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Sintering process and annealing effect on some physical

properties of V,Os thin films

H. A. MOHAMED?®

Physics department, faculty of Science, Sohag University, 82524 Sohag, Egypt
®Physics department, Teacher's College, King Saud University, 11491 Riyadh, KSA

Thin films of vanadium pentoxide (V2Os) on glass substrates were produced by e-beam evaporation technique. The effect of
sintering process and annealing temperature on the morphology and optoelectronic properties of these films were studied.
The obtained results from scan electron microscope show that, the grain size of V.0Os films increases with increasing both
the temperature of sintering and annealing temperature. The as-deposited films show high transmittance in the visible
region that decrease with increasing the temperature of annealing. The films that sintered at 500 °C represents the high
transmittance value about 85 % in the visible region. The electrical resistivity indicates that, the films that sintered at 400 °C
and 600 °C transform from semiconductor to metal at temperature of 250°C.
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1. Introduction

Several theoretical and applied studies on Vanadium
pentoxide (V,0s) materials have been done, due to their
industrial importance for many technological applications,
such as heterogeneous catalyst [1]. V.05 plays also the
role of active electrode in a rechargeable lithium battery
[2], indeed high electrochemical activity, high stability and
ease of thin film formation by numerous deposition

techniques led to its use as a highly promising
intercalation material in solid state microbattery
applications.

Thin films of vanadium pentoxide can be obtained by
different techniques like thermal evaporation [3, 4], pulsed
laser deposition [5, 6], d. c. magnetron sputtering [7], r.f.
sputtering [8,9], flash evaporation [10, 11], and sol-gel
technique [12, 13]. It was found that, their microstructure
and composition depend strongly on deposition
parameters.

It is known that the physical properties of the thin film
materials depend on some parameters such as; level and
ratio of dopant, substrate temperature, deposition
conditions, heat treatment, substrate material, and
preparation methods. The sintering process is considered
one of the effected parameters which act on the physical
properties of thin film materials. Sintering process assist to
produce lumps of powder materials in a bulky form
without affecting their chemical properties, while their
physical properties approach those of single crystal phase
[14, 15]. The sintering process is usually carried out in the

temperature range TngTSTM where Ty, is the melting
2

point of the material to be sintered [16].
The aim of this work is to study the influence of
sintering process and annealing temperature on the

morphological, optical and electrical properties of thin
films grown by electron beam evaporation technique from
a vanadium pentoxide target. The electron beam
evaporation technique offers the following advantages: 1)
it has a high power density, and hence a wide range of
control over evaporation rates, 2) it is used to evaporate
materials which have a high melting point, and 3) it
provides economical and efficient usage of evaporants.

2. Experimental details

The cold pressing technique was employed to convert
the V,0s5 powder into tablets form. The sintering process
was carried out at three values of temperature of 400 °C,
500 °C, and 600 °C. The time of sintering process was
fixed at 5 hours for all samples. The electron beam
evaporation was used to deposit the prepared V,0s tablets
into ultrasonically cleaned microscopic glass substrate.
Edwards high vacuum ( 2x107° Torr) coating unite model
E306A was used to this purpose. The rate of deposition
and the thickness of the films were controlled to be about
10 nm min™ and 90-100 nm, respectively, by means of a
digital film thickness monitor model TM200 Maxtek.
Optical measurements (transmittance T and reflectance R)
were performed using a Jasco V-570 UV-VIS-NIR
spectrophotometer in the wavelength range from 200 to
2500 nm at normal incidence. The simple two-probe
contacts method was used to measure the electrical
resistivity using a Keithley 614 electrometer. The
measurements were performed at room temperature.
Electrical contacts were made by applying silver paste
over the surface of the films with a separation of 3 mm.
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3. Results and discussion

Fig. 1 shows the scanning electron microscope (SEM)
topographs of as-deposited V,0s films that prepared at
sintering temperature of 400 °C, 500 °C, and 600 °C. It is
evident that the surface of as-deposited films seams to be
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smooth and contains few small grains. By increasing the
temperature of sintering the grain size starts to increase
particularly at sintering temperature value of 600 °C. This
behavior confirms the nearly amorphous nature of as-
deposited films [17].
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Fig. 1. SEM of as-deposited V,0s films prepared at different sintering temperatures (a) 400 °C, (b) 500 °C and (c) 600 °C.

