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Vanadium pentoxide xerogels were prepared by using sol-gel technology. As-prepared samples of xerogels were heated up
to 580 K in order to remove the bonded water. The chemical composition of xerogel samples and thin films has been studied
by X-ray photoelectron spectroscopy (XPS). XPS data have shown that pure V2Os compound was formed. After thermal treat-
ment, in the XPS spectra the main changes occurred in the vicinity of the O 1s peak due to the removal of water from xerogel.
The optical properties of V205 films were studied by optical transmission and spectroscopic ellipsometry. Ellipsometric mea-
surements have been carried out in the spectral range of 0.5-5.0 eV at 300 K. The changes in the optical spectra were observed
after thermal annealing of as-prepared xerogel samples. The obtained data have shown that thermal treatment of V2Os thin
films has strongly influenced the optical transitions involving both localized and higher-lying conduction bands.
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1. Introduction

Vanadium pentoxide belongs to a wide class of 3d
transition metal oxides. This material is used as cata-
lyst in various technological processes of organic com-
pounds with satisfactory yield and enantioselectivity
[1,2]. Vanadium oxides represent also promising ma-
terials in the development of optoelectronic devices
like sensors, batteries, switching elements, etc. due
to large electro-, photo-, and thermo-chromic effects
[3,4]. Therefore, great attention is constantly paid to
the technological procedures in the formation of vana-
dium oxide thin films.

Thin films of V205 were most often prepared by us-
ing sputtering [5—7] or pyrolysis [8] techniques. How-
ever, these methods require a high vacuum system and
other special equipment. A more promising process
for the production of thin films is the so-called wet
chemistry technique or sol—gel synthesis, by means of
which vanadium oxide-based compounds are produced
from aqueous precursors [9—11]. It should be empha-
sized that the structure of vanadium pentoxide xero-
gels is composed of V205 blocks linked by strongly
bonded water molecules [12,13]. Colloidal suspen-
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sions of VoOg possess the structural features typical of
lyotropic nematic crystals [14]. As a rule, anisotropic
xerogel layers are formed in V205-nH3O gels deposited
and dried on the solid substrate. The average distance
between V205 ribbons increases with n [14].

Thus, the sol-gel synthesis process for the produc-
tion of the vanadium pentoxide thin films can be de-
scribed by the following steps: production of V205 gels
and heating of the obtained hydrate up to the tempera-
ture ensuring the removal of water (absorbed, zeolyte
type, and chemically bonded) from the xerogel.

For a non-destructive characterization of vanadium
oxides, the optical studies are most often carried out.
Optical properties of sputtered vanadium pentoxide thin
films [5, 6, 8] and nanocrystalline films fabricated by
plasma-enhanced chemical vapour deposition [15] were
investigated. Absorption data of VoOj films [11] pro-
duced by sol-gel technology and optical properties of
vanadium pentoxide gels [16] were also studied. The in-
frared measurements of V5Os films fabricated on KRS-
5 substrates by dipcoating technique showed [17] that
both the vibrational spectra of the xerogel and its change
due to heat treatment depended on the precursors and
the method of preparation. The aim of the present work
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was to track the changes in the electronic structure and
optical properties of VoOg passing from the xerogel as-
prepared samples to annealed solid-state films.

2. Experimental set-up

The vanadium pentoxide gels were prepared by dis-
solving the V505 powder in the 10% H205 solution
[18-20]. This exothermic reaction was carried out at
275 K. After reaction was completed, the solution was
heated up to 350 K for the decomposition of perox-
ide compounds. Produced gels were deposited on the
glass substrates by screen-printing technique and dried
in air at room temperature. Obtained thin films of 1.5-
5.0 pum thickness were heated up to 580 K for one hour
in pure oxygen (p = 1 atm) in order to remove the major
amount of water from the samples.

It should be noted that the fabricated thin films of
V205-nH30 were optically isotropic, in contrast to the
films of thickness ~50 pum with n < 400 [21]. It is
reasonable to assume that a certain amount of water still
persisted in the samples under investigation resulting in
the formation of isotropic phase (n > 600 [21]) with
anisotropic droplets dispersed within an isotropic gel.

