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Abstract. In the present study, we investigated the effect of vacuum annealing on the structural and optical
properties of sol-gel dip-coated thin films of Zng 75Mgg 250 alloy. XRD studies revealed that all these films were
polycrystalline with hexagonal wurtzite structure and there was no trace of additional phases other than ZnO. With
increase in annealing temperature, the samples showed preferred orientation along the c-axis, (0 0 2) plane and
also peak narrowing and peak shift towards higher angles. The calculated values of mean crystallite size increased
with annealing temperature indicating the improvement in crystallinity. Heat treatment caused lattice contraction
and a decrease in film thickness. The optical transmittance in the visible spectral range enhanced with increase in
annealing temperature while the fundamental absorption edge in the near ultra-violet region got red-shifted with
annealing. The calculated values of optical energy gap of the samples showed a decrease with heat treatment due
to the improvement in crystallinity during annealing and hence the subsequent decrease in quantum size effect.
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1. Introduction

Zinc oxide (ZnO) thin films are very promising can-
didates in the field of optoelectronics. Being a semi-
conductor with large optical energy gap, it belongs to a
unique class of materials called transparent conducting
oxides. ZnO also possesses large free exciton binding
energy of 60 meV leading to efficient exciton emis-
sion at room temperature. In addition, it is a low-cost,
non-toxic and biocompatible material with good ther-
mal and chemical stabilities. These unique properties
of ZnO thin films make it suitable for applications in
solar cells [1], photodetectors [2], light emitting diodes
[3], thin film transistors [4], gas sensors [5] etc.

Zinc oxide has a direct optical energy gap of 3.37 eV
at room temperature so that the fundamental absorp-
tion occurs in the near-ultraviolet region. The band-
gap energy can be tailored by alloying with materials
such as MgO, CdO etc. which have different band gaps
[6]. By alloying with MgO, we shall get larger band

Znp 75Mgp.250; sol—gel dip coating; vacuum annealing; red-shift.

gap while alloying with CdO results in a red-shift in
the energy gap value. Ohtomo et al [7] were the first,
to prepare Zn;_, Mg, O by pulsed laser deposition and
obtain a maximum band gap of 4.15 eV. Lin et al [8]
reported a study based on Mg-doped ZnO films using
sol—gel deposition technique and attained a band gap of
3.4 eV. Matsubara et al [9] prepared aluminium-doped
Zn;_,Mg,O films by pulsed laser deposition. Misra
et al [10] successfully deposited Zn;_,Ca,O by sol-
gel method and obtained a maximum band gap energy
of 3.81 eV.

In the literature, many techniques such as atomic
layer deposition [11], sputtering [12], spray pyroly-
sis [13], sol-gel spin coating [14], sol-gel dip coating
[15], chemical vapour deposition [16], pulsed laser
deposition [17] etc. have been reported for the suc-
cessful deposition of ZnO thin films. In this work, a
simplified low-cost sol-gel dip coating was adopted
for the deposition of Zng 75Mgp 250 thin films and the
influence of vacuum annealing on the structural and
optical properties of these films was studied.
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2. Experimental methods

Zng 75Mgp 250 thin films were deposited on glass sub-
strates by sol-gel dip coating method. Zinc acetate
dihydrate [Zn(CH3COO),-2H,0] and magnesium
acetate tetrahydrate [Mg(CH3COO),-4H,0] were used
as the precursor and dopant respectively while 2-methoxy
ethanol and monoethanolamine (MEA) were taken
as the solvent and stabilizer respectively. Appropriate
quantities of zinc acetate dihydrate and magnesium
acetate tetrahydrate were first dissolved in a mixture of
2-methoxyethanol and MEA. Throughout the experi-
ment, the molarity of the precursor solution was kept
fixed at 0.5 M and the molar ratio of MEA to zinc
acetate was kept at 1.0. The prepared solutions were
then stirred at 70°C for 1 h with a hot magnetic stirrer
to yield a clear homogeneous solution and were then
aged for 24 h at room temperature.

