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ABSTRACT

In this work, we study the spectral reflectance of VO2 thin films and identify the specific contributions of the morphology and phase
transition to optical spectra. The formation of highly [011] textured VO2 thin films on Si was achieved by an oxidation process starting with
a metallic V thin film grown on an [001] Si substrate by an evaporation technique. Structural (XRD and Raman) and spectroscopic (XPS)
characterization results indicate high purity VO2 formation with different sizes at various annealing temperatures without any change in the
composition. Temperature dependent spectral reflectance distributions reveal that the insulator-to-metal transition (IMT) phase transition
temperature of the VO2 nanostructures shows a slight size-dependence (∼3 °C), but this feature can be overshadowed by morphology
that can lead to the misinterpretation of transition characteristics. The spectral line shape of the reflectance curves in the visible and near-
infrared regions show substantially different characteristics for the samples annealed at different temperatures. Using numerical scattering
calculations, we conclude that the changes in the optical response can be explained by morphological effects instead of changes in the
intrinsic material properties such as a shift in the IMT temperature. Furthermore, the main mechanism leading to different spectral line
shapes is the morphological differences leading to diffuse and specular reflectance.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086272

I. INTRODUCTION

Insulator-to-metal transition (IMT) of VO2 has recently
attracted great attention for a variety of applications including elec-
tronic switches and thermal management.1–4 During heating, bulk
VO2 changes from a monoclinic to a tetragonal structure accompa-
nied by an IMT at a critical temperature (TC) of 68 °C.5,6 The
metallic state of VO2 reflects the infrared region of the electromag-
netic spectrum above TC. Due to this property of VO2, several
studies have been centered around the growth of this material in a
thin film form7–21 due to its potential applications in smart opto-
electronic devices,22–26 chemical and biochemical sensors,27,28 and
thermal management purposes.29–32

The size dependence of IMT in VO2 has been studied akin to
other systems displaying phase change and with the potential for
use as functional components.33,34 Nanocrystalline forms can
exhibit physical characteristics different from that of bulk VO2 that
can impact the thermodynamically stable crystal state as well as the

electronic band structure. A number of works have reported varia-
tions in the reflectance and the resistivity of these materials as a
function of grain size or film thickness.35–39 When it comes to the
optical response of such deposits, both the electronic state of VO2

and also the collective response of the constituent grains become
important. Apart from phase transition-related changes in the
optical response of a surface, it is well known that the shape, diam-
eter, and aerial density of the structures formed on a surface affect
light scattering characteristics, and hence surface reflectivity.
Therefore, the ability to distinguish the intrinsic material property
effects from geometrical ones during light scattering becomes a
crucial parameter in understanding and tailoring the optical
response of such structures.

In this work, we demonstrate size driven changes in the spectral
reflectance of VO2 thin films on Si substrates. We employed an
e-beam evaporation technique to grow metallic amorphous V films
followed by the annealing of these deposits at different temperatures
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to enable us to acquire dense and coarse (250–300 nm) and fine
sized (100–150 nm) VO2 thin films. Temperature dependent ellips-
ometry analyses indicate that the IMT phase transition temperature
of VO2 thin films shows a grain size-dependence. In addition, the
oscillatory spectral reflectance line shapes are observed in the visible
regime in fine grain structures. The striking variation in the reflec-
tance in the visible regime upon the change in the grain size of VO2

deposits tempts one to associate it with the lowering of the IMT in
fine grained samples. Carrying out numerical simulations on electro-
magnetic wave scattering from nanofeatured surfaces resembling the
VO2 samples here, however, we identify that this behavior is emanat-
ing solely from geometrical scattering effects rather than a size
dependence of the intrinsic material properties, a point overlooked
in the literature. For the coarser grained samples obtained via anneal-
ing at higher temperatures, spectral line shapes are almost flat in the
visible regime independent of temperature, again in agreement with
our numerical calculations.