The electronic structure and chemical composition
of the produced xerogel as well as the oxide thin films
have been studied by XPS making use of an Escalab
MKII (VG Scientific) spectrometer equipped with a dou-
ble Al/MgK,, (1486.6 or 1253.6 eV) excitation source,
a five-channeltron detection system and a hemispher-
ical analyser, which was set to 20 eV pass energy.
The binding energy (BE) scale was corrected for charg-
ing effects by assigning a value of 284.6 eV to the
C 1s peak. The accuracy of the relative intensities
and BE of the measured lines were about 10% and
0.1 eV, respectively. Photoemission data have been
collected and processed using a VGX-900 data sys-
tem. After Shirley background subtraction, a non-
linear least-squares curve-fitting routine with a Gaus-
sian/Lorentzian product function has been used for the
analysis of XPS spectra.

The optical properties of V205 films were studied
by optical transmission and spectroscopic ellipsome-
try technique. Ellipsometric measurements were per-
formed at 300 K in the spectral range of 0.5-5.0 eV by
means of a home-made photometric ellipsometer with
rotating analyzer [22] based on monochromator SPM-2
[23]. The corrections due to wandering of light spot
on the photo-cathode and non-linearity of photodetec-
tor were taken into account during on-line processing.
The convergence of monochromatic light beam (diam-

Table 1. Binding energy values (in eV) of the main XPS
peaks in V205 samples.

Sample V2p3/2 V2pis2 O ls
As-prepared  517.36 52490  530.32
532.74
Annealed 517.63 52498  530.75

eter 1 mm at small incidence angles) was 2-5°. In the
spectral range under consideration the ellipsometric an-
gles ¥ and A were measured with an accuracy of 0.02°.
The ellipsometric measurements have been performed
at the angles of light incidence © equal to 70° and 75°.

In the region of fundamental absorption the data of
ellipsometric measurements were analysed in the ap-
proximation of a pseudodielectric function (¢) [24]. In
this model the optical response of anisotropic system is
considered as that for isotropic media:

;2 1-p\? 2
(e) = sin @[<1+p> tan @—i—l], (1)
where p is the complex reflection defined as the ratio
of complex amplitude Fresnel reflection coefficients 7,
and R, for light polarized parallel and perpendicular to
the plane of light incidence, respectively, which is re-
lated to the ellipsometric angles ¥ and A:

p= & _ tan U exp(iA) . )
Ry
In the near-infrared region of a relative transparency,
the experimental ellipsometric results were analysed
in the model of a multilayer structure [25,26]. Each
ith layer of the structure was characterized by complex
refraction index n; and thickness d;. The optical re-
sponse was calculated by a transfer-matrix technique.
The propagation of the electromagnetic wave was mod-
elled by introduction a 2D vector for electric and mag-
netic fields and taking into account the boundary con-
ditions at the interface between layers.

3. Results

The XPS data for as-deposited xerogel and annealed
sample are shown in Figs. 1 and 2, respectively. The
binding energy (BE) values of the main XPS peaks for
the V505 as-prepared xerogels and annealed thin films
are presented in Table 1. As it is seen, V 2p3/, and
V 2py /o peaks for xerogel and annealed thin film are
similar. The BE-values correspond to the V> state of
vanadium and agree well with those reported in [27-
29]. The O 1s peak at BE = 530.32 eV corresponds to
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Fig. 1. XPS experimental (symbols) and modelled (curves) data for
as-prepared vanadium pentoxide gel in the V-O region.
14000 [
12000 |-

10000 |

%

(=4

S

(=]
T

6000 -

Intensity, a.u.

4000

2000 |

0
508 512 516 520 524 528 532 536

Binding energy, eV

Fig. 2. XPS experimental (symbols) and modelled (curves) data for
annealed vanadium pentoxide thin film.

02~ jons in V505 [30]. The second less intense XPS
line of oxygen at 532.74 eV, which has been observed
in as-prepared films, can be attributed to adsorbed water
on the sample surface [30, 31].

