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Abstract: In this work, we have reported the effect of annealing temperature on structural, optical, electrical, and
photoluminescence properties of the nanocrystalline copper doped indium oxide thin films prepared by simplified spray pyrolysis
technique using perfume atomizer. XRD reveals that the films are polycrystalline with cubic structure. Photoluminescence was also
measured at room temperature and the spectrum confirms the deep-level as well as near band edge emission. From the optical
measurements, optical constant of this films calculated by a recently introduced method of calculations, PUMA. The absorption
coefficient, refractive index and extinction coefficient are obtained for prepared films. The negative sign of hall co-efficient
confirmed n-type conductivity. Films with high mobility of 14.5 cm?/(Vs), carrier concentration of 1.9 x10% cm?, resistivity of
2.27x10*Qcm were obtained when annealed at 400 K..

Keywords: Thin films, XRD, Annealing temperature, Perfume atomizer method.

absorbing layer integrated into the photovoltaic devices
[5]. Copper oxide (CuO) is a p-type semiconductor with
an in-direct transition [6]. The band gap energies of CuO
films, however, ranged from 1.3 to 1.9 eV depending on
the preparation process and conditions [7-8]. CuO has

1 Introduction

The orgin of transparent conducting Indium oxide (In,O3)

thin film which presents a high conductivity (free carriers
upto 10*"t010'° cm3) without intentional doping is still
under debate [1,2]. Moreover, undoped In;O3 thin films
exhibit conductivities with 45 orders of magnitude higher
than that of the bulk [3], because of the presence of
surface donors devoid of bulk defects. When doped with
typically 9 at.% tin oxide, indium-tin oxide(ITO) becomes
one of the most popular transparent conducting electrodes
that find application in thin film photovoltaic’s, flat-panel
display devices, due to the highest transparency for
visible light(>85% at wavelengths from 340 to 780 nm)
combined with the lowest electrical resistivity (7.7x10
5Qcm) [4]. The recent trend towards higher quality
transparent conducting electrodes, constraints to specific
electronic and solar cell technologies demands that
continuous optimization of In,O3 thin film properties and
processing conditions [1,2].

Photovoltaic devices have attracted increasing
attention as an effective and sustainable energy source.
The energy conversion efficiency of photovoltaic devices
depends closely on the band gap energy of the light-

been used as gas and humidity sensors [9-10], dye-
sensitized solar cells [11], and as a catalyst. If the ideal
band gap energy of around 1.4 eV could be achieved,
CuO could be a potential candidate for an ideal light
absorbing layer. The CuO films have been prepared by
several techniques, such as radio-frequency magnetron
sputtering  [12], thermal oxidation [13], and
electrodeposition [14-15]. In the present study, copper
doped indium oxide films were prepared by simplified
spray pyrolysis techniques. Here, a simple and elegant
technique employing a perfume atomizer has been chosen
to deposit copper doped indium oxide thin films and to
the best of our knowledge the study of nanocrystalline
CIO thin films using simplified spray pyrolysis [16] has
not yet reported.

2 Materials and methods

Nanocrystalline copper doped indium oxide thin films
synthesized by simplified spray pyrolysis technique using
perfume atomizer. The indium Il chloride (Incls) was
used as the source for indium, whereas the copper doping
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was achieved using copper acetate (Cu). Microscopic
glass plates (25x 25 x1.2 mm?®) cleaned by acetone was
used as substrate. Indium tricholoride was dissolved in 2
ml of concentrated HCL acid by heating it at 500° ¢ for 10
min. The resultant transparent solution diluted with
methanol forms the starting solution. For copper oxide,
the required amount of Cu-Ac was dissolved in double
distilled water. Then these two solutions were mixed
together by vigorous stirring to get a transparent solution
which is well suited for deposition processes, the
substrate temperature (250 K). Deposited samples were
annealed at different temperatures ranging from 300 to
400 K. All the CIO films were annealed for 1 hour. The
X-ray diffracrometer (PANalytical PW 340/60 X’ pert
PRO) which operates at 40 KV and 30 m A with CUK
radiation (A =1.5405 A) was used to record the X-ray
diffraction (XRD) patterns. The transmission data were
observed in the range of 300-1100 nm using ultraviolet
visible near infrared double beam spectrophotometer
(Perkin Elmer Lambda 35 model). The electrical
properties were studied with the use of Hall Effect
apparatus (ECOPIA HMS-3000) with van der pauw
configuration and the spectro- flurometer (Jobin Yvon-
FLUROLOG FL3- 11) with Xenon lamp (450 W) as the
excitation source of wavelength 325 nm was used to
record the photoluminescence spectra of the films at the
room temperature.

