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Abstract In this study, the optical properties of bulk and
thin films of VO,, V,03, and V,0s, deposited on Al,O3
substrates, have been analyzed from infrared to vacuum
ultraviolet range (up to 12 eV). Utilizing the available data
of wavelength dependent optical constants of these mate-
rials in the literature, the energy corresponding to the peaks
in the imaginary part of the dielectric function (&—R
spectra), have been interpreted and compared as a function
of structure, polarization, and temperature. The energies
corresponding to the peaks in reflectivity-energy (R-E)
spectra are explained in terms of the Penn gap (E}). E,
values for VO, and V,0s are close to the average of
energies corresponding to the peaks (E) while, their values
are even closer in V,03, reflecting the degree of anisotropy
in the order of V,03 < VO, < V,0s. The first order
reversible, insulator to metal phase transition (IMT) of both
bulk and thin films of the V-O systems are studied as an
effect of temperature change. The effective number of
electrons, n.g, participating in the optical transitions is
described from the numerical integration using the well-
known sum rule. The change in n.s with respect to the
energy of incident photons is also calculated and it is found
that this change is consistent with the peaks observed in the
&—E spectra.

Introduction

Vanadium is a d-transition metal having different oxidation
states, and forms the so-called Magnéli (V,0,,_;) and
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Wadsley (V,,0s,_,) homologous series of vanadium-—
oxygen (V-0O) systems. In the present study, we have
analyzed the optical properties of V,03 (n = 2) and VO,
(n = o0), which are the two end members of Magnéli
phases and V,0s (n = o0), the end member of Wadsley
phases. Vanadium ions in VO, and V,0; have V4+(d1) and
V3T (d?) electronic structures, respectively, whereas, V,Os
has V> ion with no 3d electrons. In these transition metal
oxides, d electrons are spatially confined in partially filled
orbitals and are considered to be strongly interacting or
“correlated” because of Coulombic repulsion. Correlated
electrons are responsible for the extreme sensitivity of
materials for small change in external stimuli such as
pressure, temperature, or doping [1].

Several vanadium oxides undergo insulator-metal tran-
sitions (IMT) at a particular temperature, 7.. The IMT,
occurring in these materials, varies over a wide range of
temperatures and depends on the O/V ratio [2]. Among
them, VO, is one of the widely studied materials which
undergoes IMT at 340 K [3], while V,05 and V,05 exhibit
the transitions at 160 K [4] and 530 K [5], respectively. In
recent days, the phase transition in bulk V,05 has become a
controversial issue even though the studies on its thin film
show IMT; various transition temperatures have been
reported for these materials in the literature [6, 7]. Fur-
thermore, precise mechanism of IMT is still a matter of
debate [8], and no theoretical understanding has been
realized to predict the transition temperature [9].

These first order phase transitions are reversible [10] and
are accompanied by drastic change in crystallographic,
magnetic, optical and electrical properties. During struc-
tural transition, atoms undergo displacement with redistri-
bution of electronic charge in the crystal lattice and hence,
the nature of interaction changes [11]. Below 7., the V-O
system shows insulating behavior, wherein VO, and V,0;
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have monoclinic structure [12, 13] and V,Os has ortho-
rhombic structure [14]. At temperatures greater than T,
they behave like metal, but with different crystal structures
from their low temperature counterparts [12, 15]. However,
Kang et al. [7] have concluded that V,0s films undergo
IMT without structural phase transition. Similarly, the
phase transition leads to the change in electrical conduc-
tivity up to 10 orders of magnitude [16], while optical and
magnetic properties show discontinuity.

The vanadium oxides are chromogenic materials and
can change their optical properties due to some external
stimuli in the form of photon radiation (photochromic),
change in temperature (thermochromic) and voltage pulse
(electrochromic); the change becomes discontinuous dur-
ing IMT. Such properties can be exploited to make coat-
ings for energy-efficient “smart windows” [17], and
electrical and optical switching devices [18]. Thin films of
VO, and V,03 have been found to show good thermo-
chromism in the infrared region [19, 20]. While main-
taining the transparency to visible light, a smart window
modulates infrared irradiation from a low-temperature
transparent state to a high-temperature opaque state [21].
The two oxides, VO, and V,0s, can change their optical
properties in a persistent and reversible way in response to
a voltage [22]. V,05 exhibits exceptional electrochromic
behavior because it has both anodic and cathodic electro-
chromism, different from VO, which only has anodic
electrochromism, and is also an integral part in band
structure effects [22]. These electrochromic materials have
four main applications: information displays, variable-
reflectance mirrors, smart windows, and variable-emittance
surfaces.

