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Nowadays, few studies have reported on the sensitivity of thin films of Al-doped ZnO to ozone. This
gas can become harmful to health depending on its environmental concentration. This work presents
the sensor response to ozone gas of pure ZnO and Al-doped thin films, prepared by sputtering with
varying deposition times. Ceramic targets prepared by SSR, compacted at 65MPa, sintered at 950°C,
with densities ranging from 74-97% of the theoretical density, depending on the dopant content were
used. The films showed an increase in thickness with deposition time and a preferential growth in the
(002) plane of the ZnO structure. Slight changes in the band gap value occurred with increasing Al,
whose presence in the ZnO lattice was confirmed by XPS. The sensitivity results to ozone showed that
the performance of the films decreased with the Al-doping, which could be attributed to the defects
formation related to oxygen in the lattice during Zn-Al substitution or to the greater densification of
the films. Although the results showed a decrease in the sensor properties, all films are sensitive to
ozone, including the low concentrations of 50 ppb, a limit considered for a maximum daily average

for human exposure, established by the WHO.
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1. Introduction

ZnO is an n-type [I-VI semiconductor with a hexagonal
structure, a band gap around 3.4 eV, and exciton binding energy
(electron-hole pairs) of 60 meV'. ZnO exhibits properties, such
as transparency in the visible spectrum, non-toxicity, electrical,
optical, piezoelectric, and catalytic properties. In addition,
chemical stability, material availability, and low cost are also
observed in this material. With this range of characteristics
and multifunctional properties, ZnO presents several potential
applications in micro and optoelectronics. When arranged in
the thin film form, ZnO can be used, for example, in resistive
coatings and UV photodetectors, gas sensors, photocatalysis,
and as transparent conducting oxides (TCOs) for photovoltaic
cells, among other applications®. The properties of ZnO can
be enhanced through doping with other elements, depending
on the applications. In the literature, many studies are
dedicated to investigating ZnO thin films with controlled
dopings, such as In*3, Ga®’, AI*°, Ag?, Cu'’, and Co'". These
elements can replace Zn in the lattice, altering or enhancing
optical or electrical properties. Each dopant acts uniquely in
the structure, aiming for pre-established applications for the
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final Zn compound. Doping with Al, for example, can alter
the optical characteristics of ZnO films, such as the band gap
energy, improving the transmittance of the films, which imparts
an important feature for potential applications in photovoltaic
cells'. Additionally, these elements can be introduced in
combination (co-doping) into the ZnO structure'. Doping
or co-doping, therefore, influences the physical and chemical
characteristics of ZnO films, expanding their technological
applications. For example, Fe and Al:co-doping ZnO films
can increase carrier concentration and electron mobility, which
are important parameters for applications in spintronic and
optoelectronic devices'. When co-doped with Ga and Mg
under certain conditions, the resistivity of ZnO thin films can
decrease, enhancing their resistance to humidity'®, which is a
relevant feature for applications in gas sensors and solar cells.

Regarding the application in sensors for toxic and non-
toxic gases, aluminum-doped zinc oxide (AZO) has been
one of the compounds evaluated in recent years, due to its
properties modified by the dopant aluminum'®!”. The high
mobility of bulk conduction electrons, thermal and chemical
stability, and energy structure are examples of properties that
can be highlighted, favoring applications such as gas sensors.



2 Sales et al.

Although the properties of ZnO and AZO films are known
and still under study, current research on gas sensors needs
to be conducted primarily to seek improved performance
for the sensitivity of thin film gas sensors, and expand
their limits, and gas detection spectrum. This enhancement
in the sensitivity of gas sensors based on ZnO is of great
importance, both from an industrial and domestic standpoint
for the detection of hazardous and explosive gases, including
LPG, as from a medical perspective for detecting toxic gases
harmful to health.

Many deposition methods for thin films of Al-doped ZnO
have been utilized. Among the various deposition methods,
spray pyrolysis'®, sol-gel’, dip coating', organometallic
chemical vapor (MOCVD)*?!, pulsed laser deposition®,
and RF or DC magnetron sputtering®-?, stands out. Among
these methods for preparing thin films, magnetron sputtering
deposition is a well-known and efficient technique for thin
film quality formation, in addition to easy industrialization.
The magnetron sputtering thin-film deposition method
offers numerous advantages over the above deposition
techniques. Among these advantages, the uniformity of
the deposited films and the thickness precision, achieved
by adjusting deposition parameters, stand out. It allows
the deposition of films from various materials, such as
ceramic or refractory materials, including multilayers with
the same uniformity and thickness controls. The deposited
films exhibit better adhesion to the substrate (which can be
made of different materials and with different geometries),
higher densification, and low contamination rates due to the
vacuum in the deposition process. Moreover, it can be easily
scaled for industrial use, where the properties of the films
can be controlled and adjusted by varying and controlling
the deposition parameters® .

In the sputtering deposition method for thin films, a
bombardment of the target with positive atoms or ions (usually
from an inert gas), causes the atoms ejection from the target
that condenses onto a substrate. When thin films are prepared
using this method, the optical and electrical properties are
influenced not only by the deposition parameters (vacuum,
sputtering gas pressure, substrate, and target temperature,
etc.) but also by the characteristics of the sputtering targets,
especially by variations in their composition®. It is common
in the literature to find works that emphasize the behavior of
thin films deposited by this technique, such as transmittance
in the visible region, morphology, and carrier mobility*-’.
However, few works report the importance of the prior target
preparation, when is processed for use in the sputtering
deposition of high-performance films.

