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INTRODUCTION

The volatile organic compound acetone is generated as a
byproduct of metabolic processes within the human body.
Recent research findings have revealed that individuals suffering
with diabetes exhibit the elevated levels of a certain substance
in their exhaled breath. This observation suggests that the afore-
mentioned substance holds promise as a potential biomarker
for the purpose of diagnosing diabetes [1]. For the diagnosis
and monitoring of diabetes, it is essential to develop effective
and selective acetone sensors. Due to its high sensitivity, low
cost and ease of fabrication, zinc oxide is a potential material
for acetone sensing [2]. The sensing capabilities of ZnO thin
films towards several gases, including acetone, have been found
to be improved by Al doping [3].

Due to its special characteristics, including a high surface-
to-volume ratio, high sensitivity and high stability, ZnO has
been extensively studied as a sensing material for several gases
[4]. However, by doping ZnO with various elements, the sensi-
tivity and selectivity of ZnO towards particular gases can be
further enhanced [5]. Due to its low toxicity and inexpensive
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cost, aluminum is one of the most often utilized dopants for
ZnO thin films [6].

Numerous investigations showed how Al doping improves
the sensing capabilities of ZnO thin films towards acetone gas.
Al-doped ZnO thin films were found to be more sensitive to
acetone than pure ZnO thin films [7]. Furthermore, it has been
observed that Al doping increased the sensitivity and selectivity
of ZnO thin films towards acetone gas [8].

An efficient way to develop ZnO thin films is the sol-gel
dip coating method. This approach has a number of advantages,
including low cost, low processing temperature and good repeat-
ability [9]. Therefore, in this study, we prepared pure and Al-
doped ZnO thin films using the sol-gel dip coating process and
examined their acetone gas sensing capabilities. The present study
aimed to evaluate the influence of Al doping on the structural,
morphological, and sensing properties of thin films. The findings
revealed that the incorporation of Al into ZnO thin films resulted
in an enhancement of their sensing capacities towards acetone
gas. The 3 at% Al-doped ZnO thin film demonstrated the best
response to 10 ppm of acetone at room temperature, demonstra-
ting its potential for the acetone gas sensing applications.
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EXPERIMENTAL

A 0.2 M solution of Zn(CH3COO)2·2H2O was prepared by
dissolving 0.746 g of Zn(CH3COO)2·2H2O in 20 mL of ethanol,
similarly 0.02 M solution of Al(NO3)3·9H2O was prepared by
dissolving 0.026 g of compound in 20 mL of ethanol. Now
diethanolamine was added dropwise to a ZnO solution while
being constantly stirred until the pH reached 7. The necessary
concentration of aluminium was obtained for Al-doped ZnO
thin films by combining the appropriate volume of aluminium
nitrate solution with ZnO solution. To prepare 3 at% Al-doped
ZnO, for instance, 17 mL of ZnO solution was mixed approp-
riately with 3 mL of aluminium nitrate solution using magnetic
stirrer for a further 2 h.

Following a series of 10 min sonication in acetone, ethanol
and deionized water, glass substrates were dried with nitrogen
gas. The clean substrates were vertically dipped into the solution
and withdrawn at a speed of 5 mm/s by using an automatic
dip coating machine. The substrates with coatings underwent
a drying process at a temperature of 100 ºC for 10 min, allowing
the solvent to evaporate. Subsequently, they were annealed in
air at 500 ºC for 2 h, resulting in the formation of thin films of
ZnO and Al-doped ZnO.

Characterization: X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were used to determine the struc-
tural and morphological characteristics of the films. The optical
characteristics of the produced films were examined using a
UV-vis spectrometer. The gas sensing capabilities of the thin
films were evaluated using a specifically constructed gas sensing
apparatus. The electrical resistance of the thin films was evalu-
ated while they were subjected to acetone gas at various concen-
trations (1 ppm to 25 ppm). The response time and recovery
times of the prepared thin films were also observed.

