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Abstract

Cadmium-doped zinc oxide (CZ0O) has been the potential candidate for the fabrication of low-cost transparent
conductors having applications in energy conversion devices such as thin-film solar cells and light-emitting diodes.
In this work, the effect of different precursor solvents on the structural, morphological, and optical properties of
sol-gel spin-coated CZO films was investigated. The X-ray diffraction study has revealed the hexagonal wurtzite
crystal structure with crystallite size ranging from 45 to 49 nm for these films. The surface morphology of these
films was analyzed by the atomic force microscopy. The precursor solvent effect was also analyzed using the UV-vis
spectroscopy and fluorescence spectroscopic techniques. All the prepared films show the larger values of optical
transparency (>80%) along with the shift in the fundamental absorption edge and the direct optical gap was found
to be between 3.14 and 3.19 eV. The highly intense band edge emission for the sample was synthesized using the
2-ethoxyethanol while the presence of other defect-related bands in the other samples has been observed. The
change in the precursor solvent volatility influences the crystal structure to favor the change in the density/type of
defect states in the bandgap is used to discuss the present results. The formation of highly porous films will be
suitable for gas sensor applications while the larger value of optical transparency and lower surface roughness have

their probable application as the transparent electrodes in optoelectronics.
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Background

Zinc oxide (ZnO) is a II-VI compound semiconductor
with a stable wurtzite structure and a direct wide bandgap
(3.37 eV) [1]. It has attracted intensive research effort for
its unique optical and electrical properties, and versatile
applications in ultraviolet light emitters, transparent
electronics, piezoelectric devices, chemical sensors, spin
electronics, and thin film transistors [2,3]. ZnO is com-
mercially available with advantages such as compara-
tively low cost, environment-friendly non-toxic nature,
high resistance to radiation damage, and high thermal
and chemical stability. Generally, various dopants such
as Al, Cd, In, K, Mg, etc. have been used for improving
the figure of merit (optimized value of optical gap
and electrical conductivity) of the ZnO to be used as a
potential TCO material in optoelectronics [4-6]. The
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cadmium (Cd) is a material of interest as it reduces the
bandgap of ZnO with an improvement in other useful
properties. There are also a number of methods used to
deposit ZnCdO thin films such as molecular beam epi-
taxy [7], pulse laser deposition (PLD) [8], metal organic
chemical vapor deposition (MOCVD) [9], electrochem-
ical deposition [10], DC reactive magnetron sputtering
[11], spray pyrolysis method [12], and RF magnetron
sputtering [13], but the sol—gel spin coating process is most
widely used because of its simplicity and low cost [14].
There has been a lot of literature available in which
ZnCdO thin films with varying composition of cadmium
has been prepared [2,4,12,15-17]. In the literature, the
different solvents have been reported for the sol-gel syn-
thesis of various metal oxide films, but the detailed study
for the CdZnO system have not been reported till
today. Therefore, we have planned a systematic study for
revealing the precursor solvent effect on the various
physical properties such as structure, morphology, and
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optical properties of the spin-coated CZO films by X-ray
diffraction (XRD), atomic force microscopy (AFM), and
optical and fluorescence techniques.

Methods

The Cdy1Zng 90 thin films were deposited on silica glass
substrates by sol-gel route. The precursor chemicals
such as zinc acetate dihydrate [Zn(CH3COO),-2H,0, CDH,
99.5%] and cadmium acetate dihydrate [Cd (CH3COO)
22H,0, SDECI, 98%] were used. The different precursor
solvents such as methanol, ethanol, isopropyl alcohol, and
2-ethoxyethanol were used in the present work. The etha-
nolamine [C,H;NO, Fisher Scientific, 98% pure] was used
as a sol stabilizer. To deposit the Cdy;Znyo0O films, the
calculated amounts for the precursor solution of 0.2 M of
zinc acetate dihydrate and cadmium acetate dihydrate was
mixed in a solvent with continuous stirring for an hour at
60°C. The sol stabilizer ethanolamine in 1:1 molar ratio was
added in this solution and stirred for the next 1 h at 60°C.
The solution became transparent, clear, homogeneous, and
stable at room temperature. This clear solution was kept
undisturbed for 24 h for necessary hydrolysis process.

