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ABSTRACT

The experimental study of the angle-resolved hemispherical light scattering by V4O film within a broad temperature range across metal-
insulator transition reveals complex structural reorganization of the film deposited on the c-cut sapphire crystal. The bidirectional scattering
distribution function and the surface autocorrelation function were obtained from scattering data to visualize statistics of the spatially
resolved contributions of optical inhomogeneities in normal and lateral directions to the surface. The measurements reveal an anisotropic
surface roughness distribution due to the twinned domain structure, with significant anisotropy changes across the phase transition. The
V405 film deposited on sapphire leads to a polydomain structure, minimizing elastic strain energy with distinct multiscale distributions of
surface domains. Near T, the material shows the lowest roughness but the highest lateral disorder of the surface.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0223230

INTRODUCTION

Optical scattering is one of the main processes accompanying the
solid-to-solid transition in phase-change materials. Angle-resolved
elastic light scattering is a powerful technique for the statistical
analysis of surface irregularities of various sizes that should always
be considered for the design and optimization of neuromorphic
and optical devices based on complex phase-change materials such
as V40;. For example, the light scattering within a plasmon reso-
nance spectral range in vanadium oxide-based materials is a key
factor for optimizing nonlinear optical media for various techno-
logical applications.' ™

V40; demonstrates reversible weakly first-order metal-insulator
transition (MIT) at a temperature point T, of about 235-250 K
and the transition extends within a relatively broad temperature
range of tens of Kelvins. V407 belongs to vanadium oxide Magnéli
phases (V,0,,_1, n=3,4, ...,9)'”"" and shows MIT similar to
other vanadium oxides, but with substantially different electronic,
magnetic, optical, and thermal properties. Like other oxides, elec-
tron—electron correlations in V407 contribute to the exotic proper-
ties of this material, especially when the material undergoes a phase
transformation.

The metrological precision of elastic light-scattering tech-
niques can provide a deep understanding of structural dynamics
across MIT, as it was already shown for VO,, V50s, and V,03
oxides with different morphologies and concentrations of structural
defects in quasi-equilibrium steady-state and ultrafast light-induced
nonequilibrium regimes.'””'® The analysis of optical scattering
across MIT in epitaxial VO, films showed that the internal elastic
strain and structural defects influence thermal hysteresis and
domain formation, providing crucial insights into the strain-
dependent dynamics of the surface morphology and optical proper-
ties upon MIT. The light-scattering anomaly observed during the
MIT in vanadium dioxide thin crystals was assigned to “transition
opalescence,” caused by the coexistence of two phases with differ-
ent optical properties.'”'” Optical scattering can contribute to
noticeable losses during the phase transition of vanadium oxides,
attributed to the formation of metallic domains.'* Here, we also
note that the information regarding the scattering processes of
V405 is very limited.

In this work, we apply angle-resolved hemispherical light scat-
tering for the statistical analysis of surface irregularities of the V,0;
film across MIT. This method provides reciprocal-space imaging of
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surface roughness, offering robust statistical information about the
distribution of optical inhomogeneities. Light-scattering measure-
ments performed by a scatterometer equipped with a cryogenic
system revealed specific changes in surface roughness statistics and
its anisotropy across different spatial scales. Structural ordering of
microcrystals on the mesoscale, such as self-organization, twinning,
and polydomain formation, results in sharp diffraction peaks with
60° azimuthal symmetry. The evolution of the V40, surface mor-
phology shows substantial differences compared to other vanadium
oxides with first-order phase transition, where the V,0; optical
scattering decreases at T, indicating a transition without distinct
phase boundaries.

