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ABSTRACT

Thin films of chromium oxide were deposited
on to glass and silicon substrates held at room
temperature by DC reactive magnetron
sputtering of chromium target at different
oxygen partial pressures. The films formed at
oxygen partial pressure of 4x10”Torr were of
Cr;0; films. These films were annealed at
different temperatures in the range 300-550°C
and studied the effect of annealing
temperature on the chemical binding
configuration, structure, electrical and optical
properties. The as-deposited and the films
annealed at temperature of 400°C were
amorphous in nature. The films annealed at
temperatures 450°C and above were of
polycrystalline with rhombohedral Cr,0O; with
enhanced in the crystallinity. Fourier
transform infrared spectroscopic studied
exhibited the characteristic vibration modes of
Cr,0;. The electrical resistivity of the films
increased from 14.0 Qcm to 22.8 Qcm and
optical band gap increased from 3.18 eV to
3.27 eV with increase of annealing
temperature from 300°C to 550°C.
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I. INTRODUCTION

Chromium 1is a transition metal which
exhibit nine oxidation states. These oxides
of chromium form by varied stoichiometry
depending on the method of preparation and
process conditions fixed for the growth in
the thin film form.

Among these oxides, chromium oxide
(Cr,03) 1s thermally stable and hardest
oxide state of chromium providing good
wear and corrosion resistance and low
coefficient of friction [1]. Cr,0O; thin films
find potential applications such read-write
heads in digital magnetic recording devices
[2], lubricant coatings for gas bearings [3],
absorber layer in solar cells [4], shields in
flexible solar cells [5] and anode for lithium
ion batteries [6]. It also find applications in
sensing of ethanol, chlorine and hydrogen
sulfide gases [7] and catalyst for various
photochemical and environment
applications [8]. Different thin film
deposition methods such as vacuum
evaporation [9, 10], electron beam
evaporation [11], pulsed laser deposition
[12, 13], DC magnetron sputtering [14-18],
RF magnetron sputtering [19-21], cathodic
arc deposition [22, 23], and chemical routes
namely spray pyrolysis [24, 25], sol-gel
process [26, 27], atomic layer deposition
[28], electro-deposition [29] and chemical
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vapour deposition [30]. Among these
methods, DC reactive magnetron sputtering
received much attention because of
deposition of films by sputtering of metallic
chromium target in presence of reactive gas
of oxygen and sputter gas of argon. The
physical properties of sputter deposited
films depend on the sputter process
parameters namely oxygen partial pressure,
substrate temperature, bias applied to the
substrate and sputter power. In this
investigation, thin films of Cr,0O; were
deposited on to glass and silicon substrates
held at room temperature by DC reactive
magnetron sputtering of metallic chromium
target at different oxygen partial pressures.
The as-deposited films were also annealing
in air at different temperatures in the range
from 300°C to 550°C and studied their

chemical binding configuration,
crystallographic  structure and surface
morphology, electrical and optical
properties.

II. EXPERIMENTAL

Chromium oxide thin films were deposited
onto glass and p- silicon substrates held at
room temperature by DC magnetron
sputtering method using Hind Hivac coating
unit. The box type sputter chamber was
evacuated by diffusion pump and direct
drive rotary pump combination to achieve
the ultimate pressure of 5x10° Torr.
Chromium target (99.99% pure) with 50
mm diameter and 3 mm thickness was used
as sputter target. Oxygen gas was admitted
into the sputter chamber through fine
controlled needle valve. After attaining the
required oxygen partial pressure, argon gas
was admitted to the sputter chamber to a
pressure of 1x107 Torr. In order to achieve
equal thickness, the films were deposited at
different oxygen partial pressures with
different times of duration. Deposition
conditions maintained for preparation of
chromium oxide films are given in table 1.

