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Effect of Annealing on Structural and Optical Properties of Cu Doped In20s Thin Films
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Cu-doped In203 thin films were prepared using flash evaporation method at different Cu-doping levels.
The effect of annealing was studied on the structure, morphology and optical properties of the thin films.
The films exhibited cubic structure and optical transmittance of the films increasing with annealing tem-
perature. The highest optical transmittance of 78 % was observed with band gap of 4.09 eV.
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1. INTRODUCTION

It is well known that transparent conducting oxides
(TCOs) found various optoelectronic applications [1]. In
order to achieve high optical transmittance at high
conductivity, continuous efforts are made such as in-
troducing the foreign elements into the host matrix [2-
4], creating the oxygen deficiency [5], or method of
preparation such as dc reactive magnetron sputtering
[6], chemical spray pyrolysis [7], pulsed laser deposi-
tion[8], high density plasma evaporation [9], etc. In
order to enhance the efficiency of solar cells, tremen-
dous efforts were made to allow much radiation for the
cell. It can be done by using TCO as a top electrode
which can allow the most of the radiation and observe
conductance (window layer). In order to achieve that,
solar cells with heterojunction structures are used.
Wide band gap TCO materials such as CdO, ZnO, SnO2
and In20s3 can fulfill this requirement [10, 11]

Currently In203 is attracting much interst as it is
the best TCO among the other TCOs. In203 is a wide
band gap semiconductor with cubic bixbyite structure.
In203 is widely used in optoelectronic and spintronic
applications. In addition to this its cubic structure will
allow to use low cost substrates such as MgO, which
has interesting applications. In order to enhance the
band gap, various doping elements such as Li, Cr, N1
[12-14] were doped into the host material and their
physical properties were extensively studied. Hence
here the attempt is made to dope the impurity copper
(Cu) to study the change in structural, optical proper-
ties of In20s by doping using the flash evaporation
method.

2. EXPERIMENTAL PROCEDURE
2.1 Preparation of Cu Doped In203 Thin Films

Cu-doped IngOs3 thin films were prepared by flash
evaporation method using 12 in. vacuum coating unit
(Model: 12A4D). Pure In203 (99.999 %, Sigma Aldrich)
and Cu20 (99.99 %, Sigma Aldrich) powders were taken
as the source materials and mixed thoroughly by mechan-
ical method at 1-5 at. % of doping levels of Cu. The powder
was added in the chute which is coupled with vibrating
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motor. The substrate temperature of 373 K was main-
tained and the films were coated on a corning 7059 of
glass substrates. After that one set of films had been an-
nealed in air at 523 K for 2 hrs and the other set of films
had been annealed in the air ambience at 623 K for 2 hrs.

2.2 Characterization of Cu Doped In:03 Thin
Films

The structural characteristics were done using
powder X-ray diffractometer (D8 Advance, BRUKER),
surface and chemical analyses were done using SE and
EDS (Oxford make Inca Penta FETX3 EDS attachment
in Carl Zeiss EVO MA 15 SEM instrument), the optical
transmittance, absorbance were studied using UV-Vis-
NIR spectrophotometer (JASCO-V-670).