The aged solutions were then deposited on pre-
cleaned glass substrates by using Holmarc Dip Coating
unit (HO-TH-01). Film deposition was carried out in
air at room temperature with a controlled dipping and
withdrawal speed of 50 mm/min. Every time the sub-
strate was withdrawn from the solution, the film was
allowed to dry and subjected to a pre-heat treatment at
250°C in a hot air oven. This procedure was repeated
five times. As the final step, the film was subjected to
post-heat treatment at 300°C for 15 min in an electric
furnace. The as-prepared samples were then annealed
at 100-400°C for 3 h in a high vacuum of 10~ mbar.
Even though we tried to prepare Zng75Mgp.250 thin
films, there will be a possible deviation from this par-
ticular stoichiometry and here we had not performed
any composition analysis to determine the exact
stoichiometry.

The prepared films were then subjected to X-ray
diffraction (XRD) studies for structural characteri-
zation using X-ray Diffractometer (Bruker AXS D8
Advance) with CuK, radiation (A = 1.5046 A) at
40 kV and 35 mA in the scanning angle (20) ranging
from 5° to 75° with a scan speed of 0.001°/min. Opti-
cal studies were carried out using Jasco V-650 UV-
Vis Spectrophotometer in the 300-900 nm wavelength
range.

3. Results and discussion

3.1 Structural studies

The XRD patterns of the unannealed and vacuum-
annealed samples of Zng 75Mgp.250 thin films are pre-
sented in figure 1. All the films were polycrystalline
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in nature with hexagonal wurtzite structure. As there
is no additional phase corresponding to MgO, we can
confirm the monophasic nature of the as-deposited and
vacuum-annealed films of Zng75Mgp 50 alloy. This
can be due to the successful incorporation of Mg ions
either at the Zn”* lattice site or at interstitial positions.
All the films showed preferential orientation along the
c-axis (0 0 2) plane. But at higher annealing tempera-
tures, the films showed a tendency to grow along (1 0 0)
and (1 O 1) planes also. This might be attributed to
the increase of growth rate along these planes because
during annealing, thermal energy is available for the
activation of growth along these directions also.

A detailed analysis of the XRD pattern showed a
slight shift of the diffraction angle 26 corresponding to
the (0 0 2) peak towards higher values. Usually, peak
shift indicates a change in lattice parameters as well
as variation in chemical composition. During thermal
annealing, the defects and disorders will be removed
from the lattice site and hence the lattice suffers a con-
traction. As a result, we observed peak shift towards
higher angle values in the diffractograph. Figure 2
shows the variation of peak position and full-width at
half-maximum (FWHM) intensity of (0 0 2) peak as a
function of annealing temperature. The peaks showed
a decrease in FWHM values with increase in annealing
temperature. In XRD, the peak broadening is mainly
dependent on the diffracting crystalline size. Thus, the

400°C

300°C

&
2
‘®
c
2
c
- o
< (=3
<3
i =) S
o —_ —
- zf 5 =
1 ~ A 100°C
N
o
=3
SH
=} N —
| = =)
- 5 -
z = Unannealed
T v T v T v T v T v T v T
10 20 30 40 50 60 70

20 (deg)

Figure 1. XRD profile of unannealed and vacuum-
annealed samples of Zng 75Mgg 250 thin films.
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Figure 2. Variation of peak position (20) and FWHM with
annealing temperature.

Table 1. Variation of peak position (20), FWHM (8) and
mean crystallite size for the unannealed and annealed
samples.