From a comparison of Figs. 1 and 2 it follows that the
main changes in the XPS data are in the O 1s peak. The
changes can be assigned to the effect of a water removal
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Fig. 3. Experimental (symbols) and modelled spectra of ellipsomet-
ric parameters ¥ and A for as-prepared and annealed V2Os films
on glass at 75° and 70° angles of light incidence, respectively.

from the xerogel after the heat treatment. The XPS data
allow us to conclude that sol-gel processed thin films on
glass substrates are pure vanadium pentoxide.

Figure 3 illustrates the ellipsometric data of Vo053
films in the region of fundamental absorption band.
Experimental spectra of ellipsometric parameters ¥
and A have been described by contribution of three
Lorentzian-type lines in the model of pseudodielectric
function:

Ay
“(B)=3_ E? — E? —iETy,’ ©)
k

where Ay, Ej, and ['y, are the amplitude, energy, and
width of the kth line. As seen in Fig. 3, the model calcu-
lations adequately describe the experimental data. The
values of Lorentzian parameters determined in the fit-
ting procedure are presented in Table 2.

The spectra of pseudodielectric function that has
been determined by fitting of ellipsometric data for as-
prepared and annealed V5Oj films are shown in Fig. 4.
As seen there, the spectra show several characteristic
features in the spectral range under investigation. These
optical features agree well with the spectra of dielectric
function of V,0Oj5 single crystals in polarized light [32].
However, the absolute values of (¢) for sol-gel derived

Table 2. The parameters of Lorentzian-type lines (3) obtained from the
fitting of experimental ellipsometric data in the region of fundamental
absorption band for as-prepared and annealed V2Os films.

As-prepared Annealed
k' Ar(@eV® Exp@V) TrEV) Ag@eV®) Ep@EV) TkEV)
1 6.19 3.02 0.85 12.8 3.15 1.02
2 10.0 4.26 1.41 5.60 4.49 0.84
3 61.6 6.02 3.04 86.7 6.19 2.55
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Fig. 4. Spectra of the complex pseudodielectric function () of as-
prepared and annealed V2Os films in the region of fundamental ab-
sorption band.

films are significantly (~3x) smaller than those of sin-
gle crystals as has been observed also for nanocrys-
talline VoOs5 films [15]. The variation of the spectra
for V205 films of different crystallinity was demon-
strated previously [15] and experimental ellipsometric
data were interpreted in the frame of effective media
approximation by inclusion of voids in model calcu-
lations. Taking into account these reference data [15]
and relying on the maximum values of dielectric func-
tion at the ~3 eV-peak, the sol-gel processed films that
have been fabricated in the present work are polycrys-
talline with a certain (~50%) amount of amorphous
V205. However, the crystallinity of the annealed films
increases in comparison to that of as-prepared sample.
It should also be emphasized that the higher energy
peak is significantly reduced in amorphous V2Os films
[15] and is quite strong in the sol—gel processed films
(Fig. 4). This is an additional argument for the assump-
tion that the annealed sol-gel derived films under inves-
tigation are rather polycrystalline than amorphous.
The optical features of experimental spectra of V2Os
can be compared with the results of theoretical first-
principles calculations by orthogonalized linear com-
bination of atomic orbitals (OLCAQO) method [33]. A
particular feature of the Vo035 band structure is the oc-
currence of localized conduction bands with a width of
0.75 eV originating from vanadium orbitals 3d,, and
3d,. with a slight mixing of oxygen 2p, orbital. Ac-
cording to calculations [33], these bands are separated
by 0.6 eV from higher conduction bands. As a result,
the calculated spectrum of imaginary part of the dielec-
tric function Im(¢) is composed of two groups of peaks
in the spectral range &£ < 5 eV, in agreement with pre-
vious optical [15, 32, 33] and present ellipsometric data

(Fig. 4). Attention should be paid to a strong polar-
ization dependence of Im(e) spectra, in which the first
group of peaks at 3 eV is dominating at light polarized
along the a direction (e||a), whereas the second group
at 4.5 eV is mainly developed for e||c. The polariza-
tion dependences qualitatively agree with the optical
data for single crystals [32] though they are masked in
the spectra of polycrystalline sol-gel processed films.
However, the difference in optical spectra is clearly seen
for light polarized along a and c axis of orthorhombic
lattice for highly ordered nanocrystalline films [15].