EXPERIMENT

Thin films of V40; were deposited on Al,O3; (001) substrates
via pulsed direct-current (DC) magnetron sputtering of a high-
purity vanadium target (99.95%) in a reactive Ar/O, ambient. The
background pressure was in the 10~7 Torr range, while the sputter-
ing pressure was controlled at 10 mTorr using a combination of
Ar/O, flow rates of 195/5.0 standard cubic centimeters per minute.
The substrate temperature was maintained at 600 °C during deposi-
tion. The distance between the 2-in. diameter target and the sub-
strate was 12 cm, and the pulsed DC sputtering power was set to
130 W.

The film stoichiometry and orientation of the V,4O; structure
on the Al,O3(C) substrate were verified by x-ray diffraction (XRD)
using a Bruker D8 Discover diffractometer. In these measurements,
x rays illuminated the 1 x 5mm? area of the sample, collecting
data using 6-260 XRD geometry. The surface topography was
probed by an atomic force microscope (AFM, Park Scientific
Instruments, Autoprobe CP).

The light-scattering measurements were performed using a
lab-built scatterometer equipped with a closed-cycle cryogenic
system to control sample temperature. The main experimental
geometry of the angle-resolved hemispherical elastic light scattering
(ARHELS) used in this study is shown in Fig. 1. The scattering

Elliptical »

A

FIG. 1. BSDF scatterometer.
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apparatus allowed high-resolution angular measurements of far-
field elastic light scattering within a full hemisphere. The sample
was mounted at the cryofinger at the first focal point of the
elliptical mirror that projected scattered light at the CCD
(Charge-Coupled Device) detector. The cryogenic system controlled
the sample temperature within the range of 164-290 K. A continu-
ous wave semiconductor laser source with a wavelength of
A =450 nm, linear polarization, and an output power of ~2 mW
was used in ARHELS measurements. The scattering indicatrix pat-
terns were recorded by a 16-bit CCD camera with a 4096 x 4096
imaging pixel matrix (SBIG STX-16803) and recalculated to the
bidirectional-scatter-distribution function,'’

1)

ALy (0, 1
BSDF(®, ¢) = [ 35’2 d))} Ipcos @’

where dly., is the light scattered intensity within solid angle dQ, I,
is the incident light intensity, and 6 and ¢ are the polar and azi-
muthal scattering angles, respectively. This function was used to
monitor the statistical contribution to the scattering field from
surface inhomogeneities of different spatial frequencies f. The
surface roughness component with a certain spatial frequency scat-
ters light at a specific polar angle, where the relation between f, 6,
and the lateral size d of surface irregularity is given by
f=1/d =sinB/A. Using a laser line of A = 450 nm allows us to
detect surface structures with spatial frequencies up to 2.2 um™'.
Scattering data were used to calculate surface autocorrelation
function ACE’ The procedure employs the Gerchberg-Saxton
error-reduction (ER) combined with Fienup hybrid input-output
(HIO) phase-retrieval algorithm.”' = These algorithms are widely
used in the fields of electron microscopy, crystallography, astro-
nomical imaging, and x-ray diffraction imaging to reconstruct

experimental data in the spatial domain (real space) from the fre- :
quency domain (reciprocal space). The algorithms involve looped !

Fourier transforms along with appropriate constraints in each
domain. The HIO algorithm improves upon the ER algorithm
through the modification of constraints. These constraints ensure that
the algorithm can escape local minima, improving the accuracy of
phase retrieval. In the context of our study, the ER and HIO algo-
rithms are used to convert experimentally measured BSDF in recipro-
cal space into ACF in real space. The calculations incorporate direct
(FFT) and inverse (IFFT) fast Fourier transform, using the parallel
computing platform CUDA (Compute Unified Device Architecture
Unit) for graphics processing unit (GPU, NVIDIA Tesla K80).*

The ARHELS measurements were performed for
260-nm-thick and 40-nm-thick films. Both films showed nearly the
same evolution of the light scattering across MIT. Therefore, here,
we present data only for the 260-nm-thick film V40;/A1,05(C)
since the light scattering by the thicker film contains fewer artifacts
related to the scattering at the film-substrate interface.