To obtain ceramic targets suitable for the sputtering
process, precursor powders must undergo processing
before being molded into target form. Similarly, the targets
require appropriate heat treatments to exhibit the essential
characteristics for a good thin film preparation®®.

In this work, ceramic targets of ZnO and Al-doped
ZnO were produced via solid-state reaction to be used
in the magnetron sputtering process. From these ceramic
targets, thin films were produced for applications in ozone
gas sensors, considering the lack of literature reporting the
sensitivity of this gas using thin films of these materials.
Ozone gas detection (colorless, with a characteristic odor,
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and explosive) is important because it is an atmospheric
pollutant capable of causing health problems, including those
related to respiratory systems, especially if found in high
concentrations. In places where ozone is used or produced
as part of industrial processes, its monitoring is important to
ensure the safety of workers, preventing excessive exposure
to this gas. Korotcencov and Cho*” had already mentioned in
their work that, according to the World Health Organization
(WHO), the air quality guideline for ozone should be set
at 100 pg/m?® (~50 ppb) for a maximum daily average of
8 hours, and these values have not currently been changed.
According to the authors, exposure to 0.1-1 ppm causes
headaches, eye irritation, and respiratory tract irritation.
An individual who stays for two hours in an environment
containing 0.1 ppm of ozone will experience a 20% loss in
respiratory capacity, and after remaining in places for 6 hours
with an atmosphere containing 1 ppm of ozone, will suffer
from bronchitis attack. Therefore, detecting ozone levels in
the air using thin film-based sensors can help protect people’s
health, as implement pollution control measures. Then, it is
in this context that we present, in this study, an investigation
into ozone gas detection, including low concentrations, using
sensor films prepared by magnetron sputtering from ZnO
ceramic targets, also evaluating the influence of Al dopant
on sensor properties.

2. Materials and Methods

2.1. Preparation and characterization of ZnO
and AZO targets

ZnO and Al-doped ZnO targets with 1, 2, and 3 mol%
of Al (ZnO, AZO1, AZO2, and AZO3, respectively) were
prepared by solid-state reaction, using commercial ceramic
powders (ZnO, Sinthy, 99% purity, and Al,O,, Alfa Aesar,
99% purity). Both precursors (ZnO and Al,O,) were dry-
milled separately in a ball mill with zirconia balls (~5 mm
in diameter) for 12 hours. The ceramic powders were placed
in closed containers, occupying about % of the volume,
with balls occupying half of the container volume. After the
milling process, the powdered precursors were dried in an
oven at 100°C for 24 hours and then used for the ceramic
target production. The targets were uniaxially pressed in a
58mm diameter mold using a Marcon press with a compaction
pressure of 65 MPa for 1 minute. Subsequently, they were
heat-treated using a Jung furnace with a heating ramp of
3°C/min up to 700°C for 1 hour, followed by another ramp
of 3°C/min up to 950°C, and maintained at this temperature
for 6 hours.

The targets were characterized by X-ray diffraction (XRD)
using a Shimadzu XRD-6000 equipment with a CuK (A=
1.5406A) and CuK , (A=1 .5444A) radiation source, operated
at40kV and 30 mA. Diffraction data were analyzed according
to the Powder Diffraction File™ database (PDF) of the
International Center for Diffraction Data (ICDD). Scans
were performed over an angular range of 10° to 80° (20) ata
scanning rate of 2°/minute. The ceramic targets (ZnO and AZO)
were characterized for chemical composition, in oxides %,
by the X-ray fluorescence (XRF) in a qualitative-quantitative
mode, in a vacuum, using a Shimadzu XRF-700 system.
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This equipment has a scanning range from Sodium (Na) to
Scandium (Sc) and from Aluminum (Al) to Uranium (U).
The primary radiation source is a Rhodium (Rh) cathode,
directed through a 10 mm diameter collimator. Additionally,
the apparent density of the targets was conducted using the
Archimedes method.

2.2. Preparation and characterization of ZnO
and AZO thin films

The ZnO and AZO ceramic targets were employed for
thin film production using an ORION 5 AJA International
magnetron sputtering system. The films were deposited
onto glass and silicon substrates utilizing radio frequency
(RF) power of 80W, with a controlled working pressure of
approximately 3 mTorr (0.3 Pa), without chamber heating.
Argon (Ar) was used as the inert sputtering gas, with a flow
rate of 15 sccm (standard cubic centimeters per minute).
The substrates were rotated at 60 rpm during the deposition
process at 30, 60, and 120 minutes. The substrates were
placed at a fixed distance of 18 cm from the target inside
the chamber. All films were prepared in a single layer and
without substrate heating. The substrates used (soda-lime
glass and silicon) were previously cleaned with acetone
using ultrasound for 20 minutes and dried in an oven for
60 minutes.

The films were characterized by X-ray diffraction
(XRD) using a Shimadzu XRD-6000 instrument; thickness
measurements using a Veeco profilometer, Dektak 150,
with measurements taken at five different regions of each
film; X-ray photoelectron spectroscopy (XPS), utilizing a
Scienta Omicron ESCA+ spectrometer with Al-K  X-ray
monochromatic source (hv = 1486.6 ¢V); ultraviolet-visible
(UV-Vis) absorption spectroscopy using a Shimadzu UV-
2600 spectrophotometer, scanning from 200 to 850 nm.
The absorbance results were used to determine the optical
band gap (Eg) of ZnO and AZO using the Wood and Tauc
method*; the films were characterized by scanning electron
microscopy (SEM) using a Sigma Zeiss FEG instrument;
the surface roughness of the films deposited for 30 min was
analyzed using atomic force microscopy (AFM) with a Park
Systems - NX10 instrument.