II. MATERIALS AND METHODS

A. Experimental techniques

To fabricate the VO2 nanocrystalline films, we followed the
technique reported in our recent work.40 A metallic V thin film
layer was grown on an [001] Si substrate by the e-beam evaporation
technique under a base pressure better than 3 × 10−6 Torr as shown
in Fig. 1(a). The growth pressure during the process was main-
tained at 6.9 × 10−6 Torr. Prior to deposition, the [001] Si substrate
was ultrasonically cleaned in acetone and isopropyl alcohol to
remove all contamination, followed by a drying process via nitrogen
gas. V thin film coating was deposited at room temperature with a
deposition rate of 0.5 Å/s, where high purity V (99.9%) metal was
used as a target placed in a W crucible. The deposition was ini-
tially made on a 4-in. Si wafer after which the V coated wafer was
dissected into smaller pieces for further processing as presented
in Fig. 1(c). Following this step, we carried out a heat treatment
on three different samples for 2 h at 400 °C, 500 °C, and 600 °C,
as schematically shown in Fig. 1(d) under controlled Ar gas
(purity 99.8%) at a fixed flow rate of 2 l/min to obtain VO2 nano-
crystalline deposits with varying grain sizes, which are illustrated
in Figs. 1(e), 1(f ), and 2.

The crystal structure and growth orientation of the prepared
samples were characterized by X-ray diffraction (XRD) under Cu
Kα radiation (1.5418 Å) in the 2θ range varying from 20° and 80°
using a Bruker diffractometer. Raman scattering spectroscopy was
used to confirm the VO2 phase at room temperature using a
Renishaw inVia Reflex Raman Spectroscopy with a 532 nm laser
beam in the range of 110–990 cm−1. The laser was focused on the
sample with a 50× objective. Surface morphology and grain size
distribution of the prepared samples were analyzed with a scanning
electron microscopy (SEM) instrument at an accelerating voltage of
5 kV (Model FEG-SEM Leo Supra 35 and Bruker Flash). As trace
amounts (<1.5%–2%) of oxides of V other than VO2 might go
undetected in XRD, we also checked the sample composition with
X-ray photoemission spectroscopy (XPS) (Thermo Scientific K-Alpha
X-ray) equipped with an aluminum anode (Al Kα = 1468.3 eV) at a
90° electron takeoff angle (between the film surface and the axis of
the analyzer lens). Pass energy of 50 eV and an energy step of 0.1 eV

were set to acquire the data. Spectra were recorded and processed
using the Avantage 5.9 software. Spectral reflectance measurements
were performed with a WASE 400 ellipsometry as a function of
temperature for unpolarized light incident at 30° in the wave-
length range of 300–2100 nm allowing us to probe the near UV
and far IR frequency of our samples at various temperatures as
illustrated in Figs. 1(g) and 1(h). We used ellipsometry measure-
ments to detect the IMT temperatures of our samples.

B. Theoretical and numerical techniques

To shed light on the experimental results, we carried out
numerical simulations for spectral reflectance of the VO2 nanocrys-
talline surface. For this purpose, we computed the bidirectional
reflectance of VO2 films using different techniques in the literature
depending on the wavelength/size ratio. In the literature, the esti-
mation of bidirectional reflectance of closely packed grain layers
has been studied, and predictions from numerical models were
compared with the experimental data.41

For small particles (r/λ < 0.1), the bidirectional reflectance of
the coating is calculated with the Fresnel formalism, where the
refractive index of the medium is estimated with the effective
medium theory (EMT). The Lewis–Nielsen method42 is used to
estimate effective medium properties in this study. When the parti-
cle size is small compared to the wavelength (r/λ < 0.1), the mixture
in which particles are dispersed in the matrix behaves like a
homogenous material. The dielectric function of this resulting
mixture is calculated using the Lewis–Nielsen method,

ϵ

ϵm
¼ 1þ ABfv

1� Bwfv
, (1)

A ¼ 1
Ae

� 1, (2)

B ¼ ϵp=ϵm � 1

ϵp=ϵm þ A
, (3)

w ¼ 1þ 1� fmax

f 2
max

fv , (4)

where ϵ, ϵp, and ϵm are dielectric functions of mixture, grain, and
matrix, respectively, fmax is the maximum packing fraction that is
0.637 for random close pack,42 Ae is the depolarization factor that
is 0.4 for spheres.42 The technique summarized above was used in
computing the bidirectional reflectance of the fine sized VO2 grains
obtained at 500 °C annealing.