Thus, the shape of dielectric function spectra in the
fundamental absorption band of sol-gel processed films
is in a qualitative agreement with the results of the-
oretical calculations [33] and optical reference data
[15,32]. It should be emphasized that the second group
of peaks, which has been resolved in V205 sol-gel de-
rived films under investigation, is located at ~4.5 eV,
in a good agreement with theoretical calculations [33].
Annealing of as-prepared films leads to the blue shift
(~0.15eV) and increase of the peak at ~3.0 eV (see Ta-
ble 2). The second effective band at 4.5 eV has shown a
similar behaviour under annealing as the first effective
peak at ~3.0 eV. As a result, two effective bands are
better resolved in annealed V2Os5 film. In addition, the
width of the higher-energy band decreased significantly
after thermal procedure.

The fundamental optical absorption edge in V205 is
quite complicated. As follows from the band structure
first-principles calculations [33], V205 is a semicon-
ductor with indirect band gap at ~2.0 eV caused by the
transitions from the top of the valence band at a point
along the RZ direction to the bottom of the conduction
band at I" point of the Brillouin zone. The indirect ab-
sorption edge Eg; = 2.15 eV was confirmed experi-
mentally [5] from the spectral dependence of absorp-
tion coefficient K = (A/E)(E — Eg)?, where A is a
constant proportional to the intensity of indirect opti-
cal transitions. Below indirect gap, the exponential de-
crease of absorption coefficient was observed [5]. The
direct band gap at the I" point was also predicted from
theoretical calculations [33]. From the spectral depen-
dence of absorption coefficient K (F) caused by direct
optical transitions K = (A/E)(E — Egq)"/?, the direct
band gap Eyq equal to 2.49 and 2.42 eV was determined
[11] for as-grown and annealed at 473 K V505 sol—gel
films, respectively.

The present data confirmed the complex nature of
the main absorption edge in V205 films. A steep rise
of absorption coefficient was observed at ~2.2 eV in
agreement with the data (Ey = 2.24 eV [34]) for sput-
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Fig. 5. Experimental (symbols) and modelled (curves) ellipsometric data and the absorption spectrum of annealed V2Os films in the near
infrared region.

tered films of orthorhombic symmetry. A spectral de-
pendence of K (E') was found to be similar to that deter-
mined previously [11] as well as the red shift (~0.1 eV)
of the absorption edge for annealed films. Thus, the op-
posite shift of the absorption edge and the main peak in
£(F) at ~3 eV under annealing indicates that different
energy levels are involved in the corresponding optical
transitions.

In the low photon energy region 0.6-2.0 pum, the os-
cillatory pattern is clearly resolved for annealed sample
(Fig. 5). This feature is due to the interference in the
V205 film. The occurrence of interference pattern in-
dicates a satisfactory quality and homogeneity of the
sample which has been significantly increased after the
thermal annealing procedure. It is known [8] that the
film stoichiometry depends on film thickness of mag-
netron sputtered vanadium oxide thin films and a crit-
ical thickness of d.; ~ 250 nm has been determined.
The completely stoichiometric V2Os films of d > d,
were grown in [7] independently of the oxygen partial
pressure.

The experimental spectra of ellipsometric param-
eters U(E) and A(FE) were described by multilayer
model [22]. The contribution of 5 to 10 layers should
be modelled to fit the calculation results to experimen-
tal ellipsometric data (Fig. 5). In the fitting procedure
the contribution of Lorentzian-type lines was modelled
with the values of the energy Ej and width ', deter-
mined from ellipsometric data in the fundamental ab-

sorption band (Fig. 4, Table 2). However, the ampli-
tudes of the lines in each layer were adjustable param-
eters for simulating the influence of voids and crys-
tallinity. In this simple model the experimental ellipso-
metric data were satisfactorily described by model cal-
culations.

The spectra of refraction index of each layer for an-
nealed V,0Oj5 sol—gel processed film are shown in Fig. 6.
The effective refraction index negr is calculated in the
effective media approximation [35] by averaging the
dielectric functions for each layer: e = Zl fi€is
where f; = d;/d represents the volume fraction of
each layer and hence the contribution to the average di-
electric function. As seen from Fig. 6, the values of
refraction index in various layers of sol—gel processed
film are spread in a broad range of 1.7-2.5, indicating
a polycrystalline nature of porous V205 samples. The
value of effective refraction index increased from ~2.1
to ~2.5 at 2.0 and 0.7 pum, respectively.