Table 1. Conditions for deposition of Cr,0;
films by DC magnetron sputtering

Deposition method DC Magnetron

sputtering

Sputter target Chromium (50 mm

diameter)

Target - substrate distance | 70 mm

Substrates Glass and p- Silicon
(100)

Substrate temperature 30°C

Sputter power 70 Watt

Ultimate pressure 5x10° Torr

Oxygen partial pressure 5x107 - 6x10™* Torr

1x102 Torr

Sputter pressure

The deposited films were characterized for
chemical composition using energy
dispersive  X-ray analyzer (Oxford
Instruments Inca Penta FETX3) attached to
the scanning electron microscope (Carl
Zeiss model EVO MAIS). Chemical binding
configuration and core level binding
energies of the films was determined from
X-ray photoelectron spectroscope (Physical
Electronics Model PHI 5700). Fourier
transform infrared spectroscopic studies
was performed with Fourier transform
infrared spectrophoto-meter (Thermo-
Nicolet model 6700). Surface morphology
of the films formed on silicon substrates
was studied with field emission scanning
electron microscope (Hitachi model S-
4100). X-ray diffractometer (X’pert Pro
PAN Analytical) with Cu K, radiation
(wavelength of 0.15406 nm) was used to
determine the crystallographic structure and
crystallite size of the films. Electrical
resistivity of the films was measured using
van der Pauw method. Optical transmittance
of the films formed on glass substrates was
recorded using JASCO spectrophotometer
(model V570) UV-Vis-NIR double beam
spectrophotometer in the wavelength range
300 - 1400 nm in order to determine the
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III. RESULTS AND DISCUSSION

The thickness of the deposited films was
determined with Dektak depth profilometer
was in the range 220-240 nm. The
deposition rate of the films was calculated
from the thickness of the film and duration
of deposition. Deposition rate of the films
depend on the oxygen partial pressure
prevailed the sputter chamber. Variation of
deposition rate of Cr,O; films on the
oxygen partial pressure is given in figure 1.
The deposition rate of the films formed at
low oxygen partial pressure of 5x107 Torr
was 12.2 nm/min. As the oxygen partial
pressure increased to 6x107* Torr the
deposition rate decreased to 7.2 nm/min.
The decrease in the deposition rate with
increase of oxygen partial pressure was due
to decrease in the sputter yield of the
sputter species due to reaction of oxygen
and form chromium oxide. Such a reduction
in the deposition rate with the oxygen
partial pressure was also noticed by
Mohammadtaheri et. al. [31] in the reactive
magnetron sputtered Cr,Oj; films. Barshilia
and Rajam [17] reported that the Cr,0;
films formed by pulsed DC magnetron
sputtering, the deposition rate decreased
from 33 nm/min to 13 nm/min. with
increase of oxygen flow rate from 7 sccm to
15 sccm respectively.

Chemical composition of the deposited
Cr,0; films was determined by energy
dispersive X-ray analysis. Figure 2 shows
the energy dispersive X-ray analyses
spectra of Cr,O; films formed on silicon
substrates and at different oxygen partial
pressures. It is seen that the characteristic
chromium and oxygen kinetic energy peaks
along with silicon. The silicon signal arises
from the silicon substrate. The intensity of
oxygen peak increased with increase of
oxygen partial pressure.
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Figure 1. Dependence of deposition rate on the oxygen
partial pressure of Cr,0; films.
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Figure 2. EDAX spectra of Cr,0; films formed at
different oxygen partial pressures.
Chemical composition of the films was
determined from the characteristic peaks of
chromium and oxygen by considering their
sensitively factors. Table 2 shows the
chemical composition of the Cr,O; films
deposited at different oxygen partial
pressures. The films formed at low oxygen
partial pressure of 5x10” Torr were of
mixed phase of chromium and chromium
oxide hence of excess chromium. The films
deposited at 4x10™ Torr and above were of
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single phase Cr,0; due to the presence of
required oxygen in the sputter chamber to
react with chromium and form chromium
oxide films. It indicated that oxygen partial
pressure of 4x10 Torr is an optimum to
deposit Cr,O; films by DC reactive
magnetron sputtering.

Table 2. Chemical composition of Cr,0; films
determined with EDAX.

