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Synthesis and properties of sol-gel derived transparent ZnO thin films: Effect of
indium doping
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High quality and transparent indium doped ZnO (IZO) thin films were deposited on glass substrates by sol-gel spin coating
method. Zinc acetate and indium (III) chloride were used as precursor solution materials. Structural, morphological, and
optical properties of the films were investigated as a function of indium doping ranging from 0.5% to 2.0 at % by X-ray
diffraction, scanning electron microscopy, transmission and energy dispersive X-ray techniques. The films had polycrystalline
nature and exhibited a hexagonal wurtzite structure with preferred c-axis orientation. The film surfaces exhibited uniform
particle-like and granular morphologies. The optical transmittance spectra of the undoped ZnO and IZO films were taken in
the wavelength ranging from 350-1000 nm. The transmittance IZO films compared to undoped ZnO has increased with
increasing indium content. The chemical composition of the films indicated the presence of indium element in the ZnO films.
These results make IZO thin films an attractive candidate for transparent material applications such as solar cells.

Key words: In doped ZnO, ZnO, Sol-gel, Optical and structural properties, TCOs.

Introduction optical properties of ZnO were reported in several

studies [15-17]. In general, the ZnO doping is intended

Transparent conducting oxides (TCOs), such as zinc to displacement of Zn atoms (Zn"?) with atoms of higher

oxide (ZnO), indium tin oxide (ITO), indium oxide valance elements such as Aluminum (Al*), Indium

(In,03) and tin oxide (SnO,) have recently been (In**), Tin (Sn"™) and, obtain the native defect or impurity

studied for applications related to microelectronics and atoms which are changing the electrical conduction and
optoelectronics fields including thin film sensor, transistors optical properties [8, 18].

and solar cells [1-3]. Among these TCO candidates, ZnO is Doped and undoped ZnO thin films have been

a promising material with properties of low resistivity, a synthesized using several techniques such as sputtering

large exciton binding energy (60 meV), a strong cohesive [19], vacuum evaporation [20], pulsed laser deposition

energy (1.89 eV) and a direct wide bandgap (3.37 eV) at (PLD) [21], molecular beam epitaxy (MBE) [22, 23],
room temperature [4, 5]. It has also high optical gain and chemical spray pyrolysis (CSP) [24], Successive lonic
transmittance in the visible range [6], high mechanical and Layer Adsorption Reaction (SILAR) [25], metal-organic
thermal stabilities [7] and high light trapping characteristics chemical vapor deposition (MOCVD) [26] sol-gel
[8]. Because of these properties, ZnO being from II-VI method [27-29] and etc. Among these, sol-gel is one of

semiconductor group has been extensively studied for its the most useful methods and compared with the others,
advantages of application in light emitting diodes (LEDs) it has some advantages such as simple and practical
[9], laser diodes [10], transparent electrodes [11], surface process, low cost and temperature, controllable solution
acoustic devices [12] and flat panel displays [13]. ZnO concentrations and dopants, obtaining intended film
films have c-axis orientations with hexagonal wurtzite thickness, and smooth-surface films [30].

crystal structure and can be smoothly deposited on various Although there are several reports on doping of ZnO
kinds of substrates such as glass, Si, sapphire, etc. Besides with aluminum [31], lithium [32], gallium [33], nickel [34]
all these, it is economical and environmental material due and tin [35], many research groups [36-41] have recently
to non-toxity, inexpensive cost and to be found easily in investigated the structural, optical and electrical properties
nature [14]. Different dopant ions with the desirable of IZO thin films because of its good conductivity and
concentration can be used to obtain conducting and higher optical transmittance. Benouis et al. [42] have
transparent ZnO thin films. The metal dopants (Sn*", In**, investigated the effect of indium doping on structural,

AP, Zr**, Mn**, Ga®, etc.) improving the electrical and electrical conductivity, photoconductivity and density of

states properties of ZnO thin films grown by spray

. ] pyrolysis method and found that In doping had an
Corresponding author: . . . .
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the lowest resistivity compared to undoped ZnO.

