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In this research work, the structural and optical properties of undoped and Al doped ZnO thin films are being reported.
The nanocrystalline ZnO thin films were deposited on glass substrate by chemical bath deposition technique using zinc
acetate (AR), triethanolamine (AR), sodium hydroxide (AR) as the source materials and aluminum nitrate as source of the
dopant. The structural characterization was done by XRD (X-ray diffraction). The crystallite size was found to decrease on
doping of Al. SEM (Scanning Electron Microscope) was employed to examine the surface morphology of thin films and
formation of ZnO nanorod was observed. The optical band gap of thin films was studied by UV-Visible spectroscopy.
The band gap energy was found to vary from 3.84 eV to 4.0 eV. The electrical and CO gas sensing properties of thin
films were also investigated. For application purpose, the quick response of chemically synthesized ZnO thin films to
CO gas was observed and the fast recovery in absence of CO gas was also observed.
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1 Introduction

ZnO is a semiconductor of wide-bandgap in the
range from 3.10 eV to 3.37 eV’ that belongs to group
II-VII semiconductors. It is an n-type semiconductor
that shows a crystal structure of hexagonal (wurtzite)
type which is suitable for the fabrication of highly
oriented thin films>’,

As compared to other gas sensor, the gas sensor
based on metal oxide semiconductors is one of the
most promising® candidate due to its high sensitivity
and chemical stability’. Metal Oxide semiconductors
such as Sn0,, ZnO, WO,, TiO, are normally used as
gas sensor™. Among the various applications, ZnO
has shown to be helpful material for monitoring
various pollutants gases like CO, SO,, NO,, NH; etc.
because of its high sensitivity, good stability and
controllable morphology™’.

Various reports show that the changes in particle
morphology alter the electrical characteristics and
reactivity of ZnO when interacting with gaseous
species'’. Experimental studies also shows that the
sensitivity and selectivity of a metal-oxide gas sensors
depends on the link between morphology, surface
reactivity, and electrical properties. The enhancement
in gas response with decrease in particle size is well
studied'"™. The effect of dopant on grain size and gas
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sensor behavior has been extensively studied'*".
It is known that when the particle size is comparable
to surface depletion layer, the energy band bending
no longer depends on the surface but extends into
the bulk of the grains and the response of gas sensor
is dramatically enhanced.Various techniques i.e.
vapor-phase transport, Pulse Laser Deposition,
Chemical  vapor  deposition, electrochemical
deposition, and Chemical bath deposition have been
widely reported for the fabrication of ZnO'®. All the
methods except Chemical Bath Deposition method
require highly sophisticated equipment, complex
process, and high temperature. On the contrary
Chemical Bath Deposition method does not require
highly sophisticated equipment and can be operated
ecasily at low temperatures and low cost. Further, it
can provide different morphologies in ZnO
nanostructure. So, in the present study, ZnO thin films
were prepared by Chemical Bath Deposition method
to investigate its sensing properties to CO gas.

2 Experimental Details

Prior to synthesis work, the substrates to be used
for the deposition of ZnO thin films were cleaned
ultrasonically in order to remove the surface impurity.
For the fabrication of undoped ZnO thin film of
0.1 M, triethanolamine of 2M was added to Zinc
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acetate dehydrate (Zn(CH3C00),.2H,0) solution of
0.1 M. Sodium hydroxide solution was added to
precursor solution drop wise to maintain the pH value
at 11. The cleaned glass substrate was immersed
vertically at the center of the beaker maintaining
temperature at 50 °C with continuous stirring at 150
rpm for 2 hrs and ZnO thin films are deposited on
glass substrate. The films were washed with distilled
water and dried at room temperature. The same
procedure was followed for fabrication of Al-doped
ZnO thin films of 0.1M using 1 % of AI(NO3); .

2.2 Reaction Mechanism
Zn(CH;C00),2H,0 + TEA
- [Zn(TEA)]** + 2CH5;C00~
[Zn(TEA)]?** - Zn?* + TEA
2NaOH - 2Na* + 20H~
Zn + 20H™ —» Zn(OH),
Zn(OH), —» Zn0 + H,0
AI(NO3); — AIP* + 3NO3
Zn(OH),+AI3* - ZnAlO+H,0

3 Results and Discussion
3.1 Structural Characterization

The XRD patterns of undoped and Al doped ZnO
thin films recorded in the range of 30° to 80° are
shown in Fig. 1. The diffraction patterns of undoped
and Al doped ZnO samples are indexed to hexagonal
wurtzite crystal structure of ZnO as confirmed by
JCPDS 96-152-9591. As seen in Fig. 1, the undoped
ZnO thin film has a high preferential orientation along
the (100) plane. Other diffraction peaks with weak
intensity are also observed. However, the atomic
density is very low for these peaks. Hence, (100)
plane may be considered as the dominant plane for
analysis. This result indicates that the film has a
polycrystalline hexagonal wurtzite structure with
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Fig. 1 — XRD Pattern of undoped and Al doped ZnO of 0.1M

molarity.