Oxygen partial | Chemical composition (at. %)
pressure

Chromium (at. | Oxygen (at. %)
%0)
8x10”Torr 46.2 53.8
2x10™Torr 41.9 58.1
4x10*Torr 40.2 59.8

X-ray photoelectron spectroscopic studies

The chemical binding configuration and
core level binding energies of the
constituent elements present in the films
was analyzed with X-ray photoelectron
spectroscope. Figure 3a shows the XPS
survey scan spectra of Cr,O;3 films formed
at different oxygen partial pressures. It is
seen from the spectra that the films
contained the characteristic core level
binding energy peaks of chromium and
oxygen. The core level binding energies
observed at about 575 eV and 586 eV
correspond to the chromium Cr 2p;,, and Cr
2p12 due to spin-orbit splitting in the energy
levels of Cr 2p. The peak located at about
530 eV was related to the core level binding
energy of oxygen O Is. Figure 3b and 3c
shows the XPS narrow scan spectra at core
level binding energies of chromium Cr 2p
and oxygen O Is of Cr,0O; films formed at
different oxygen partial pressures. The
films deposited at oxygen partial pressure
of 2x10™ Torr consisted of core level
binding energies of 574.6 eV and 584.0 eV
related to Cr 2ps3, and Cr 2py, respectively
with spin-orbit splitting energy separation
of 9.4 eV correspond to the elemental

chromium. Along with this, the core level
binding energies located at 576.6 eV and
586.3 eV were of Cr 2p;3, and Cr 2pip
energy separation of 9.7 eV related to
Cr,0;. It revealed that films formed at 2x10
“* Torr were of mixed phase of chromium
and Cr,0;5. The films deposited at oxygen
partial pressure of 4x10™* Torr showed core
level binding energies at 576.6 eV and
586.3 eV related to chromium Cr 2p;, and
Cr 2p;, with spin-orbit spitting energy
separation of 9.7 eV correspond to single
phase Cr,03. From these studies it confirms
that the films deposited at oxygen partial
pressure of 4x107* Torr were single phase
Cr,0;5. Barshilia and Rajam [3] reported
that the core levels of 577.1 eV and 586.9
eV related to Cr 2p;, and Cr 2p,,, with spin
-orbit spitting energy separation of 9.8 eV
in Cr,0; films, and the binding energies of
574.3 eV and 584.1 eV of Cr 2p;, and Cr
2p1, with separation in the energy of 9.2 eV
in chromium films formed by magnetron
sputtering. It is to mention here that core
level binding energy of Cr 2p,, located at
578.8 eV, 576.3 eV and 576.8 eV were
CrO;, CrO; and Cr,05 respectively [5]. The
Cr,0;5 films deposited at optimum oxygen
partial pressure of 4x107* Torr were also
annealed in air at different temperatures in
the range from 300°C to 550°C and studied
its influence on the structure, electrical and
optical properties.

Fourier transform infrared studies

Chemical bonding configuration of the
Cr,O; films formed on silicon substrates
was analyzed with the Fourier transform
infrared spectroscope. Figure 4 depicts the
Fourier transform infrared transmittance
spectra of Cr,O; films annealed at different
temperatures. The as-deposited films were
not shown any absorption bands due to the
amorphous nature.

Films annealed at 450°C consisted of
absorption bands at 535 cm™, 610 cm™ and
730 cm™'. The absorption band located at
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535 cm’ was due to the symmetric T = 20, = 4x10° Torr
stretching vibration mode of Cr-O [32]. The - :

band located at 610 cm™ was due to anti 550°C
symmetric vibration of Cr-O and 730 cm
the characteristic vibration modes of Cr - O
in Cr,05 [33,34].
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Figure 3. XPS (a) survey scan, and narrow scan spectra ] ] ]
of (b) chromium Cr 2p and (c) oxygen O Is of Cr,0; Figure 5. Scanning electron micrographs of

ilms formed at different oxygen partial pressures. (a) as-deposited, and the films annealed at
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Surface morphology

Surface morphology of the films was
analyzed with scanning electron
microscope. Figure 5 shows the scanning
electron micrographs of Cr,O; films
annealed at different temperature. The as-
deposited films were of smooth surface. As
the annealing temperature increased 450°C
the size of the grain increased and the
grains were uniformly distributed in the
films. The grain size of the as-deposited
films was 20 nm. When the annealing
temperature increased from 450°C to 550°C
the grain size increased from 42 nm to 65
nm respectively. As the annealing
temperature increased the given thermal
energy activate the growth of larger size
grains.