3 Results and Discussion

3.1 Structural Properties

XRD patterns of copper doped indium oxide thin film
annealed at different temperature along with that of an as-
prepared sample were shown in Fig. 1. Well defined
peaks at 22° corresponding to reflection (2 1 1) plane was
observed in as-deposited sample. This indicates that all
samples are polycrystalline and matched the characteristic
peaks of the cubic In,O3 phases (JCPDS 00-06-0416).
Annealing the samples at temperature up to 300 K show a
preferred orientation along (2 2 2) direction
corresponding to cubic phase of indium oxide. The strong
diffraction peaks of the films changed from the (2 1 1) to
plane to the (2 2 2) plane. If the respective ion, the
change in the preferred orientation may not occurs.
However, if the dopant occupies additional interstitial
sites which are unoccupied, a change in the preferred
growth takes place. In the present study it seems that Mo
replaces indium at its regular lattice sites annealed at 300
K. The Mo incorporated at additional interstitial sites
changes the preferred orientation of the films. The
change in preferential orientation was also observed in Sn
doped In,O3 films by Agashe and Mahamuni [17]. For
the samples annealed at 350 K, XRD pattern shows three
more extra peaks which are found to be in In,O3 phases.
The 26 = 359, 46° and 51° represents the plane (4 0 0), (4
3 1) and (4 4 0) respectively. But in the XRD patterns of
cubic In,0s, phases of (4 0 0), (4 3 1) and (4 4 0) are very

less intense compared to (2 2 2) plane. Many of the
reports show that the intensity of preferred orientation of
crystalline growth strongly depends on the deposition
condition of the film. When the samples are annealed at
400 K, the same diffraction planes and phase are
appeared. Further, three more peaks at 20 = 21°, 61° and
65° for (2 1 1), (6 2 2) and (5 4 3) planes which
corresponds to indium Oxide phase are observed.
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Figure 1: XRD patterns of as-deposited and annealed
CIO thin films at various annealing temperatures.

All the films does not show any CuO peaks indicating
that CuO is well dispersed in the In,Oj lattice. The ionic
radius of In®** in In,Og, is 8.1x 10 1 m, and that of Cu?* is
7.3 x10 1! m. So it is possible for Cu?* to substitute In3*
in In,03 [18]. The planes of CIO films fairly coincide
well with JCPDS data [00-035-1150]. The intensity of
diffraction peak has increased as the annealing
temperature increased upto 400 K. The XRD patterns of
as-deposited and annealed CIO films show the presence
of diffraction planes which are not reported in earlier
work. The increased peak intensity from as-deposited to
annealed films may attribute to the continuous increase in
film thickness. The crystalline grain size was estimated
using the Debye-Scherrer equation.  The average
crystalline size was found to be 20 nm for the as
deposited CIO films and it was increased to 66 nm after
annealing at 400 K. The increase in D value after
annealing might be due to decrease in grain boundaries,
and hence the amount of defects in the films. The thermal
energy produced by annealing led to the enhancement in
the mobility of active species by filling the micro-voids or
defects in the structure and also for the formation of more
packed and large crystalline films Park et al [19]. The
result imply that the grain size of nanocrystalline thin
films size increases with increasing annealed temperature,
the same tendency was observed by Changhyun et al [20],
Joseph et al [21].
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3.2 Electrical properties

