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Abstract: In this study, pure ZnO and Al-doped ZnO(AZO) thin films were coated onto a SiO2 wafer
using the electrostatic spray deposition (ESD) process for acetone gas detection under laboratory
conditions. Voltage levels were varied to determine the optimal conditions for producing thin films
with the highest uniformity. The results indicate that the optimal coating voltage for achieving the
highest uniformity of the coated films is 2.9 kV for ZnO and 2.6 kV for AZO. The thin films were
produced under these optimal ESD conditions by adjusting the coating time, and gas sensors were
fabricated by printing electrodes using a reverse offset process on top of the thin films. Analysis of
the sensing response revealed that the AZO-coated gas sensor with a 200 s deposition exhibited the
best acetone-sensing ability at 300 ◦C, with a maximum response of 13.41 at 10 ppm. Furthermore,
the fabricated gas sensors effectively detected acetone gas even at a low concentration of 2 ppm,
demonstrating high selectivity in comparison to other gases.

Keywords: electrostatic spray deposition; acetone gas sensor; Al-doped ZnO

1. Introduction

In recent years, the release of volatile organic compounds (VOCs) has increased
with rapid industrialization. Acetone is a well-known colorless VOC with a strong odor
and widely used in laboratories, factories, and pharmaceutical manufacturing plants [1,2].
Additionally, it is a key solvent in the production of methacrylate, which is used in plas-
tic manufacturing [3]. The inhalation of acetone can lead to headaches, allergies, and
anesthesia, as it is toxic to the nervous system. Exposure to high concentrations of ace-
tone (>173 ppm) can anesthetize the central nervous system, causing damage to impor-
tant organs in the human body [4,5]. Consequently, major safety institutions such as
the National Institute of Occupational Safety and Health (NIOSH) and the European
Agency for Safety and Health at Work (EU-OSHA) restrict the level of human exposure
to acetone in indoor and work environments [6]. In the regulation of acetone exposure,
NIOSH specifies a time-weighted average (TWA) limit of 250 ppm on its official web-
site https://www.cdc.gov/niosh/npg/npgd0004.html (accessed on 27 November 2023).
Meanwhile, EU-OSHA has established an 8 h time-weighted average limit of 500 ppm, as
specified on its official website https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
CELEX%253A02000L0039202105-20 (accessed on 27 November 2023). These limits are
established to restrict acetone exposure in occupational settings, aiming to minimize health
impacts and maintain a safe working environment. Therefore, the acetone gas sensors used
in indoor and workplace environments should exhibit sufficiently high sensitivity to detect
ppm-level concentrations of acetone with exceptional selectivity for acetone.

Metal oxide semiconductors (MOSs) are commonly applied as detectors in gas sensors
due to their low cost, rapid response, and excellent detection characteristics [7]. Several
studies have investigated sensors for detecting acetone gas using materials such as SnO2,
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Fe2O3, WO3, and ZnO [8–11]. Among these, ZnO is an N-type semiconductor easily
manufactured and allows mass production with good responses to gases. Consequently,
different methods have been explored to enhance the gas detection ability of ZnO [12].
Doping is an effective way to improve the sensitivity response of the gas sensor. Yoo et al.
explored various materials for doping ZnO, including Cu, Co, and Al, and investigated
the sensing responses of these materials to various concentrations of acetone. Among the
studied materials, Al-doped ZnO exhibits the highest sensitivity to acetone gas [13].

Traditionally, ZnO thin films have been produced through sputtering or thermal depo-
sition for use as detection layers in sensors [14,15]. However, these processes require high
temperatures or vacuum conditions, adding complexity and expense to the production
process. To overcome these drawbacks, various research centers and corporations have
been investigating electrode printing [16]. Electrode printing utilizes general printing
techniques, conductive materials, semiconductors, and dielectric materials to create elec-
tronic products. Devices fabricated using this technology are thin and lightweight. This
environmentally friendly process offers cost advantages over traditional semiconductor
methods and allows for large-scale production offering the advantage of low cost. In
contrast, the conventional semiconductor process requires costly devices and involves mul-
tiple steps including deposition, washing, masking, and etching to form a patterned layer.
The electrode-printing process requires fewer steps and allows for continuous processing,
including lamination, with the possibility of micro-patterning and thin film coating [17,18].
Electrode-printing methods include gravure offset, reverse offset, and screen printing as
contact processes, as well as inkjet, slot-die, and electrostatic spray deposition (ESD) as
non-contact processes [19–24].

