRD) with
Cornell’s High Energy Synchrotron Source, shown Fig. 5(b). The GIXRD characterized the
in-plane structure which is not well studied. Normal incidence out-off plane XRD measurements
of VO, layers were measured using a Rigaku system that employs a rotating Cu anode to produce
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Cu-K,, radiation. The sample temperature was modified by circulating ethylene glycol through
the sample holder, and controlled to + 1°C by monitoring a RTD that was mounted on the
sample holder adjacent to the VO, sample. For GIXRD measurements, 10.18-keV photons were
generated by a synchrotron light source at the G2 line of Cornell’s High Energy Synchrotron
Source, and the sample temperature was measured using a thermocouple mounted on the surface
of the film. Combining these data (XRD and GIXRD) enabled observation of both the in-plane
and out-of-plane features of the VO,.
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Fig. 5. Temperature-dependent (a) normal-incidence XRD showed a metal-insulator
transition, with Gaussian-fit out-of-plane peaks, from 85.6 degree peak, tetragonal (400),
to the 86 degree peak, monoclinic (040). (b) GIXRD measured the in-plane peaks. The
in-plane 21.868-degree peak gradually shifts to the 21.7757 degrees, similar to the more
gradual optical and electrical transition upon cooling.

The second-order XRD peaks, shown in Fig. 5(a), provided a clear separation of the two
out-of-plane peaks from the insulating, monoclinic (040) and metallic, tetragonal (400) phases.
Performing these temperature-dependent XRD measurements showed the reversible transition
from monoclinic to tetragonal and back. The data also showed that the ALD VO, is a highly
oriented polycrystalline film. The peak locations showed the room-temperature orientations
were aligned (040)//(0001), similar to VO, films grown by several methods [38]. These curves
followed the hysteresis typical in these materials, but did not show any structure related to the
asymmetry in the hysteresis, i.e., the additional slope at lower temperature during cooling.

The GIXRD diffraction data showed several peaks revealing a more textured film in-plane, see
Fig. 5(b). Most in-plane peaks exhibited similar transitions to out-of-plane peaks. For example,
the monoclinic (200), P2,/c(14) peak (PDF card number: 01-076-0456) rapidly shifted from
28.8 to the tetragonal (011), P4,/mnm(136) peak (PDF card number: 00-044-0253) at 29 degrees
when heating between 60 to 70°C, and then shifted back from 29 to 28.8 degrees upon cooling
between 65 to 55°C. However, the data near 22 degrees showed a transition from the monoclinic
(011) oriented planes at 21.74 degrees (relaxed location at 21.868 degrees) to the tetragonal
(110) peak at 21.68 degrees (relaxed location at 21.7757 degrees). The temperature-dependent
shift in this peak was interesting since it showed only the more gradual sloped hysteresis during
cooling at lower temperatures (50-30°C). The sapphire peak showed no significant changes,
thereby verifying the changes were due only to the temperature-dependent VO, phase change.
This demonstrates there was a physical structure associated with this asymmetric anomaly in the
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hysteresis which arises from the misorientation and texturing of the thickest ALD grown VO,
films.

Finally, TEM imaging was performed. A Focused Ion beam (FIB) was used to prepare
cross-sectional samples of VO,/Al, 03 (0002). The process involves the use of an in-situ lift-out
technique to prepare electron transparent lamellae. High resolution as well as low-resolution
phase contrast TEM images were obtained using JEOL 2010F and Analytical FEI Tecnai G2
F20 ST FE-TEM both operating at 200kV and equipped with a Schottky field emission source
with a focused probe of 0.2nm and point-to-point resolution of 0.19 nm. The sample stage was
cooled with liquid nitrogen and stabilized to a temperature of 150K. Selected area diffraction
patterns were processed using fast Fourier transform imaging and post-data-acquisition analytical
techniques to index the diffraction pattern reflections as well as in the determination of the
crystallographic orientation relationship between VO, film and sapphire substrate.

