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Sol-gel growth and structural, electrical, and optical
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Thin films of V903, VO, and V305 were obtained from a single precursor solution
through post-annealing processes under different annealing conditions, As annealed in
air, the deposited films became V305 with orthorhombic crystal structure, while they
were V903 and VOg2 with rhombohedral and monoclinic crystal structure as annealed in
vacuums with base pressure of 1x10° Torr and with 10 mTorr Oy pressure,
respectively, Electrical and optical measurements indicated that the V305 and VOq
films are semiconducting, while the V303 films are metallic at room temperature,
Chromium doping in VO resulted in a decrease of the resistivity and changed the
conduction type from n-type to ptype. 10% Cr-doped VO; films were found to have
orthorhombic crystal structure, which is different from that of the undoped VOg,
Spectral features in the optical absorption spectra of all the films were interpreted as
the transitions involving O Zp and V 3d bands, The crystal-field splittings between Zs
and e, states of the V 3d bands are estimated to be about 1,5 and 1,0 eV for V305 and

VOg, respectively,
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| . Introduction

Recently, vanadium-based oxides have been
found to exhibit interesting physical and
chemical properties applicable for sensors,
catalysts, rechargeable batteries, and magneto-
electronic devices etc, As the oxidation state
of V ion increases from +3 to +5 in the
compound V,Oy, the electrical properties were
found to vary from metallic to insulating at
room temperature, V303 is known to undergo a
Mott metal-insulator (MI) transition along with
a structural change from rhombohedral to
monoclinic as the temperature decreases below

168 K [1]. For VO such MI transition occurs
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near 341 K along with a tetragonal to
monoclinic phase transformation [2,3], V205
with the highest oxidation state of V ion is
known to maintain structural stability with an
orthorhombic structure, However, these oxides
have not been well characterized in thin-film
form, despite the importance for device
applications, Besides V303, VO, and V30s,
there are many intermediate phases such as
V305, V407, V509, VgOi1, V7013, VsOi3, V4Oy, and
V307, Furthermore, the oxygen stoichiometry
can be easily broken and the sample becomes
either a form of VOx or a mixed phase,

In the present work, various vanadium oxide

thin films have been prepared by a sol-gel
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method employing spin-coating, Single-phased
V303, VO, and V305 films could be obtained
from a single precursor solution by varying
post-annealing condition on the spin-—coated
film, A phase transformation was observed
from monoclinic to orthorhombic structure by
Cr doping on VOs, A decrease of the electrical
resistivity as well as change of conduction
type from n to p was also observed for the Cr-
doped VOs films, The optical constants of the
vanadium-oxide films were measured by
spectroscopic ellipsometry (SE) in the visible-
ultraviolet range and the observed absorption
terms  of

structures are interpreted in

transitions involving O Zp and V 3d states,

Il . Experimental

The precursor solution for V303, VOz, and
V205 thin film fabrication by the present sol-
gel method was prepared by dissolving
(CsHs02)2VO powder into a mixed solution of 2-
methoxyethanol and monoethanolamine at 170
°C., For Cr or Fe doping Cr(NO3)39H;0 or
Fe(NO3)3:9H:O was together, The
solution  was Al1,03(0001)

substrate at 3000 rpm for 20 sec. Then the

dissolved

spin-coated on

substrate was heated at 230 °C for 3 min after
each deposition, This process was repeated for
increasing the film thickness, The thickness of
the present films was about 1 pm, estimated by
scanning electron microscopy. The deposited
films became V303, VO, and V305 depending
on the post-annealing condition such as
temperature and Ogsgas partial pressure,

The crystalline structure of the deposited
films was investigated by Xray diffraction
(XRD) measurements using Cu Ko radiation,
The transport properties of the films were
investigated by Hall effect measurements,
performed in the van der Pauw configuration

under a magnetic field of 05 T, Optical
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constants of the films were measured by SE at
room temperature with a rotating-analyzer
ellipsometer in the visible-ultraviolet range
with the energy interval of 0,02 eV,
Ellipsometry measures the amplitude and the
phase of the complex reflectance ratio p (= rp/rs)
of the p (parallel) and s (perpendicular) field
components of the light beam defined with
respect to the plane of incidence of the
sample, Then the dielectric function ¢ (= ¢; + i