The ESD process is initiated by applying a voltage across the nozzle of the system.
The resulting electrostatic force between the capillary tube and the substrate leads to the
spraying of the solution at the tip of the capillary tube. Although this process has primarily
been used in the painting and coating industries in the past, its scope of application has
recently expanded to include the production of transparent electrodes, organic solar cells,
and gas sensors. ESD has also been utilized in the production of gas sensors, such as
for fabricating ZnO thin films for NO2 gas sensors or H2S gas sensors with WO3 as the
detection layer [25,26]. Utilizing an acetone gas sensor enables the diagnosis of medical
conditions through respiratory analysis. The acetone concentration in the breath of a healthy
individual typically ranges from 0.2 to 1.8 ppm. In contrast, diabetic patients exhibit higher
acetone concentrations in their breath, ranging from 1.25 to 2.5 ppm. Therefore, employing
an acetone gas sensor allows for the early detection of diabetes by confirming elevated
acetone levels in the patient’s breath [13].

In this study, we have developed a fabrication process of the gas sensor using the
printing process. The electrostatic spray deposition (ESD) process is employed to deposit
ZnO and Al-doped ZnO (AZO) thin films onto the SiO2 wafer by varying the voltage level,
and the film thickness is analyzed to identify the conditions for fabricating thin films with
the highest uniformity. By printing an Ag electrode on the coated films using the reverse
offset process, acetone gas sensors were created. The gas response of the ZnO and AZO
thin films were investigated in the range of 250–400 ◦C. Different gas response properties,
such as sensitivity, selectivity and response and recovery time, were measured. Analysis
of the sensing response of the fabricated ZnO and AZO gas sensors revealed that AZO
showed a better performance than ZnO thin film, and compared to other (NH3 and CO)
gases, the selectivity of the AZO sensor showed the highest response towards acetone gas.

Hence, our present study deals with the detailed fabrication process of fully printed
gas sensors. By printing electrodes on films produced through the ESD process, we
demonstrate the applicability of gas sensors fabricated through the ESD process.
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2. Materials and Methods
2.1. Materials and Characterization

ZnO nanoparticle ink (Sigma Aldrich Co., St. Louis, MO, USA) and Al-doped ZnO
(AZO) (Sigma Aldrich Co., St. Louis, MO, USA) nanoparticle ink were used as the sensing
layer. ZnO nanoparticle ink and AZO nanoparticle ink were purchased from Sigma Aldrich
Co., St. Louis, MO, USA and used without any further modification. A 2.5 wt% solution
of ZnO nanoparticle ink was prepared in ethylene glycol, and a 2.5 wt% solution of AZO
nanoparticle ink containing 3.15 mol% Al-doped ZnO was also dispersed in ethylene glycol.
The viscosity of the ink ranged from 8 to 14 cP for both ZnO and AZO.

The characteristics of ZnO and AZO were analyzed using X-ray diffractometry (XRD),
scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The
structural properties of ZnO and AZO were examined using XRD (D8-Discover (Bruker
AXS, Karlsruhe, Germany) using monochromatic Cu-Kα radiation (λ = 1.5406 Å). The film
thicknesses were determined using FE-SEM (S-4800), and XPS (Thermo Fisher Scientific,
Waltham, MA, USA) was used to understand the surface chemical properties.

2.2. Sensing Layer Coating

ZnO and Al-doped ZnO (AZO) gas sensors were fabricated by following the series of
steps out-lined in Figure 1 Initially, the SiO2 wafer substrates were cleaned using acetone
and isopropyl alcohol (IPA). ZnO and AZO nanoparticle inks were deployed onto the SiO2
wafers to produce ZnO and AZO thin films through an electrostatic spray deposition (ESD)
process. The viscosity of both inks ranged between 8 and 14 cp. The principles of the
ESD process are illustrated in Figure 2. In this technique, the solution is injected into the
capillary tube or spray nozzle. For uniform coating, the substrate being coated rotates
consistently at 6 rpm. By applying a voltage to the nozzle, an electrostatic force between the
capillary tube and the substrate occurs, which causes the solution to be sprayed uniformly
from the tip of the capillary tube. An advantage of ESD under atmospheric conditions
is that it does not require a vacuum device, thus reducing the costs and ensuring high
reproducibility [24]. Additionally, the sprayed droplets tend to be deposited primarily
at the peak of the structure and a porous structure can be formed which enhances gas
detection [26]. The inner diameter and length of the nozzle were 61 µm and 75 mm,
respectively, with a distance of 20 mm between the nozzle and the substrate. The stage was
rotated at 0.1 rpm during spraying to achieve thin films with maximum uniformity. After
repeated cycles of 10 s of spraying followed by 2 min of drying at 150 ◦C, the film-coating
process was completed. The resulting coated thin films were annealed at 600 ◦C for 1 h.
The spray times were varied for 50, 100, 150, and 200 s. The same set of steps was applied
to fabricate sensors for both ZnO or AZO detection layers, and the performance of the
sensors was comparatively analyzed.
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Figure 2. Schematic diagram of the electrostatic spray deposition process.