RESULTS AND DISCUSSION

The XRD measurements (Fig. 2) show that the deposition of
vanadium oxide on c-cut sapphire crystal formed a single-phase
stoichiometric V405 film with (111)y,, plane-parallel to the sub-
strate. The electrical conductivity o of the film (the inset in Fig. 2)
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FIG. 2. XRD scan for the V407 thin film grown on Al,O3 (001). The inset
shows the conductivity and its derivative as a function of temperature.

demonstrates a three-orders of magnitude change across MIT
within a relatively broad temperature range: from 100 to 300 K.
The derivative do/dT defines the transition point T, =247 K.
Thus, it is assumed that the low-temperature insulating phase of
V407 belongs to the temperature range below ~200 K, while the
high-temperature metallic phase is at room temperature.
Hemispherical light-scattering indicatrices of V4O; were mea-
sured across the MIT region from 290 down to 164 K [Fig. 3(a), mul-
timedia available online]. To obtain a spatially resolved contribution
to the scattering signal from optical inhomogeneities, the BSDF
(6, ¢) was recalculated vs surface spatial frequency [Fig. 3(b)]. For
an optically smooth surface, the BSDF can be considered as a scaled
function of surface power spectral density (PSD), a function that rep-
resents the surface roughness power per unit spatial frequency.'
This approximation is based on the Rayleigh smooth-surface crite-
rion, where the film with rms roughness 6 < A/(4x) can be consid-
ered optically smooth.”” The AFM data yield § = 5nm, which
allows applying this criterion for the V4O, surface. The rigorous
computation of PSD from BSDF is a nontrivial task and requires
material optical constants, that are unknown within the MIT region.
Therefore, taking into account the proximity between BSDF and
PSD, the quantitative surface analysis was performed using BSDE.
While PSD and BSDF provide statistical information in the
spatial frequency domain, surface statistics in the real space are
characterized by the surface autocorrelation function ACF(r). This
function describes the correlation of surface irregularities concern-
ing the translation length r in the surface plane (i.e., how the
surface inhomogeneity at one point is related to the inhomogeneity
at another point separated by a certain distance). The ACF(r) and
PSD(f) are related through the Wiener-Khinchin theorem as a
Fourier transform pair. Using the approximation of an optically
smooth surface, the ACF(r) and BSDF(f) data can also be considered
as the IFFT and FFT data set, respectively.”” The ER-HIO algorithm
developed for the light-scattering metrology”’ provides significantly
improved accuracy of ACF(r) computation [Figs. 3(c) and 3(d), mul-
timedia available online], along with the reconstruction of the absent
BSDEF(f) data within the sample holder shadow. In this study, we
employ normalized autocorrelation functions, ACF(r)/ACF(0).

ARTICLE pubs.aip.org/aip/jap

The AFM topography shows that the V40;/AL0;3(C) film
consists of elongated sub-micrometer grains [Fig. 4(a)]. The order-
ing of the grains is traceable in the AFM image, and the ACF(r)
calculated directly from AFM data by integrating the surface profile
[Fig. 4(b)] shows a hexagonal pattern. This reveals 120° anisotropy
of grain orientation within ~130nm ACF length. However, at
larger spatial scales, this ACF(r) does not show specific anisotropy
owing to a lack of sufficient statistical information within the
AFM-scanned area. In this regard, the light scattering measure-
ments provide missing statistics of the surface at the mesoscale.
The directional dependence of the light scattering in the BSDF
indicatrices for High-T V,0; [290K in Figs. 3(a) and 3(b)] and
preferable directions in corresponding ACF(r) [290 K in Figs. 3(c)
and 3(d)] show 60° azimuthal anisotropy attributed to the aniso-
tropic distribution of surface roughness owing to a twinned
domain structure within, at least, several micrometer scale.