For particles having sizes comparable to the incident wave-
length (r/λ > 0.1), scattering is no longer negligible, and the estima-
tions of EMT deviate from the exact solution as the scattering
effects become more dominant.41 To solve the spectral reflectance
of a surface composed of densely coated large particles, full-wave
solutions of wave optics are used.43 The discrete dipole approxima-
tion (DDA), also known as the coupled dipole approximation, is
used to model the reflectance of a coating with large particles
having sizes comparable to the wavelength of the incident radiation.
Due to its ability to handle periodic and random shaped structures,
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DDA is used to estimate optical properties of the coating where the
grain size is comparable to the wavelength. The DDA was first
proposed by Purcell and Pennypacker.44 The periodic structure
implementation of the DDA with the calculation of reflectance,
transmittance, and absorptance was developed by Draine and
Flatau.45,46 In the DDA technique, geometry is modeled with polar-
izable points with specified polarizabilities. The formulation of
DDA is a well-established technique in the literature44 and will not

be repeated here. Open source discrete dipole scattering (DDSCAT)
is used as the DDA solver, which was reported to have a higher
accuracy compared to other versions.47 In this study, the spectral
reflectance of coarse grain sized VO2 specimens was studied using
the DDA method. Incident radiation is introduced as an unpolar-
ized plane wave with a polar angle matched to the ellipsometry
data. In the calculations, the refractive index and optical loss cons-
tant of VO2 were taken from the literature.48

FIG. 1. (a) A metallic V thin film layer
is grown on an Si substrate by e-beam
evaporation, (b) the resulting coating is
shown. (c) V coated wafer was dis-
sected into smaller pieces for further
processing. (d) Heat treatment on three
different samples for 2 h at 400, 500,
and 600 °C in a tube furnace. VO2

nanocrystalline deposits with varying
grain size depending on the tempera-
ture as shown in (e) and (f ).
Bidirectional reflectance of the coating
was measured using ellipsometry.
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FIG. 2. A schematic description of the
circular Hough Transform (CHT) based
algorithm used to estimate the position
in (a) large grained (f ) and small
grained coating. The resulting position
and size is presented in (b) and (g),
respectively. In order to improve the
accuracy for the coating which has large
grains, size domain is divided into 3
groups (e), (f ), and (g), and, finally, the
results are put together to estimate the
final distribution in (b). The position and
radius data of (b) and (g) are then used
to find a histogram of the coating (i) and
(h), respectively, to estimate radiative
behavior of the coating. Small grained
coating is estimated as an effective
homogeneous medium. For the large
grained coating, the shape of the grains
is modeled as oblate spheroids contain-
ing 3 types of grains shown in ( j).
Plane wave is incident upon the coating
as presented in (k).
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C. Generation of the computational domain using
experimental data

A schematic illustration of the samples with coarse and fine
grain is given in Figs. 1(e) and 1(f ), respectively. To find the parti-
cle size distribution, SEM images of the coating are used. For the
specimen that was annealed at 600 °C, grains are distinguishable
and have a monolayer distribution over the silicon wafer as shown
in Fig. 2(a). To find the size distribution and to obtain minimum,
maximum, and average grain sizes, SEM images were parameter-
ized. Circle detection algorithms are used to obtain the size and the
position data of the circle from the images. These algorithms have
increased in accuracy since 1972, when Hough Transform was first
outlined by Duda and Hart.49 Briefly, a circle is parametrized by its
coordinates and radius, then these are related with edge points.
A decision is made by a voting procedure. In the literature, evalua-
tions of the methods are performed on metallurgical data sets,
which make the implementation of the method ideal for the type
of coating in this paper. In this study, a circular Hough transform
(CHT) based algorithm49,50 is used to find the position and the
radius of grains from the SEM images of the coating. Circle detec-
tion and histogram results for large grained coating are presented
in Figs. 2(b) and 2(i), respectively. A periodic unit cell is used for
DDA calculation, which contains two medium, one small, and
one large sized grain based on the histogram data in Fig. 2(i).
The resulting geometry is shown in Fig. 2( j). Considering the
sizes of grains from the SEM images, the geometry of small, medium,
and large particles are a = b = 1.88c = 190, a = b = 2.25c = 320,
a = b = 2.58c = 505 nm. A simple unit that contains 2 middle,
1 small, and 1 large sized grain that is periodic from the x and y
planes is constructed using dipoles. A 3032 dipole coarse version
is presented in Fig. 2( j) for simplicity, which is constructed with
23 648 dipoles to satisfy accuracy criteria 2π|m|d/λ < 1 where m is
a complex refractive index of the VO2, d is the interdipole separa-
tion distance, and λ is the wavelength in vacuum.