The V-0 systems are widely applicable in technology
such as memory devices and temperature sensors [23]. The
memory aspect of the material is evidenced from the pro-
nounced hysteresis present in phase transition [24]. Nor-
mally the range of operation of a device lies outside the
hysteresis region. However, some bolometric devices are
operational within the hysteretic transition [25]. Bolome-
ters are thermal infrared (IR) detectors and can be used in
infrared imaging applications such as thermal camera,
night vision camera, surveillance, mine detection, early fire
detection, medical imaging, and detection of gas leakage.
A bolometer requires a material with high temperature
coefficient of resistance (TCR) and a small 1/f noise con-
stant [26]. Pure, stoichiometric single-crystals of VO, and
V,0s5 have high TCR but are difficult to grow. Further-
more, the latent heat involved in IMT is highly unfavorable
for the bolometric performance [27]. Since T, of V,0; is
far below room temperature, the resistance and hence, the
level of noise is low which makes V,05 a good candidate
for the fabrication of efficient micro-bolometers. However,
Cole et al. [28] have shown that the thin films of all the
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three oxides, combined together, can produce a desired
material with high TCR and optimum resistance for
bolometer fabrication.

Clearly, phase transition in VO, is of high technological
interest. IMT occurs near to room temperature and 7, can
be tuned optically, thermally, electrically [29], and with
doping [16]. The phase transition in VO, has been used to
achieve frequency-tunable metamaterials in the near-
infrared range [30, 31]. Recently, Kyoung et al. [32] have
extended the study to terahertz range proposing an active
terahertz metamaterial, a gold nano-slot antenna on a VO,
thin film, which transforms itself from transparent to
complete extinct at resonance when the VO, film under-
goes thermo or photoinduced phase transition. Cavalleri
et al. [12] showed that the phase transition can be photo-
induced within hundreds of femtoseconds, which can be an
underlying principle for an ultrafast switch.

Vanadium dioxide (VO,) [19, 33] and vanadium ses-
quioxide (V,03) [34, 35] are the model systems used to
study IMT in correlated electron systems. V,0s5 is the most
stable among the other two and exhibits highly anisotropic
optoelectronic properties [7, 36]. While the study of
vanadium-oxide systems is an exciting field of research due
to its significant technological applications, the phase
transition, high sensitivity to microscopic details, and
anisotropic nature make the study more difficult. In gen-
eral, the conventional band theory, which treats the elec-
trons as extended plane waves, can explain the metallic
behavior of a material, but fails to account for the localized
electrons [37]. In transition metal oxides, the d electrons
are partially localized and partially itinerant [38] and,
during IMT, an electron changes its behavior from local-
ized to itinerant. Even though the Mott—Hubbard transition
(strong electron—electron interactions) and the Peierls
mechanisms (electron—phonon interactions) are considered
to be responsible for IMT, no general consensus has been
reached amongst the scientific community [39]. Coping
with such a transition problem, which involves under-
standing the “competition” between kinetic (wavelike) and
correlation (particle like) terms in the electronic level, is
still an exciting field of research and is the heart of elec-
tronic many body problems.

The optical property of a material originates from the
response of electrons to perturbation due to the incident
radiation and transition between electronic states. Electronic
properties and energy band structure of a solid are effectively
studied on the basis of its optical properties. Particularly, the
frequency dependent complex refractive index and dielectric
function are related to the electronic structure and band
structure of the solid. Owing to the phase transition along
with inherent drastic changes in the optical properties of the
materials and inconsistent explanation of the phenomenon,
the band gap calculation and absorption edge estimation
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have been of immense interest. Band gaps of VO, and V,0s,
at room temperature, have been reported as 0.6 eV [2] and
2.3 eV [40], respectively, while a gap of 0.66 eV is found in
V,03 at 70 K [41]. In this study, we have mainly analyzed
the spectral dependence of the complex dielectric function
&(w) of both bulk and thin film of the V-0 systems deposited
on Al,Oj3 substrates, based on the data available in the lit-
erature. Observed peaks in the corresponding spectra have
been interpreted and compared as a function of structure,
polarization, and temperature. Complex dielectric function
&(w) is related to the complex refractive index by the fol-
lowing equations:

e =n’— k> (1)
and
& = 2nk (2)

where, n(w) and k(w) are frequency (w) dependent refrac-
tive index (n) and extinction coefficient (k) respectively.