The aged sol was finally spun coated at 3,000 rpm for
60 s by putting few drops on the well-cleaned silica glass
substrates. Thereafter, the films were dried after each coat-
ing at preheating temperature (approximately 250°C) in a
hot air oven for 2 min. This process was repeated 15 times
to obtain the required dense film of appropriate thickness.
The prepared thin films were then annealed at 600°C with
the help of muffle furnace in the air ambient for 1 h.

The crystal phase structure was analyzed with an X'Pert
PRO diffractometer (PANalytical GmbH, Kassel, Germany)
equipped with a Giono-meter PW3050/60 working with
Cu K, radiation (1.54060 A). The surface morphology of
the films was analyzed in contact mode by using atomic
force microscope (Model: Solver Pro-M4, SPM, NT-MDT,
Russia). The optical transmittance spectrum was recorded
with the help of UV-vis spectrophotometer (Evolution
300, Thermo Scientific, Waltham, MA, USA). The 310-nm
line of the 150-W xenon arc lamp was used to record the
photoluminescence spectra using the spectrofluorometer
(Lambda 45, Perkin Elmer, Waltham, MA, USA).

Results and discussion

Microstructure

Figure 1 shows the X-ray diffraction patterns for the
CZO film samples prepared with different precursor sol-
vents are named as CZO-1 (methanol), CZO-2 (ethanol),
CZO-3 (isopropanol), and CZO-4 (2-ethoxyethanol).
Three prominent diffraction peaks viz. (100), (002), and
(101) for the wurtzite-structured ZnO phase has been
observed. The presence of prominent diffraction peaks
reveal the polycrystalline nature of the films and no new
peaks related to the cubic phase of CdO show that the
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Figure 1 XRD patterns for the sol-gel-synthesized Zn, 9Cd, ;0
films with different solvents.

incorporation of cadmium does not affect the wurtzite
phase of ZnO. This observation suggests that the films
do not have any phase segregation or secondary phase
formation. The relatively dominant diffraction (002)
peak along with low-intensity (100) and (101) peaks has
been observed for samples CZO-2 and CZO-4 samples.
While, the intensity of the major diffraction peaks are
approximately similar indicating a random orientation of
crystallites in the CZO-1 and CZO-3 samples. It has also
been reported that the volatile nature of the solvent af-
fects the growth due to the immediate formation of va-
pors as well as the intermediate pyrolytic reactions for
indium-doped zinc oxide films by spray pyrolysis tech-
nique [18]. In our case, the higher volatility results in
the formation of dry layers of sols immediately in the
coating process while the lesser volatile solvent takes
longer times for the formation of the dry layer or might
be formed during the preheating process. Therefore, the
time taken for the formation of dry layers will possibly
affect the crystal structure and surface morphology of
the spin-coated films. The peak position along with the
full width at half maximum (FWHM) values for diffrac-
tion peak (002) is summarized in Table 1. The similar re-
sults were also reported by others [19,20].

The lattice constants ‘@’ and ‘¢’ of the wurtzite struc-
ture can be calculated using the relations (1) and (2) as
given below [19,21]:

2
a :7§d002 (1>
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Table 1 Values of peak position, fwhm value, lattice parameters, strain, crystallite size, grain size, surface roughness

for CZO films
Sample code Solvent (20002 B (rad) c(A) a (R) £ (x107°) Dyro (nm) Daem (nm) Sq (nm)
CZO-1 Methanol 3432 0.0029 5.227 3018 69.274 49.69 64.9 24.5
CZ0-2 Ethanol 34.38 0.0029 5217 3.012 69.262 49.71 835 22.7
Cz0-3 Isopropanol 34.44 0.0032 5.208 3.007 76414 45.20 682 22.7
CZ0-4 2-ethoxyethanol 34.37 0.0029 5219 3013 69.264 49.70 50.7 15.1

¢ = 2domn (2) samples. The calculated values of surface roughness and

For the (002) plane, the calculated values of a and c lie
between a = 3.007 and 3.018 A and ¢ = 5.208 and 5.227
A (JCPDS data card no. 36-1451). The crystallite size of
the Cdy1Zng 90 films with different solvents was calcu-
lated using Scherer's formula [22]:

A

D=09——-
Bcos 6’

(3)
where D is the crystallite size, A is the wavelength of the
X-ray (1.54059 A), f is the broadening of diffraction line
measured at the half of its maximum intensity in ra-
dians, and 6 is the diffraction angle. The strain (¢) along
the c-axis for the samples was calculated by the follow-
ing formula [20]:

where S is full width at half maxima of the (002) peak.
These calculated values of the strain along with the peak
positions for (002) peaks are tabulated in Table 1. The
peak position is shifted in accordance with the strain
value, resulting in a variation in lattice constant c¢. The
increase in the ¢ parameter clearly indicates that the
smaller Zn ions (ionic radius 0.74 A) are substituted by
the larger Cd ions (ionic radius 0.97 A) in the hexagonal
wurtzite ZnO structure and hence there is an increase in
lattice parameter ¢ values [23]. This increase in lattice

constant ¢ leads to a decrease in diffraction angle 26 for
the (002) peak.

Surface morphology

Figure 2 shows the two-dimensional (2D) surface
morphology of Cdg1Zng9O thin films. From this, it is
concluded that the films have uniformly distributed
spherical or distorted spherical grains giving the smooth
surface morphology. The deformed shaped grains have
been observed for the CZO-1 and CZO-2 while nearly
spherical grains were observed for the other two film

the grain sizes are summarized in Table 1. It has been
observed that a minimum surface roughness has been
found for the CZO-4 sample while the CZO-1 sample
has the maximum value. Similarly, the smallest grains
were found for the CZO-4 (50.7 nm) and largest for the
CZO-2 (approximately 83.5 nm) film samples. These
grain size values are different from the crystallite size
values obtained from the XRD analysis. This may be due
to the reason that AFM measures the grain size on the
sample surface only and a grain may contain several
crystals aligned in the same direction, ie., have same
orientation, and two grains are separated by grain
boundaries because of misalignment of the crystals by
differing their orientation. However, XRD gives the crys-
tallite size as the X-rays determine the crystal structure
by determining the close pack planes and distance be-
tween two atoms. In other words, one grain may contain
sub-grains with the same alignment to form crystals with

(CZ0-2)

Figure 2 AFM images for CZO (1-4) samples with solvents
methanol, ethanol, isopropanol and 2-ethoxy ethanol
respectively.
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larger crystallite size. The wide variation in the surface
morphology and grain sizes reveal the importance of the
precursor solvents in the synthesis of these film samples.
This may be due to the different volatile nature of these
alcohols; the solvent which is more volatile evaporates
quickly during the spin coating process (solvent quenching
effect) leaving randomly oriented grains on the surface.
The lowest value of grain size (approximately 50.7 nm) has
been observed for the less volatile 2-ethoxyethanol solvent
and the larger grain size (approximately 83.5 nm) for the
sample in the most volatile precursor solvent ethanol.

Optical properties
Figure 3 shows the optical transmission spectrum for
the CZO films in the wavelength region of 200 to 1,100
nm. The observation of interference fringes has its origin
in the interference of light reflected between air-film and
film-substrate interface. It is clear from the figure that
all the samples exhibit interference fringes with an aver-
age transmission of more than 80% in the visible and
NIR region, while the steepness of the absorption edge
indicates the deposition of good quality films for CZO-4
sample.

The variation of the absorption coefficient («) with the
photon energy (hv) is related by the relation as [24,25]:

ahv=A ((hv—Eg)ﬁ) , (5)

100

T%

900

1100
A (nm)

Figure 3 Optical transmission spectra for the Zn,y oCd, ;0
thin films.
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Figure 4 Variation of (ahv)® with photon energy (hv) for
Zng 9Cdo 1O films deposited using different precursor solvents.
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where A is a constant, E, is the optical gap and f is the
exponent whose value varies between % to 2 and deter-
mines the nature of transitions, its value is taken as % for
the case of direct bandgap semiconductors (i.e., ZnO).
From Equation (5) follows that

((ahv)?) = A(hv-Ey). (6)