The electrical resistivity (p), carrier concentration (n) and
hall mobility (w) of both type of CIO thin films (as-
deposited and annealed) deposited at different annealed
temperature of In,Os were measured. The Hall
measurements were performed at room temperature in
van der pauw configuration. The negative sign of Hall
co-efficient confirmed n-type conductivity. Fig. 2(a,b,c)
summarizes electrical resistivity results of as-deposited
and annealed CIO thin films. The p of the as-deposited
films is significantly decreased from 7.61 to 6.41x10 -3
Qcm when it is annealing at 300 K. p is then gradually
decreased with an increase in annealing temperature 350
K to reach 3.8x10 Qcm. When the annealed temperature
is increased further to 400 K, this moderately decreased to
2.27x10° Qcm. On the other hand a low n 0.85x10% cmr
% obtained for the as-deposited films is significantly
increased to 0.95x10%° cm for annealed films at 300 K.
However, further increased in the annealing temperature
350 K leads to a gradual increase in the carrier
concentration to reach the maximum of 1.2x10%° cm?,
The increase in n is due to the increasing annealing
temperature and desorption of oxygen produced by high
temperature vaccum annealing. A high n of 1.9x10%° cm®
(annealed at 400 K) further enhances and creates more
free electrons resulted in to an increase in carrier
concentration. Obtained in the present study is nearly one
order of magnitude lower than that of typical
polycrystalline indium tin oxide (ITO) thin films [22]. A
minimum p of 4.8 (cm?/Vs) observed for the as deposited
films is increased significantly to 10.2 (cm?/Vs) annealed
at 300 K and then gradually increased to 13.7 (cm?/Vs)
when annealed at temperature 350 K. The increase in
mobility (i) with the increasing annealing temperature to
reach the maximum value of 14.5 (cm?Vs) obtained in
annealed at 400 K. It can be noted from figures that the
resistivity of as-deposited CIO thin film decreases with
the increasing annealed temperature upto 400 K can be
attributed to the increase in the carrier concentration and
the mobility of the charge carriers. In CIO thin films, the
In,03 may diffuse into CuO matrix. Due to difference in
their grain sizes, diffusion of In,Oz in CuO matrix causes
an increase in free interstitial lattice spaces. The mobility
of valance electrons is increased in the free spaces and
increase in mobility causes the decreases in resistivity. In
addition to this, being less electronegative than copper
(Cu), indium (In) atoms behave as donors and enhance the
carrier concentration. Further, the oxygen vacancies also
play a very important role in the electronic properties of
CIO thin films. Oxygen vacancies like defects are the

primary source of charge carriers. The usual description
of Oxygen-vacancy doping in crystalline CIO thin film
using Kreoger-Vink notation is given as

o} = %oz(g) + Vi + 2e” 1)
Which indicates that the oxygen on the oxygen sub-lattice
(0k) is lost as oxygen gas (02) creates a doubly charge
oxygen Vacancy (Vy) with two free electrons [23-24],
hence increases the concentration of charge carriers. As
the number of charge carriers increases, resistivity
decreases. It can be observed from Fig. 2(a) that the film
shows comparatively low resistivity and high conductivity
when annealed at 400 K. The increase in the electrical
conductivity is due to the presence of large number of free
carriers introduced during annealing period [25].

Consequently, higher annealing temperature is led to the
formation of lower resistance or higher conductivity
films. This is basically due to the mobility increase in
(or) carrier density at high annealing temperature and
hence could be attributed to the improved crystalline
nature of films. The electrical property of the films is
found to be related to the crystalline nature, which in turn
strongly depends on the annealing temperature.
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Figure 2: (a) Resistivity (b) hall mobility (c) carrier
concentration of the as-deposited and annealed CIO films.