Since the dielectric function is a complicated function of
frequency [42], we have used the Penn model, a simplified
model of a semiconductor or insulator [43, 44] to account
for the average isotropic energy gap in terms of the long-
wavelength electronic dielectric constant in the non-dis-
persive region. The results of Penn model are consistent
within the degree of anisotropy in the order of V,0; <
VO, < V,0s. Van Vechten’s [45] extension of Penn model
to d-electrons has also been implemented to account for the
energy gap, and ionicity of the bonds have been calculated
using the empirical theory developed by Phillips [46].
Also, the sum rule has been applied to the V-O system to
describe the effective number of electrons participating in
the optical transitions.

Review of optical spectra

Above T, VO, has a tetragonal crystal structure with two
distinct directions for electric polarization. The lower
symmetry monoclinic structure is energetically favorable
for the crystal phase below 7., and hence higher degree of
anisotropic behavior is expected with three distinct direc-
tions for electric polarization. However, the “domain”
pattern [47], observed in this low temperature phase,
reduces the degree of anisotropy and hence, electric vector
(E) sees only two independent directions. Therefore, the
optical properties have been studied with Ela axis for
monoclinic phase and E_Lc axis for tetragonal phase and
their parallel counter-parts. Anisotropic character of V,03
is rarely taken into consideration, since experimental study
of its electrical and optical properties show very small
directional dependence [48, 49]. However, V,0Os is highly
anisotropic [50].

By definition, dielectric function of an insulator or
semiconductor quantifies the dielectric polarization, which
in turn is described classically by the oscillation of a spring
connecting a pair of electric charges generated by the
external electric field. Resonant oscillation of the spring,
followed by light absorption, can be observed when the
frequency of the incident radiation matches with the
oscillating frequency of the spring. In other words, &,
which is proportional to the amount of light absorbed in the
medium, shows a peak corresponding to the resonance
frequencies of the spring. Since the region of interest for
incident photons lies within the infrared to the vacuum
ultraviolet range, we will analyze, in essence, the atomic
and electronic polarization. On the other hand, refraction or
absorption of light in a medium can be completely deter-
mined by the complex refractive index, (n + ik), as well.
Clearly, the real part (n) controls the speed of light in the
medium while the extinction coefficient (k) signifies
absorption and modulates the amplitude of the electro-
magnetic radiation in the medium.

Figures 1, 2, 3 and 4 show the variations in optical
properties such as ¢, &, n, k, and R of the bulk and thin
film of VO,, V,03, and V,05 with photon energy at dif-
ferent temperatures and polarizations of electric field. It is
evident from the figures that the optical parameters show
strong variation with energy of incident photons from
infrared to vacuum ultraviolet range (up to 12 eV). The
value of ¢ at temperature higher than 7. decreases with
frequency at the lower end of the spectrum and becomes
negative, while the ¢,—E spectra show the corresponding
exponential increase with decrease in frequency. This can
be attributed to the free-carrier absorption or Drude tail of
the metallic [51] phase and can further be justified by the
rapid increase in reflectivity spectra with decrease in fre-
quency below w < wp, the plasma frequency at which ¢,
becomes zero. The Drude absorption feature can also be
observed in k—E spectra at high temperature metallic phase
as evidenced in Fig. 3b. The anisotropy is manifested from
the amplitude, width and energy position of the corre-
sponding structure in the optical spectra for polarizations
parallel to the crystallographic axes a, b, and c. By com-
paring the peaks in the &;—F spectra of insulating phase, for
instance, of all the three oxides, V,Os shows high aniso-
tropic behavior; most of the peaks are more sharply peaked
in V,05 than those seen in VO, and V,0Os5. Similarly,
unlike in high temperature phase, the absorption peaks in
&—FE spectra, at low temperature phase, are relatively
sharper. Clearly, temperature dependence of the spectral
variation of the optical properties is highly manifested at
the lower end of the spectrum. These changes in the
infrared region during IMT are due to the onset of free
carrier dominated absorption, a characteristic of metallic
phase [47]. However, no remarkably high qualitative

@ Springer



6344

J Mater Sci (2013) 48:6341-6351

difference is observed in the optical spectrum between
different temperatures at the higher frequency.