3. RESULTS AND DISCUSSION

Fig. 1(a), (b) and (c) show the X-ray diffraction pat-
terns of Cu doped In203 thin films deposited at 373 K,
annealed at 523 K and 623 K with different Cu doping
levels (1, 3, and 5 at. %). In Fig. 1(a) X-ray diffraction
patterns of Cu doped In203 films at copper doping levels
of 1, 3 and 5 at. % were shown in order to present clearly
the changes in the diffraction peaks. Polycrystalline na-
ture was observed in the films deposited at 373 K. The
diffraction peaks (101), (002) and (202) reflect the pres-
ence of unreacted indium (In) in the films. It indicates
that the substrate temperature of 373 K was not suffi-
cient for the complete oxidation of indium (In) into In20s.
It may be due to insufficient thermal energy for the films
to be oxidized. In Fig. 1(a) the intensity of the peak (101)
is higher at lower Cu doping levels (3 at. %) and thereaf-
ter it decreases at higher Cu doping levels (5 at. %). And
the (002) orientation with low intensity was also ob-
served at lower doping levels but it completely disap-
peared at higher doping levels (5 at. %). The shift in dif-
fraction angle (260) towards lower values was observed
when the doping levels were increased from 1-5 at. %. It
clearly reflects that the substitution of doping occurs in
the matrix In203. The grain size was calculated using
Debye-Scherrer’s relation and it found that they are in
the range of 22 nm to 50 nm. The summary of copper
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doping levels, diffraction angle (26), full width at half
maxima (FWHM), inter planar distance observed (doss),
calculated (d.a)), Orientations and grain size were given in
Table 1.
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Fig. 1 - X-ray diffraction patterns of the Cu doped Inz0s films (a)
deposited at 373 K (b) annealed at 523 K and (c) annealed at 623 K

Fig. 1(b) shows XRD patters of the 1, 3 and 5 at. %
of Cu-doped In203 thin films annealed at 523 K. In or-
der to avoid excess of indium in the films deposited at
373 K, the films were annealed to 523 K for 2 hrs in
air ambience. The diffraction pattern shows a clear
change in the structure of the films from tetragonal
indium to cubic indium oxide. The orientation
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Table 1 — The summary of copper doping levels, diffraction angle
(20), full width at half maxima (FWHM), inter planar distance
observed (dobs), calculated (dear), orientations and grain size

32.96 2.714 2.718 101 39
1 0.217 36.33 2.470 2.473 202 37
48.37 1.880 1.882 202 126
o+ [oe 2% Pomt o e
5 0.190 32.84 2.720 2.727 101 45

(222), (400), (321) and (440) reflect the cubic structure
of indium oxide thin films [15]. No new orientations
other than indium oxide were observed in the X-ray
diffraction patterns. It indicates that the metal indium
was not observed in the X-ray diffraction patterns.
Moreover, crystallinity of the films was enhanced by
increase in annealing temperature. The grain size of
Cu doped In203 thin films was calculated from Debye-
Scherrer relation [16] and it decreased from 38 nm to
18 nm for 1-5 at. % of Cu-doping levels. The shift in
diffraction angle (260) towards higher angles was ob-
served at lower doping levels. Similar results were also
observed in Ga-doped CdO thin films [17]. But no sig-
nificant change in diffraction angle (26) even at 5 at. %
was observed in Mn-doped ZnO thin films [18]. The
summary of copper doping levels, full width at half
maxima (FWHM), inter planar distance calculated
(dcal), grain size, lattice constant and strain were cal-
culated and tabulated in Table 2.

Fig. 1(c) shows X-ray diffraction patterns of the Cu-
doped In203 films deposited at different doping levels
(1-5 at. %) which were post annealed at 623 K. It was
done because the structural changes were observed
from the deposited to the post annealed films and the
orientations of the films also changed with the post
annealing. Hence here 5 different doping levels (1-
5 at. %) were considered and annealed at 623 K for
2 hrs. Further improvement in the crystalline nature of
the films was observed. No significant change in either
the orientation of the films or structure of the films was
observed. The increase in the intensity of the films was
observed and the orientation (222) remains constant
even up to 5 at. % of Cu doping level. But the (400) ori-
entation disappeared at higher doping levels. It clearly
says that stable cubic structure was observed for the
films annealed at 623 K. The grain size of the films
decreased from 39nm to 22nm for the films at
(1-5 at. %) of Cu doping levels. Further raise in annea-
ling temperature was not done as high temperature is
not favourable for flexible substrates like plastics or
polymer. The mechanical strain was calculated for the
films annealed at 523 K and 623 K for 2 hours using
the relation (fcosf) / 15 and it is given in Table 2 and
Table 3.