The effect of the annealing temperature on the V,0s
morphology at temperature of 250 °C and 400 °C is shown
in Figs. 2, 3 respectively. It is clear that, with increasing
the annealing temperature the grain size increase
significantly and the largest grain size can be observed at
annealing temperature 400 °C and sintering temperature
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600 °C. The grain size growth at increasing the sintering
temperature indicates an improvement of V,0s film
crystallinity. Since, the sintering process is often
associated with the formation of new bonds, densification
and may be grain growth [14].
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Fig. 2. SEM of annealed V,Os films at 250 °C which are prepared at different sintering temperatures (a) 400 °C, (b) 500 °C and
(c) 600 °C.
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Fig. 3. SEM of annealed V,Os films at 400 °C which are prepared at different sintering temperatures (a) 400 °C, (b) 500 °C and
(c) 600 °C.
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Fig. 4 (a-c) shows the UV-VS-NIR transmittance
spectra of as-deposited and annealed V,Os films that
prepared at three different sintering temperatures of 400
°C, 500 °C, and 600 °C. Fig. 4 (d) shows the transmittance
at wavelength 550 nm as a function of annealing
temperature at different values of sintering temperature. It
could be clearly seen that, the transmittance decreases as
the annealing temperature increases for all samples.
Besides, the films that sintered at temperature of 500 °C
show the highest value of transmittance ~ 85 % in the
visible region. This may be due to the increase in energy
gap resulting from the grain growth. On the other hand, the
transmittance in NIR of the last films is considered low
comparing to the films sintered at 400 °C and 600 °C.

This may be due to the free carrier concentration. Since
the films that sintered at temperature of 500 °C show the
high value of carriers which led to increase the free carrier
absorption and hence decrease the transmittance. The
decrease in transmittance with annealing temperature
particularly at sintering temperature of 600 °C may be due
to the increase in the surface roughness. From Fig. 3, it can
be noted that the samples surface become more rough
since the rough surface could resulting in a scattering light
loss and then a low transmittance. Recently, H.-N. Cui et
al obtained a similar results when they used dc reactive
magnetron sputtering system to prepare vanadium oxide
films [18].
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Fig. 4. The typical transmission spectra of as-deposited and annealed V,Os films that are prepared at sintering temperature
of 400 °C (a), 500 °C (b), 600 °C (c), and the transmittance at wavelength 550 nm at different values of sintering temperatures

).

The typical reflection spectra of as-deposited and
annealed V,0s films that are prepared at sintering
temperature of 400 °C , 500 °C, and 600 °C are shown in
Fig. 5 (8), (b), and (c), respectively. Fig. 5 (d) shows the
average reflection in the visible region as a function of
annealing temperature at different values of sintering
temperature . It is clear that the reflection spectra of the
sample that sintered at temperature of 500 °C differs from

other samples. Since its reflection increase with increasing
the annealing temperature in both visible and near infrared
regions as shown from Fig. 5 (d). In addition, the
reflection of as-deposited films sintered at temperature of
500 °C represents the lowest value (~ 10 %) comparing
with those samples sintered at other temperatures (~ 19
%). These values of reflection confirm that the samples
which are sintered at temperature 500 °C show the
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maximum transmittance of as-deposited films as shown in
Fig. 4. This behavior of reflection spectra will play a major

role in understanding the behavior of refractive index and
optical free carrier concentration.
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Fig. 5. The typical reflection spectra of as-deposited and annealed V,0Os films that are prepared at sintering temperature of
400 °C (a), 500 °C (b), 600 °C (c), and the average reflectance in the visible region at different values of sintering
temperatures (d).

The absorption depth which is given by 1/a, where a
is the absorption coefficient, is used to distinguish between
direct and indirect optical energy gap. When the
absorption depth lies in the range 10% — 10° nm this mean a
direct transition. While in the indirect optical transition
case this quantity can be as large as 10* nm [19]. The
calculated absorption depth for as-deposited and annealed
V.05 films at sintering temperature of 500 °C is shown in
Fig. 6 (a). It is evident that, the films exhibit the direct
transition. The samples sintered at temperature of 400 °C
and 600 °C represented the same behavior (not plotted in
this work). Besides the absorption depth method, one can
use another graphical method to estimate the optical
energy gap and determine the type of the optical transition.

The details of this method were discussed in many
references [15, 20-22]. The obtained results from the
second method confirm that the as-deposited and annealed
V,05 films have direct transition at different values of
sintering temperature. The calculated direct energy gap of
these films as a function of temperature at different values
of sintering (400 °C, 500 °C, 600 °C) is shown in Fig. 6 (b).
It is clear that, the sintering process has a significant effect
on the energy gap. Since, the films that sintered at
temperature of 500 °C show the maximum energy gap of
3.25 eV. A sharp decrease in optical energy gap is
observed at a temperature above 250 °C. It was reported
[4, 23] that, thermally evaporated vanadium oxide films
transform from semiconductor to metal phase at 257°C.