Sensitivity measurements to ozone gas were performed
with the films deposited for 30 min on silicon electrodes with
an interdigitated gold circuit, heated to 250°C and exposed
for 10 min to a gas flow of 100 sccm at concentrations of
50, 230, 390, and 570 ppb, with a recovery time of 20 min
approximately.

3. Results

3.1. ZnO and AZO target

Figure 1 shows the X-ray diffraction (XRD) results of
the ZnO, AZO1, AZO2, and AZO3 ceramic targets. Peaks
corresponding to the ZnO with wurtzite phase were identified,
with a hexagonal structure characterized by two interlinked
sublattices of Zn?* and O ions, where each Zn?" ion is
surrounded by a tetrahedron of O* ions, and vice versa. This
tetrahedral coordination gives rise to polar symmetry along
the hexagonal axis. This polarity is responsible for some
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Figure 1. X-ray diffraction patterns of ZnO and AZO ceramic
targets, sintered at 950°C.

properties of ZnO, besides being the main factor in crystal
growth and defect generation*'. The results also show that
targets containing 2 and 3 mol% of Al (AZO2 and AZO3)
exhibit the beginning of the secondary phase formation
of the spinel-type zinc aluminate (ZnAl,O,), with a cubic
structure, characterized by low-intensity peaks. The natural
form of this compound is known as gahnite, in which the Zn
atoms have a tetrahedral configuration. In contrast, the Al
atoms occupy octahedral sites in a face-centered cubic (FCC)
lattice of oxygen atoms*”. The ZnAl O, is a phase of interest
in some ceramics, depending on the applications, as it has
a wide band gap (~3.8 eV), which gives it photoelectronic,
optical, and dielectric properties, as well as high thermal and
chemical stability. With these properties, materials containing
ZnAl,O, are widely applied in photocatalysis, sensors,
high-temperature ceramics, dielectrics, and optoelectronic
electrodes, among others*#, Fang et al.** observed the
ZnAl 0, phase formation in AZO targets prepared by SSR
between ZnO and Al,0, at 1300°C. Despite the ZnAl O, phase
precipitation, the AZO films deposited via sputtering using this
target did not show the presence of this phase, which did not
demonstrate changes in the properties of the deposited films.
These results are opposite to those presented in the work of
Wei et al.*>. Mallick et al.* also observed the ZnALO, spinel
phase in AZO targets from 900°C. However, XRD peaks
corresponding to this phase were also not observed in the
films deposited with the targets, although the authors noted
indications of a secondary phase through XPS measurements.
In our XRD results, the presence of Al is only observed
in the precipitation of this secondary phase. In the peaks
corresponding to the ZnO phase, it is not possible to affirm
the presence of A" as a substitutional cation for Zn?" or
interstitial in the wurtzite crystal lattice. However, a few
changes in the intensities corresponding to this phase in the
AZO films have been observed in Figure 1.

Table 1 shows the apparent density (AD) results of the
ceramic targets, pressed at 65 MPa and sintered at 950°C. It is
noted that the AD decreases with the dopant content. In addition
to AD, the values related to the theoretical density (TD) of
each compound of the targets are also shown, considering
the theoretical density of ZnO as 5.67 g/em’ and ALO; as
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Table 1. Density, diametrical shrinkage, and chemical composition of targets prepared by SSR pressed at 65MPa and sintered at 950°C.

AD concerning Diametrical Chemical composition (oxides %)
Target AD (g/cm®) N . o
TD (%) shrinkage (7o) ZnO ALO, Others
ZnO 5.5 97.3 16.2 99.690 - 0.310
AZO1 49 86.9 11.8 97.984 1.713 0.303
AZO2 43 76.2 7.9 97.069 2.700 0.231
AZO3 4.1 74.1 7.9 95.720 3.928 0.352

3.98 g/ecm’. Tt is observed that the AD values were above
74% concerning the TD. Wang et al.*’ observed an increase
in density (relative to TD) of AZO2 target sintered at 1100°C
as a function of time variation. The target prepared by the
authors, with a pressure of 35MPa, showed values ranging
from ~92 to 95% of the TD. Garcia-Salinas et al.” prepared
ZnO and AZO1 targets from previously synthesized ceramic
powders. The authors used a compression pressure of
16MPa and a sintering temperature of 1000°C, obtaining
density values of 95% for the ZnO targets and 93% for the
AZO1 targets, relative to the TD. Asemi et al.*® found around
98.9% of the TD. However, the processing of the AZO?2 targets
prepared by the authors differs from ours and other works,
that is, they were pressed at 30MPa and sintered at 900°C
under low and high vacuum pressure. Other studies have
also shown values above 97% of the TD using alternative
methods for target processing and sintering®. It is noted,
therefore, that there is a significant variation in methods
for preparing ZnO and AZO ceramic targets, each with its
peculiarities resulting in different densities, but all viable
for use in sputtering film deposition.

About the diametrical shrinkage suffered by the targets,
we observed a greater shrinkage for the ZnO targets. As the
Al dopant is added, the diametrical shrinkage percentage of
the targets decreases, meaning that the shrinkage follows the
density of the targets. The lower the shrinkage, the lower
the density of the targets. This variation may be associated
with the chemical characteristics of the bonds between Zn—-O
and Al-O during diffusion in the SSR process, in addition
to the grain growth kinetics*.