Fig. 2 shows the EDAX spectrum of the Cu-doped
In203 thin films at 3 at. % annealed at 623 K for ele-
mental composition. The percentages of Cu, In and O
were found to be as follows oxygen 60.08 %, copper
2.51 % and indium 37.41 %.

Fig. 3 shows the scanning electron microscope
(SEM) images of the Cu-doped In20s films (3 at. %)
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annealed at 523 K and 623 K for 2 hrs. Very small
grains of spherical shape over entire substrate surface
were observed and average grain size is about 30 nm
which is close approximation to XRD data.

Table 2 — The summary of copper doping levels, full width at
half maxima (FWHM), inter planar distance calculated (dca),
orientations and grain size, lattice constant (4) and strain
developed of Cu doped In20s3 thin films

(a(gu(;/) FWHM ((Zg)l* hkl |gmm)| a(d) | Strain
. (1]

2.935 | 222 | 38 | 10.160 | 0.0144
1| 0224 179 5s7 [ 400 | 36 | 10.148

2.925 | 222 | 34 | 10.132 | 0.0160
8 | 0249 o039 [ 222 | 22 | 10.156
5 | 0454 | 2933 | 222 | 18 | 10.160 | 0.0292

Table 3 — The summary of copper doping levels, full width at
half maxima (FWHM), inter planar distance calculated (dea),
orientations and grain size, lattice constant (A) and strain
developed of Cu doped In20s thin films

(a(g.u%) FWHM ‘(ig’)” hkl (n{’n , | a@® | stain
. | 0220 [2929 |22 | 89 | 10146 [ 00141
0.248 | 2.540 | 400 | 36 | 10.160 | 0.0157

L | 0835 2923 222 | 80 | 10.128 ] 0.0215
0.216 | 2.923 | 400 | 40 | 10.133 | 0.0137

5 | 0282 | 2927 | 222 | 25 | 10.141 | 0.0181

4 | 0389 | 2933 | 222 | 22 | 10.161 | 0.0523

5 | 0250 | 2.937 | 222 | 34 | 10.174 | 0.0160
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Fig. 2 - EDAX spectrum of Cu-doped In:0s3 films (3 at. %)
annealed at 523 K

Fig. 4 shows the optical transmittance spectra of the
Cu-doped In203 thin films annealed at 623 K. The opti-
cal transmittance of the deposited films was poor. It
was about 20 %. It may be due to reflectance as indium
was not completely oxidized in the films. Similar re-
sults were also observed in X-ray diffraction patterns in
which the films were indium rich. Hence low optical
transmittance for the deposited films was observed.
The optical transmittance of the films decreased with
the increase in doping level. But for the films annealed
at 623 K, the optical transmittance increased and be-
came maximum of 78 % at 5 at. % of Cu doping level.
Moreover, all the films exhibited high optical transmit-
tance in IR region. The optical band gap of the
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Fig. 3 - SEM images of Cu-doped In:Os films (3 at. %) an-
nealed at (a) 523 K and (b) at 623 K
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Fig. 4 - Optical transmittance spectra of Cu-doped In20s films
annealed at 623 K for different Cu doping levels

films was determined using the relation [19]. The
transmittance of the films increased to a large extent
by post annealing treatment. The films annealed at
523 K exhibited an average optical transmittance of
65 % at 550 nm. Here indium rich films were oxidized
and the transmittance of the films was increased. It
may be due to increase in the grain size which can be
confirmed from XRD. The improvement of the grain
size can decrease the collisions. Hence the betterment
of the optical transmittance was observed.
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Fig. 5 — Plots of optical band gap of Cu-doped In20s films an-
nealed at 623 K

The optical absorption coefficient was determined
by using the relation

a=—In(D) /¢ 1)

where, T is the transmittance and ¢ is the thickness of
the films. The absorption edge of the films shifted to-
wards shorter wavelength with increasing doping con-
centration till Cu doping concentration of 3 at. % sug-
gests widening of the energy band gap. The dependence
of a with the photon energy (hu) was found to obey the
following relation
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