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ABSTRACT

In the present work, we report the structural and optical properties of sol-gel synthesized
Znpo(Cd1xMgy)010 (0 < x < 1.0) nanostructured films investigated by using the X-ray diffraction, scanning electron
microscopy, atomic force microscopy, electrical resistivity, optical absorption and photoluminescence spectroscopic techniques.
The X-ray diffraction study has revealed the hexagonal wurtzite crystal structure having favorable c-axis orientation for the
increase in Mg concentration. The stress-strain calculation reveals the compressive stresses in Cd rich films whereas Mg rich
films experience the tensile stress. Reduction of grain size and surface roughness has been observed with the increase in Mg
concentration with more spherical grains. The AFM and SEM micrographs reveal the smooth surface morphology of the
synthesized films. The magnesium rich films show high transmission in the visible and NIR region but show decrease in it with
the increase in Cd concentration. The band gap increases from 3.19 to 3.40 eV with increase in Mg content. The
photoluminescence measurement reveals the decrease in the defects and increase in band gap with the increase in Mg content in
the films. The electrical resistivity has been found to be increased from 0.3x10% to 169.4x10* Q-cm with increase in Mg
concentration. The present study reports that the compositions x=0.4 and x=0.6 have the optimized combination of optical
transmittance and better electrical resistivity values in this system for their possible applications as transparent conductors. The
present results provide important data for TCOs processing with an optimized content of metal dopants for better transparency
and conductivity. Copyright © 2014 VBRI press.
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Introduction

Transparent conducting oxides (TCO) with transmittance
greater than 80%, while resistivity (p) less than 10 Q-cm
are potential candidates for the various applications in solid
state devices such as liquid crystal displays, transducers and
solar cells [1]. Zinc oxide is a promising candidate to
replace the presently used indium tin oxide as TCO due to
its number of properties i.e. large excitation energy (~60
meV), wide direct band-gap of 3.37 eV and the ability of
band gap engineering with various dopants, makes it a
strong contender in this field [2]. Also, ZnO is
commercially available with advantages such as
comparatively low cost, environment-friendly, non-toxic,
high resistance to radiation damage and high thermal and
chemical stability. Meanwhile, a lot of research has been
done to dope the zinc oxide with different elements i.e. Al,
Cd, Mg and In etc. for developing the superior TCO
material [3-5]. Different techniques has been used to
deposit TCO material films [6-11], while the simplicity
along with the variety of process parameters for optimizing
the deposition conditions for vyielding the highly
conducting, more uniformity, and higher transparency for
the deposited films.

The use of Cd results in the decrease in the optical gap
and electrical resistivity of host ZnO while the use of Mg
dopant increases the optical gap as well as the electrical
resistivity due to the scattering of charge carriers for above
threshold compositions [12-15]. However, we need the
materials for TCO applications having smaller values of
electrical resistivity and large values optical gap and/or the
tailor the band gap for practical applications. Even though,
a lot of research has been reported in which ZnO is doped
with cadmium or magnesium [3, 4, 6-15], but a very limited
literature is available depicting detailed study for Cd, Mg
co-doped ZnO films. From last few years doped oxides are
attracting researchers for their transparent as well as
conducting properties. The present work reports the
detailed study of the structure, morphology, optical and
electrical properties of sol-gel synthesized Zn (Cd, Mg) O
films on the silica glass substrates with an objective to find
optimized concentration of metal dopants in ZnO for their
applications as transparent conductors.

Experimental
Materials and methods

To prepare Znyo(Cdi4xMg,)o10O thin films, the precursor
solution of 0.2 mol/l concentration was prepared by
dissolving the zinc acetate dihydrate [Zn(CH3;COQ),-2H,0,
CDH, 99.5% pure] in solvent 2-ethoxyethanol and mixing
them with the help of magnetic stirrer with hot plate at
60°C. While the solution became transparent, ethanolamine
[C,H;NO, Fisher Scientific, 98% pure] was added in 1:1
molar ratio with zinc acetate as sol stabilizer. To deposit
Zng9(Cd1.xM0y)0.10 (0 < x < 1.0) thin films, appropriate
calculated amount of cadmium acetate dihydrate
[Cd(CH3COO0),-2H,0, SDFCI, 98% pure] and magnesium
nitrate hexahydrate (Loba Chemie, 99% pure) was mixed in
this solution. The different compositions were made by
varying the Cd/Mg concentration for x (0 < x < 1.0). This
solution was kept on continuous stirring for an hour at 60
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°C and finally the solution became transparent, clear,
homogeneous and stable at room temperature. After aging
the stable solution up to 24 h for necessary hydrolysis
process, the sol was finally spin coated on the well cleaned
glass substrates by putting few drops on the center of the
substrate and spun at 3000 rpm for 1 min with spin coater.
Each deposited layer was preheated at 250 °C on hot plate
for 2 minutes. This process was repeated 15 times to obtain
films of desired thickness. These thin films were then
annealed/ dried in the ambient air conditions at temperature
600 °C in muffle furnace for 1 h.