Table 1 also presents the major chemical composition of
the ceramic targets (oxides %). It can be observed that the
predominant stoichiometry (ZnO and Al,O,) for the doped
targets (AZO1, AZO2, and AZO3) slightly deviates from
the initially calculated values. In addition, a percentage of
minor oxides, which include Nd,O,, CuO, Cr,0,, MnO,
V,0,, Yb,0,, PrO,, SmZOB, and CeO,, were observed at
low concentrations to all targets. These impurities may have
resulted from the precursors initially used, or contamination
during the target production process.

3.2. ZnO and AZO thin films

Figure 2 shows the thickness of the films and the deposition
rate as a function of time. In general, it is observed that the
thickness increases with the deposition time of the film, as
expected; however, it decreases with the percentage of Al
in the ZnO lattice. About the deposition rate (insert), it is
observed that there is a reduction in the rate as the Al dopant
increases in the ZnO host lattice. The lowest deposition rate
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Figure 2. Thickness and deposition rate of ZnO and AZO films.

values are observed in the AZO2 and AZO3 films. This
behavior may be related to higher Al-O bond energy, which
can also be influenced by the excess of Al in the lattice of
the ceramic target compounds, as observed in their chemical
analysis (Table 1). Considering that the deposition parameters
(power, gas flow) were kept constant for all films, there
may have been insufficient energy to remove atoms from
the AZO2 and AZO3 targets, during the deposition process.
Another factor that may have influenced is the presence
of the ZnAl,0, secondary phase in these ceramic targets,
which may have precipitated on the surfaces, inhibiting the
process of removing Al and Zn atoms from the wurtzite
phase of the target®®. By varying the time, a reduction in
the deposition rate at 60 minutes is observed compared to
30 minutes for all samples. For the 120-minute deposition
time, the deposition rate increases again smoothly, except for
sample AZO2. Apparently, in this case, the removal of Zn
and Al atoms from the target was more effective, compared
to the 60-minute time.

Figure 3 presents SEM images of the films cross-section
and the estimated thicknesses, obtained according to the
scale of each image. It is observed that the values found are
consistent with those determined by profilometry, although
some variations were noted. The most divergent values
were those for the AZO1_60 film, where the cross-sectional
measurement was ~59 nm higher than the measurement
obtained by profilometry, and the AZO2_120 film, where
the image showed a difference of ~49 nm greater than that
obtained in the profilometry measurement. It is also observed
that for the films deposited in 60 minutes, where the deposition
rate is considerably reduced (see Figure 2 inset), the cross-
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Figure 3. SEM images of ZnO and AZO films cross-section.

300

Pa R1

Pa1=291nm
Pb1=90°

ZN0 60 —

Zn0_120

Pa1=279nm
Pbl=90°

Pal=171nm
Pb1=90°

AZO1_60 AZO1_120

2um

Pa1=250nm

Pal=127nm
Pb1=90°

Pa1=191nm
Pb1=90°

AZ03_120
1pm -

AZO3_60

1440

| (b)

200 |

960
480

——AZ03

3600
2400
1200

Intensity {cps)

3300
2200
1100

I T

I

3900
2600

1300

*7Zn0O (PDF 89-511)

(000)  [0110]

0 h T n

T

45
26 (Degree)

26 (Degree)

26 (Degree)

50

55 60
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illustration.

sectional images of the films are not sharp, suggesting
variations in the densification of ZnO and AZO particles
grown on the substrate. In general, it can be stated that the
film thicknesses observed in the cross-sectional images
increase with deposition time, confirming the data obtained
by profilometry (Figure 2).

Figure 4 shows the diffractograms of the films deposited
on glass substrates at different deposition times. A peak at
20 =~ 34° was observed for all films, indicating growth with
preferential orientation in the corresponding plane (002),

along the c-axis of the wurtzite structure, perpendicular
to the substrate, as observed in other literature works?*#.
The oriented growth in the (002) plane of ZnO (parallel
to the (000) plane shown in Figure 4 (d)) occurs due to its
lower surface energy compared to other planes, and for
this reason, the growth rate in this direction is faster than
in other directions®. It is also observed that the intensity
of the diffraction peaks decreases with the increase in the
dopant Al content, with some exceptions, showing little
or no peak shift. Kumar et al.” reported that when a peak
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corresponding to the (002) plane shifts to lower angle values
(26), AI* may have occupied an interstitial site in the lattice.
Furthermore, since AI** has a smaller ionic radius than Zn?",
the diffraction peaks should shift to lower angle values. This
behavior was observed for the AZO1 and AZO2 samples
deposited for 60 min (Figure 4 (b)).

It is important to mention again that although a secondary
phase ZnAlL O, in the AZO2 and AZO3 ceramic targets used
in the film deposition have precipitated, the films remained
monophasic. Wei et al.** reported that the ZnAl O, phase
may segregate on the ceramic target surface, reducing the Al
content on the surface available for the sputtering deposition
process. Despite this, the AZO phase also grows oriented in
the (002) plane, dominated by the wurtzite structure. In these
cases, the diffusion of Al for the growth of AZO films, with
AP replacing Zn** in the lattice, occurs from the substrate
surface. Additionally, the difference in ionic radius between AI**
(0.535 A) and Zn** (0.740 A) would result in a contraction of
the crystal lattice in the case of Zn/Al substitution, thus leading
to a decrease in interplanar spacing. Consequently, this causes
the displacement of the (002) peak to higher angle values (20),
as observed in some films shown in Figure 4. These results
suggest, therefore, that interstitial occupation or substitution
of Zn* by AI’" in the crystal lattice of the deposited films
can simultaneously occur, regardless of the presence of the
ZnAlO, secondary phase in the targets (AZO2 and AZO3).
The peak shift also indicates changes in the lattice parameter
resulting from the Zn/Al substitution®.