RESULTS AND DISCUSSION

XRD studies: To ascertain the structural characteristics
of the films, an X-ray diffractometer with high resolution and
a CuKα radiation source was used for the XRD investigation.
The diffraction patterns were captured with a step size of 0.02º
in the 2θ range of 20º to 80º. Pure ZnO, ZnO doped with 1 at%
Al, ZnO doped with 3 at% Al and ZnO doped with 5 at% Al
are the four distinct samples of ZnO with aluminium doping.
The common names for these samples are AZO-0%, AZO-1%,
AZO-3% and AZO-5%, respectively. According to the XRD
results (Fig. 1), each sample possessed a hexagonal wurtzite
structure, which was demonstrated by the sharp (002) diffra-
ction peak at 2θ = 34.42º, which is consistent with the ZnO
c-axis orientation.
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Fig. 1. XRD pattern of pure and Al doped ZnO films

Table-1 listed the observed diffraction peak angles and related
crystallographic planes for a range of doping concentrations.
The Joint Committee on Powder Diffraction Standards (JCPDS)
card no. 36-1451 was used to identify the diffraction peaks.
With increasing Al doping concentration, the XRD patterns
also revealed a minor shift in the diffraction peaks towards higher
angles, indicating the incorporation of Al ions into the ZnO
lattice [10]. The difference in ionic radii between Zn2+ (0.74 Å)
and Al3+ (0.53 Å), which causes lattice strain and a minor drop
in the lattice constant of ZnO [11], is responsible for the shift
in the diffraction peaks. The Scherrer’s equation was used to
calculate the average crystallite size of the thin films from the
full width at half maximum (FWHM) of the (002) peak. For
pure ZnO and ZnO with Al doping, the crystallite size was deter-
mined to be in the range of 27.1 to 32.5 nm and 26.3 to 30.1
nm, respectively. A decrease in crystallite size with increasing
Al doping concentration is attributed to the reduction in grain
growth resulting from the introduction of Al ions [12].

SEM studies: A scanning electron microscope (SEM) was
used to analyze the surface morphology of the thin films. The
images were obtained at a magnification of 5000x and an accel-
erating voltage of 15 kV. The SEM images of pure ZnO and
Al-doped ZnO thin films (Fig. 2) revealed a consistent, dense
and hexagonal-shaped surface morphology. The absence of
cracks or gaps in the surface morphology of the films demons-
trated the successful production of continuous thin films. Using
ImageJ software, the surface roughness of the films was calcu-
lated, with pure ZnO having an average roughness value of 10
nm and Al-doped ZnO thin films having an average roughness
value of 12 nm. The inclusion of Al ions, which causes a modest

TABLE-1 
DOPING CONCENTRATION, CRYSTALLOGRAPHIC PLANES AND DIFFRACTION ANGLES FOR ZnO AND AZO FILMS 

Crystallographic planes Doping 
concentration (100) (002) (101) (102) (110) (103) (200) 

Pure ZnO 31.82° 34.42° 36.31° 47.60° 56.71° 62.91° 67.92° 
AZO-1% 32.86° 35.45° 37.34° 48.49° 57.66° 63.90° 68.97° 
AZO-3% 33.85° 36.47° 38.39° 49.62° 58.62° 64.86° 69.93° 
AZO-5% 34.88° 37.41° 39.38° 50.64° 59.63° 65.83° 70.94° 
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rise in surface roughness, is responsible for the increase in the
roughness for the Al-doped ZnO films [13].

Using ImageJ software, the grain size distribution of the
thin films was calculated from the SEM images. For pure ZnO
and Al-doped ZnO, the grain size was determined to be in the
range of 20 to 50 nm and 18 to 45 nm, respectively. The reduc-
tion in grain growth caused by the incorporation of Al ions is
what causes the decrease in grain size with increasing Al doping
concentration [14].

Ultra-violet absorption: A UV-Vis spectrophotometer
was used to perform UV-Vis spectroscopy in the range of 200
to 800 nm wavelength. Pure ZnO and Al-doped ZnO thin films
both have distinctive UV absorption edges and visible transp-
arency ranges in their UV-Vis spectra [15]. The absorption edge
is mostly attributed to the electrical transitions of the material
from the valence band to the conduction band. The absorbance
graph is shown in Fig. 3.

With increasing Al doping concentration, the absorption
edge of the films exhibits a shift towards longer wavelengths
(redshift) [16]. This suggests that the inclusion of Al ions into
the ZnO lattice has caused a reduction in the bandgap energy
of the films [17]. The redshift phenomenon can be attributed
to the introduction of Al dopants, which give rise to intermediate
energy levels inside the bandgap. The optical absorption prop-
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Fig. 3. UV-Vis absorption spectra of pure and Al doped ZnO thin films

erties and bandgap energies of thin films play a crucial role in
their applications in sensing. The Al-doped ZnO thin films
are suitable for acetone sensing as they permit higher sensitivity
in the necessary wavelength range due to the redshift in the
absorption edge (Fig. 4) and the tunability of the bandgap
energy by Al doping [18].