2.3. Electrode Printing with Reverse Offset

To print an interdigitated electrode (IDE) structure on the coated thin films, a reverse
offset process was performed with Ag ink (ANP Co., Ltd., Sejong, Republic of Korea). In
reverse offset printing, Ag ink is applied through spin coating and then transferred to
the substrate using a double-layer blanket (DLB) roll to create an electrode in an Reverse
offset process. In this study, spin coating was performed at 3000 rpm for 20 s, and the
electrode offset conditions in the reverse offset printing were identical to those in a previous
study [20]. The IDE consisted of 50 digits with a line width of 30 µm and an electrode
spacing of 130 µm, resulting in an IDE size of 8 mm × 6 mm. The printed electrode was
dried at 150 ◦C for 25 min and subsequently annealed at 450 ◦C for 25 min. The scanning
electron microscope (SEM) image in Figure 3 confirms that the printed pattern closely
matched the values set at the cliché.
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Figure 3. IDE printed in the reverse offset process.

2.4. Gas Sensing Measurement

For the fabricated gas sensors, measurements were carried out using a mass flow
controller (MFC, PHOCOS, Seoul, Republic of Korea) as shown in Figure 4. The gas detec-
tion characteristics were assessed using the MFC and a gas detection system comprising a
Keithley 2400 source measure unit (SMU). Two probes were connected to the electrodes
of the sensor, and the sensor operating voltage was fixed at 1 V. Sensor data acquisition
was performed using custom software developed by PHOCOS (Seoul, Republic of Korea),
and the data were collected using a computer connected to the interface (serial port: S/N
ML 70610007). Sensor data were then filtered, receiving and processing 10 data points per
second.
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Figure 4. Measurement of the gas sensor response using MFC.

The total flow in the chamber was 250 sccm, and the concentration of acetone gas
was maintained at 2–10 ppm by regulating the flow of air and acetone gas. The gas sensor
temperature was set in the range of 250–400 ◦C. Equation (1) defines the gas sensor response,
where Ra and Rg represent the resistance in dry air and acetone gas, respectively.

Sensor response = Ra/Rg (1)

3. Results and Discussion
3.1. XRD Crystal Structure Analysis

Figure 5 represents the XRD patterns of ZnO and AZO. The XRD patterns of ZnO and
AZO match well with JCPDS: #36-1451 and exhibit hexagonal wurtzite structure. Three
strong peaks corresponding to (100), (002), and (101) were observed in both ZnO and
AZO nanoparticles (NPs). No other impurity peaks were observed, confirming that the
hexagonal structure of ZnO remained unaltered despite Al3+ doping [27–29].
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The crystallite sizes (D) of ZnO and AZO were calculated using Scherrer’s formula
(Equation (2)), where β represents the full width at half maximum (FWHM) of a peak, and
λ is the wavelength of incident X-rays [30]. The ZnO particle size is 10.57 nm, and AZO
particle size is 25.44 nm.

D =
0.9λ
βcosθ

(2)

To assess the impact of Al doping, an analysis of the (101) peak in the XRD graph was
conducted. The results revealed that the peak for pure ZnO was at 36.32◦, while for AZO,
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it shifted to 36.34◦, indicating a 0.02◦ shift due to Al doping. This shift of the (101) peak
position by 0.02◦ is attributed to the smaller atomic radius of the doped Al3+ (0.53 Å) ion,
as opposed to the atomic radius of Zn2+ (0.74 Å) [13].