a-axis orientation. Further, it has been observed that
the peak intensity decreases with Al doping and width
has become broader and FWHM (B) increases which
results inthe formation of small crystallite. The
broadening of peak width might be due to formation
of imperfect crystal lattice with Al doping. H. Kim
et.al(2000) have also found that with Al content the
peak width becomes broader which proves that the
crystallite size decreases with increasing the
aluminium content in the targets'’. Other similar
result is also shown by Sahay and Nath'® and Chen et
al.” that the crystallite size decreases with increasing
Al-doping. The replacement of Zn*" by AI’" produces
a slight shift of diffraction peak (100) towards larger
angle because of smaller radius of AI’" (0.0535 nm)
as compared to that of Zn*" (0.0740 nm).This leads to
conclusion that preferential orientation is attributable
to internal strain of the film. The formation of other
phases related to other impurities is not observed in
the XRD pattern of ZnO:Al thin films. The crystallite
size and lattice parameters of the prepared thin films
of 0.1 M are calculated for the dominant peak
corresponding to crystal plane (100) in the XRD
pattern. The crystallite size is calculated by using
Scherrer’s formula

kA
= Beos o ..(D)

Where, L = 1.5406 A, k= 0.94,0 = Diffraction angle in
degrees, f = FWHM in radian.

The d-spacing is
niA = 2dsinf

law,
...(2)

The lattice parameters are calculated by using the
formula

calculated by Bragg’s

d? 3

+—= ...03)
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Where, d = d- spacing; a, c are lattice constant and
h,k,I are miller indices. The dislocation density is
calculated by using the formula

p==; (@)

Where, D = Crystallite size. The strain was calculated by
using the tangent formula

__B
V= 4tan® =)
where, f = FWHM in radian, 8 = Diffraction angle in
degrees.

The structural parameters of undoped and Al doped
ZnO thin films of 0.1M are shown in Table 1. Itis
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Table 1 — Structural parameters of thin films estimated from XRD pattern.
Molarity Crystal plane Sample Crystallite size D (nm) d-spacing (&) Lattice constant, a (3) Dislocation Density, p (nm~2) Strain (y)

ZnO 18.62

0.1M Al:ZnO 11.41

(100)

2.736412
2.813809

EHT= 500 kV
WD= 7.7 mm

Signal A = InLens
Mag= 50.00KX

Date: 15 May 2023
Time: 11:35:47

EHT= 5.00kV
WD= 7.4mm

Fig. 2 — SEM images of (a) undoped ZnO of 0.1M. (b) ZnO:Al
of 0.1M.

found that the crystallite size decreases on doping of
Albut the d-spacing, lattice parameter (a), dislocation
density and strain of Al doped ZnO increase as
compared to undoped ZnO.

3.2 Morphological Study

Figure 2 represents the SEM images of undoped
and Al doped ZnO thin films of 0.1 M deposited on a
glass substrate and it reveals the formation of ZnO
nanorods. Further, it is also observed that the
compactness of ZnO nanorods increases with Al
doping. Fig. 3 represents the histogram i.e. frequency
of occurrence versus diameter of the nanorods. The
diameter of the nanorods is measured by using the
Image J software and the data so obtained is used for
plotting Histogram. From the histogram, the average
diameter of the nanorods is found to be 177.89 nm for
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Fig. 3 — Histograms of (a) undoped ZnO 0.1M. (b) ZnO:Al of
0.1M.

undoped ZnO and 164.43nm for Al doped ZnO thin
films of 0.1M. It has been observed that the diameter
of the ZnO nanorods decreases with Al doping as
compared with undoped ZnO which is consistent with
XRD results.

3.3 Optical Properties

The UV absorption spectra for the prepared thin
films are shown in Fig. 4. The direct band gap energy
of the prepared thin films can be estimated from the
Tauc plot i.e. graph of hv versus (ahv)? through the
absorption coefficient a which is related with the band
gap energy, E, as:

(ahv)? = k(hv — E,),
incident light, K = constant.

The thickness of thin films is calculated by mass
difference method (gravimetric method) using the

wherehv= Energy of



26 INDIAN J PURE APPL PHYS, VOL. 62, JANUARY 2024

highly sensitive electronic balance and the thickness
of the prepared film is calculated by using the

formula, t = % where, m= mass, d= density and

A= area of the prepared film. The thickness of the
pure ZnO and ZnO:Al is found to be 162.53um and
22.88um respectively. The extrapolation of the
straight line to (ahv)? = 0 gives the value of band
gap energy. From Fig. 5, the values of band gap
energy of undoped and Al doped ZnO of 0.1M are
found to be 3.84 eV and 4.0 eV respectively. It
indicates that there is an increase in band gap energy
of the prepared ZnO as compared to that of the bulk
state (3.10 eV to 3.37 eV). The increase in band gap
might be due to the quantum confinement effect. The
decrease in particle size results in increase in surface
volume ratio. The surface atom has lower
coordination number and atomic interaction which
increases the highest valence band energy and
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Fig. 4 — Absorbance spectra of ZnO and ZnO:Al thin films.
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Fig. 5 — Tauc Plot of hv versus (a¢hv)? of ZnO and ZnO:Al thin
films.

decreases the lowest unoccupied conduction band
energy. This leads to increase in band gap™. It is
also observed that with Al doping, there is an increase
in band gap as compared to undoped ZnO.
This broadening in band gap energy might be due to
Moss-Burstein shift’'*%. According to the Moss-
Burstein theory, in a heavily doped Zinc oxide
films, the donor electrons occupy states at the bottom
of the conduction band. Since the Pauli principle
prevents states from being doubly occupied and
optical transitions are vertical, the valence electrons
require an additional energy to be excited to higher
energy states in the conduction band”. Hence, there
is an increase in band gap energy with Al doping
on ZnO.