The crystal phase structure of the films was analyzed by
using the X-ray diffractometer (X’Pert PRO, Panalytical,
Germany) equipped with a Giono-meter PW3050/60
working with Cu K, radiation (1.54060 A). The surface
morphology of the films was investigated by using atomic
force microscope (Solver Pro-M4, SPM, NT-MDT, Russia)
operated in contact mode. The surface morphology and
elemental concentrations were obtained by scanning
electron microscopy/energy-dispersive X-ray spectroscopy
(SEM/EDS) (JSM 6610, JEOL Ltd., Akishima, Tokyo,
Japan). The optical transmittance spectrum was recorded
with the help of UV-Vis spectrophotometer (Evolution
300, Thermo Scientific, USA). The 310 nm line of the
xenon arc lamp was used to record the photoluminescence
spectra at room temperature using the spectrofluorometer
(Lambda 45, Perkin Elmer, USA). Electrical resistivity was
measured using two probe method (Scientific Equipments,
Roorkee) at room temperature.

Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the Zng(Cd.
«M0y)0.1O thin films. All the diffraction peaks corresponds
to the reflection of wurtzite-structured ZnO planes and have
a strong (002) peak along with low intensity (100) and
(101) peaks. This suggests that all the prepared films have a
hexagonal wurtzite structure with preferentially oriented
along the c-axis perpendicular to the substrate surface.
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Fig. 1. X-ray diffractograms for the Zno.o(Cd1.xMgx)o.1O thin films.
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However, the intensity of (002) plane is increased with
increasing the magnesium content and have maximum
intensity for sample x=1.0 and minimum for x=0.0. No new
peaks were found for the like cubic MgO and CdO phases,
revealing that the dopants cadmium and/or magnesium does
not affects the wurtzite phase of ZnO and hence no phase
segregation or secondary phase formation is observed.
However with the increase in magnesium content,
orientation is more favored along c-axis. The presence of
prominent peaks shows that films are polycrystalline in
nature. The FWHM varies from 0.0015 for x=0.2 to 0.0035
for x=0.4 as given in Table 1. Thus, the sample with x=0.2
has been found of better crystal quality than the other
samples. Similar results have also been reported by others
workers [3, 19, 20].

Table 1. Summary of various calculated structural parameters viz. peak
position (20) and fwhm (f) for (002) planes, lattice parameters (a and c),
residual stress and crystallite size (D) for Zngg(Cd1-xMgx)0.10
nanostructure films.
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Peak boo2 d C a stress D

() (ad) ® @ ®) (GPa) (nm)
00 34367 00029 2610 5.219 3.013 -0.635 49.70
02 34412 00015 2.606 5212 3.010 -0.331 99.48
04 34486 00035 2601 5.202 3.003 0.156 41.46
0.6 34.526 0.0027 2.598 5.196 3.000 0.414 55.24
08 34467 00027 2602 5.204 3.005 0.027 55.23
10 34498 0.0032 2600 5.200 3.002 0.231 4521

For hexagonal wurtzite structure, the lattice
parameters, ‘a’ and ‘c’ are related to d-spacing and the
miller indices h, k and I through the expression [2]:

= 3 +—= )

o2

1 4 (h2+h.ﬁ:+52) I

aZ

where d is the inter planar spacing which is obtained
from Bragg’s law, and h, k and 1 are the miller indices
denoting the plane. For (002) plane calculated values of ‘a’
and ‘¢’ lie between a = 3.000 to 3.010 A and ¢ = 5.196 to
5.212 A which agrees with the JCPDS data. This is be clear
from the observations that the lattice constant ‘¢’ is
increased when Cd** with higher ionic size (97 pm)
replaces Zn*? having a smaller ionic size (74 pm). On the
other hand, ‘¢’ shrinks when Zn'? is replaced by Mg*
having smaller ionic size (66 pm) than zinc. The crystallite
size of the
Znoo(Cd1xMQ,)010 films was calculated using Scherer’s
formula [21]:

D =092 @)
Becos8

where D is the crystallite size, 1 is the wavelength of the
X-rays used (=1.54059A), /3 is the broadening of diffraction
line measured at the half of its maximum intensity in
radians and @ is the angle of diffraction. The crystallite size
along prominent diffraction planes for Zngg(Cd;.xMgy)e10
films are given in Table 1. The residual stress in the
deposited thin films is calculated by using the expression
which is valid for hexagonal lattice [22]:
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bulk

where Cy;, Cy,, Cy3, Cas are the elastic constants of ZnO
film in different directions and have the values 208.8,
119.7, 104.2, 213.8 GPa. Cyyk and Cg, are the lattice
constants of standard ZnO powder (Cpyx = 5.205 nm) and
prepared films, respectively. Negative values of stress
shows expansion of the structure and positive values of
stress show contraction (shrinkage) of the structure and are
tabulated in table 1. The observation of compressive stress
due to the expansion of the ZnO lattice with the
replacement of Zn?* by larger ionic sized Cd*" for the
samples with x=0.0 and x=0.2 samples. While the
replacement of Zn with the smaller sized Mg causes the
shrinkage of ZnO lattice for favoring the tensile stress.
Also, the position of (002) diffraction peak is shifted
towards higher angle as the residual stress in the thin films
is increased (or the lattice constant ‘c’ is reduced) with an
increase in magnesium concentrations. Table 1 gives the
summary of various calculated structural parameters viz.
peak position (20) and FWHM value for (002) planes,
lattice parameters (a and c), residual stress and crystallite
size for Zny 9(Cd1«Mgy)o.1O nanostructure films.

Surface morphology

Fig. 2 shows the 2D and 3D morphological images of the
ZNoo(Cd1xMgy)o1O films. The results reveal the smooth
surface morphology with uniformly sized spherical and
some distorted spherical/cubic shaped grains for prepared
films.

Fig. 2. 2D surface morphological view of (a) x=0.0, (b) x = 0.6, (c)
x=1.0 and 3D image for x=0.6 in Zng 9(Cd1-xMgx)0.10 thin films.
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The calculated values of grain size and rms surface
roughness are summarized in Table 2. It is observed that
the size of the grains decreases from ~50.7- 27.3 nm while
the surface roughness decreases approximately from 15.1-
6.3 nm with the increase in magnesium content in the thin
films. Similar results have been reported by other workers
[23].

Table 2. Summary of various parameters viz.grain size (Daem),RMS
surface roughness (Sq), optical band gap (Eg), PL peaks and electrical
resistivity (p) of Zng9(Cd1-xMgx)o.10 thin films.

PL peaks (nm)

X Daru Sq E p
(nm) (nm) (ev) I I i (x102Q-cm)
0.0 50.7 15.1 3.18 397 4195 4825 03
0.2 415 123 321 397 4200  485.0 29
04 30.7 09.8 325 394 4215 4850 179
0.6 29.7 09.6 3.28 390 4205 4850 41.6
08 30.1 08.7 3.30 385 4215 4840 124.6
1.0 27.3 06.3 340 378 420.0 4835 169.4

The surface morphology and elemental analysis of the
films has also been investigated using SEM-EDS as shown
in Fig. 3. The SEM images show the smooth surface
morphology of the prepared films. The EDS analysis
confirmed the presence of Zn, O, Cd and Mg elements in
the deposited films.
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Fig. 3. SEM micrograph and energy dispersive spectra for Zngo(Cd;-
xMgx)o.10 (x=0.6) thin films.
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Optical properties

Fig. 4 shows the optical transmission spectrum (200-1100
nm) of the films, exhibiting interference fringe patterns with
an average transmission more than 86% indicating good
optical quality of the deposited films. In the visible and
near IR region, the Mg rich films show maximum
transmission due to the stable crystal structure, surface
morphology as well as the reduction of the optically active
defects otherwise the degradation found in the Cd-rich
films. These magnesium rich films also block/absorb most
of the UV radiations. Similar results were reported by
others [4, 11, 24]. It has also been observed that the
absorption edge blue shifts with the increase in the Mg
concentration in the films indicating band gap broadening
[17].
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Fig. 4. Optical transmission spectra for Zng ¢(Cd1-xMgx)0.10 thin films.

From the transmission spectra, the absorption
coefficient (a) is calculated using the relation [25],

ald) = i!n e) (5)

where, d is the film thickness and T is the
percentage transmittance of the film. The optical energy
gap (Eg) and absorption coefficient o is related by the
relation (6), given as;

o= % ((.Fw — Eg)i) (6)
which gives
((hva)®) = C(hv — Eg) 7

where, Eq is the direct optical band gap energy, hv is
the incident photon energy, p=1/2 for direct band gap and
C is a constant [26]. The variation of (hva)® with photon
energy (hv) is shown in Fig. 5. The energy gap (E,) of the
samples is evaluated from the intercept of the linear portion
of the each curve with (hv) on x-axis [18]. It has been found
that the values of the optical gap increases from 3.19-3.40
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eV with the increase in the Mg content in the samples.
Similar results were reported by others [4, 17, 27].