3.2. Analysis of Thin Films Formed by the ESD Process

Figure 6 illustrates the spray pattern observed at each applied voltage when the thin
films were coated onto the substrate using ZnO and AZO nanoparticle inks via the ESD
process. The applied voltage was incrementally increased by 0.3 kV starting at 2.9 kV
for ZnO and 2.6 kV for AZO with measurements taken at consistent intervals. With the
use of ZnO ink, both the ink quantity and spray angle increased and the dispersed ink
was concentrated at the center as the electrostatic force applied to the ink increased with
the rising voltage. In the case of the AZO ink, an increase in the applied voltage led to a
greater quantity of dispersed ink, resulting in an expanded spray angle. Therefore, the
minimum voltage was required for coating to achieve the maximum uniformity of the
thin films. Subsequently, the thickness of the center and the right and left sides of the
coated films were analyzed. Images for the film thickness analysis were acquired using
an S-4800FE-SEM device (HITACHI, Tokyo, Japan). Figure 7 displays the images used to
analyze the thickness variation in the thin films coated onto the substrate using ZnO at
2.9 kV and 3.8 kV. For coating times of 100 s, Figure 8 presents the images used for the
analysis of the thickness variation in the thin films coated onto the substrate using AZO at
2.6 kV and 3.5 kV. As is evident in these figures, raising the applied voltage increased the
amount of ink dispersed at the center of the film, leading to increased thickness variation.
Additional images for the thickness variation analysis with variation in the applied voltage
are presented in Figures S1 and S2.
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Analysis of the thicknesses of the ZnO and AZO thin films coated onto the substrate
for 100 s at each applied voltage revealed that the highest level of uniformity was achieved
at the minimum applied voltage of 2.9 kV for ZnO and 2.6 kV for AZO. Based on these
findings, the final voltage for the coating process was set at 2.9 kV for ZnO and 2.6 kV for
AZO.

Figure 9 displays the images used to analyze the thicknesses of the thin films coated
onto the substrate at the minimum applied voltage (2.9 kV for ZnO and 2.6 kV for AZO)
based on the total coating time. As shown, the thicknesses were uniform across the
fabricated thin films, regardless of the total coating time. According to the figure, despite
the lower applied voltage for AZO compared to ZnO, the thickness of the film was greater.
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This is attributed to the enhanced conductivity of AZO ink due to the aluminum doping,
which facilitates the ejection of a larger volume of ink even at lower applied voltages.
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3.3. The Effect of Coating Time on the Sensing Response

Figure 10 shows the response to acetone for the fabricated gas sensors employing the
ZnO and AZO films deposited with different coating times. The sensors employing the
films deposited by coating for 100, 150, and 200 s are denoted as ZnO (AZO)_100, 150, and
200, respectively. The measurements at 50 s indicated no sensing response and were thus
excluded. Each sensor was exposed to 10 ppm acetone gas at varying temperatures, and
the sensing responses were analyzed. Figure 11 provides a summary of the maximum
responses recorded for the fabricated sensors. Both ZnO and AZO sensors coated for 200 s
exhibited the strongest response at 300 ◦C. The response of the fabricated sensors increased
as the detection temperature increased to 300 ◦C. However, beyond a certain optimal
temperature level, a decrease in the response was observed, possibly due to the desorption
of oxygen adsorbed onto the surface of ZnO [31]. The ZnO/AZO thin films coated for 200 s
consist of nanoparticles, as depicted in Figure 8, and their performance in detecting acetone
gas is enhanced by increasing the film thickness. Nonetheless, a significant difference in the
sensing response of the ZnO and AZO gas sensors was noted. When exposed to 10 ppm
acetone gas at the same temperature, the AZO sensor exhibited a stronger response than
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the ZnO sensor. This enhancement in the gas detection characteristics of ZnO is likely
attributed to the contribution of Al doping.
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3.4. Surface Defects and the Analysis of Mechanisms