(a) (b) 

(c) (d)

Fig. 2. SEM images of (a) AZO-0% (b) AZO-1% (c) AZO-3% (d) AZO-5%
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Fig. 4. Red shift behavior in pure and Al doped ZnO thin films

Band gap: The Tauc plot can be used to determine the
bandgap energy (Eg) of the films. The bandgap energy of pure
ZnO thin film was found to be 3.17 eV, whereas the bandgap
energies were found to be 3.15 eV and 3.08 eV, respectively,
for Al-doped ZnO thin films with an Al concentration of 1%
and 3% (Fig. 5). As Al doping concentration increases, the band-
gap energy decreases, indicating the formation of an alloyed
ZnO:Al.
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Fig. 5. Band gap variation of pure and Al doped ZnO thin films
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Acetone gas sensing response: When exposed to various
concentrations of acetone gas (pure, 1 at%, 3 at% and 5 at%),
the change in electrical resistance of pure and Al-doped ZnO
thin films was determined. The outcomes showed a definite
influence of Al doping on the acetone sensing capabilities of
the films. The sensing performance of the thin films at various
acetone gas concentrations is shown in Fig. 6. Upon exposure
to acetone gas, the electrical resistance of the films exhibited
a significant decrease, indicating an enhanced conductivity
resulting from the interaction between acetone molecules and
the surface of the film. The charge transfer mechanisms and
surface reactions that take place when acetone molecules are
adsorbed onto the film surface are responsible for this change
in resistance [19].

Among all the samples, 3% Al-doped ZnO thin film demon-
strated the highest response, displaying a greater reduction in
resistance compared to the pure and other Al-doped films. Al
ions are incorporated into the ZnO lattice, causing defects and
increasing the amount of acetone adsorption sites, which results
in this improved response. The response was determined as the
percentage change in resistance using the following formula
to assess the sensitivity of the thin films to acetone gas:

o gas

o

R R
Response (%) 100

R

−
= ×

where Rgas is the film’s resistance in the presence of acetone
gas and Ro is the film’s initial resistance.

When exposed to 10 ppm of acetone at room temperature,
3% Al-doped ZnO thin film showed the maximum sensitivity
to acetone gas, with a response of 53%. This shows the film’s
strong sensitivity to the target gas and its capacity to identify
acetone gas at low concentrations. By subjecting the thin films
to various interfering gases, such as ammonia, methanol, ethanol
and isopropanol, the selectivity of the thin films towards acetone
was evaluated. The findings demonstrated the good selectivity
of the film for acetone and low sensitivity to interfering gases
(Fig. 7). This selectivity is essential in real-world applications
where it is necessary to detect and distinguish between
particular target gases.

To evaluate the dynamic performance of the thin films, the
response and recovery times were assessed. The reaction time
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Fig. 7. Response of Al doped ZnO (3 at %) towards 10 ppm of different
interfering gases

refers to the duration required for the resistance to reach a stable
state subsequent to exposure to acetone gas, whereas the reco-
very time denotes the duration necessary for the resistance to
revert back to its initial value subsequent to the removal of
acetone gas.

A fast response time of 6 s was demonstrated by 3% Al-
doped ZnO thin film, confirming its capacity to swiftly identify
changes in acetone concentration. Additionally, it showed a
recovery time of 32 s, showing that once the acetone gas was
eliminated, it returned to its initial state quickly. A 3% Al-doped
ZnO thin film appears to have good dynamic performance
based on these response and recovery durations, making it a
potential candidate for real-time acetone gas sensing appli-
cations. A comparison between acetone detection in the current
investigation and previously published studies is shown in
Table-2.

Conclusion

This work investigated the acetone sensing properties of
pure and Al-doped ZnO thin films prepared by the sol-gel dip
coating method. The primary objective of the experiment was
to investigate the impact of varying levels of Al dopant on the
structural, morphological and sensing properties of the films.

When exposed to 10 ppm of acetone at room temperature, 3 at%
Al-doped ZnO thin film showed the highest response at 53%.
Moreover, the results of the selectivity tests suggested that the
film exhibited a significant level of selectivity towards acetone,
even when exposed to several interfering gases. The findings
of this study indicate that the sol-gel dip-coated thin films of
Al-doped ZnO has promising capabilities for utilization in
high-performance acetone gas sensing applications.
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