It is also observed that, for the AZO3 films deposited in
120 min, a low-intensity peak corresponding to growth on the
(101) plane of the wurtzite phase was identified. This behavior
suggests that the growth of polycrystalline AZO may be influenced
by the film thickness resulting from the deposition time.

Based on the results of XRD of the deposited films, the
average crystallite size was determined using the Scherrer
equation (equation 1). In this equation, A is the wavelength
of the X-ray (1.5406A), 0 is the Bragg angle (in radians)
corresponding to the crystallographic plane (002), B is the
full width at half maximum (FWHM) of the X-ray diffraction
peak of highest intensity (in radians), and K is a constant
corresponding to the shape factor, which varies with the
particle geometry. Generally, a 0.9 value is used, considering
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particles with geometry close to spherical. To determine the
average crystallite size, it is necessary to correct the Bragg
peak, using, for example, a reference sample, such as silicon.
Thus, the full width at half maximum of the Bragg peak (j3)
is given by equation 2, where 3, corresponds to the full width
at half maximum of the diffraction peak of the sample, and
B, to the full width at half maximum of the diffraction peak
of a standard sample®. It is worth noting that the crystallite
size is the size of a single crystal within a particle or grain.

KM
- P cosd O
B2 =B -5 ©)

Based on the results shown in Table 2, the average crystallite
size (D, in nm) for all films increases with the deposition time,
that is, with the film thickness of all samples. Concerning the
dopant, an increase in the average crystallite size is observed,
when doped with 1 mol% of Al, for all deposition times.
From there, i.e., for samples with 2 and 3 mol% (AZO2 and
AZ03), the average crystallite size decreases again for all
deposition times. Table 2 also presents the dislocation density
values, calculated using equation 3. Dislocation density (3),
also known as displacement density or defect density refers
to the concentration of dislocations in a crystal matrix, which
describe imperfections or deformations in the positions
of the atoms in a crystal®’. Therefore, it is determined as
a function of the average crystallite size (D). Dislocation
density corresponds to the number of imperfections per unit
area or volume. For the case of AZO films, the dislocation
density per unit area was determined (equation 3).

1
9 s (3)

It is observed that the dislocation density decreases with
deposition time, i.e., with increasing film thickness, for all
films. This behavior may be related to the accommodation
or relaxation of the lattice over time, which promotes a
decrease in defect density as the crystal grows?. This result

Table 2. Average crystallite size, dislocation density, microstrain, and lattice parameter ¢ of AZO films.

Deposition time

Films (min) D (nm) 8 (x107° nm™) g (x107) c(A)
30 6.3 24.8 1.9 5.2752
ZnO 60 9.3 11.4 1.3 5.2722
120 353 0.80 0.3 5.2572
30 8.8 12.9 1.3 5.2662
AZO1 60 454 0.48 0.3 5.2572
120 207.6 0.02 0.006 5.2498
30 9.4 11.2 1.3 5.2842
AZO2 60 29.9 1.11 0.4 5.2752
120 81.1 0.15 0.2 5.2572
30 9.5 11.2 1.3 5.2662
AZO3 60 11.5 7.54 1.0 5.2842
120 38.3 0.68 0.3 5.2572
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is consistent with the crystallographic behavior of the films
observed in the X-ray diffraction patterns (Figure 4). It is
noted that all samples exhibit increasing peak intensity as
the deposition time increases, indicating films with greater
long-range structural atom organization and a decrease in
lattice imperfections density, accompanied by an increase in
the average crystallite size®”. Concerning the dopant variation
there is no direct correspondence with the Al content in the
lattice. This random behavior may be related to the sites
where Al occupies in the ZnO crystal lattice (substitutional
or interstitial), which may limit the crystallite growth due
to the binding energies involved.

Table 2 also presents the microstrain (g) results, determined
using equation 4, where 3 corresponds to the full width at half
maximum of the Bragg diffraction peak, and 0 corresponds
to the angle of this diffraction peak®'.

__PB 4
g_4tan9 @

Microstrain corresponds to small variations in the crystal
lattice, arising from point defects such as Zn/Al substitution
or interstitial Al. The microstrain in the crystal lattice of AZO
films can result in internal stresses distributed throughout
the material, but they are insufficient to cause macroscopic
deformations. On the other hand, microstrain can influence
the physical properties of the films, such as their optical
properties and gas detection sensitivity. As shown in Table 2,
the microstrain (¢) decreases with the deposition time of the
films, as does the dislocation density (8). This result suggests
that deposition time is a parameter that directly influences
the accommodation of deposited particles, minimizing
variations and defects in the crystal lattice of the films.
When these results are examined in relation to the increase
of Al in the lattice, it cannot be stated that there is a direct
correlation. However, in some cases, a decrease in microstrain
with the increase of Al can be observed. In these cases, the
presence of Al may influence these local (¢) and linear (8)
defects, primarily due to the difference in its ionic radius
compared to the ionic radius of Zn (Zn> =0.740 A and A" =
0.535 A)* This difference in ionic radii also influences the
lattice parameter ¢ of the AZO compound that forms the
films*. Note that the lattice parameters of the AZO1 films
are smaller than those of the ZnO films at all deposition
times. On the other hand, the AZO2 and AZO3 films show
a slight increase in the lattice parameter ¢ compared to the
ZnO and AZO1 films. In these cases, other factors may
have influenced this lattice expansion. Das et al.’> explain
that, based on the theoretical density of states studies,
the average bond length along the ¢ axis between O and
Zn, located near a substitutive Al ion, is greater than the
Zn—0 bond length in an undoped structure. In our case, the
higher Al content in the AZO2 and AZO3 films lattice has
certainly contributed to this expansion in the Zn—O bond, as
opposed to the differences in ionic radii (Zn/Al), which had a
predominant influence on the AZO1 films. We also observed
an inverse relationship between the lattice parameters and
the corresponding average crystallite size. These results
suggest that lattice expansion is a limiting condition for the
growth of crystallites in AZO2 and AZO3.