X-ray diffraction studies

Figure 6 shows the XRD profiles of as-
deposited and the Cr,O; films annealed at
different temperatures. The as-deposited
and the films annealed at 400°C were not
shown any diffraction peak which indicated
the amorphous nature. The films annealed
at temperature of 450°C showed weak
diffraction peaks at 20 values of 34.33°,
36.98°, 51.09° and 55.96° related to (104),
(110), (113) and (116) indicated the
polycrystalline nature with rhombohedral
phase of Cr,0;. It is in accordance with the
JCPDS card No. 38-1479 of Cr,0O;. As the
annealing temperature increased to 500°C,
the intensity of the reflections enhanced due
to improvement in crystallinity of the films.
Addition reflections of (012), (024) and
(214) and (300) were present along with
(104), (110), (113) and (116) and the
intensity of peaks enhance with increase of
annealing temperature from 500°C and 550°
C. It is to be noted that amorphous Cr,0;
films were achieved by Dwivedi and Biswas
in pulsed laser deposited [12] and Lin and
Sproul in DC magnetron sputtered films
[14]. Khojier et al. noticed a mixed phase of

Cr;0 and Cr,0O; at temperature of 400°C
whereas single phase Cr,0; films at 500°C
in RF magnetron sputtering [19]. He et al.
reported that the amorphous to
polycrystalline phase transformation at
temperature of 450°C in cathodic arc
deposited Cr,0O; films [22]. Sim et al. [23]
achieved rhombohedral structured Cr,0;
films by cathodic are deposition after
annealing at temperature of 600°C. The
crystallite size of the films (D) was
calculated from the X-ray diffraction peaks
using the Debye — Scherrer’s relation [35],

D =0.90PcosO ....oovvviieieeeeeennns (1)

where A is the wavelength of copper X-ray
radiation, B the full width at half maximum
intensity of X-ray diffraction peak and 0 the
diffraction angle. The crystallite size of the
films increased from 37 nm to 63 nm with
increase of annealing temperature from
450°C to 550°C due to improvement in the
crystallinity. Dislocation density (6) and
strain (¢) developed in the films were
calculated from the X-ray diffraction peaks
employing the relations,

€=PcosO/ ..ooiriiiiiiiieeeeei (3)

Dislocation density of the films decreased
from 7.3x10"° lines/m*to 2.4x10" lines/m?
with increase of annealing temperature from
450°C to 550°C respectively. Stain
developed in the films also decreased from
3.1x107 to 1.9x10° with increase of
annealing temperature from 450°C to 550°
C. The decrease in the dislocation density
and strain with increase of annealing
temperature was mainly due to
improvement in the crystallinity of the
films.
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Figure 6. X-ray diffraction profiles of Cr;0; films
annealed at different temperatures

Electrical properties

The dependence of electrical resistivity on
annealing temperature of Cr,Osfilms is
shown in figure 7. The electrical resistivity
of the as-deposited films was 6.3 Qcm. The
resistivity of the films increased from 14.0
Qcm to 22.8 Qcm with increase of
annealing temperature from 300°C to 550°C
respectively. The enhancement in the
resistivity with annealing temperature was
due decrease in the oxygen ion vacancies
and improvement in the crystallinity. Wang
et al. [36] reported the electrical resistivity
of 10 Qcm by RF magnetron sputtering and
Dwivedi and Biswas [12] 0.1 Qcm in pulsed
laser deposited Cr,0; films. Huang et al.
[15] reported the high electrical resistivity
of 3x10°Qcm in cathodic arc deposited
films and it decreased with increase of bias
voltage during the deposition of the films.
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Figure 7. Dependence of electrical resistivity of Cr;0;
films on annealing temperature.