Figure 1 shows the comparison of reflectivity spectra
and dielectric function—both real and imaginary part—of
vanadium dioxide in the energy range of 0.25-5.0 eV as a
function of temperature below and above 7. Figure la, b
shows &,—F, &,—F, and R—F spectra of bulk single crystal of
VO, for polarization E||a axis and E La axis, respectively,
while Fig. Ic shows the optical spectrum for 1000 A
polycrystalline thin film of VO, deposited on Al,O3 sub-
strate. The band gap absorption, as expected in the &—
E spectra, cannot be seen which might be due to stoi-
chiometric impurity and other imperfections of the sam-
ples. Comparison of Fig. la, b indicates the direction
dependence of optical properties; absorption and reflec-
tivity peaks, observed in the low temperature phase, are
higher for the polarization E_La axis as compared to the
parallel counterparts. Contribution of atomic polarization
to the dielectric function, which is indicated by the first
resonance peak located in the infrared region, at 300 K
for electric field E_La axis is higher than for the polari-
zation El|la axis. A small peak appearing near 0.6 eV in
the &—F spectra in the metallic phase at 355 K, as seen in
Fig 1b, is absent for the polarization E||a axis. It means
the anisotropy is remarkable in the infrared region. No
significant difference in structural feature between the

Fig. 1 Variation of ¢, &, and
R with photon energy at
temperatures 300 and 355 K
[47] for bulk VO, with two
polarizations of electric field

a E|la axis b ELqa axis and ¢ a
1000 A thin film on ALO;
(Color figure online)

0 1 2 3 4
Energy (eV)
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bulk and thin film spectra is seen. The structures in the
spectra below 2.0 eV at high temperature phase have been
described as a result of metallic free carrier dominated
absorption [47]. However, significant peaks can be seen at
energies above 2.5 eV in both phases, as indicated in
Table 1, and are explained in terms of (direct) inter band
transitions, i.e., the transitions between the 2p (O) and 3d
(V) bands which are separated approximately by 2.5 eV
[47]. A shoulder appearing relatively distinct near 0.7 eV
in the &,—F spectra of high temperature phase, in Fig. 1b,
has been interpreted as inter band transition within the 3d
bands [47].

Figure 2 shows the reflectivity spectra and dielectric
function-both real and imaginary part-of vanadium ses-
quioxide (V,0;) from infrared to vacuum ultraviolet range
(up to 10.0 eV) as a function of temperature below and
above T.. Figure 2a shows the ¢,—E and ¢,—FE spectra of
bulk V,0; calculated using density function theory [52]
and R-E spectra of single crystal of V,03 at near-normal
incidence [34]. The absorption, in bulk V,05 at tempera-
ture of 148 K, starts at 1 eV as seen in the &—FE spectra of
Fig. 2a. It means that the low temperature insulating phase
is transparent to infrared radiation. Other absorption peaks
appear at near infrared, visible and near ultraviolet regions
as indicated in Table 2. The highest but wider peak cen-
tered at 6.1 eV covers the range from 5 to 9 eV, which is

80 .

4 5 0 1 2 1 4 5
Energy (eV)
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Fig. 2 Variation of ¢, &, and Energy (eV)
R with photon energy for a bulk
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an indication of strong absorption in the ultraviolet region.
The infrared reflectivity spectra of a single crystal of V,0s3,
measured in the temperature range of 100-600 K, show
two distinct behaviors. Unlike the R—E spectra at the
temperature of 100 K, the reflectivity at low frequency
edge increases with decrease in frequency at all tempera-
tures above 200 K. This can be attributed to the high
temperature metallic behavior. However, the temperature

1 2 3 4
Energy (eV)

dependent variations at higher temperatures are relatively
insignificant and it seems that the significant changes in
reflectivity occur within a few degree of 7.. On the other
hand, the high frequency reflectivity tails merge with each
other, irrespective of the temperature. Figure 2b shows the
dielectric function of a 75 nm polycrystalline film of V,03
deposited on Al,Oj substrate at temperatures below and
above T, [53]. Table 2 lists the absorption peaks observed
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Fig. 4 Variation of R with

photon energy for bulk VO,,
V203, and V205 at 298 K [63]

Energy (eV)

Energy (eV)

Energy (eV)

Table 1 Photon energies corresponding to the peaks and shoulders as seen in &—E spectra of VO, [47]

Bulk Film on Al,O3
E||a axis E La axis
Energy (eV) E, E, E; E, E, E, E; E, E, E, E; E,
& 300 K 1.0 1.3 2.6 3.6 0.85 1.3 3.0 3.7 1.0 1.3 2.8 35
355 K - - 3.0 3.6 - 0.75 29 3.6 - 0.85 2.8 3.5

Table 2 Photon energies corresponding to the peaks and shoulders as seen in &—E spectra of V,03 [52, 53]

Energy (CV) E] E2 E4 E5 Eé E7 Eg

Bulk 148 K 1.0 1.2 3.0 3.6 4.0 4.5 6.1

Film on Al,O4 100 K - 1.2 - - - 4.6 -
200 K - - - - - 43 -

in the &,—F spectra. Clearly, fewer structures are seen in the
case of experimental spectra of the thin film as compared to
the calculated spectra of the bulk V,03. This can be par-
tially attributed to the optical property calculations com-
bined with other parameters such as temperature difference
and possibly surface effects. However, the peaks in insu-
lating phase, existing at three energy locations viz. E,, Ej,
and E; (see Table 2), seem to refer to major optical
transitions.