The lattice parameter ¢ of the ZnO and AZO films with
a hexagonal structure, shown in Table 2, was determined
using the (002) plane of the diffraction peak observed in
the films diffractograms (Figure 4). The lattice parameter
calculation was based on Bragg’s Law and performed using
equation 5334,

2 2 2
1 4| h*+hk+k +l_ (5)
a2 C2

Figure 5 shows the XPS spectra of the AZO films
deposited for 60 min. The results shown in Figure 5 (a)
are characteristic energy peaks of Zn, O, and C. For films
containing Al in the ZnO lattice, there are also indications
of the Al energy peak. A charge correction was applied to
all XPS spectra by adjusting the binding peak energy of
carbon C 1s at 284.6 eV. The presence of Al is confirmed by
Figure 5 (b), where a smooth peak at ~74 eV corresponding
to Al 2p is shown, suggesting the incorporation of AI** into
the Zn*" sites of the ZnO lattice'**.

Figure 6 shows Zn 2p, ,, Zn2p, ,, and O 1s XPS spectra
for all films. It can be observed that the peaks corresponding
to Zn2p, ,and Zn 2p, , (Figure 6 (a), (c), and (¢)) do not show
significant changes, indicating that the oxidation state of Zn is
2+. Additionally, the energy difference between them, which
corresponds to ~23 eV, is typical of the wurtzite structure’.
Regarding the binding energy of O 1s for the ZnO film
(Figure 6 (b)), three peaks were fitted at 530.5 eV, 531.7 eV,
and 532.7 eV. According to Namgung et al.**, the origin of
these three peaks of O 1s is, respectively, from the oxygen
atoms in the lattice of the hexagonal wurtzite structure of
ZnO (i.e., O* ions and tetrahedrally coordinated Zn* ions, as
shown in the inset of Figure 6 (b)), oxygen ions (O or O%)
in regions with oxygen deficiency, and atoms bonded to the
surface of ZnO. With the AI** doping, the configuration of the
O 1s peaks reduces to two (~531 eV and 532 eV), shifting
smoothly to higher values with the increase of Al content
in the ZnO lattice (Figure 6 (d), (f), and (h)). This behavior
may be related again to the presence of AI** in the Zn*" at
sites of the ZnO lattice. The valence mismatch between these
elements in the lattice generates a concentration of oxygen
point defects (oxygen vacancies and/or interstitial oxygen,
as shown in the inset of Figure 6 (d) and 6 (f), respectively),
which, in turn, should increase with the Al content, gradually
raising the binding energy with oxygen'. These XPS results,
therefore, confirm the presence of AI’* in the Zn*' site in
the ZnO lattice. However, this substitution may be partial,
considering the XRD results that suggest the presence of
Al* in interstitial sites. Although the XPS characterizations
were performed only for the films deposited in 60 minutes,
the results can be extended to the other films.

Figure 7 shows the UV-Vis absorbance results as a function
of photon energy for the films deposited during 30, 60, and
120 minutes, respectively. The Eg values were determined
using the method proposed by Wood and Tauc (1972)%,
according to Equations (6) and (7). In these equations, A
represents the Planck constant, v is the radiation frequency
(UV-Vis), n indicates the type of electronic transition between
bands (direct transition (n = %2) for ZnO), and o is a constant
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Figure 5. X-ray photoelectron spectra of ZnO and AZO films deposited for 60 min: (a) Survey; (b) Al 2p.

or absorption coefficient, which was determined based on the
absorbance (4) and the thickness of each film (£)*.

hva :(hv—Eg)n (6)

a =2,303.% ™

It is observed that Eg varies from 3.20 eV for ZnO
to 3.40 eV for the films containing Al. There is no direct
relationship between the band gap value and the deposition
time, i.e., the thickness of the film. On the other hand, with
the increase in the Al percentage in the ZnO lattice, a slight
increase in the Eg is observed. This slight increase has also been
observed in other works in the literature®’. There are reports
that this increase in Eg values as a function of Al adding to
the ZnO host lattice is related to the so-called Burstein-Moss
effect, a phenomenon observed in semiconductors when
the concentration of free carriers is increased®®. This fact
agrees with the conditions exhibited by the AZO films. Zn*
by AI** substitution, as mentioned earlier, causes a charge
destabilization, which may contribute to an increase in the
number of carriers at the substitution site. With this, the Zn
conduction band can be filled up to an energy level close
to the upper limit of the forbidden band, causing a slight
expansion. On the other hand, a decrease in the band gap
values with the increase of Al content in the lattice in films
prepared by the other deposition methods, such as spin
coating, has already been reported®.