Until now, there are little reports on the studies involving
In doped ZnO (IZO) thin film synthesized by sol-gel spin
coating method [43-46]. Chen et al. [43] have examined the
temperature effects and the contribution of indium dopants
on crystallization mechanism of ZnO nanostructures.
Both improvements of the ZnO crystallization quality and
significantly growth of ZnO nano-pillars have been
observed with increasing the crystallizing temperature. As a
function of the film thickness and the post-deposition
annealing treatments in different atmospheres, the electrical
resistivity, structure, morphology and optical transmittance
of the films were investigated by the Arredondo et al. [44]
and Girtan et al. [47]. Abdullah et al. [45] have observed
that the crystal quality of the IZO films was highly
dependent on the annealing temperature and could be
improved along with the films annealed from 400 °C to
600 °C.

In the present paper, we describe the effects of In
doping on structural, morphological and optical properties
of sol-gel synthesized ZnO thin films. Since the technique
used here for the film preparation is very simple, it is quite
easy to vary the doping concentrations in this technique
and hence one can vary the properties of the films.

Experimental Details

The thin film deposition was performed by sol-gel
spin-coating method on glass substrate, using a sol
prepared with zinc acetate dihydrate (Zn(CH;COO),-
2H,0), indium(III) chloride (InCl;), monoethanolamine
(C,H,NO, MEA) and 2-methoxyethanol (C;HgO,), as
starting material, dopant source, stabilizer and solvent,
respectively. The molar ratio of MEA to metal salts
was maintained at 1:1. 0.5M zinc acetate dihydrate
and 0.5 M indium(III) chloride were mixed in different
solution mole ratios from 0.5 at % mole to 2.0 at %
mole. The [ZO films were identified according to
indium content as 0.5% 1Z0, 1.0% 1ZO and 2.0% 1ZO
and undoped ZnO (a reference sample). The precursor
sol was stirred at 100 °C for 24 hrs in a tightly-closed
flask to obtain a clear and homogenous solution. The
glass substrates were cleaned in acetone and methanol
by using an ultrasonic cleaner and dipped in diluted
10% HF (hydrofluoric acids) for 30 sec. Then the
substrates were rinsed with de-ionized (DI) water and
dried with nitrogen. The resultant solution was dropped
on glass substrate and then spin coated at a speed of
3000 rpm for 25 sec. After spin coating, the films were
dried at 250 °C for 5 min to remove the solvent and
organic residuals and then allowed to cool down to
room temperature. This procedure was repeated for 10
times to obtain the intended thickness and film quality.
The same procedure was repeated for the films
prepared with different values of fluorine doped and
finally, they were annealed in air at 500 °C for 30 min.
X-ray diffraction (XRD) patterns were taken using a

Rigaku D/Max-1IIC diffractometer. The diffractometer
reflections were investigated at room temperature and
the values of 20 were altered between 20 ° and 85 °.
The incident wavelength was 1.5418 A. Morphological
properties of the films were determined with Nova
Nanosem 430. The optical absorbance of the thin films
was recorded in spectral region of 350-1000 nm at
300 K using a UV-VIS spectrophotometer (Perkin-Elmer,
Lambda 35) which works in the range of 200-1100 nm
and has a wavelength accuracy of better than + 0.3 nm.

Results and Discussion

The crystal structure and orientation of undoped ZnO
and IZO thin films having different In concentrations
were investigated by XRD patterns. Fig. 1 shows the
XRD patterns of undoped and IZO films deposited at
different In dopant concentrations on the glass substrate.
The ZnO films normally crystallized with the hexagonal
wurtzite structure and a preferred orientation of (002). But,
these spectra indicate that the films have polycrystalline
nature and the peak positions fit well with a hexagonal
wurtzite ZnO structure (JCPDS card file no. 36-1451)
and no phases related to In have been observed in the
IZO films. As can be seen in Fig. 1, doping of ZnO
with the different In concentrations did not affect the
crystallization of ZnO films except getting reduced the
diffraction peaks indicating the I1ZO films lower
crystallinity as compared with the undoped ZnO films.
Even if the preferential orientation peak is (002), weak

2.0% 120
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' un-doped ZnO
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Fig. 1. XRD patterns of ZnO thin films with different indium
contents.
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Fig. 2. SEM micrographs of indium-doped zinc oxide films (a)
0.5% 170, (b) 1.0% 120 and (c) 2.0% 1ZO.

intensity peaks corresponding to (100), (101), (110),
(103), (102), (112) and (004) along with (002) were also
observed for undoped ZnO film. Although the maximum
preferential peak intensities were observed for undoped
ZnO film, with the In concentration increasing, the
intensity of all diffraction peaks decreased even for the
dominant (002) peak, and (102), (112) and (004) peaks
were completely vanished at 2% mole In concentration.
Similar results were also observed by Girtan et al. and

Eyiip Fahri Keskenler and Giiven Turgut

Kumar et al. [38, 47].