Cross-sectional high-resolution transmission electron microscopy (HRTEM) images of (020) —
oriented monoclinic VO, (P2;/c) on (0002) c-plane oriented Al,O3 substrates were obtained as
shown in Fig. 6. The out-of-plane crystallographic orientation relationship between VO, and
Al,O3 was determined to be [020]VO,// [0001]Al,O3 and (200)VO,// (0110)Al,03, while the
in-plane orientation relationship for the same set of samples was [200]VO,// [2HO]A1203 and
(020)VO,// (0002)Al,03. This confirms the orientations established in the XRD measurements.
The interfacial crystal structures showed an abrupt interface suggesting a high quality low-defect
VO, crystal structure. In addition, there was evidence of texturing resulting in a high density of
parallel low-surface free energy facetted planes parallel to {220} with low density of unsatisfied
bonds or point defects. Thus, this noticeable texturing supports the GIXRD observations, where
the lower temperature transition of the in-plane (110) planes suggests a structural explanation for
the wider hysteresis and appearance of a second slope when cooling through the metal-insulator
transition.
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Fig. 6. High resolution transmission electron microscopy reveals crystal structure of (a)
oriented monoclinic VO, (P2/c) on (0002) c-plane oriented Al, O3 substrates with facetted
planes parallel to {220}. (b) a line profile taken on the image showed alternating V-V bond
lengths of 0.257 and 0.290 nm along [002] crystallographic orientation.

The high resolution images indicate lattice constants of ay,;=0.576 nm and cp,;=0.528 nm
which agrees with the reported low temperature (monoclinic) VO, phase with a point symmetry
of P2/c(14) with theoretical lattice constants of a,,; =0.575nm and c,,;=0.538 nm. This was
independent verification which confirmed the results obtained from our GIXRD measurements.
In addition, a line profile taken on the inverse fast Fourier transform of HRTEM image, Fig. 6(b),
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showed alternating V-V bond lengths of 0.257 and 0.290 nm along [002] crystallographic
orientation. The observation of these alternating vanadium bond lengths were similar to
Goodenough’s formalism [7] of the vanadium dimer which forms in the insulating, monoclinic
VO, (P2/c) phase.

6. Conclusion

We explored the thermal hysteresis in the metal-insulator phase transition in vanadium dioxide.
We compared historical work in the literature as well as experimental work by a comprehensive
suite of fabrication and measurement techniques. ALD VO, films with thicknesses from 8.6 to 57
nm were grown on c-Al, O3 to identify the thickness-dependent hysteretic behavior. The hysteresis
properties were correlated in temperature-dependent optical and electrical measurements, namely,
as the film thickness increased the transition temperature showed a slight decrease and the
transition steepness increased with increasing temperature, except for the thickest films (44-
and 57-nm thicknesses). The hysteresis width remained nearly the same except for the thickest
(57-nm) samples, but an asymmetry in the hysteresis was observed. This asymmetry manifested
itself in the cooling (metal-to-insulator) transition by initially following the steep transition, but
then (from 50-30°C) changed to a more gradual slope. Similar hysteresis asymmetries were found
in the literature for a variety of VO, samples but failed to identify the cause of this phenomenon.

To investigate the origin of this asymmetry in our 57-nm-thick sample, temperature-dependent
Raman, XRD, GIXRD, and TEM measurements were performed. The Raman A, modes exhibited
a similar asymmetry, similar to the optical and electrical measurements, potentially indicating a
structural mechanism. While out-of-plane XRD measurements did not show this asymmetry,
the GIXRD revealed the presence of a temperature-dependent asymmetry between the in-plane
(110) tetragonal P4,/mnm(136) and the (011) monoclinic P2;/c(14) phases in the same lower
temperature region (50-30°C), matching the optical and electrical asymmetry. Finally, TEM
imaging showed the presence of the (220) plane faceting which further explains the GIXRD
results. Thus, we conclude that our observations have a foundation in the physical structure of the
VO, since the hysteresis asymmetry for the thicker samples was observed in both the electrical
and optical measurements (sensitive to lateral/surface and volume/bulk properties, respectively)
and correlate with similar temperature dependent structural properties (observed in Raman and
XRD).

These results show that for thicker ALD grown films texturing can produce unique transition
properties, e.g., the insulator-to-metal transition is rapid while the metal-to-insulator transition is
a two-step process. Texturing was previously identified in VO, samples, but it was not associated
with an asymmetric hysteresis [39,40]. Klimov et al. explain that bimodal size distributions can
lead to jumps in the hysteresis [32]. These jumps are similar to what we observed in our thickest
sample, and we showed this could be a manifestation of texturing. Engineering the hysteretic
properties is useful in applications of VO, and other phase transition materials, such as memory
and logic elements.
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