For the sample that is annealed at 500 °C, the particle size is
small with respect to the coating annealed at 600 °C, as can be seen

in Figs. 2(a) and 2(f ). The average grain radius is estimated as
70 nm by CHT, and the volume fraction is taken as 0.637, which is
a typical value for random closed packs. In Fig. 3, the thickness of
the coating is estimated from SEM images as 350 nm.

III. RESULTS AND DISCUSSION

A. Morphology and composition of VO2

nanostructured surface

We first discuss the results regarding surface morphology
control through the heat treatment at different temperatures.
Figure 4 shows the XRD pattern along with the surface morphology
of the samples after the heat treatment at 600 °C and 500 °C.
No peaks related to metallic V are observed in the XRD patterns of
the as-grown V film on the Si substrate. V film is expected to be in
an amorphous state when grown at room temperature prior to
annealing. Heat treatment at two different temperatures results in
different particle sizes, while achieving a VO2 nanocrystal structure.
It can be seen in Fig. 4(a) that XRD measurement of the sample
annealed at 600 °C under Ar gas atmosphere shows the 2θ = 27.89°
peak associated with the (011) plane of the VO2 monoclinic phase.
After the heat treatment process of all samples, we did not observe
a metallic V peak, confirming the formation of VO2. The peak at
26.8° is due to the (110) planes of the VO2 monoclinic phase and
is not related to impurities, as reported in Ref. 51, this implies the
presence of a minor volume fraction of structural variants of VO2

due to its monoclinic state as no other oxides of V possess such a
peak. The peaks at 55° and 56° belong to the (222) and the (022)
planes of VO2.

52 These peaks are almost nonexistent in the 500 °C
annealed sample that could imply the tendency of VO2 for further
restructuring possibly due to thermal strain development during
annealing at elevated temperatures [Fig. 4(d)]. These peaks are less
significant in the 500 °C annealed sample [Fig. 4(d)]. The XRD
peak in Fig. 4(a) around 44° and 64° is coming from the steel
sample holder and belongs to BCC Fe, and we also noticed that its
presence depends on the positioning of the samples on the stage [it
is absent in the pattern in (d)]. In an attempt to distinguish the
effect of annealing temperatures on peak positions, we carried out a
Gaussian fit to the peaks and taking the FWHM of these, we
determined the relevant positions as 27.88° and 27.89°, respec-
tively, for the 500 °C and 600 °C annealed samples. This value is
consistent with the interplanar distance of the (011) planes but is
smaller than the angle resolution limit of our measurement, i.e.,
the step size of the scans (0.02°). This does not allow a direct
comment on the few degrees reduction in the phase transition
temperature of the 500 °C annealed sample with respect to the
600 °C annealed one in relation to the small 2θ shift. We also
measured the XRD of the sample annealed at 400 °C. For this
sample, we did not observe any monoclinic VO2 peaks indicating
that this phase could not form and was excluded from the discus-
sions in this paper (see the supplementary material).

To bring further insight into the single phase formation of
the VO2, we also carried out Raman spectrum of the annealed
samples. Figures 5(a) and 5(b) show the Raman spectrum of the
sample annealed at 600 °C and 500 °C, respectively. The peak posi-
tions observed for each of the spectra marked in Fig. 5 are associ-
ated with the Ag and Bg phonon vibration modes of VO2.

53–56

FIG. 3. Side view of the coating annealed at 600 °C. Height of the grains is
taken from this image to model the coating.
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The 192 cm−1–612 cm−1 peaks in Fig. 5(a) and 194 cm−1–613 cm−1

peaks in Fig. 5(b) signify the VZO bound vibrations. In addition,
the rest of the peaks are assigned to the vibrational mode of
the VZV and VZO bonds. The phonon modes at 612 cm−1 in
Fig. 5(a) and 613 cm−1 in Fig. 5(b) are assigned to the stretching
mode of the VZO vibration. The peak observed at ∼140 cm−1 orig-
inates from an external mode, which is due to the oscillation of
rigid OZVZO chains. The peak at 520 cm−1 is associated with the
Si substrate.