Temperature (°C) 20 (°) B (®) D (nm)
Unannealed 34.779 0411 21.25
100 34.794 0.381 21.85
200 34.825 0.368 22.62
300 34.849 0.325 25.62
400 34.897 0.303 27.48

observed peak narrowing in the present case implies
the improvement in crystallinity with annealing as it
accelerates the merging process [18]. In polycrystalline
ZnO thin films, there are large numbers of dangling
bonds at the grain boundaries arising from zinc or
oxygen deficiencies. When sufficient thermal energy
is available during annealing, these dangling bonds
favour merging of smaller crystallites to form larger
ones. The mean crystallite size of the prepared samples
was calculated using the Scherrer formula [19]

092
" Bcost’

where 0.9 is the value of the shape factor, A
(=1.5406 A) is the wavelength of the X-rays used,
is the full-width at half-maximum intensity in radians
and 6 is the Bragg’s angle.

The calculated values of mean crystallite size for (00 2)
peak are presented in table 1. All the films possessed
nanostructured crystallites and the size increased with
increase in annealing temperature. Thus, vacuum
annealing improved the crystallinity of the thin films.
The formation of thin films generally involves nuclei
formation, growth and coalescence of islands. During
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Figure 3. Variation of mean crystallite size and film thick-
ness with annealing temperature.

the deposition, smaller crystallites are formed. But on
post-deposition annealing, sufficient thermal energy is
available for the grains to accelerate the coalescence
process to form larger crystallites [20]. Also the crys-
tallites utilize the thermal energy to orient in proper
equilibrium sites giving more preferentially oriented
films. The variation of crystallite size corresponding
to (0 0 2) peak calculated using Scherrer formula is
shown in figure 3.

The defects in the films can be quantified by comput-
ing the dislocation density (§) which is defined as the
length of dislocation lines per unit volume of the crystal
[21]. For preferential orientation, it was calculated
using the formula given below [22]:

1
D2
and the values are given in table 2.

The lattice parameters for the hexagonal structure
(a = b) can be determined using the relation [23]
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For the (0 0 2) orientation, the lattice parameters are
given by

_ A 4
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The unit cell volume can be determined using the
expression [23]
3

V = 7(1 c. (6)
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Table 2. Variation of dislocation density (8), lattice parameters (a¢ and c¢) and unit cell
volume (V) for the unannealed and annealed samples.

Temperature 8 Lattice parameters (nm) Vv

(°C) (x10° m~2) a c (x10730 m3)
Unannealed 2.4386 0.29776 0.51574 39.5984
100 2.0945 0.29764 0.51552 39.5488
200 1.9544 0.29738 0.51508 39.4465
300 1.5235 0.29718 0.51473 39.3676
400 1.3242 0.29678 0.51405 39.2104
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Figure 4. Transmittance spectra of the unannealed and
vacuum-annealed samples of Zng 75Mgp 250 thin films.

The calculated values of the lattice parameters and
unit cell volume are summarized in table 2. The lattice
constants for the unannealed sample are much smaller
than that for pure ZnO. This is because the ionic radius
of Mg?* ion (57 pm) is smaller than that of Zn** ion
(60 pm). With annealing, the lattice parameters and
unit cell volume further decreased due to the removal
of void spaces in the lattice and hence unit cells will be
closely packed.

3.2 Optical studies

Figure 4 shows the optical transmittance spectra of
the unannealed and vacuum-annealed thin films of
Zng75Mgp 250 alloy recorded in the 300-900 nm
wavelength range. All the films showed better opti-
cal transmittance in the visible region and a sharp
absorption edge in the near-ultraviolet region. With
increase in annealing temperature, the transmittance
was improved and the fundamental absorption edge

corresponding to interband electronic transitions
showed a red-shift. The enhancement of optical trans-
mittance with increase in annealing temperature is
attributed to the reduction in scattering of photons by
grain boundaries and other defects because annealing
improves crystallinity and removes defects [24].