Sintering process and annealing effect on some physical properties of V,0s thin films 697

coowmo
g . (TREHS N
]
| ] 10AVed
|
g I
400 u
;' "
L "

200

Absorption depth, 1/ac (nm)

ol teanes
1.5 2.0 2.5 3.0 35 4.0
hv (V)
34t }—l—400—0—500+600 \ (b)
.——_—‘.—.\.
3.2}
\E‘/ .___./.-—.\ o
= 3.0 ]
?D \ \.
gﬁ
S 28} “A\A\
= A\
26} 4

0 100 200 300 400
Temperature (°C)

Fig. 6. The absorption depth as a function of photon

energy (hv) of as-deposited and annealed V,0s films that

are prepared at sintering temperature of 500 °C (a), and

the calculated energy gap as a function of temperature at

different values of sintering temperatures (400, 500,
600 °C) (b).

The refractive index n was determined from the
reflection (R) and transmission (T) data using the
following equation [24]:

1/2
@)
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where k:% is the extinction coefficient and « is the
4
absorption coefficient. The average values of the refractive
index in the visible region, ny;, derived using the above
method are plotted in Fig. 7 as a function of annealing
temperature at different values of sintering temperature. It
can be observed that, the refractive index of the films that
sintered at temperature 400 °C and 600 °C decreases upon
annealing. And an opposite manner can be seen for the
films that sintered at temperature 500 °C. Since the

refractive index of these films increase with annealing
temperature. This behavior can be attributed to the
reflectance as shown in Fig. 5 (d). The refractive index of
the as-deposited V205 films that sintered at temperature
500 °C is 1.97. This value is in the same range of other
refrences. Since the refractive indices of vanadium oxide
films, measured at A=550 nm, were reported to be 1.9,
2.12 and 2.18 for films prepared by evaporation from V-
boat [25], electron beam evaporation [26], and r. f.
sputtering [27], respectively. Besides, in reference 4, the
refractive index of V,0Os films increased with increasing
the annealing temperature which agrees with the present
work (for films sintered at temperature of 500 °C).
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Fig. 7. The average refractive index in the visible region

(nyis) as a function of temperature of V,0Os films that are
prepared at different values of sintering temperatures .

As shown in Fig. 8, plots of the optical dielectric
constant € versus the square of wavelength (A% ) are liner
verifying the following equation [28],

2
e
dr“cc £g\m

where n is the refractive index, k is the extinction
coefficient, &, is the high frequency permittivity, e is the
electron charge, c is the light velocity, &, is the permittivity
of free space and m” is the effective mass. Values of N
determined from slopes are plotted in Fig. 9 for as-
deposited and annealed V,Os film that sintered at various
temperatures. It is clear that, the optical free carrier
concentration of the films that sintered at temperature 500
°C varied between 1.3 — 1.8x10%° ¢cm™ in the temperature
range of annealing (0 — 400 °C). But the films that sintered
at temperature of 400 °C and 600 °C are significantly
varied with annealing. Since, their values decrease by one
order of magnitude upon annealing.
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Fig. 8. Plot of the real part of the dielectric constant (€')
as a function of wavelength (1) of as-deposited and
annealed V,0s films that are prepared at sintering

temperature of 400 °C (a), 500 °C (b), and 600 °C (c).

The electrical resistivity of V,0s films that measured
using the two-probe contacts method is shown in Fig. 10
as a function of annealing temperature at various values of
sintering temperature. It is clear that, the films sintered at
temperature of 500 °C show the lowest value of resistivity
about 9 Q cm at annealing temperature above 200 °C. A
sudden decrease in resistivity was observed above the
temperature of 200 °C of the samples sintered at
temperature 400 °C and 600 °C.
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Fig. 9. Variation of the free carrier concentrations (N)
with the temperature of V,0Os films that are prepared at
different values of sintering temperatures.
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Fig. 10. The dependence of electrical resistivity on the
temperature of V,0s films that are prepared at different
values of sintering temperatures.

Since, their resistivity decrease from 10’ to 10 Q cm
indicating these films undergo a semiconductor-to-metal
phase transition as reported in some references [4, 23]. On
the other hand, the electrical resistivity of all samples is
significantly increase upon annealing at high temperature
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(350 — 400 °C). This behavior which is observed in some
oxides such as ZnO-In [29], ITO [15], and ZnO-CdO [30]
may be due to the oxygen is chemisorbed on the film
surface and acts as an acceptor of electrons. Fig. 9
confirms  this discussion since the free carrier
concentrations decrease at high value of annealing
temperature.

4. Conclusions

The effect of sintering process on the morphology,
optical and electrical properties of as-deposited and
annealed V,05 films have been studied. It was found that,
the grain size increases with increasing the temperature of
sintering particularly at high values of annealing
temperature. The optical measurements indicate that the
V,05 films have direct optical energy gap. The films that
sintered at temperature of 500 °C exhibit the maximum
value of energy gap (3.25 eV) and hence the highest
transmittance. The sudden decrease in both energy gap and
conductivity at temperature above 200 °C shows that these
films undergo a semiconductor-metal transition. The
values of other optical parameters such as; reflectance,
refractive index, absorption depth, dielectric constant and
free carrier concentration are strongly dependent on the
sintering process and annealing temperature.
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