Figure 8 shows the SEM images of the film surfaces
deposited for 30, 60, and 120 minutes, and AFM images of
the films deposited for 30 minutes. The SEM images reveal
well-defined grain boundaries and variations in particle size,
particularly in the ZnO film. With the increase in deposition

time from 30 to 60 minutes, thus increasing the thickness
of each film, a slight increase in the average grain size is
observed. This grain size does not show significant changes
with the increase in deposition time to 120 minutes. Notably,
the AZO1_120 films exhibit a more homogeneous surface
than those AZO1 films deposited in 60 minutes. On the other
hand, with the increase in the dopant Al percentage, there is
a decrease in this grain size, leading to an increase in film
density. The decrease in grain size due to the presence of
Alin the ZnO lattice can therefore lead to a reduction in the
charge carriers transmission at the grain boundaries, and,
consequently, the electrical properties of these films will be
altered®®. The AFM images of a 1 um? area on the surface of
the films deposited in 30 minutes suggest an apparent growth
perpendicular to the substrate surface, which agrees with the
DRX results already discussed. The RMS roughness of the
films varies smoothly, from 1.6 to 1.9 nm, with the increase
in Al content in the lattice. These values are lower than some
found in the literature for ZnO and AZO films deposited
by RF or DC sputtering using ceramic targets®=° or other
techniques®®®!. Tt is observed that the roughness increases with
the decrease in grain sizes. As discussed earlier, ZnO films
exhibit a wider variation in deposited grain sizes, which may
aid in packing, resulting in lower roughness. These factors
may be related, to the deposition rate and film thickness.
As discussed, film thickness and the deposition rate decrease
with the Al percentage in the ZnO lattice (Figure 2). Therefore,
by depositing fewer molecules per minute, fewer grains or
smaller grains will be produced with less size variation,
which, in turn, will irregularly aggregate, increasing the
surface roughness of the Al-containing films (AZO). When
compared to the results for average crystallite size and lattice
parameters (Table 2), a direct relationship with grain size is
observed in the SEM images in Figure 8. With the increase
of deposition time from 30 to 60 minutes, the average
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Figure 6. XPS spectra of films deposited for 60 min: (a) and (b): Zn 2p and O 1s of the ZnO film; (c) and (d): Zn 2p and O 1s from the
film AZO1; (e) and (f) Zn 2p and O 1s from the AZO2 film; (g) and (h) Zn 2p and O 1s from the AZO3 film.

crystallite size increases for all films. The corresponding
SEM images show that the grain size also increases,
particularly in the AZO1 sample. The average crystallite size
increases for a deposition time of 60 minutes and is even
larger for 120 minutes. It is noteworthy that the surface of
the AZO1_60 films exhibits larger grain sizes interspersed
with smaller grains, while for the AZO1_120 film, these
grains are larger and more homogeneous, suggesting growth
limited by the average crystallite size, which is larger than
that of the other AZO1_30 and AZO1_60 films (Table 2).

When the crystallite size is small, there is a larger interface
between grains, resulting in higher energy, which can limit
grain growth. As the average crystallite size increases, these
interfaces decrease, promoting an increase in grain size.
Another important correlation involves the lattice parameter
c. As observed in Table 2, c increases for the AZO2 and
AZO3 films compared to the ZnO and AZO1 films. This
increase in the lattice parameter also limits grain growth, as it
can induce internal stresses, increasing dislocation density (9)
and microstrain (g), for example (Table 2), thereby reducing
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Figure 8. SEM and AFM images of ZnO and AZO films.

crystallite size and even crystallinity, as observed in the
intensities of the XRD peaks (Figure 4). These conditions
inhibit the continuous growth of grains, as observed in the
AZO2 and AZO3 films®.

Figure 9 shows the sensor response of the films deposited for
30 minutes in the presence of ozone gas (O,), at concentrations
ranging from 50 to 570 ppb, at a working temperature of
250°C. It can be observed that all films are sensitive to
different concentrations of O, gas. Kang et al.” described
that the material sensitivity to a particular gas corresponds
to an adsorption-oxidation-desorption mechanism between
the gas molecules and the material surface comprising the
sensor film (such as ZnO and AZO). When exposed to an
air atmosphere, O, molecules are adsorbed on the surface of

ZnO, capturing electrons from its conduction band to form
negative oxygen ions. These ions, in turn, become acceptor
sites on the material surface. The loss of electrons from the
ZnO conduction band creates a depletion region, forming a
potential barrier and hindering the movement of electrons
between the crystal grains, thus increasing the resistance.
When this adsorption process reaches equilibrium, the ZnO
resistance becomes constant. By introducing a reducing gas
into the system, there will be an electron transfer between
the gas molecules and the negative oxygen ions, causing
their oxidation. This phenomenon induces a charge transfer
process in which additional free electrons migrate back
to the ZnO conduction band. As a result, the thickness of
the electron depletion layer decreases, the carrier density
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Figure 9. Sensitivity to ozone gas at 250°C presented by ZnO and AZO films deposited in 30 min.

increases, and the ZnO resistance value decreases until
equilibrium is reached. From there, with the airflow, the
gas gradually separates from the ZnO, and the resistance
is restored. Upon encountering an oxidizing gas, such as
0,, the electrons from the ZnO will be captured, reducing
the carrier density and increasing the resistance of the
material until an equilibrium is reached®®. However, the
gas-sensing properties of materials are generally related to
both chemical reactions on the surface and gas diffusion.
When the temperature is below 150°C, the chemical reaction
on the surface plays a predominant role. For temperatures
between 150°C and 300°C, both surface chemical reaction
and gas diffusion produce a concomitant effect. When the
temperature exceeds 300°C, oxygen continues to capture
electrons to form oxygen ions, accelerating the chemical
reaction on the surface; however, gas diffusion becomes
limiting. In this case, the larger the pore size or material
porosity, the more favorable the diffusion of gases, and
consequently, its sensitivity to the gas will be greater®®.
For the case of our ZnO sensor film, the exposure process to
O, occurred at 250°C, where there were possibly chemical
reactions on the film surface and gas diffusion simultaneously.