The variation of (ahv)* versus photon energy (hv) for
all the CZO samples is shown in Figure 4. The energy

~

Intensity (arb. units)

600

A (nm)

Figure 5 The emission spectra for Zny oCd ;O films at 310-nm

excitation energy.
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gap (Eg) of the samples is evaluated from the intercept
of the linear portion of each curve on the x-axis [25,26].
The optical gap for these films lies in the range 3.14 to
3.19 eV with the lowest value for CZO-3 (3.14 eV) and
highest for CZO-2 (3.19 eV). Thus, the use of different
solvent affects the microstructure of the film network
which causes the change in the optical properties of
the films. Therefore, the large value of optical gap
along with good transmittance for the CZO-4 sample
makes it a better choice for application as transparent
electrodes.

Photoluminescence

Figure 5 shows the emission spectra of the CZO films at
310-nm excitation energy. Three characteristic bands in
the ultraviolet, blue, and green regions have been ob-
served for all the samples. The dominant emission peak
at 420 nm (CZO-1 to CZO-3) and 395 nm for the CZO-
4 generally termed as the near-band-edge emission
(NBE) in wide direct bandgap transition of ZnO semi-
conductors for the recombination of free excitons through
exciton-exciton collision process. Generally, the ZnO has
the NBE band at 380 nm [27], and the shift in its position
could also be related to the decrease in the optical gap en-
ergy in the Cd-doped ZnO films [19,23]. This emission in
the UV region for the CZO-4 confirms the formation of
the highest quality crystal structure of the films with the
2-ethoxyethanol solvent. The increased intensity for 484-
and 521-nm bands as compared to the NBE emission has
been observed for the CZO-1 film sample, which is attrib-
uted due to the deep-level defects such as zinc vacancy or
oxygen vacancy/interstitials in ZnO and/or to the increase
in the porosity of the film network, generally observed for
the sol-gel-synthesized films [28]. As the NBE band is
dominated by the defect-related band in the CZO-4, ie.,
the films with the methanol solvent (highest volatile na-
ture) have been observed. Therefore, this study also sug-
gests us that the use of highly volatile solvents may also
cause the increase in the porous structure of films and
thus inducing the other structural defects in the band
structure of the films. This suggests that the use of highly
volatile solvents such as methanol cause the enhancement
in these defects in the synthesized films. However, the
small intensity of the latter two bands for CZO-2 and
CZO-3 film samples could be due to the relatively lesser
volatility of the ethanol and isopropyl alcohol used in the
present case. Therefore, the samples made in methanol
and isopropyl alcohol have lower bandgap as compared
with the samples prepared in ethanol and 2-ethoxyethanol
but these two samples (CZO-2 and CZO-4) have a better
crystal structure which is being confirmed by the UV
emission by these samples. The similar results were repor-
ted by others [19,20,28].
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Conclusions

We have studied the effect of four different solvents viz.
methanol, ethanol, isopropyl alcohol, and 2-ethoxyethanol
on the structure and optical properties of sol-gel-
synthesized ZnyoCdy O thin films. The XRD result
confirms the formation of a hexagonal wurtzite structure of
ZnO without any trace peaks for the cubic CdO phase. The
grain sizes of 45.2 to 49.71 nm and the lattice parameters a
(3.007 to 3.018 A) and ¢ (5.208 to 5.227 A) were calculated
from the diffraction data. The higher value of the strain for
the sample synthesized with the methanol while lowest for
the isopropyl alcohol has been found. The AFM study
shows the smooth surface morphology with the spherical
structured along with some deformed grains crystallized on
the surface of the films. The highest value of optical trans-
parency for the sample with 2-ethoxyethanol solvent and
the lowest for the sample with the methanol solvent has
been observed. The optical gap is also found to change with
the use of different solvents. The photoluminescence spec-
tra exhibit the near-band-edge emission in the 395- to 424-
nm range along with the other two peaks centered at 484
and 521 nm, respectively. The smaller value of the defects
or the high quality of the crystal structure along with larger
transmission for the sample prepared using the 2-
ethoxyethanol solvent could be best suited for their trans-
parent electrode applications.
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