Taking into account XRD data (Fig. 2), the AFM and ARHELS
measurements suggest that the V40;/ALO5(C) film experiences a
domain formation with specific twinning that can be associated with
the epitaxial nature of the film. This morphology can be understood
in the context of minimizing elastic interaction energy between the
film and the sapphire substrate via the formation of a polydomain
structure. The system reduces the overall elastic strain energy com-
pared to a monodomain structure through changes in the domain
composition and orientation. The 120° anisotropy of polydomain
morphology contributes to 60° azimuthal anisotropy of BSDF and
ACF(r) for high-T V,40;. Increased light scattering along ¢ = 50°,
110°, 170°, 230°, 290°, and 350° at T > T, [290K in Figs. 3(a) and
3(b)] corresponds to domain ordering along orthogonal azimuthal
directions. As a consequence, this ordering contributes to increased
ACF(r) values along ¢ = 20°, 80°, 140°, 200°, 260°, and 320°
[290 K in Figs. 3(c) and 3(d)].

The origin of observed light-scattering anisotropy is the :
anisotropy of surface roughness at the nanoscale. Groups of V407 !

nanocrystals in the epitaxial film are organized in polysynthetic
domains, building a typical “supercrystal>*” with roughness anisot-
ropy on mesoscale accessible by ARHELS. The structural mobility
of nanocrystals in such a “supercrystal” is much higher, as com-
pared to a single crystal. Therefore, relatively small alterations in
the elastic energy, especially near triclinic-to-triclinic transition
point T, can effectively change the domain pattern of the film. The
phase separation during MIT produces an additional strain field,
which is highly anisotropic for the epitaxial film. Despite the strain,
the film remains continuous due to phase coherency. This coher-
ency is provided by suppression of the strain field and net elastic
energy via twinning of nanocrystals and reorganization of domain
pattern.”>”° Beyond T, a temperature-dependent elastic deforma-
tion of the film can introduce further domain formation.

The PSD(f) function of the surface, calculated from AFM
data, shows good match with BSDF(f) obtained at room tempera-
ture T = 290K [Fig. 4(c)], supporting the approximation to con-
sider BSDF(f) as a scaled PSD(f) function. While the rms
roughness of V407 is § = 5 nm, the surface cross section shows the
modulation of the surface height of about ~20nm [the inset in
Fig. 4(c)]. As the temperature drops to T, the BSDF(f) level dimin-
ishes, indicating a decrease of surface roughness. Moreover, the azi-
muthal anisotropy of BSDF(f) and ACF(r) significantly decreases
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FIG. 3. (a) Evolution of BSDF(6, ¢) scattering indicatrix for V4O7/Al,03(C) vs temperature. The full set of BSDF(0, ¢) indicatrices is shown in Fig. S1 in the
supplementary material. (b) 3D-plots of the reconstructed BSDF(f) indicatrix for the high-T and the low-T phase of V4O;. (c) ACF(r) computed from the scattering indica-
trix. The full set of ACF(r) data is shown in Fig. S2 in the supplementary material. The repeating gray scale pattern is used to highlight small modulations of spatial anisot-
ropy. (d) 3D plots of the ACF(r) IFFT and FFT are inverse and direct Fourier transforms, respectively, applied for the ACF-BSDF data computation in the ER-HIO

algorithm. Multimedia available online.

[240K in Figs. 3(a) and 3(c)] due to the reconstruction of the
surface near T, where the rms roughness becomes minimal. As the
temperature drops below T, and the MIT completes, the scattering
level and anisotropy of BSDF(f) and ACF(r) increase again. It was
found that the level of BSDF(f) for low-T V,0; at T =164K
approaches similar values as it was in the High-T phase at
T =290 K. This indicates that the surface rms roughness in low-T
and high-T phases is nearly the same.