Figure 3 shows the dielectric function, reflectivity
spectra, and both the real and imaginary part of refractive
index of vanadium pentoxide (V,0s5) from infrared to near-
vacuum ultraviolet range (up to 7.0 eV) as a function of
temperature below and above 7. Figure 3a shows the &—E,
&—FE and R-E spectra of bulk single crystal of V,05 for
polarizations parallel to crystallographic axes a, b, and
c. The band-edge absorption is visible around 2.0 eV from
the &,—E spectra, which cannot be described by a unique
inter band optical transition but can only be partially
attributed to direct forbidden transitions (k # 0, where Kk is
the wave vector) [50]. Beyond the intrinsic edge towards
higher energy, the peaks represent the absorption and
correspond to electronic transitions from filled 2p (O) to
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empty 3d (V) states [54]. It can be seen from the &,—F and
R-E spectra for polarization vector E||a axis, in Fig. 3a,
that the first sharp absorption occurs at around 2.8 eV,
whereas, the second and third peaks appear at 4.3 and
6.4 eV respectively. The dielectric function shows a very
high anisotropy in the range between 2.2 and 3.3 eV
(visible region) as noticed in ¢—FE and &—FE spectra; the
spectra in E|la axis deviates most from the other two.
Clearly, the anisotropy depends on the spatial distribution
of electron wave functions and it is possible that the 3d-
orbitals directed along the a-axis are relatively more
localized, as indicated by narrow intense peak in the &—
E spectra for E||a axis, forming a wider conduction band.
Figure 3b shows the frequency dependent refractive index
and extinction coefficient of a polycrystalline thin film of
a-V,05 deposited on Al,O5 substrate. The measurements
were taken from 0.75 to 4.0 eV at various temperatures
ranging from 265 to 325 °C, with an increment of 15 °C.
Both n—E and k—E spectra exhibit significant temperature
dependent change over the entire energy range indicating
the phase transition. k—E spectra shows a shift in the
absorption edge from 1.5 eV to <0.75 eV as the tempera-
ture rises from 280 to 295 °C [7]. The sharp absorption
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observed in the k—FE spectra, at around 3.0 eV, is close to
the corresponding absorption peak located at 2.8 eV in
bulk V205.

Application of Penn model

Band structure of a material is related to its R—E spectra
(e,—F spectra). By definition, an intensity maximum in
R (or &) in the R—F spectra (or &—E spectra) represents a
maximum number in the optically induced electronic
transitions in the material [55]. The energy corresponding
to the peak should therefore, correspond to a band-to-band
energy difference or a band gap. Since this is a macro-
scopic gap [44], it should be related to the high-frequency
dielectric constant &, (=n2), where n is the refractive
index. It should be noted here that ‘“high-frequency”
dielectric constant refers to the “zero-frequency” dielectric
constant &(0), which is low compared to interband transi-
tion frequencies but higher than phonon frequencies.

Several models [44, 56, 57] have been proposed to
interpret the frequency and wave-vector dependence of the
dielectric function. All these models have, however, been
proposed for elemental semiconductors. Extrapolation of
the applicability of these models to amorphous semicon-
ductors [58] and narrow and wide gap materials including
alkali halides [45, 59, 60] has been carried out with rea-
sonable success. Here, we demonstrate the applicability of
one such model to the three oxides of vanadium.

For a model semiconductor, the high frequency dielec-
tric constant is given by [44]:

oo = 1+ (g )2 (1 — (B 4Er) + 5 (Ey4E)’

(3)

where, E,, is the Penn gap [44] and Ep. is the Fermi energy
given by [59]:

Er = 0.2947 (hoy) (4)

with the valence-electron plasmon energy given by [61]:

hop, = 28.8(Nyp/W) 12 , Wis the molecular weight and N,
is the number of valence electrons per molecule calculated
by using:

N, =Ma+N(8 —b) (5)

for a compound AyByn, where a(b) is number of valence
electrons per atom of type A(B) and M(N) is the atomic
fraction of element A(B).