To explore the possible effect of the processing temperature of
VO2 on the chemical bonding state inside the nanostructures, we
carried out XPS core level spectroscopy before and after the heat
treatment. The curves were deconvoluted using the Voigt curve fit.
Before moving onto the discussions regarding VO2, we first provide
the XPS data of the as-grown metallic V. The deconvoluted region

of the XPS spectra corresponding to the V 2p and O 1s peaks
are due to the spin–orbit splitting for as-grown V films shown
in Figs. 6(a) and 6(b). It is clearly seen that V 2p3/2 peak can be
represented as a sum of 3 separate peaks at energy positions of
512.48 eV, 515.95 eV, and 517.06 eV. The lower binding energy
component at 512.48 eV is attributed to a metallic V state.57

According to the deconvolution results, the V 2p spectrum is domi-
nated by the peaks in the V4+ and V5+ oxidation states at 515.95 eV
and 517.06 eV, respectively. The V4+ and V5+ states in addition to
the O 1s peak indicate the presence of a very thin oxide layer on
the metallic V as-grown film. The metallic V peak at 512.48 eV dis-
appears following the heat treatment of the samples whose XPS
data we shall discuss below.

Figure 7 displays the V 2p and O 1s peaks that originate from
the spin–orbit splitting for the samples annealed at 600 °C and

FIG. 4. θ−2θ X-ray diffraction (XRD)
pattern and scanning electron micros-
copy (SEM) images: [(a)–(c)] at 600 °C
annealed sample and [(d)–(f )] at
500 °C annealed sample.
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500 °C. In Figs. 7(a) and 7(c), the V 2p3/2 spectra of the coatings
exhibited two characteristic peaks at 516.39 eV and 517.77 eV
for the sample annealed at 600 °C and at 516.4 eV and 517.61 eV
(with the statistical deviation of ±0.25 eV) for the sample annealed
at 500 °C, which correspond to the V4+ and V5+ oxidation states,
respectively. In addition, there is no metallic V peak. For both
two samples, O 1s peak at ∼530 eV originates from the binding
energy of the OZV bonds. The peak on the right side of O 1s
(at ∼532 eV) with less intensity that is present in all our data is
attributed to surface contamination mostly from C bonds [CZC,
CvC, and CZ(OH)].58 Figure 7 displays the XPS spectra of the

VO2 nanostructures. The presence of the V
5+ component in all the

VO2 samples implies an overoxidation, resulting in the formation
of V2O5 at the surface either due to air exposure59 or the processing
temperatures. The existence of V2O5 at the surface has also been
reported in oxides of V with high chemical purity and is easily
detected by XPS measurements, since the technique is mostly
sensitive to the first few atomic layers beneath the surface of the
film.60,61 Overall, the XPS results indicate that formation of the
VO2 phase is favored at higher temperatures with respect to V2O5

as can be deduced from the peak comparisons of V4+. A curve
fitting analysis to our data in Figs. 7(a) and 7(c) show that the
VO2/VO2+ V2O5 content ratio in the sample annealed at 500 °C
was 23% and this value becomes 42% for the 600 °C in addition
to an increase in the nanostructure size, respectively. It must be
borne in mind that XPS yields information only for the few
atomic layers on the surface and is not representative of the bulk
phase composition. However, the increase in the VO2 content
with increasing annealing temperature is qualitatively in agree-
ment with XRD and Raman data. It is likely that VO2 stabilization
is assisted by temperature accompanied by grain growth in addi-
tion to the sensitivity of this system, i.e., VO2, to oxygen partial
pressure during annealing.

B. Temperature dependent spectral reflection from
VO2 thin films

In this section, we provide temperature dependent spectral
ellipsometry measurements during heating for VO2 surfaces.
Figures 8(a) and 8(b) show the spectral reflection of the samples
annealed at 600 °C and 500 °C, respectively. The spectral curves are
obtained in the reflection mode during heating of the samples to
various temperatures of 30 °C and 80 °C as indicated in Fig. 8.
In Fig. 8(a), we observe that a sudden increase in the reflectance
occurs around 66 °C for the sample annealed at 600 °C. An increase
of the reflectance continues gradually in the IR regime as the tem-
perature is raised as shown in Fig. 8(a). Insulator state, on the other
hand, is insensitive to spectral variations of the incident radiation
near the IR. The finite reflectance of the insulator phase is solely due
to the difference of refractive indices at the air–sample interface.