3.3 Photoluminescence properties

The analysis of photoluminescence (PL) spectroscopy at
room temperature reveals various peaks as shown in Fig.
3(a,b). We use the photoluminescence spectroscopy to
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determine the band gap of semiconductor and since the
most common radioactive transition in the semiconductor
occurs between starts at the bottom of the conduction
band and the top of the valance band [26]. The emission
properties of as-deposited and annealed films were
studied by using PL spectra excited wavelength at 350
nm. The as-deposited film of sample 520 nm shows very
broad PL spectral features compared to the annealed
films. The spectrum of the as deposited film shows peaks
centered at 528 nm, with a shoulder at 398 nm. In
general, emission spectra can be divided into two broad
categories: the near-band edge (NBE) emission and deep
level (PL) emission [27]. High crystal quality and the
quantum confinement effect related to the nanostructures
are the two factors favoring the increase in the intensity of
UV emission at room temperature. High crystal quality of
CIO films may be attributed to the annealing process.
This can decrease impurity and structural defects such as
oxygen vacancies. This lead to a high NBE-emission to
DL emission ratio, which results in a detectable UV
emission at room temperature [28-29].
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Figure 3: As-deposited (b) annealed photoluminescence
spectra of CIO thin films.

The copper doped indium films particularly the as
deposited film contains large number of defect and due to
oxygen vacancies can induce the formation of energy
levels in the energy band. The blue emission from pure
In203 film resulting from the radioactive recombination of
electrons occupying oxygen vacancies with a photo-
excited hole, which is analogous to the PL mechanism of
ZnO and SnO; semiconductors [30]. The samples at 300
K shows near band edged emission peak in the visible
region centered at 393 nm and 384 nm. The position of
the PL peak remained unchanged with the increase in
annealing temperature but the emission intensity of the
peak changes. The intensity of blue NBE emission
depends strongly on the annealing temperature. When the
annealing temperature are at 350 and 400 K, the thin films
exhibits more intense blue emission than as-deposited
film, and the intensity of blue NBE emission increases
with further increase the annealing temperature (400 K).
The blue NBE emission spectra from exciting related
recombination [31-32]. Upto now, there is no clear
explanation for the PL mechanism in CIO thin films. One
of the generally accepted mechanism is the quantum
confinement effect- since the diameters of the nanofilms
is larger than that of the critical Bohr radius of In,03 (2.38
nm [33]), the quantum confinement effect is ignored. The
other generally accepted mechanism is the defect related
emission. For the rapid evaporation, deposition and
oxidation process companying the 200 sccm carries gas
argon, there may be no enough supply of oxygen and the
defects related to oxygen vacancies usually act as deep
defect donors in semiconductors, deep energy levels can
be formed in the band- gap in the InOznanowires [34].
The PL light emitting property in the UV region at room
temperature suggests possible the applications of these
films in nanoscale upto electronic devices in the future.

3.4 Optical properties

Determination of the optical constants has been
absorption coefficient(a), refractive index (n) and
extinction coefficient(k) perhaps one of the most
challenging tasks, when studying the optical properties of
materials since this involves complex equations and a
great deal of computing. A number of methods and
different approaches exist to determine the optical
constants. The easiest of them are those, which depend
on single transmittance measurement. Absorption
coefficient, refractive index and extinction co-efficient of
the CIO thin films studied here were determined from the
transmittance data only using PUMA approach and
software [35]. Point-wise unconstrained minimization
approach (PUMA for the estimation of the optical
constant n, k and o of thin films) software is a procedure
described by Birgin et al [35]. This method implements
the complex optical equations, shown below, derived and
formulated by Heavens [36] and Swanepoel [37]. In
PUMA, the experimental transmittance obtained for the
film is compared with a theoretical value. The difference
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between the two values is minimized until a best solution
is reached for the refractive index, absorption co-efficient
and extinction co-efficient Poelman and Smet [38] have
reviewed and tested this method independely and shown it
that produces excellent estimates of optical parameters of
thin films. The absorption is an important parameter for
characterizing the penetration depth of the light waves
into the thin film layers. The optical absorption of CIO
as-deposited and annealed films was studied in the range
200-1100 nm. Fig. 4 shows the variation of absorption
with wavelength. As can be seen in Fig. 4 especially a, b
and ¢ films have low absorption co-efficient at high
wavelengths compared to the other films.