Equation (3) can be rewritten as,

b = 1 + (hp /E,) S0 (6)

where, S, represents the terms inside the bracket. Since the
most significant variation occurs in the expression before

So, Penn neglects the smaller terms containing Eg/ Er and

thus, approximates the value of Sy as 1 [62]. This is true for
materials with band gaps in the commonly occurring range
where Eg/EF = 0.3 [57]. However, Grimes and Cowley
[57] found that the value of S is only weakly dependent on
the band gap and that a value of 0.6 is a fairly good rep-
resentation of Sy. Thus, with this slightly more accurate
value for Sy, the energy gap can be determined by using
appropriate values of the dielectric constant.

At room temperature, VO, and V,0s5 are in insulating
phase, while V,0O;3 is in metallic phase with very low
density of states at the Fermi level [63]. It is believed that
IMT is governed by the change in the 3d band structure
[64, 65]. In Penn model, the effect of the d band is to
increase number of valence electrons per molecule, N,.
Van Vechten [45] has considered, in detail, the effect of d
electrons on the dielectric properties of materials. In
Table 4, we also evaluate the Penn gap incorporating the
d-electron contribution to N, as indicated within the
parenthesis.

It is important to note here that the effective valence—
conduction band gap, for the material consisting of dif-
ferent atoms in the unit cell, can be separated into homo-
polar (Ep) and heteropolar part (C) as introduced by
Phillips [66]. Accordingly, we write E> = Ej + C* and
introduce a parameter, Phillips ionicity, defining ionic
character in bonds as f, = C?/(E} 4+ C?), where, E, is
related to the static dielectric constant (&) by [46]:
g0 = 1+ (hoy/En)*So.

In order to study the Penn gap, which is the macroscopic
gap accounting for all the possible optically induced
electronic transitions in the material, we rely on the
reflectivity data, measured at room temperature, extended
for longer range of photon energy as shown in Fig. 4 [63].
Size of the single crystal samples of V,05 and V,03 used
in these measurements were 10 x 10 x 5 mm® each,
whereas, that of VO, was 7 x 5x5 mm®. The measure-
ments were performed for the polarization E|la axis. The
energies corresponding to maxima in intensities seen in
Fig. 4 are listed in Table 3.

We can clearly see three major peaks for VO, crystal as
indicated in the Table. The first peak appearing at 0.7 eV in
the insulating phase corresponds to the shoulder appearing

Table 3 Peak energies from reflectivity data of the V-O systems at
temperature of 298 K

Energy (eV) E, E, E; E,
VO, 0.7 3.6 7.4 -
V5,03 4.2 6.8 9.0 -
V5,05 2.97 4.51 6.5 8.1
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Table 4 Properties of the V-O systems; the parenthesis value of E is the arithmetic average of all the energies corresponding to the peaks and

shoulders in the R—E spectra

V-0 Mol. wt p(g/cc) E; (V) N, hw, Er £oo E, (eV) E (eV) & fi C (eV) E,

system (M) (eV) (eV) (eV)
VO, 82.94 4.68 [69] 0.60 [2] 6 16.56 12.44 9.7 [70] 4.4 (4.6) 39 4.79) 259[70] 0.65 3.55 2.60
V,03 149.88 4.98 [48] 0.66 [41] 10 16.60 1248 5.0[71] 6.4 (6.7) 6.6 (6.30) 15.0[72] 0.71 5.43 3.44
V,0s5 181.88 336 [73] 2.30[40] 14 14.64 10.55 4.0([74] 6.5(6.8) 7.36 (5.52) 13.8 [54] 0.77 5.73 3.17

in the &-E spectra of high temperature phase, in Fig. 1b,
both of them having the same origin of transition i. e. from
occupied to empty states within the d band [47, 63]. The
other two peaks at 3.6 and 7.4 eV refer to the transition
from 2p (O) to 3d (V) band. The fact that 3d-band width in
V5,03 is around 3 eV [65], which is the largest of all three
V-0 system [63], and the electronic transitions start at
4.2 eV imply that no transition occurs within the d band in
V,03;. Also, the transitions are mostly to the 4s, 4p bands of
vanadium only after 10 eV [63], the observed peaks
between 4.2 eV and 9.0 eV can be referred to the transition
from 2p (O) to 3d (V) band. We can see four major peaks
for V,05 crystal as indicated in the Table and refer to the
transition from 2p (O) to 3d (V) band, where the first peak
at 2.97 eV shows the highest optical transition rate and is
attributed to excitonic transition [63]. Since the first peak
appears at relatively high energy, no transition occurs
within the d band in V,0s.

