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Abstract: Sequentially deposited layer by layer up to five vanadium oxide film is deposited on glass and silica substrates at
300 k by vacuum thermal evaporation technique. The deposited samples subjected to reduction process in the preparation
situe by hydrogen gas at 473k for 10 minutes and 573 k for 10, 20 minutes. The XRD investigation of the samples
demonstrates that the pristine sample is amorphous while those reduced are crystalline. The existed phases in virgin
samples are educated by Raman spectroscopy which indicates the single V,Os phase. The different phases in the reduced
sample are identified by analyzing their XRD patterns. The electrical resistance of the reduced samples is measured as a
function of temperature during heating and cooling cycles. The transition temperature from semiconducting to metal state

is defined by the derivative of dR/dT.

Keywords: Smart window; thermochromics martial; Vanadium dioxide; mluti-layers.

1 Introduction

Vanadium oxides (VOx) have attracted more attention
because of their capability of going through a reversible
metal-insulator transition (MIT), during which the electrical
conductivity can change by several orders of magnitude [1].
This remarkable and reversible transition makes them of
considerable technological interests. For example, VO,
undergoes an MIT at 68 °C, along with a dramatic change
in its optical properties in the near infrared band, making it
highly suitable for applications such as optoelectronics,
ultra-fast optical switches, and smart windows [2-4]. V203
and V.05 have been widely wused as catalysts
in gas sensors, lithium ion battery as well as a variety of
industrial processes [5-7]. V20s can also be found in
electrochromic devices as electrochromic layers [8].
However, it remains a great challenge to deposit VOx thin
films with single stoichiometry. First, this is because the
vanadium-oxygen system is highly complicated due to the
multivalency of vanadium. In phase diagram, there are
nearly twenty stable VOx phases, such as VO, V03,
V407, VO3, V305, and V20s, while each VOy is stable only
within a narrow window [9]. Second, structural
characterization of VOy of different stoichiometry is
complicated and incomplete due to its complex valence
states. However, X-ray diffraction (XRD) is not highly
sensitive and cannot identify minor amount of impurity

phases [10]. Relatively, Raman spectroscopy is a more
powerful structure characterization technique for VOx
because of its high sensitivity. However, the interpretation
of Raman spectra relies on comparing the measured spectra
with reference spectra and available Raman data for VO
are limited and in some cases unclear [12, 13]. Those
obstacles in structural characterization of VOx add
difficulties to the synthesis of VOy thin films with single
stoichiometry. VOx thin films with unidentified impurity
phases usually lead to unexpected poor performance in
applications. In this research, VOy thin films with different
stoichiometry under various bonding states are successfully
prepared by thermal evaporation with and without post
reduction. The samples were then characterized using
Raman spectroscopy and thus the phase evolution could be
clarified. The results presented would facilitate both
vanadium oxide materials preparation and their structural
characterization.

2 Experimental procedures

Thin films of V,0s have been deposited by thermal
evaporation in a vacuum deposition chamber on top of
Corning glass and slica substrates. The source material
(99.5% pure V,0s powder RIEDEL- HAEN Ag SEELZE-
HANNOVER) has been evaporated from a Molybdenum
boat. The deposition pressure in the chamber has been
maintained between 4 x 107% and 9 x 10°° mbar and the
source—substrate distance has been kept at approximately
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25cm. The thermal evaporation, and post reduction has
been performed using furnace (Edward 306A PVD) with a
ramp up of 15 K/min and a holding time of 10 min ,
varying the temperature between 200 °C and 300 °C (with
steps of 10/min), under low pressure 10 milibar in
hydrogen gas conditions. In order to control the effect of
post-reduction temperature, each deposition has been
performed over a batch of ten substrates from which seven
samples were selected for post-reduction. The thicknesses
of the films and each layer are measured by quartz crystal
monitor built in the evaporation system. The structural
properties of the deposited films have been diagnosed by
X-ray diffractometer, Shimadzu XRD-6000, with Cu
radiation A=1.54056 A. The X-ray tube was operated at 40
kV and 30 mA anode current throughout the measurements.
XRD patterns were collected with a scanning step of 0.02°
over the angular 2 range 10-90-, with a total acquisition
time of 15 min. The surface microstructural properties have
been analyzed using scanning electron microscopy with
(HRSEM) — Qunta-FEG250 system, and manufactured by
Bruker. Model: MLCT-MT-A.

Atomic force microscopy has been performed contact mode
using nonconductive silicon nitride probe, top coated with
Al and choosing the resolution of the image as 512 lines by
512 columns with a scan size of 256 X 256 data points. The
electrical conductivity wversus temperature has been
measured in samples homemade measurement system.
Critical Temperature has been determined by differentiation
of the thermoresistence hysteresis.