The samples treated at 500 °C display a slightly reduced phase
transition temperature and spectral reflectance than those treated at
600 °C. Figure 8(b) shows the spectral reflectance for the sample
annealed at 500 °C as a function of temperature. As can be seen,
the reflectance increase starts around 63 °C contrary to the coarse
grained sample obtained at 600 °C displaying the jump in reflec-
tance around 66 °C. Both samples, albeit having different IMT
temperatures, display a quite sharp increase in the magnitude of
reflection at their respective transition temperatures. Overall, the
results in Figs. 8(a) and 8(b) clearly reveal that the IMT phase
transition slightly reduces with the grain size of VO2. The main
mechanism behind this small but detectable reduction can be
attributed to the relatively lower crystallinity of the 500 °C as evi-
denced from the (011) peak widths in Fig. 4 insets. Doping can also
cause similar effects as reported in the literature.62

A striking observation in Fig. 8 is the impact of nanoparticle
size on the spectral shape distribution, particularly near the visible
regime. This raises the question as to whether such effects are due

FIG. 5. Raman spectroscopy results of the as-grown V film after the heat treat-
ment (a) at 600 °C and (b) at 500 °C.
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to the shift in the IMT temperatures of fine and coarse grains.
To highlight the difference in spectral shapes as a result of the
particle size change, details of the spectral shapes for two cases are
shown in the insets. In Figs. 8(b) and 8(d), the visible and near
infrared parts of the spectrum are plotted for the samples annealed
at 600 °C and 500 °C, respectively. Results in Fig. 8(b), which

correspond to the coarse VO2 film, reveal a weak bidirectional
reflection in the visible and near infrared regions. In contrast, a
more pronounced reflection is observed in the visible and near
infrared regions for the fine grained sample. Especially, for the
sample with finer grain size, the local spectral dip around 750 nm
for the insulator state becomes a spectral peak after the transition

FIG. 7. (a) V 2p, (b) O 1s XPS spectra
of the sample annealed at 600 °C and
(c) V 2p, (d) O 1s XPS spectra of the
sample annealed at 500 °C.

FIG. 6. (a) V 2p, (b) O 1s XPS
spectra of the as-grown metallic V film.
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temperature. The oscillatory-type of variations are more pro-
nounced for the finer grain sized sample. To demonstrate the IMT
in a clear manner, we present the 1600 nm and 1800 nm reflectance
data as a function of temperature in Fig. 9 as this regime is rela-
tively free of morphological effects. The results reveal ∼3 °C differ-
ence in the IMT temperature. A slight difference in the IMT

characteristics was also reported in Refs. 63 and 64, a point that
must be accounted for when working with such systems using elec-
trical resistance measurements.

To understand whether the spectral reflectance differences for
the fine and coarse grained sample are due to a size effect or differ-
ence in the transition temperature, we performed numerical

FIG. 8. Ellipsometry results of the
as-grown V film after the heat treat-
ment [(a) and (b)] at 600 °C and [(c)
and (d)] at 500 °C, respectively.

FIG. 9. Reflectance of the samples
at 2 different wavelengths (1600 nm
and 1800 nm) at various temperatures
during heating obtained from ellipsome-
try experiments.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 223103 (2019); doi: 10.1063/1.5086272 125, 223103-9

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


simulations as outlined in Secs. II B and C. We first provide the
bidirectional reflectance of the sample annealed at 500 °C and the
results are compared in Fig. 10 with the experimental measure-
ments. Calculations show good agreement with the experimental
measurements in the regime where r/λ < 0.1 is satisfied. Particles
with sizes much smaller than the incident wavelength do not scatter
the radiation significantly. This radiation is expected to undergo a
specular reflection from the coating with a minimal diffuse reflection.
Our numerical calculations confirm that the bidirectional reflectance
is almost equivalent to hemispherical reflectance. Since the grains are
indistinguishable compared to the incident wavelength, the surface
roughness does not come into play as a parameter that would pro-
hibit the use of effective medium theory. Therefore, reflectance is not
impacted by the morphology of the fine grained surface as long as
r/λ < 0.1 is satisfied. The difference between refractive indices of air
and VO2 becomes the major parameter affecting reflectance.