The thickness and refractive index (n) of the
deposited films were calculated using Swanepoel’s [25]
method. According to Swanepoel, the refractive index
of the film

n =[N+ N} —n)' 212, (7)
where
2
nc+1 2ng
Ny = — 8
1 5 T (8)
for the transparent region and
2
1 Ty — T,
Ny= g, M )

Ty Ty
for the weak and medium absorbing regions. Here ng
is the refractive index of the substrate and Tjs and T,,
are the transmission maximum and the corresponding
minimum at a certain wavelength A. The film thickness
was calculated using the relation
. A1A2
2 (Mny — kany)’

where n1 and np are the refractive indices at two
adjacent maxima (minima) and A; and XA, are the
corresponding wavelengths. All the calculated values
are presented in table 3. The thickness was found to
decrease with increase in annealing temperature. This
might be due to the availability of sufficient thermal
energy to closely pack the unit cells and reconstruct the
lattice into denser films. The variation of film thickness
with annealing temperature is shown in figure 3.

Band gap energy (E) of the deposited Zng 75Mgo 250
thin films were calculated using the Tauc relation [26]

(10)

B
az%(hv—Eg)", (11)
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Table 3. Variation of thickness (¢) and energy gap (Ej) for
the unannealed and annealed samples.

Temperature (°C) t (um) E; (eV)
Unannealed 0.687 3.529
100 0.631 3.505
200 0.608 3.476
300 0.579 3.424
400 0.543 3.405
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Figure 5. Evolution of (¢hv)? vs. hv curves of the unan-
nealed and annealed thin films of Zng 75Mgg 250 alloy.

where hv is the photon energy, B is the slope of the
Tauc edge called the band tailing parameter and n is
a constant equal to 1/2 for direct gap materials and
2 for indirect transitions. The (ahv)? vs. (hv) plots
for the films are presented in figure 5. From the lin-
earity of the plots near the absorption edge, it was
confirmed that all the films possessed direct optical gap
and were obtained as the intercepts on the energy axis
by extrapolating the linear portion of the graph.

The energy gap value is found to decrease with
increase in annealing temperature and its variation
is shown in figure 6. The band-gap values estimated
from the Tauc plot for the cation-substituted samples
were a little higher than that of pure ZnO thin films
reported in the literature [27-29]. The increase in the
optical energy gap value with Mg?* ion incorpora-
tion is attributed to the electronic perturbation caused
by cation substitution. The observed red-shift in band
gap with increase in annealing temperature could be
attributed to the reduction in the polycrystalline nature
and hence to the decrease in quantum size effect. In
the present case, the mean crystallite size increases and
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Figure 6. Variation of energy gap (Eg) with annealing
temperature.

causes a reduction in quantum size effect. As can be
seen from the X-ray diffractograph, vacuum annealing
induces an improvement in crystalline quality because
thermal energy accelerates the growth of larger crys-
tallites in preferred direction and reduces band gap for
annealed films.

4. Conclusions

Zng 75Mgp 250 thin films were prepared by sol-gel dip
coating method. The XRD patterns of the unannealed
and annealed samples reveal the polycrystalline nature
of the films with hexagonal wurtzite structure. Because
of the successful incorporation of Mg?* either at the
Zn>" lattice site or at the interstitial positions, there
is no additional phase corresponding to MgO. XRD
pattern shows a slight shift of diffraction angle cor-
responding to the (0 0 2) peak towards higher values
due to the contraction suffered by the lattice accom-
panied with thermal annealing by way of the removal
of defects and disorders. The mean crystallite size for
the (0 0 2) peak is found to increase with increas-
ing temperature. This is because, sufficient thermal
energy becomes available for grains to accelerate the
coalescence process to form larger crystallites. The
enhancement of optical transmittance with annealing
temperature is attributed to the reduction in scattering
of photons by grain boundaries and other defects. The
energy gap value of the Mg?T-substituted ZnO thin
films is higher than that of pure ZnO thin films and
is found to decrease with annealing temperature. The
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observed red-shift in band gap is due to the improve-
ment in crystallinity and the consequent decrease in
quantum size effect.
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