3.4 I-V Characteristics

The I-V characteristics of forward bias for both
undoped and Al doped ZnO of 0.1M are shown in
Fig. 6. The current is measured by using a Digital
Picoammeter (Model DPM-111) and a Digital
regulated power supply (AEC VPS-300) is used as a
power supply. From Fig. 6, it has been observed that
the graphs show a non-linear rectification behaviour
which confirms the formation of Schottky contact
between ZnO and Copper contact. From the graphs, it
has also been observed that the electrical resistance of
the prepared ZnO thin films decreases with Al doping.
The electrical resistance of pure ZnO is found to be
23.80 MQ while that of ZnO:Al is 1.34 MQ.
Although there is an increase in band gap with Al
doping, there is an increase in the conductivity of the
Zn0:Al thin films. This might be due to the presence
of extra free electrons with Aluminium doping.
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Fig. 6 — I-V characteristics of ZnO and ZnO:Al of 0.1M.
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4 Gas sensing application of ZnO thin films
4.1 Sensing properties

The sensitivity of the gas S is defined by using the

formula
_R.—Ry
=5

Where, R, and Ry are the resistance of the samples
in presence of air and gas. When the prepared thin
film sensor sample is kept under the exposure of CO
air, the electrons are liberated by the oxygen ions into
the conduction band and Carbon dioxide is formed
and there is an increase in electron concentration
which reduces the electrical resistance of the prepared
thin film sensor.

Figure 7 shows the Schematic circuit diagram for
testing CO gas sensor. From Fig. 8, it has been
observed that the sensitivity of the CO gas increases
with Al doping. This might be due to incorporation of
Al with ZnO which leads to increase in stacking fault
leading to an improvement of the gas sensing
performance. The substitution of Al3* ions instead of
Zn?%ions in the ZnO lattice leads to an increase in the
gas response to CO and changes in the defect of ZnO.

As the ionic radius of AI3* is smaller than Zn?*ions,
the AI3* ions can easily substitute the Zn?* ions
but it is necessary to maintain the electrical neutrality
by compensating the valence charge of Zn site
by releasing the electrons’. Hence there is a
decrease in resistance of the prepared sensor thin film
with Aluminium doping on ZnO. Thus, there is an
increase in sensor performance with Aluminium
doping.

4.2 Response and recovery time

The time required for the ZnO sensor to attain 90%
of the maximum increase in conductance on exposure
of the target gas is known as response time. The time
required by the sensor to get back 10% of the
maximum conductance when the flow of gas is
switched off is known as recovery time. Fig. 8 shows
response and recovery time of ZnO and ZnO:Al thin
films of 0.1 M.. From Fig. 8, it is observed that the
response was very quick (~ 9 s for ZnO and ~ 7 s for
ZnO:Al) while the recovery was fast (~50 s for ZnO
and ~45 s for ZnO:Al) to CO gas at 100 ppm
concentration. Fast response may be due the reducing
nature of CO gas.

'I ZnO Coated Thin Film

/ Chamber for testing

Fig. 7 — Schematic circuit diagram for testing CO gas sensor.
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Fig. 8 — Response and recovery of (a) ZnO of 0.1 M and (b) ZnO:Al of 0.1 M at room temperature with a fixed biased voltage of 5V.
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5 Conclusion

Pure (undoped) and Al doped ZnO thin films were
successfully deposited on glass substrate by Chemical
Bath Deposition method at 50 °C. The structural
characterization confirmed that both pure and Al doped
ZnO films possess wurtzite hexagonal structure. It was
also observed that the crystallite size decreases on
doping of Aluminium i.e from 18.62 nm (for ZnO) to
11.41 nm (for ZnO:Al). The pure and Al doped ZnO
thin films exhibit rod shaped morphologies. The
diameter of ZnO nanorod as estimated from histogram
was found to be 177.89 nm for ZnO and 164.43 nm for
ZnO:Al respectively. The band gap energy of thin films
increases with doping of Al on ZnO i.e. from 3.84 eV to
4.0 eV. This in turn increase the sensitivity of ZnO thin
film to CO gas. The response time of ZnO:Al to CO gas
i.e. ~ 7 s is smaller than that of ZnO to CO gas i.e. ~9s.
Hence, ZnO:Al thin film can work as the excellent and
more suitable gas sensor for detecting poisonous CO gas
which is harmful to human beings.
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