To analyze the surface chemical properties of the coated ZnO and AZO thin films,
XPS analysis was performed. The results are presented in Figure 12. Figure S3 shows the
survey scan spectra for ZnO and AZO. In Figure S3, the Al peak at a binding energy of
74.7 eV corresponds to the Al 2p peak, indicating the successful inclusion of Al atoms
by substituting Zn2+ into ZnO [32]. The peaks at 1044.94 eV and 1021.84 eV in the Zn
spectrum (Figure 12a) correspond to the Zn 2p1/2 and Zn 2p3/2 states of Zn2+, respectively.
Additionally, the difference in the binding energy of the two peaks in the Zn 2p spectrum
for ZnO and AZO is 23.1 eV, indicating a 2+ oxidation state of Zn [33]. The binding energy
of the ZnO samples with Al doping (Figure 12b) is slightly higher than that of the pure
ZnO samples. An increase in the binding energy reflects electronic interactions between
ZnO and the dopant, which accounts for the improved gas-sensing response of ZnO with
Al doping [34]. Figure 12c,d represent the O1s spectra of ZnO and AZO, respectively. The
weak peaks at 530.3 eV for ZnO and at 530.8 eV for AZO correspond to the O2− ion in the
Zn-O bond [35,36]. The strong peak at 532.1 eV corresponds to oxygen vacancy, indicating
a hypoxic state caused by the loss of surface oxygen. Compared to the XPS profile of ZnO,
that of AZO (Figure 12d) displayed a peak at a higher binding energy of 532.6 eV. This
implies that as a result of the oxygen vacancies in AZO, the sensing response increased
compared to that of pure ZnO [37].
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Figure 13 represents a schematic diagram of the sensing mechanism of the acetone
gas sensors, which primarily follows the behavior of N-type semiconductors. As the
temperature of ZnO increases, the transition of electrons occurs from the valence band to
the conduction band [13]. These conduction band electrons then react with the atmospheric
oxygen on the surface, leading to adsorption. Adsorption of atmospheric oxygen creates a
depletion region, resulting in an increase in the resistance [3]. When a reducing gas like
acetone enters into this region, it reacts with the adsorbed oxygen on the ZnO surface
and induces a response as described in Equation (3), thus releasing the adsorbed electrons.
Consequently, the resistance of the gas sensor exposed to the gas decreases. In the case of
AZO, the higher electronegativity of the Al3+ dopant compared to that of Zn2+ leads to
more adsorption than in pure ZnO, enhancing the sensing response.

CH3COCH3 (gas) + 8O−(ads)→ 3CO2 + 3H2O + 8e− (3)
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3.5. The Sensitivity and Selectivity of Sensors

The response of each sensor was analyzed under the optimal conditions (temperature:
300 ◦C; thickness: 200 nm) with varying acetone gas concentrations, as shown in Figure 14a.
The responses were measured at different acetone gas concentrations of 2, 4, 6, 8, and
10 ppm. Figure 14b shows the maximum responses of ZnO and Al-doped ZnO NPs to
acetone gas, indicating that the response decreased as the gas concentration decreased for
both the ZnO and AZO sensors. A concentration-dependent variation in the response to
acetone gas was observed for both sensors. The AZO sensor exhibited stronger responses
at all concentrations compared to the ZnO sensor. In the presence of 10 ppm acetone gas,
the response of the AZO sensor was 13.41, higher than that of the ZnO sensor (9.25). This
confirms that the AZO sensor with the Al-doped film is more effective for acetone gas
detection. The strong responses at low concentrations indicate potential utility of the AZO
sensor in advanced chemical gas detection.
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Figure 14. (a) The sensing responses of ZnO and Al-doped ZnO NPs to acetone gas at different
concentrations (2–10 ppm); (b) the maximum responses of ZnO and Al-doped ZnO NPs to acetone
gas. The (c) response and (d) recovery characteristics of ZnO and Al-doped ZnO sensors exposed to
10 ppm acetone gas at 300 ◦C.

Figure 14c summarizes the response time and recovery time of the ZnO and AZO
sensors upon exposure to acetone gas at 300 ◦C. The response time was the time taken for
the sensor to reach 90% of the total resistance change after exposure to acetone gas. The re-
sponse times of the samples were analyzed at various acetone concentrations ranging from
2 to 10 ppm. ZnO did not exhibit a consistent trend in its response time and recovery time
with respect to acetone concentration, whereas AZO showed a concentration-dependent
trend. AZO demonstrated response times of approximately 3.334, 4.32, 5.19, 7.23, and
7.5 min at acetone concentrations of 2, 4, 6, 8, and 10 ppm, respectively, showing that the
sensor’s response time increased with higher gas concentrations.

The recovery time of the sample was the time required for the sensor to return to 90%
of its original resistance after exposure to acetone gas. Unlike the response time, the sensors’
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recovery times increased with higher acetone concentrations. AZO exhibited recovery times
of 22.63, 21.46, 20.79, 19.99, and 20.07 min at acetone concentrations of 2, 4, 6, 8, and 10 ppm,
respectively. The phenomenon of longer recovery times at lower concentrations can be
attributed to acetone gas molecules being partially adsorbed onto the ZnO surface. This
partial adsorption interferes with the complete desorption process, delaying the recovery
time of sensors responding to higher concentrations. This phenomenon can be attributed
to acetone gas molecules that remain partially adsorbed onto the ZnO surface, preventing
complete desorption and slowing down the recovery time of sensors responding to higher
concentrations.