Optical properties

Optical transmittance of the films formed
on glass substrates was recorded in the
wavelength range 300 — 1400 nm in order to
study the optical absorption and to
determine the optical band gap and
refractive index. Figure 8 shows the optical
transmittance spectra of Cr,O; films
annealed at different temperatures. Optical
transmittance of the films was influenced
by the annealing temperature. The
transmittance of the films increased with
increase of annealing temperature. The
increase of transmittance was due to
decrease in the oxygen ion vacancies along
with improved crystallinity. The
fundamental optical absorption edge of the
films shifted towards lower wavelengths
side. The optical absorption coefficient (o)
of the films was determine from the optical
transmittance (T) data and thickness (t)
using the relation

=-(1/)In(T) eovevriiii 4)

In order to determine the optical band gap,
the optical absorption data of the films was
fitted to the Tauc’s relation [37]

(ahv)’=A (hv-Eg) «oovvvvieeiii, (5)
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Where hv is the photon energy, Eg the
optical band gap and A absorption edge
width parameter. Figure 9 shows the plots
of (ahv)? versus photon energy of the films
annealed at different temperatures. The
optical band gap of as-deposited Cr203
film was 3.15 eV. The band gap increased
from 3.20 eV to 3.27 eV with increase of
annealing temperature from 450°C to 550°
C. From the optical transmittance
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Figure 8. Optical transmittance spectra of Cr;0j; films
annealed at different temperatures.

interference, the refractive index (n) of the
films was calculated using Swanepoel
envelope method [38] using the relation

n(h) = [N+ (N*=sH)" "2 ... (6)
with

N = 28[ Ty-Ta)/ (Ty=To) ]+ 1) ... (7)

where n(A) is the refractive index of film at
wavelength A, Ty and T,, the transmittance
maxima and minima respectively and s the
refractive index of the substrate.
Wavelength dependence refractive index of
Cr,O; films annealed at different
temperatures is shown in figure 10. The
refractive index of the films formed at 30°C
was low and increased with increase of
annealing temperature. The refractive index
decreased with increase of wavelength and

400 600 800 1000 1200 1400

remains almost constant at higher
wavelengths. At a fixed wavelength (A =
500 nm) the refractive index of the as-
deposited Cr,O; films was 2.00. The
refractive index of the films increased from
2.04 to 2.08 with increase of annealing
temperature from 450°C to 550°C. Barshilia
and Rajam [17] reported refractive index of
2.15 in DC reactive magnetron sputtered
Cr,0O; films. Julkarnian et al. [9] obtained
the refractive index of 1.45 in the films
formed at room temperature and increased
to 1.60 after annealing at 300°C. Ivanova et
al. [30] noticed the refractive index of 2.2
in chemical vapour deposited Cr,0O; films.

10

poO,= 4x107 Torr

-2

ES
T

(chv) (eV/em)*x10"

[N
T

0 . il . 1 .
20 25 3.0 35 4.0 45
Photon energy (eV)

Figure 9. plots of (ahv)’ versus photon energy of Cr,0;
films annealed at different temperatures.
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IV. CONCLUSION

Chromium oxide films were formed on
glass and p-type silicon substrates using DC
reactive magnetron sputtering at different
oxygen partial pressures. The films
deposited at oxygen partial pressure of
4x10™ Torr were of stoichiometric Cr,Os.
These Cr,O; films were annealed at
different temperatures. Influence of
annealing temperature on the chemical
binding configuration and crystallographic
structure, electrical and optical properties
was studied. The as-deposited and the films
annealed upto 400°C were amorphous in
nature. As the temperature increased to
450°C and above were of polycrystalline
with rhombohedral structured Cr,O;. The
crystallite size of the films increased from
37 nm to 63 nm with increase of annealing
temperature from 450°C to 550°C
respectively. The electrical resistivity of the
films increased from 14.0 Qcm to 22.8 Qcm
and optical band gap increased from 3.20
eV to 3.27 eV with increase of annealing
temperature from 450°C to 550°C.
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