The results of the calculations based on Penn model are
presented in Table 4. Also listed in Table 4, are the values
of band gap energy (E,), zero-frequency (&) and high-
frequency (¢.,) dielectric constants, Phillips ionicity (f)),
average homopolar (E}) and heteropolar (C) energy gaps,
Fermi energy (Ef), and arithmetic average of all the
energies corresponding to the peaks in the R—E spectra (E).
Using the values of Ex and E|, listed in Table 4, we have
evaluated the value of Sy and it is found to be 0.88 which is
more than our approximation but still less than unity. It can
be seen from Table 4 that the calculated value of E,, for the
single crystal of V,0j is close to E. While E, of VO, and
V,0s5 are also seen to be in good accord with the corre-
sponding values of E, the difference between E, and E for
V,0s5 is relatively higher as compared to that of VO,.
These relative deviations are consistent with the degree of
anisotropy of the three V-0 systems. It is important to note
here that E, value of VO, and V,05 are closer to the value
in the parenthesis (the average of all energies correspond-
ing to the peaks and shoulders in the R-E spectra, E). This
indicates that an isotropic, nearly free electron model such
as the Penn model seems to be valid in explaining the
energies corresponding to the peaks in the reflectivity
spectra of these vanadium oxides. It is to be noted here that
such a procedure of comparing the calculated E, with the
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average of the energies corresponding to the peaks in the
R-E spectra was proposed by Phillips [46]. Examining the
ionicity, we see that the V-O systems are more than 65 %
ionic. V,05 and VO, follow the general trend that low
oxidation states of vanadium oxides are more ionic and
undergo IMT [67]. However, V,05 is highly ionic but is
consistent with the fact that V,0Os5 is more ionic than VF;
[68].

Sum rule

At this stage, it would be worthwhile to look into the
number of electrons participating in the optical transitions.
Most of the electrons in the material are core electrons and
are tightly bound to the atomic nuclei. If we consider that
the core electrons are excited for high enough frequencies,
the sum rule can be written as [75],

27*Nne?

m

= [ wéz(w)dw (7)
/

0

where, m is the mass of a free electron; e the electronic
charge; N the number of atoms per unit volume (atom
density);  the angular frequency of light, and n the total
number of electrons per atom. However, the electrons
contributing to the optical properties of solids are conduction
and valence electrons and, hence, the core states can be
neglected. Further assuming that other absorptive processes
such as phonon excitation are not overlapping with
electronic excitation [76], the effective number of
electrons per atom participating in optical transitions over
a given frequency range is approximated by,

(0]

Negr (o) = ZZLNZ/ wey(w)dw (In terms of frequency)
‘ n>Ne
0
(4meg)m
") = i
Ey
X / Eey(E)dE (In terms of Energy and SI system)
0

(3)
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Fig. 5 Variation of n.g with

photon energy calculated using
Eq. (8) along with its slope with
respect to the energy for a bulk
at polarization E||a [47, 50, 52]
and b film of VO,, V,03, and
V,0s5 on Al,O5 substrate [7, 47,
53] (Color figure online)

01 2 3 4
Energy (eV)

where, & is the permittivity of free space and nq¢(@g) is the
effective number of electrons per atom governed by
polarization of electron shells, contributing to optical
transitions below an energy «,. Since we are interested in
calculating the effective number of electrons per formula
unit, we define N as the number of vanadium ions per
formula unit per unit volume.

Figure 5 shows the variation of n.g and its slope with
photon energy, which were calculated numerically using
Eq. (8) for all the three V-0 systems at temperatures below
and above T.. The effective number of electrons shows a
clear temperature dependent variation with photon energy
below and above 7.. The calculated n.y for insulating
phase is zero below certain photon energy but varies with
photon energy. The rate of change of n.s with respect to
energy of incident photons, referred to as slope, is not
constant throughout the frequency range and shows sig-
nificant variation.

The ngg for both the bulk and thin film of VO,, corre-
sponding to the insulating phase (300 K), is almost zero
below 0.6 eV which then varies with the energy of incident
photons. The slope for bulk phase, at 300 K, initially
increases until 1.2 eV, remains fairly constant from 1.2 to
2.1 eV, rises to a maximum at 3.8 eV, with a small
shoulder in between, and finally decreases with increase in
photon energy. The region of the shoulder may refer to the
transition from 2p (O) to 3d (V) states and is small when
compared to its expected value of unity for the absorption
due to the one “extra” d electron per formula unit. While
there are some differences in the magnitude between the
slope of the bulk and film of VO,, their energy dependent
variations show similar pattern. The slope for the high

001 2 3 4 5

=
=
—
[
L
A

Energy (eV) Energy (eV)

temperature phase of VO, initially decreases and reaches
minimum at 1.75 eV and then rises until 2.5 eV, and finally
shows slight rise and fall alternatively as indicated in
Fig. 5b.