The BSDF(f) and PSD(f) of surface roughness [Fig. 4(c)]
reveal several regions with power-law dependence indicating multi-
scale distributions of the surface domains. The mapping of these
functions in a log-log graph vs spatial frequency f falls into several
distinct linear regions: 3.3-10um~! and above [Fig. 4(c)], and
0.3-0.7um™!, 0.7-1.8 um™!, and 1.8-2.2um™! [Fig. 5(a)]. These
regions correspond to spatial frequencies with different statistics of
surface roughness. Because of the 120°-fold twinning of the
V407/AL03(C) film, the surface is not considered isotropically
rough, and, therefore, should be treated rather in terms of a 1D
surface. The attempt to analyze the light scattering in terms of a
2D isotropically rough surface resulted in a noticeable error.
Therefore, BSDF(f) and also the power spectrum were approxi-
mated by the inverse power law of a 1D surface,

Ky
BSDF(f) = —,

- )

= 27,28
where K,, and n are fractal parameters.

The parameter n defines the tilt of the function and the
surface can be considered in terms of the fractal approach when
1 <n<3. The higher fractal parameter n corresponds to a
smoother surface, with the marginal fractal surface at n = 3, while
at n =1, close-packed grains of a rugged surface are associated
with extreme fractal.”” Temperature dependence of n values was
derived from BSDF data for three regions of spatial frequencies and
summarized in Fig. 5(b).

The evolution of BSDF(f) across MIT along two representative
directions with higher (¢ = 110°) and lower (¢ = 80°) scattering
levels [Fig. 5(a)] shows quite different trends for three different
regions of spatial frequencies associated with different statistics of
surface roughness. At the same time, for each specific region, the
trends are similar for different azimuthal directions at
f < 1.8um™' indicating similar surface reconstruction. Moreover,
positions of majority diffraction peaks do not noticeably shift with
temperature, evidencing that the domain pattern remains nearly
constant across MIT at f < 1.8um™'. However, at f > 1.8um ™!, a
higher number of diffraction peaks demonstrates a shift during
MIT, indicating the formation of new domain patterns. Within this
region, n-curves in Fig. 5(b) show different slopes for ¢ = 110°
and 80° at T > T.. This behavior indicates that while along one
direction, the surface becomes smoother, along another direction, it
becomes rougher. Such a surface reconstruction occurs within the
range of spatial frequencies corresponding to typical sizes of V405
grains and, therefore, is associated with MIT and the evolution of
optical inhomogeneity within or at the boundary of individual
crystallites.
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FIG. 4. (a) 3 x 3um? AFM topography scan. The scale bar represents the
500 nm reference length. (b) Surface autocorrelation function (ACF) computed
from AFM topography. The hexagonal pattern is outlined by a dashed line.
(c) PSD(f) obtained from AFM topography and log[BSDF(f)] cross section of
the scattering indicatrix at ¢ = 110°. The inset shows the cross section of the
AFM image along the dashed line in (a).

While the BSDF(f) provides information about the surface
inhomogeneity in the direction perpendicular to the surface, the
ACF(r) shows the correlations in the lateral plane. In this regard,
the evolution of surface morphology in this plane can be character-
ized by surface autocorrelation length (ACL). The ACL is defined
as a lag length at which the ACF(r) falls to a 1/e fraction of its
maximum value. Figure 6(a) shows the angular distribution ACL in
the surface plane for a set of temperatures. The azimuthal map
shows the elongation of ACL along the preferred direction ¢ = 85°
in the high-T phase at T = 290 K. After the MIT completes, this
direction changes to ¢ = 140° at T = 164K for the low-T phase.
This behavior indicates significant anisotropy of the surface recon-
struction during MIT. Moreover, as the temperature approaches the
T, point, the ACL acquires minimal values [Fig. 6(b)]. This is the
result of the reduced correlations between optical inhomogeneities
of the surface since the system passes a nonequilibrium region of
structural transformation. Here, we note that the V,0O; shows
similar behavior to VO,,"” but quite different from V305,3“ where
the ACL monotonically decreases as the temperature drops.