(ahv)? (arb. units)

3.0 3.6 3.7

E (eV)

Fig. 5. The variation of [:ﬂfhﬂj‘ verus hi? for spin coated
Zno.9(Cd1-xMgx)0.10 film samples.

Fig. 6 shows the room temperature photoluminescence
spectra of Zngg(CdyxMgy)o1O films at an excitation
wavelength of 310 nm. A strong dominant UV emission
peak has been observed for all the samples related to
intrinsic near band edge (NBE) emission at 3.37 eV (380
nm), attributed to the recombination of free excitons
through exciton-exciton collision process for the direct
band-gap transition of ZnO [28]. However, the peak
position of this NBE shifts towards shorter wavelength
from 397 nm to 378 nm with the increase in Mg content
indicating the band gap broadening [16, 29]. The maximum
intensity of this NBE peak in the UV region is for cadmium
rich samples attributed to higher density of free excitons.
This emission in the near UV region confirms crystal
perfection in all the prepared samples.

~o0oooo
QOO NO

X X X X X X

I (arb. units)

1 1 1

350 400 450 500 550
A (nm)

Fig. 6. Room temperature photoluminescence spectra for sol gel
synthesized Zng o(Cd1-xMgx)0.10 film samples.

Two very low intensity blue emission peaks at 420 nm
and 485 nm has been observed for all samples attributed to
oxygen related defects (oxygen vacancies or oxygen
interstitials) [30]. These defects have been found to
decrease with increase in Mg content in the films. A small
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intensity peak at 527 nm for Zny¢Cd, ;O sample, attributed
to the deep level defects such as zinc vacancy or oxygen
vacancy in ZnO which is being created due to the
evaporation of oxygen with the annealing of the sample at
600°C [31]. These donor oxygen vacancies should drag the
Fermi level towards the conduction band. Hence the
oxygen vacancies created in lattice structure. However, this
peak is not broad indicating least porous films structure.
Similar results were reported by others workers [15, 19,
28].

Electrical properties

Table 2 summarizes the room temperature electrical
resistivity of the Zngo(Cd;xMg,)o.1O films. The resistivity is
found to increase with the Mg concentration in the samples
and attain highest value of 16.9x10° Q-cm for x=1.0. This
large value of the electrical resistivity may be due to the
depression of the interstitial metal atom and/or oxygen
vacancies of ZnO with Mg doping, which however make
these material a p-type or n-type semiconductor [13]. There
is also the possibility that a spot of Mg at the grain
boundaries may produce electrical barriers, increasing
scattering of the carriers, and thus increase the resistivity
[14]. On the other hand, low value of electrical resistivity
(0.3x10% Q-cm for x=0) is being observed and hence Cd
doping decreases the electrical resistivity [12, 15]. Similar
results were reported by others [12-15, 17]. Therefore, the
higher transparency along with the low electrical resistivity
for the x=0.4 and 0.6 samples will be suitable for possible
applications as transparent conductors. The optimization of
transparency along with conductivity using two metal
dopants and low cost sol gel spin coating technique which
can be easily scaled to industrial level strengthen novelty of
this work.

Conclusion

We have successfully synthesized the Zngo(Cd;.xMgy)o.10
(0 < x < 1.0) nanostructured films by low cost sol gel spin
coating process. The X-ray diffraction study reveals the
hexagonal wurtzite crystal structure with an enhancement in
favorable c-axis orientation for Mg rich films. The Cd rich
films experience compressive stress whereas Mg rich films
experience tensile stress. AFM analysis reveals the
formation of highly smooth surface with uniformly
distributed spherical or distorted spherical/cubic shaped
grains for these films. The SEM-EDS analysis confirmed
the stoichiometry of Zn, O, Cd and Mg elements in the
synthesized films.The magnesium rich films show high
transmission in the visible and NIR region but reduce for
Cd-rich films. The band gap increases from 3.19 - 3.40 eV
with increase in Mg content. The UV emission peak (NBE)
shift towards shorter wavelength from 397-378 nm
indicating band gap widening along with the decrease in the
optically active defects with the increase in Mg content.
The electrical resistivity increases from 0.3x10% to
169.4x10? Q-cm with increase in Mg concentration. These
results suggest that the optimized value of the Cd/Mg will
be suitable for their application as TCO applications. As
the future prospects, we suggest that these systems needs
more optimization with various techniques of film synthesis
and other metal dopants to find the better conductivity
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along with transparency of such systems for technological
applications.
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