£2) of the sample is obtained from the equation

&=sin’ ¢ +sin’ g tan’ ¢(1_—'D)2
1+p oy

by assuming an optically flat boundary
between the sample and the air, All the
spectra were taken at an angle of incidence
(#) of 70° and a fixed polarizer angle of 45°

from the plane of incidence,

ll. Results and discussion

When the as-deposited precursor films were
annealed in ambient air, V205 films with
orthorhombic structure were produced in the
300 — 800 °C annealing temperature range as
exhibited by the XRD spectra in Fig, 1, The
spin-coated precursor films showed amorphous
phase with no observable XRD peak, The V305
films obtained at and above 500 °C are seen to
be fairly oriented with the crystallographic c-
axis of the orthorhombic structure perpen—
dicular to the substrate surface and have
lattice constants close to the bulk values, On
the other hand, when the as-deposited films
were annealed in vacuum with the base

of 1X10° Torr, Vs0s

pressure films with
rhombohedral structure were produced as
exhibited by the XRD spectra in Fig, 2., It is
also seen that VixFesO3 (x = 0,25) films
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Fig. 2. XRD spectra of Fig, 3. Temperature dependence of elec—
rhombohedral V203 and trical conductivity of rhombohedral
szxFeXO:«; (X = 0,25) V203 film_
films,

ferent temperatures,

prepared under the same annealing condition

maintain the rhombohedral structure with

little change of lattice constants, Closeness of
substituting Fe®" ionic radius (0.785 A) to that
of V¥ (0.780 A) is attributable to the result
[4]. As shown in Fig, 3, the V303 film exhibits
a MI transition near 190 K (marked by an
arrow), a higher temperature than that
reported for a bulk, It is attributable to finite
grain size of the film, Also, a hysteresis

behavior is observed between cooling and
heating with conductivity of 160 (cooling) and
110 Q°° ! (heating) at 150 K.

In order to obtain VO films, Os gas was
supplied during the vacuum-annealing process,
Due to the temperature-sensitiveness of the
the vacuum-annealed

both

crystal structure of VOg,

films wused to contain monoclinic

(semiconducting) and tetragonal (metallic)

structures, Figure 4 exhibits the variation of
the XRD spectrum of the VO, films near 28°

different Pure

for annealing condition,
monoclinic phase is obtained at particular Og
gas partial pressure (10 mTorr) and annealing
temperature (650 °C). Films with pure tetra-—

gonal phase were not obtained,
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10 hr with Og supply (10 mTorr) (d). The
(011) and (11-1) peaks are from monoclinic
phase and the (110) peak is from tetragonal

25 30

phase,

Hall measurements on the V305 and VO
films at room temperature revealed that they
have n-type semiconducting properties with
carrier concentration (resistivity) of about
9x10” cm® (3%10° Q-cm) and 1X10° cm®
(83%X10" Q- cm), respectively. The carrier

mobility of the VO: films is estimated to be

around 20 cm”/Volt - sec, larger than that of
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Fig. 5. Comparison of XRD spectra of
pure VO: film with monoclinic
structure (a) and ViCrO; (x = 0.1)
with orthorhombic structure (b).

the V305 films by a factor of 10, On the other
hand, the V303 films exhibit semi-metallic
properties at room temperature with resistivity
of about 3x10° Q- cm, When Cr was doped
into VOg, a change in the electrical properties
was observed, VO film samples doped by 2
at.% Cr showed p-type character with enhanced
(reduced) carrier concentration (resistivity) of
110 em® (2 Q- cm) compared to that of
pure VOsz, The V ion in VOz has a nominal
valence of +4, Thus, the exhibited p-type
conductivity of the VO3:Cr film indicates that
the substituting Cr ions for the octahedral V
sites have a valence of +3, Due to the
instability of VO3 the
(VixCryxOs)