The slope for V,0; in Fig. 5a shows the highest peak,
besides other small structures, at around 6.1 eV which
indicates a strong absorption in the ultraviolet region. This
peak is consistent with the corresponding peak in the &—
E spectra observed in Fig. 2a. On comparing Fig. 5a, b, we
see that the ngg for both the bulk and film of V,0; in its
insulating phase show similar trend until 3 eV. However,
after 3 eV, the n.g in the film of V,0; deviates considerably
from its bulk counterpart, which in fact shows saturation
near a value of 4 electrons per formula unit at the end of the
ultraviolet spectrum. Assuming that the density functional
theory [52] correctly predicts the optical properties of V,03
in the photon energy range of 010 eV, this saturation can
be attributed mainly to absorption due to the two d-electrons
per vanadium ion combined with some contribution due to
the transition from 2p (O) to 3d (V) states. However, there is
aremarkable difference in the n.¢ between the bulk and film
of V,05; and may require further study to make a definite
conclusion to interpret the difference.

The neg for both the bulk and film of insulating phase of
V,0s5 is almost zero below 2.2 eV and is consistent with
the observed absorption band edge. An abrupt change in
the slope near the peak region, as seen in Fig. Sa, is
characteristic of inter band transition. This peak is con-
sistent with the peak in Fig. 3a in the &,—E spectra observed
at polarization El|ja axis. The n.g in bulk phase of V,05
shows a value of 1.49 at photon energy of 4.0 eV. Since
V,05 does not have any d electron in its V>t ion, this
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should be the contribution due to the transition from 2p
(O) to 3d (V) states. The value of n.g corresponding to this
transition is higher in V,05 as compared to the other two
oxides and can be attributed to the higher number of
oxygen atoms per formula unit. A similar interpretation
can be made for the film of V,0s5 on Al,O5; substrate.
However, the variation of n.g with energy at two different
temperatures below and above T. appears to show more
consistent pattern at sufficiently high photon energy in
both VO, and V,0s3, while a divergence pattern can be
easily seen from Fig. 5b for the corresponding variation in
V,05. Comparison of n.g of bulk at room temperature and
film of V,0j; at 265 °C shows different pattern of variation
with photon energy which may be partly attributed to the
difference in temperature and the highly anisotropic nature
of V,05. This may be because studies [2, 7] of optical
property do not pertain to the same crystallographic axis
besides ambient conditions and other aspects of the
experiment, such as the quality of the crystal and analysis
procedures. This conclusion is consistent with the per-
spective of Kang et al. [7], where assertion has been made
that the structural phase transition in V,0Os5 does not occur
and that V,0Os film undergoes an IMT at a critical tem-
perature of 280 °C instead of 257 °C [5] as reported in
most of the literature.

Conclusions

Vanadium oxides, which consist of strongly correlated d
electrons, are extremely sensitive to the external stimulus
such as temperature and undergo insulator-metal transi-
tions (IMT) at a particular temperature depending on the
O/V ratio. Vanadium oxides are widely used in technology
where devices make use of their properties, such as IMT,
high temperature coefficient of resistance (TCR), and a
small 1/f noise constant. In this study, we have analyzed
the optical properties such as ¢;, &, n, k, and R of bulk and
film of VO,, V,03, and V,0s deposited on Al,O3 sub-
strates, based on the data available in the literature.
Observed peaks in the corresponding spectra have been
interpreted and compared as a function of structure,
polarization and temperature. The anisotropy is significant
in the infrared region for VO, and in the visible region for
V,05. Penn model leads to an explanation of the energies
corresponding to the peaks in the R—F spectra of the single
crystal of the V-O systems at room temperature. £, values
for VO, and V,0s5 are close to the average of energies
corresponding to the peaks (E), while their values are even
closer in V,03, clearly reflecting the degree of anisotropy
in the order of V,03 < VO, < V,0s. The vanadium oxy-
gen bonds are highly ionic and undergo IMT at 7. as a
function of oxidation state of the vanadium ion, i.e., the
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transition temperature increases with oxidation states of the
vanadium atom. Optical transitions and effective number of
electrons participating in these processes are described
from the &—FE spectra and its numerical integration using
the well-known sum rule. The results of these calculations
show that the optical transitions from valence to conduc-
tion band occur including the transition from 2p (O) to 3d
(V) bands and the inter band transitions within the d bands.
The optical spectra has no indication of the transition
occurring from occupied to empty states within the d band
for V,05 and V,05 systems but the intra band transition
seems to occur in VO,. The change in n.¢ with respect to
the energy of incident photons is also calculated and it is
found that this change is consistent with the peaks observed
in the &—FE spectra.
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