We think that this may be a result of their high
transmission values. The absorption decreases with
increases in wavelength range 300-1100 nm for a, b and ¢
samples. But d sample have high absorption co-efficient
value at 300 nm. The absorption of the film is found to be
increase with increasing annealed temperature upto 400
K. This is possibly due to the increase in the crystalline
nature and decrease in the number of defects in the
localized state [39]. Also, for the samples are annealed at
400 K, the absorption is slightly changed depending on
the change in the crystalline nature. The refractive index
can be considered as a fundamental property of a material,
because it is closely related to the electronic polarizability
of ions and the local field inside the material.  The
refractive index of CIO as deposited and annealed films
was studied in the wavelength rage 300-1100 nm as
shown in Fig. 5. The refractive index of the as deposited
films is significantly increased from 3.1 to 3.8 when
annealed at 300 K.
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Figure 4: Annealing effect on absorption co-efficient of
copper doped indium oxide thin films.

Refractive index is then gradually increased with an
increase in annealed temperature 350 K to reach 5.9.
When the annealing temperature is increased further to
400 K, the

refractive index is slightly increased beyond 6.2. Hence,
refractive index increases with increase in annealing
temperature. The low values of the refractive index of the
films indicate that these films had relatively low packing
density. Lowering of the packing density is caused by the
incorporation of oxygen during film growth [40], which
may create voids that absorb moisture [41]. Moreover,
collision of the evaporated species with O, molecules
reduce their kinetic energy before reaching the substrate,
and this will result in lower packing density [41]. The
increase of refractive index with annealing temperature
may be attributed to an increase in the density of films
deposited on heated substrates.  Substrate heating
provides thermal energy that increases the mobility of the
atom of the films thereby increasing the packing density
of the films [42]. In particular, the higher values of the
refractive index binary films suggest the application of the
films in opto-electronic industry.(The reason for
maximum value of refractive index particularly film
annealed at 400 K was due to the samples has high optical
transmittance which is shown in transmittance spectrum)
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Figure 5: Annealing effects on the refractive index of
CIO thin films.

The extinction coefficient (k) with wavelength (1) of CIO
films at different temperatures as shown in Fig. 6. The
extinction coefficient of as-deposited film has low values
compared to film annealed at 300 K. The extinction
coefficient increases with increase in annealing
temperature particularly in the NIR region. The factors
that contributed in increasing the film transmission with
annealing temperature are considered to be responsible
for the increase in the extinction co-efficient. Therefore
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the extinction coefficient is inversely proportional to
transmission [43]
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Figure 6: Annealing effects on extinction coefficient of
CIO thin films.

4 Conclusion

In this work, nanocrystalline copper doped Indium oxide
thin films have been successfully prepared using perfume
atomizer technique. The CIO films were annealed for
various temperature between 300 to 400 K. The effect of
annealing on the structural, electrical, optical, and
photoluminescence characteristics of CIO thin film were
studied. XRD result revealed that the CIO thin film has a
good nanocrystalline cubic structure. High carrier
mobility (14.5 cm?/Vs), a low resistivity (2.27x10* Q cm)
and carrier concentration (1.9x10%° cm) were achieved
for the film annealed at 400 K. The optical constants are
calculated from the transmission data by PUMA software.
All the films exhibit intense PL emission in the UV
region. Thus, it is realized that the annealing temperature
plays a pivotal role in controlling the structural, electrical
and optical properties of CIO films.
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