ARTICLE
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FIG. 5. (a) Cross sections of BSDF(f) indicatrix at ¢ = 80° and 110°. Straight
lines are fits to Eq. (2) at 290, 240, and 164 K. (b) Temperature-dependent
dynamics of the fractal surface parameter n for three ranges of spatial
frequencies.

We also note that some nonmonotonic behavior of ACL

appears below ~205K [Fig. 6(b)], and the BSDF acquires nearly

the same fractal parameter n within two regions f = 0.3-0.7 um™},

f=0.7-1.8um™! [Fig. 5(b)]. This behavior can be associated with !

the final stage of the MIT with temperature decrease.

One of the straightforward approaches to monitor MIT is the
measurement of the integrated scattering signal I; within the hemi-
sphere [Fig. 6(b)]. Here, I; is the total scattering intensity within
the hemisphere normalized to incident light intensity Iy. In many
cases, when the temperature approaches the T, point, the system
exhibits a “transition opalescence” via a noticeable increase in the
scattering signal, as was observed for the first-order transition in
VO,.'"”"” In VO, and also V;0s,” the light scattering monotoni-
cally increases across MIT with the temperature decrease. However,
the 260-nm-thick V,0,/Al,03(C) film shows a different behavior
of I;: the light scattering reaches its minimal value within the MIT
region. This indicates that the system does not form a mixture of
low-T and high-T phases with sharp phase boundaries and strong
spatial modulation of optical constants. Instead, the whole film
experiences a uniform triclinic-to-triclinic MIT across all spatial
scales. The MIT in V,O; appears in the ARHELS signal as a con-
tinuous transition, where the coexistence of different triclinic
phases near T, results in higher optical homogeneity and lower
surface roughness. As a result, V40;/A,03(C) demonstrates a
quite unusual state near T, with a minimal spatial correlation of
the surface roughness (ie., highest lateral disorder with lowest
ACL) and, at the same time, a minimal level of light scattering due
to lowest rms roughness.
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V407/AL,0;3(C) system, the autocorrelation length reaches its
minimal values near T, indicating maximal lateral surface disorder,
while the optical inhomogeneity in the normal direction to the
surface, material roughness, also drops to the minima, showing
opposite behavior to the “transition opalescence.” This can be
attributed to the specific nature of the weakly first-order transition
in V407, which appears in angle-resolved scattering as a continu-
ous transition exhibiting properties of both first- and second-order
MITs.

Overall, these results contribute to a deeper understanding of
the surface morphology and optical properties of V40; during the
structural phase transition, showing the contribution of surface inho-
mogeneities in light scattering. This knowledge is crucial for advanc-
ing the application of V4O in optoelectronic devices and improving
the design of materials with adjustable optical properties.

SUPPLEMENTARY MATERIAL

Additional results of bidirectional-scatter-distribution function
measurements and surface autocorrelation function of the V,O;
film are included in the supplementary material.
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CONCLUSION

In this paper, we discussed the hemispherical light scattering
and structural properties of V4O; film deposited on c-cut sapphire
crystal across its metal-insulator transition. The 60°-symmetry of
scattering indicatrices reveals 120° azimuthal anisotropy of V407
polydomain morphology, indicating the epitaxial nature of the
V,40;/AL,05(C) film. The temperature-dependent evolution of the
scattering indicatrix and surface autocorrelation function reveals
significant changes in surface roughness and its anisotropy across
the MIT. The optical inhomogeneity of the material decreases to a
minimum at T, indicating a uniform triclinic-to-triclinic transition
without sharp phase boundaries or phase separation.

The study emphasizes the distinct multiscale distributions of
surface domains. The analysis of fractal parameters indicates differ-
ent roughness statistics at varying spatial frequencies, highlighting
the complex nature of surface reconstruction upon phase transition.
The autocorrelation length demonstrates significant sensitivity
to the MIT, providing a reliable relationship with electrical
conductivity, integrated scattering, and fractal parameters. For the
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