The surface morphology of the films was investigated
with SEM. The thickness of the films was estimated from
cross-sectional SEM images and it was found to be
0.42mm. From the results of SEM analysis shown in Fig.
2 (a-c), it is quite clear that the surface nature of the films
is greatly affected by the indium dopant concentration.
The film surfaces exhibited uniform particle-like and
granular morphologies. It has been pointed out by
many groups that sol-gel derived thin films exhibited
most likely particle-like surface [48-50]. This particle-
like structures were similar to ones that seen by Chen
et al. [15] and Chakraborty et al. [S1]. When indium
(IIT) chloride was used as dopant, the grains were
observed to be well defined and uniformly distributed
over the surface. In addition, it is clearly obvious that
increasing doping concentration from 0.5% to 2.0%
have reduced the grain sizes in IZO films.

The calculated interplanar distance ‘d” values from
XRD analysis have been given in Table 1. The difference
in interplanar distance between standard values obtained
from JPDS card no: 36-1451 and calculated values for
undoped and 1ZO films deposited at different In dopant
concentrations is very small. The almost matched values
of the calculated and standard ‘@’ confirms that the
deposited films are ZnO with a hexagonal wurtzite
structure. Nearly the same results for the (100), (002) and
(101) peaks were also reported by Nirmala and
Anukaliani [52] for 5 and 10 at % Co doped ZnO films.

The calculated lattice parameters and crystallite sizes
have been given in Table 2 along with the standard
values obtained from JPCDS card no: 36-1451. The
lattice constants ‘@’ and ‘¢’ of the wurtzite structure of
7ZnO were calculated using the following relations [53];

1_4 > 2 L

== (h+hk+k)+= )

d” 3a c
Where ‘@’ is the interplanar distance and (44/) is miller
indices, respectively. It is seen from Table 2 that as the
doping concentration increases the values of lattice
parameters ‘a’ and‘c’ increase for 0.5% IZO compared

Table 1. Standard and calculated interplanar distances ’d’ values
of the films.

Calculated d (A)
Standard d

(kD" Ay T 00%  05%  10%  20%
1Z0 1Z0O 1Z0 120

100 2814 2837 2829 2832 2819
002 2603 2592 2618 2626 2617
101 2475 2473 2486 2484 2479
102 1911 1911 1913 1916 -

110 1624 1623 1628 1631 1626
103 1477 1476 1481 1483 1479
112 1378 138 1381 1386 -

004 1301 1299 1299 1302 -
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Table 2. The structural parameters of undoped and In doped ZnO thin films.
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Sample
(% mole In doped)

Lattice constants (A)

a

C

D (nm)

(x 10"m™)

N

(100)/(002)

(101)/(002)

0.0
0.5
1.0
2.0

3.249
3.262
3.273
3.255

5.183
5.236
5.252
5.236

16.17
20.54
18.44
14.56

9.88
4.81
6.65

13.52

0.07561
0.30615
0.49837
0.55271

0.09823
0.33966
0.52683
0.53333

*JPDS card no: 36-1451 (a* = 3,250 A ¢* = 5,207 A).

to undoped ZnO (a=3.249nm; c=5.183nm) to
3.262nm and and 5.236 nm, respectively, then again
increases onwardly to 3.273nm and 5.252nm for 1.0%
1ZO. Interestingly for 2.0% 1ZO they decrease to 3.255 nm
and 5.236nm. The crystallite sizes of the undoped ZnO and
170 films deposited at different In dopant concentrations
were calculated by using Scherrer’s formula [54];

09 4

S cos(6) @
Where A is the wavelength of the X-ray, B is the full
width at half maximum (FWHM) of the diffraction
peak in radians and O is Bragg diffraction angle. The
average crystallite size of the undoped ZnO is found to
be 16.17 nm, and for 0.5, 1.0 and 2.0 at % In doped
Zn0O, the average size is found to be 20.54 nm,
18.44 nm and 14.56 nm, respectively. It is seen that,
compared with undoped ZnO, 0.5 at % In doped ZnO
films resulted in an maximum increase in crystallite size
revealing that it has highest crystallite size. The chance
in crystallite size is in very good agreement with SEM
micrographs in Fig. 2. The number of crystallites per
unit area (N) of the films was determined using the
following relation [55] and given in Table 2;