We next investigated the sample where the coating is annealed
at 600 °C that yielded coarse grains. In Fig. 11, the bidirectional
spectral reflectance measurement of the VO2 films is compared
with numerical calculations at 40 °C and 80 °C, i.e., before and after
the phase change. In this case, the grain size is comparable to the
wavelength. The numerical calculations indicate that, for this case,
the morphology driven scattering effects are more dominant even
above 68 °C and are almost insensitive to the IMT of VO2 nanopar-
ticles. For this sample, low bidirectional reflectance at 300 nm is
observed for both states (insulator and metallic), in contrast to the
sample with finer sized grains. To understand the underlying
mechanism, we also investigated the total hemispherical reflectance
(THR), which deviates from the bidirectional reflectance for the
sample with coarse sized grains. Estimated THR along with the
absorptance is presented in Fig. 12. Along with Fig. 11, Fig. 12 shows
that the light is reflected diffusely at shorter wavelengths unlike the

specimen annealed at 500 °C which reflects specularly at shorter
wavelengths. This result confirms that the light scattering is more
dominant at shorter wavelengths and leads to diffuse reflectance
from the 600 °C annealed coarse grained sample. Since the r/λ ratio
is larger at shorter wavelengths, particles are more distinguishable
to incident radiation and therefore the light scattering is more
dominant. As the wavelength gets longer, particles become less dis-
tinguishable; hence, particle scattering leading to diffuse reflectance
is less dominant that results in similar reflectance for specimens

FIG. 10. Simulated bidirectional reflectance for the sample annealed at 500 °C.
Reflectance shown here are for 68 °C (metallic state) and 50 °C (insulator
state).

FIG. 11. Simulated bidirectional reflectance for the sample annealed at 600 °C.

FIG. 12. Simulated absorptance and total hemispherical reflectance for the
specimen annealed at 500 °C and 600 °C.
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annealed at different temperatures of 500 °C and 600 °C. No signifi-
cant change is observed in absorptance for samples annealed at
different temperatures. Our results indicate that the main mecha-
nism leading to different spectral line shapes is the morphological
differences leading to diffuse and spectral reflectance.

To further emphasize the temperature and morphology
dependence of the reflectance in different samples, spectral scatter-
ing efficiencies of spherical particles at different sizes (70 nm for
500 °C and 330 nm for 600 °C) are calculated using the Mie theory.
The results are presented in Fig. 13 showing that the scattering
behavior of the specimen at 600 °C dominates at shorter wavelengths.
At longer wavelengths, morphology related scattering effects vanish
for both specimens, and their spectral reflections tend to converge to
a single curve both in the insulator and metallic states of VO2. Thus,
the transition dependent variations in reflectance, i.e., the intrinsic
VO2 related effects for the 500 °C and 600 °C annealed samples
become comparable only at longer wavelengths where scattering
effects are negligible for both morphologies.

IV. CONCLUSIONS

In summary, we demonstrated that the optical response of
VO2 thin films is sensitive to changes in the grain size through
morphology. While IMT is the major factor determining the reflec-
tance for the near-IR spectrum, the optical response of the samples
in the near-visible spectrum is governed by the morphology of
VO2. The fine and coarse grained VO2 thin films in this work
display dramatically different bidirectional spectral reflectance par-
ticularly in the visible regime. Our results indicate that the main
mechanism leading to different spectral line shapes stems from the
morphological differences leading to diffuse and specular reflectance
from the coarse grained samples. For the coarse grained samples, the
light scattering is more dominant at shorter wavelengths and leads to

diffuse reflectance from the sample, since r/λ ratio is larger at shorter
wavelengths. For the fine grained samples, the sample–air interface
behaves as a more homogenous bilayer, resembling a filmlike
response, leading to bidirectional reflectance demonstrated by the
EMT calculations. The scattering simulations were vital in distin-
guishing morphological effects from those one would expect to
emanate from the intrinsic material property related effects, a point
that can easily be overlooked when interpreting the IMT transition
from optical experiments. These simulations also highlight the
morphology-driven transition from specular to diffuse spectral
reflection as the size of nanostructures increases.

SUPPLEMENTARY MATERIAL

See the supplementary material for the XRD pattern of the
VO2 thin films annealed at 400 °C following e-beam growth of
metallic V on the (001) Si substrate.
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