3. Results and discussion

3.1 Phase identification

The XRD patterns for the investigated samples are shown
in Fig.1 It is clear the as deposited sample shows only a
broad hump in 26 15 to 35 range which mainly related to
the amorphous glass substrate. Therefore the deposited
material is amorphous. In order to identify the as deposited
amorphous sample it is subjected to Raman spectroscopy to
determine the existed phase. The obtained spectrum is
shown in fig.1 Six clear Raman bands are observed at
144,285,409,506,688,and 991 cm in the wave length range
100 to 1200 cm™.These peaks are to great extent matched
well with that reported and assigned to the vibration bands
of the as deposited amorphous V>0s [10,12,15].

144

15000

intensity

10000

5000 —

T T T T T T T
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cm”

Fia 1 Raman spectra for five lavers deposition virain sample

When the sample is exposed to Hydrogen gas with constant
flow rate and different times at 200 °C &300 °C the samples
show a clear and well defined XRD patterns. This means
that the as deposited sample changes from amorphous
nature to crystalline one by heat treatment under hydrogen
gas. The detailed information about the crystalline structure
of the sample at each heat treatment condition will be
obtained by analysis of their XRD patterns. The sample
heated at 200 °C and constant flow rate of Hydrogen gas
for 10 minutes shows two distinct monoclinic VO, & a,
and y V205 phases .The XRD Pattern of this sample given
in Fig.2 Shows reasonable intensity reflection in the
(100),(011),(110) planes (at 26 = 9.62°, 13.96°, 26.62°)
respectively , which corresponds to a monoclinic VO,
phase (JCPDS71#-0290) [12]. Also additional reflections
that correspond to V.Os growth (at 20 =18.66° 29.26°, 31°)
[15] are observed. The XRD pattern for samples heated at
300 °C and exposed to hydrogen with the same flow rate for
10 min indicates nearly complete disappearance of V;0s
phase and emerges of V107 phase demonstrated by only the
appearance of (100) as indexed by JCPDS# fil 18-1452.
Meanwhile the reflection planes (100), (011) & (110)
which corresponds toVO; phase still exists. When the
hydrogen exposure time is increased to 20 minutes the
V407 phase is vanished while the peaks related to VO, stay
with slight increase in their intensity and are strong
existence and appearance of V3Os displayed as: (2 0 2) at
38.57¢, (002) at 44.78-, (224) at 64.91-, 78.2°Indicated by
(JCPDS# 72-0977) standard card, with lattice parameter
(2=9.859, b=5.0416, ¢=6.991).This means that the sample
heated at 300 °C and exposed to hydrogen gas with
constant flow rate for 20 minutes exhibits only VO, , V305
phases while those heated at 200 °C& 300 °C for 10
minutes show VO3 , V407 V,0s phases.

T=300"c, t=20 min.

§ Trilnic VO,
N

A—— T=300°c, t=10 min.
Trilnic V407

———T=200"c, t=10 min.
Monocilnic VO2
V,0,

intensity a.u.

as Deposited

20 40 60 80
20
Fig (2) XRD as deposited, reduced at T=200°C, 300°C for 10 min.,
and300°C for 20 min
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3.2 Electrical measurements
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Fig (3) Reduction temperature T=200 °c for 10min A electrical resistance,
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Fig (5) Reduction temperature T=300 °c for 20 min A electrical resistance,

B differentiate of electrical resistance via temperature

The variation of the electrical resistance (R) of the films
with different reduction time and temperature as a function
of temperature (T) during the heating up and cooling down
processes are shown in Fig. 2, 5, 4. A sharp decrease in
resistance of the sample reduced at 200 °c (in Fig. 4-A) are
observed at temperatures in the vicinity of 157 °c during the
heating. This result shows that two orders of magnitude
change occurs in resistance during thermal cycling, which
is due to the semiconductor-metal (S—-M) transition of the
vanadium oxide film. In order to clarify the switching
behavior of resistance accurately, the derivative of the
resistance for the heating process was calculated by
(d(R)}/dT), The obtained result is shown in Fig 3-B. The
transition temperature (T¢) is defined as the center of the
derivative curve and the minimum bottom is given to
describe the abruptness or sharpness of the transition
temperature as indicated in Fig (3-B), the T of the reduced
film at 200°C for 10 min is 157 °C. When the reduction
temperature increases from 200 to 300 °C, the T
diminishes from 157 to 81 °C.

The high transition temperature value for samples reduced
at 200°C may be attributed to the incomplete reduction and
the existence of nonstoichiometric phases such as [V20s,
VO3]. Also, the weak intensity of XRD reflects the small
grain size of the formed phases which allow an increase in
the transition temperature. It is reported that the S-M
transition temperature of VO film is about 68 °C [5] and
that of V205 film is 257 °C [15]. Youn et al. Found that the
T of vanadium oxide increases as VO, changes to V205
[16]. Wei et al. presented that the grain size and
crystallization of vanadium oxide film will influence the T
[17]. Therefore, the little amount of VO, and other phases
with low crystallization state in the investigated samples
will reduce the transition temperature for values lower than
250C correspondingV20s and higher than that for VO2(68
°C). In addition, as shown in Fig. 2, the width of hysteresis
is defined as the difference between the transition
temperatures of heating and cooling processes of the
hysteresis loop. It is found that when the film reduced
temperature increases from 200 to 300 °C, and reduction
time increase from 10 to 20 min , the hysteresis loop width
decreases from 150 to 40 °C. This result demonstrates that
the T depends on the film Reduction time and temperature
It is obvious that samples subjected to reduction at higher
temperature and longer dwelling time exhibit lower
transition temperature. Therefore, samples reduced at 300
°C for 20 minutes show lower values of transition (48°C)
while these reduced at 300 °C for 10 minutes shows higher
value of transition temperature (81°C).This reduction in
transition temperature could be due to reduction of the
pristine V.05 followed by emerge and evolution of VO,
and the other reduced phases such as V407 & V30s5.The
obtained results are, to great extent, in good agreement with
that reported in literature.[5,8,9].