N- G)
Where ¢ is the thickness of the film. As can be seen in
Table 2, there is a conversely relation between the
crystallite size and the number of crystallite per unit
area. Although 0.5% I1ZO film has the maximum
average crystallite size of 20.54 nm among the 1ZO
films, it has the minimum number of crystallites per
unit area of 4.81 x 10'"®m™. Ratio of peak intensities for
(100) / (002) and (101) / (002) planes of undoped and IZO
films were also calculated and given in Table 2. As can be
seen in Table 2 that in undoped ZnO film (100) / (002)
and (101) / (002) ratios have the lowest values indicating
highest orientation of c-axis in undoped ZnO. However
17O films show increase in these ratios with increase in
indium concentration [56].

The optical transmittance spectra of the undoped ZnO
and IZO films in the wavelength ranging from 350-1000
nm is shown in Fig. 3. As can be seen in the transmittance
spectra of undoped ZnO and IZO films, the transmittance
is increased with increasing In content and All the films are

100

80

60 —
L w==un-doped ZnO

—0.5%170 Enl /
40 —1.0% IZO »
—2.0% 120 Lol /

20

Transmittance (%)

o Lt i 1 1
400 405 410 415 420

Wavelength (nm)

0 I L l 1 l 1 l 1 l 1 I 1
400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 3. Optical transmittance spectra of the undoped ZnO and 1ZO
films in the wavelength range of 350-1000 nm.

n

Element (o] Si In Ca Zn

wt% 2202 19.12 386 345 51.56

at% 46.41 2296 113 290 26.60

" Ca -
In

In
In |
Ca
In
i ‘m.‘l'm. i bl e b L . A R,

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

9.00  kev

Fig. 4. A typical EDX spectrum of 2.0 at % In doped ZnO thin
film.

highly transparent in the visible region. The transmission
spectra show interference fringes for all the films. The
appearance of interference fringes indicates the smooth
reflecting surface of the films and minimum scattering loss
at the surface, which indirectly proved the homogeneous
film deposition. A typical transmittances of 93.17, 89.07,
85.46 and 76.37% at 550nm were obtained for 1.0, 2.0,
0.5at % In doped ZnO films and undoped ZnO,
respectively. It is quite clear from the transmittance spectra
that the IZO films had better transparency than undoped
ZnO film and this behavior has also been observed
by Kumar et al. [38]. The transmittance shows firstly
increasing tendency with increasing In concentration and
reached a maximum value of the 1.0 at % In doped ZnO,
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then shows a decreasing with 2.0 at % In doped ZnO.
The transmittance in the visible region decreased at short
wavelengths near the ultraviolet range. The inset figure
shows the transmittances values in the range of 400-
420 nm wavelength. The chemical composition of the
films was determined by energy-dispersive X-ray (EDX)
spectroscopy and given in Fig. 4 for 2.0 at % In doped
7ZnO0. Fig. 4 indicates the presence of O, Si, In, Ca and Zn
elements and shows that In content in the film is
3.52 at.% which gives the direct evidence that In atoms
are introduced into the ZnO. The Si and Ca peaks are
related to the glass substrate.

Conclusions

In this study, high quality transparent indium doped
ZnO (IZO) thin films were deposited on glass substrate
by sol-gel spin coating method and their structural,
morphological, and optical properties were investigated
as a function of indium doping. Although the preferential
orientation peak was (002), other peaks like (100), (101),
(110), (103), (102), (112) and (004) were also observed.
The intensity of all diffraction peaks decreased with
increasing the In content. SEM images showed that the
film surfaces exhibited uniform particle-like and
granular morphologies and were affected by the indium
incorporation. Increasing doping concentration from 0.5%
to 2.0% have reduced the grain sizes in IZO films. There
were almost no difference in interplanar distance between
standard and calculated values for the films. This is
indication of the growth of the ZnO films having a
hexagonal wurtzite structure. All the films were highly
transparent in the visible region. The fact that the
transmittance increased with increasing In content and
the IZO films had better transparency than undoped
ZnO film makes 1ZO films as a candidate for
transparent material applications such as solar cells.
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