As noted above, the refractive index of sputtered
V205 thin films depended strongly on technological
procedure [7] and varied in the range 2.1-2.5 in the near
IR region. The Sellmeier law fit gives the value n., =
2.18 [5] from interference pattern of V2Os films. On
the other hand, sputtered V205 films are textured [5].
The (001) axis of crystallites of orthorhombic V205
lattice (in notations of the space group Pmnm [36])
is oriented perpendicularly to substrate. From the opti-
cal data [33], obtained on thin platelets of VoOg5 single
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Fig. 6. Spectra of refraction index for modelled layers in annealed V2Os film. Layers N = 1 and N = § are located at the surface of the
film and at the substrate, respectively. Thick curve shows the data for effective refraction index.

crystals with developed ac planes, it follows that n, =
2.5 and ny, = n. = 2.1 at 1 eV with a slight increase
due to dispersion in the region of optical transparency.
Thus, the evaluated effective refraction index for inves-
tigated sol-gel processed films agrees well with the ref-
erence data for VoOs.

In the transparency region the residual absorption
of investigated films was quite high (~600 cm™!),
indicating a relatively high concentration of native de-
fects. Even higher extinction values followed from the
fitting of ellipsometric data in the near IR region. It
should be noted that two absorption peaks at 1.2 and
1.7 eV due to optical transitions involving native de-
fect levels were observed [5] in sputtered V205 films.
Some structure was also observed in the films under in-
vestigation. However, they were considerably masked
by interference pattern. Annealing procedure has im-
proved the quality of the film but the optical transmis-
sion was decreased, as also is observed for other xerogel
films [4]. It should be noted that increase of absorption
was found with an increase of VO2 admixture in sput-
tered films [34]. In the region of transparency the op-
tical properties of gel films are particularly sensitive to
external factors, e. g., the influence of electric field [4]
leading to electrochromic effect.

4. Conclusions

On the basis of experimental results and reference
data it is concluded that the changes in the optical spec-
tra observed after thermal annealing are mainly due to
the improvement of the structure of thin V2Oj films
because of removal of water from as-prepared sam-
ples. The XPS and optical data have shown that ther-
mal treatment has strongly influenced the optical transi-
tions involving both localized and higher-lying conduc-
tion bands.
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VANADZIO PENTOKSIDO SLUOKSNIU, PAGAMINTU ZOLIO-GELIO TECHNOLOGIJA,
RENTGENO FOTOELEKTRONINIAI SPEKTRAI IR OPTINES SAVYBES
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Santrauka

Vanadzio pentoksido kserogeliai paruosti naudojant zolio—gelio
technologija. Gauti kserogeliai buvo kaitinami iki 580 K, siekiant
pasalinti i8 jy suriSta vandeni. Kserogeliy ir plonyjy sluoksniy che-
miné sudétis tirta naudojant Rentgeno fotoelektrony spektroskopi-
jos (RFS) metoda. RFS tyrimo rezultatai parodé, kad technologi-
nio proceso metu tikrai susiformavo vanadZio pentoksido plonieji
sluoksniai. Pagrindiniai RFS spektry poky¢iai, po terminio apdo-

rojimo paSalinant vandenj i§ kserogelio, vyko O 1s smailéje. V2Os
plonujy sluoksniy optinés savybés buvo tirtos optinés absorbcijos
ir spektroskopinés elipsometrijos metodais. Elipsometriniai mata-
vimai atlikti 0,5-5,0 eV fotony energijos ruoze esant 300 K tem-
peratirai. Pastebéti ir iSanalizuoti optiniy spektry pokyciai po kse-
rogelio bandiniy atkaitinimo. Gauti duomenys parodé¢, kad V20Os
sluoksniy terminis apdorojimas stipriai veikia optinius Suolius tarp
lokalizuoty lygmeny ir auk§¢iau esanciy laidumo juosty.