exhibits a phase transition to orthorhombic

structural crystal

structure of the Cr-doped films
structure for x = 0,1 as shown in Fig, 5.
Figure 6 shows the real (¢;) and imaginary (e
2 parts of the dielectric function of an
orthorhombic V305 film (annealed at 500 °C)
measured by SE, It is seen that the optical
absorption starts at about 2.3 eV, considered
to be the band-gap energy of V20s [5]. The
band-gap absorption of V305 has been

interpreted as due to the conduction-band edge
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Fig. 6. Real and imaginary part of the di—
electric function of orthorhombic
V205 film measured by SE,

originated from the empty V 3d state and the
valence-band edge consisting of O Zp states,
According to the result of a band-structure
calculation for orthorhombic V305, d bands are
empty with the e, bands being located at
higher energies than the ¢3, bands due to
octahedral configuration of V ions, Also, a
to(dxy, dys)

equivalent to one electron state is located at

portion of them with character
lower energies compared to the rest of the d
bands by about 0.6 eV [6], The observed band-
gap absorption is interpreted as due to the
transition from the valence-band edge with O
2p character to such #5(dy,d,,) bands, Also,
the exciton-like absorption peak at about 3 eV
is interpreted as due to the transition to the
main high-density d(#z) band edge from the O
Zp bands, The broad absorption structure at
about 4.5 eV can be explained in terms of the
transition to the d(e,) bands from the O Zp
bands, From the present optical data the
energy difference between the center of the eq

and the #5, bands, i.e,, the crystal-field (CF)

splitting of the octahedral V®* ion in orthor—
hombic V905, is estimated to be about 1,5 eV,

Figure 7 exhibits the real and imaginary
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part of the dielectric function of a monoclinic

VOy film, In semiconducting VOs optical
absorption exists at low energies below 2 eV
while no absorption exists for V305 in the
same energy range, Also, strong absorption
structures are observed at about 2 and 3 eV,
For VO3 a part of the d band is filled and a
Mott-Hubbard-type band gap is expected to
open up between the filled and the empty
d(t2;) bands with a size of about 0.6 eV for
the monoclinic structure [7]. Thus, VO is
expected to exhibit finite optical absorption
strength above 0.7 eV while V305 does not,
The 2- and 3eV absorption peaks are
interpreted as due to the 2p — d(¢2) and 2p
—  d(e,), Thus, the
difference between the center of the e, and Zs

the CF splitting of the octahedral

respectively, energy
bands, i.e.,
Vv** ion in monoclinic VO,, is estimated to be
about 1.0 eV, being reduced compared to that
of the orthorhombic V305, A

electronic band structure diagram for V305 and

simplified

VOy containing optical transitions and CF
splittings is exhibited in Fig, 8,

Figure 9 exhibits the real and imaginary
part of the dielectric function of a rhombo-—

hedral V203 film, The dielectric function of

-
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Fig. 7. Real and imaginary part of the di—
electric function of monoclinic
VOg film measured by SE.
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V203 shows strong absorption structures at low

energies, interpreted as due to its semi-
metallic nature at room temperature, The
smaller magnitude of the real part of the
dielectric function of V303 than those of VO
and V305 at low energies also reflects the

metallic properties of V303 at room temperature,
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Fig. 8. Simplified electronic energy-band structure
diagram for V05 (a) and VO: (b).

1L )

1.5 2.0 2.5 3.0 3.5 40 45 50
Photon Energy (eV)

Fig. 9. Real and imaginary part of the di—
electric function of rhombohedral
V203 film measured by SE,
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IV. Conclusion

Orthorhombic V30s,
rhombohedral V303 thin films have been

monoclinic VOy, and

prepared by sol-gel method from single
precursor solution, Annealing temperature and
Oggas partial pressure during the post-
annealing process were found to determine the
crystal structure of the resultant films, The
V205 and VO3 films exhibited

semiconducting properties while the V3,03 films

n-type

metallic properties investigated by Hall and SE
measurements, Cr doping in VOg resulted in a
change of conductivity type from n to p as
transformation  from

well as a phase

monoclinic to orthorhombic structure, The
dielectric functions of the V305 and VO films
measured by SE revealed that the CF splitting
between the e, and the tg; bands is about 1,5

and 1.0 eV, respectively,
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