Analyzing the sensors’ response times, it is observed that AZO, which exhibited
consistent response and recovery times depending on the gas concentration, outperformed
ZnO gas sensors. Therefore, it is concluded that AZO demonstrated superior performance
compared to ZnO gas sensors.

Figure 15 shows the selectivity responses of ZnO and Al-doped ZnO NPs to 8 ppm
of various target gases at 300 ◦C. Both NH3 and CO gases are detected in human breath,
and even trace levels of exposure to these gases can have toxic effects on the human body.
Therefore, the ability of these novel detectors to selectively sense acetone in a mixture with
these gases was tested. Figure 15 represents the response of the ZnO and AZO gas sensors
when exposed to identical concentrations of acetone, NH3, and CO gases at 8 ppm. The
ZnO and AZO sensors both exhibited the strongest responses in the presence of acetone
compared to the other gases, and the ZnO sensor showed no response to CO gas. The
response of the AZO sensor was 1.40 when exposed to NH3 and 1.23 when exposed to CO,
whereas the response to acetone gas was significantly higher at 7.48. These results suggest
that in the presence of a gas mixture, the AZO sensor can selectively detect acetone.
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Figure 15. The selectivity responses of ZnO and Al-doped ZnO NPs to 8 ppm of various target gases
at 300 ◦C.

The reproducibility of the AZO gas sensor towards 10 ppm acetone gas at 300 ◦C was
measured, as depicted in Figure 16a. The responses were measured over three consecutive
measurements, and no significant changes were observed in the sensor responses.

Additionally, considering the significance of the stability of the gas sensor, a mea-
surement of the stability of the AZO gas sensor was conducted. Figure 16b illustrates
the stability of the sensor at 300 ◦C towards 10 ppm acetone gas over four months after
sensor fabrication. The dashed black line on the graph represents the initial reactivity of the
AZO gas sensor, which is 13.41, immediately after fabrication. The sensor response after
four months remained at 12, showing consistency with the initial reactivity and indicat-
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ing no significant difference. Therefore, the AZO gas sensor demonstrates both excellent
reproducibility and stability.
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Figure 16. The (a) reproducibility and (b) stability of the Al-doped ZnO gas sensor towards 10 ppm
acetone at an operating temperature of 300 ◦C.

4. Conclusions

This study investigated the optimal conditions for the thickness of films formed
through the ESD process and summarized the sensors’ responsiveness based on the total
coating time. This work provides insights into the applicability of the sensors.

Analyzing the thickness variation with varying applied voltages in the ESD process
revealed that as the applied voltage increased, the variation in the thicknesses at the center
and sides of the thin films tended to increase. Consequently, thin films were fabricated using
the minimum applied voltage for different durations, demonstrating that the thicknesses
of the thin films increased uniformly according to the coating time. As a gas detection
material, Al-doped ZnO showed higher sensing responses compared to pure ZnO. A
maximum response of 13.41 was observed for thin films fabricated by 200 s of coating at
300 ◦C. The enhanced gas detection ability of AZO is associated with a higher level of
oxygen vacancies resulting from Al doping and confirmed by XPS analysis. Furthermore,
the fabricated gas sensors exhibited sensing responses even at a low gas concentration of
2 ppm, demonstrating their effectiveness towards acetone gas in comparison to other gases
and confirming high selectivity. The sensor results exhibited good reproducibility and long
stability. Through their responsiveness at low concentrations, it is possible to detect acetone
in the breath of diabetic patients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11123390/s1, Figure S1: Analysis of ZnO film thickness variation
formed by different applied voltages ((a) 2.9 kV (b) 3.2 kV (c) 3.5 kV (d) 3.8 kV) for coating time of
100 s. Images depict measurements taken at the film center (M), left side (L), and right side (R) of the
sample, illustrating the impact of electrostatic discharge stress voltage on film thickness.; Figure S2:
Analysis of AZO film thickness variation formed by different applied voltages ((a) 2.6 kV (b) 2.9 kV
(c) 3.2 kV (d) 3.5 kV) for coating time of 100 s. Images depict measurements taken at the film center
(M), left side (L), and right side (R) of the sample, illustrating the impact of electrostatic discharge
stress voltage on film thickness.; Figure S3: XPS survey scan of ZnO and Al-doped ZnO and Al
spectra (inset).
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