3.3 Scanning electron microscopy and atomic force
microscopy

Surface microstructures obtained through HRSEM analysis
(top view) are depicted in Fig. 5, 6, and 7 show the effect of
post reduction temperature, and time. The SEM images are
complemented by AFM analysis (height and phase
channels) performed over the same samples, which are
shown in Fig. 8, 9,10 and 11 respectively. When the thin
films are reduced at T = 200°C we observe V,0Os crystals
distended in rode like shape disposed in stacked layers, Fig.
5. Further increase in T up to 300°C for 10 min, and 20 min
led to the enlargement of crystallites as evidenced in Fig.
6,7 and the grains growth in different directions, as
supported by the XRD data.

Fig. 5, 6 and f shows the morphology on a 2 X2 p? surface
area of V,0s and to further detect the microstructure, and
nanostructure of the composite film, high resolution
scanning electron microscopy (HRSEM). As shown in Fig.
5 , the compositions of Nano rode with length of 20
micrometer with diameter 150 nm with primary composed
of Nano- sphere at reduction temperature T=200°C for 10
min, Fig. 6 Micrographs of the film indicate that crystallites
are well formed with the increasing of Reduction
temperature up to 300°C for 10 min gives smooth surface.
From these micrographs, the distribution of grain sizes of
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as Nano sphere like with average diameter 95 nm measured.
By increasing reduction time up to 20 min. at reduction
temperature  T=300°C the compositions of high

homogenously fine structure of Nano sphere like at fig 7
with the decreasing of diameter of Nano sphere up to 50 nm.
[9, 8].

pm/div

Fig (6) Reduction temperature T=200 °c for 10 min High resolution
Scanning Electron microscope (HRSEM)

Fig (7) Reduction temperature T=300 °c for 10 min High resolution
Scanning Electron microscope (HRSEM)

BSED PM | 2.07 pm | National R r Qu

Fig (8) High resolution Scanning Electron microscope (HRSEM)
at reduction Temperature 300°c for 20 min

Fig (9) Reduction temperature T=200 °c for 10 min
Atomic Force Microscope (AFM)

the mean square and average roughness of the film surfaces
and the mean diameter of the grains (Figl0, 11). The
roughness decreases lightly as the reduction temperature
increase look table(1), also the particle size and grains
decrease from 60 nm at reduction temperature 200°c for 10
min to 45 nm with the increasing of reduction temperature
up to 300°c as it is in fig(10, 11) [10,11,12].

min Atomic Force Microscope (AFM)

il

ok
[m = = [ [ { == ‘ ‘
B d: 80.89 nm

560 nm | Ad 1121 0m Cd6802om | Dd 606 nm

Dete(]
1500 0000 il ]

Fig (11) Reduction temperature T=200 °c for 10 min Atomic Force
Microscope (AFM)

Line1 |13%50m |1508nm | Ad4872n0m | B 3248nm | Co 4547nm

Deta]
e 4l [

Fig (12) Reduction temperature T=200 °c for 10 min Atomic Force
Microscope (AFM)
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Table (1 ) Roughness and crystal size for samples exposed to hydrogen At
different temperatures

Reduction Rpv Rims Average | Mean | Median | Surface
temperature Rough | Rough Ht Ht Area
and time (Ry) (Ra)
200 for 10 | 68.33 | 8.279 5.753 19.13 | 17.67 4.070
nm nm nm nm nm nm pm?
300 for 10 | 38.72 | 5.155 3.067 9.537 | 8.719 4.029
nm nm nm nm nm nm HUm2

4 Conclusions

Vanadium Oxide films are deposited on glass and fused
silica substrates by vacuum thermal evaporation technique
using chemically pure V205 (99.5%) as a precursor.

The samples are Hydrogen gas in small preparation situ. All
samples are examined by XRD to elucidate the crystalline
structure as well as the existed phases. It is found that the
pristine samples (5 layers) are amorphous while the reduced
samples are deposited layer by layer sequentially up to five.
The thickness of each layer is recorded by the evaporation
system thickness monitor. The samples subjected to
reduction process by crystalline structure as well as the
existed phases. It is found that the pristine samples (5 layers)
are amorphous while the reduced samples are crystalline.
The immerge and evolution of different stoichiometric
phases are identified at each reducing temperature.
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