It can also be observed from Figure 9 that the sensitivity
decreases for the Al-doped ZnO films, although the dopant has
not changed other characteristics of the material. However,
some literature works have shown the opposite of what is
observed here, that is, there are reports that a dopant can
change the conductivity of ZnO depending on other types
of defects. For example, doped ZnO can become more
sensitive to atmospheres than undoped ZnO; in other words,
there may be an improvement in sensor response with the
addition of transition metals®®. This happens because the
presence of the dopant can favor the active adsorption site
formation by creating defects such as oxygen vacancies in
the host matrix. In the case of the AZO films in this study,
these defects are certainly also induced. As observed in the

XPS results, regarding the binding energy of O 1s for the
films containing Al (Figure 6 (d), (f), and (h)), only two
binding energies for oxygen were detected, leading us to
consider the generation of oxygen vacancies or interstitial
oxygens. This is due to the valence difference between AI**/
Zn** with the partial substitution of AI** on the Zn** site in
the ZnO structure. According to Kang et al., defects caused
by oxygen vacancies are considered donors, while interstitial
oxygens are considered acceptors. The authors suggest that the
higher the number of donor defects, the better the sensitivity
and detection performance of ZnO to gas, as these defects
tend to attract charges from gas molecules, which strongly
bond to these defects. In this context, as the Al-doped ZnO
films show a decrease in resistance compared to undoped
ZnO films, we can hypothesize that there are defects on the
surface of the doped films (AZO), predominantly formed by
interstitial oxygens (acceptors). This results in a decrease
in the concentration of free electrons participating in the
adsorption-oxidation-reduction process. However, for the
AZO3 film, in addition to defects caused by interstitial oxygens,
there may also have been a higher concentration of defects
resulting from oxygen vacancies (donors), considering the
increased resistance (compared to AZO1 and AZO2) when
exposed to O, gas, also observed in the undoped ZnO film.

In addition to the oxygen defects present in the AZO
films, for gas diffusion reactions to occur, the film must
have porosity. As observed in the SEM images (Figure 7),
as the Al dopant content increases, there is a tendency for
grain size to decrease, resulting in fewer pores. Therefore,
another hypothesis for the behavior of these doped samples
(AZO1, AZ0O2, and AZO3) is that the sensitivity to O, gas
possibly occurs predominantly as a surface phenomenon
rather than a volume phenomenon, which explains the
decrease in resistance compared to the undoped film (ZnO).

Itis important to note that the O, gas sensitivity measurement
was conducted at a working temperature of 250°C. Although
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an increase in temperature can help reduce the resistivity of the
substrate, which may be advantageous for increasing the carrier
concentration in AZO films and enhancing their sensitivity to
0, gas™, it is important to highlight that other parameters may
negatively influence this sensitivity. The difference in thermal
expansion coefficients between the film (ZnO and AZO) and
the substrate (Si), for example, can generate significant thermal
stresses at the substrate-film interface, which, in turn, can
cause deformations in the films. In addition, the difference in
lattice parameters between the Si substrate and the AZO films
can also contribute to the creation of defects at this interface,
such as additional dislocations that may extend to the film
surface. These defects may be exacerbated by the presence
of Al in the ZnO lattice of the AZO films. Dislocations and
other structural defects at the interface can therefore negatively
impact the film quality by reducing carrier mobility, affecting
the sensor sensitivity and selectivity, leading to changes in gas
adsorption on the surface, and altering the electrical response
of'the AZO films. These defects, generated due to heating of
the films to 250°C, can also act as recombination centers for
charge carriers, significantly reducing the performance of
ZnO-based sensors.

Despite the results showing that the dopant Al impairs the
sensitivity of ZnO films, it is clear that it is still possible to
detect ozone gas at low concentrations (50 ppb), corresponding
to the maximum required by the WHO.

Figure 10 (a) shows the stability of only the ZnO and
AZO3 films deposited in 30 minutes during exposure to
50 ppb of ozone gas, while Figure 10 (b), associated with
the shaded portion highlighted in the graphs of Figure 10 (a),
shows the minimum and maximum resistance of the films,
i.e., the resistance at the moment of gas flow opening and
closing, respectively, as a function of exposure time. It is
observed that both films exhibit good stability at the gas flow
opening and interruption moments. The greatest variations
occur for the ZnO film, with an increase of 0.3 kQ from the
first to the last cycle of gas flow opening and an increase of
0.4 kQ for flow closure, also from the first to the last cycle.

Materials Research

This result suggests, therefore, that the presence of the dopant
Al in the ZnO host lattice contributes to the stability of the
film (AZO3) in the presence of O, gas.

Figure 11 shows the response, response time, and recovery
time of ZnO and AZO films (30 min) exposed to different
O, gas concentrations. In general, it is observed that the
response time increases with the dopant content, ranging
between 6.5 and 12 min (Figure 11 (a)). However, there
is no significant change as a function of O, concentration.
On the other hand, the recovery time (Figure 11 (b))
decreases with the Al content, with some exceptions,
and also does not follow a rule regarding the variation of
O, concentration. For this case, the recovery time ranged
from 11 to 5 minutes, showing that the ZnO film takes the
longest to restore resistance after the O, flow interruption.
This behavior is directly associated with the resistance
variation at the moments of gas flow opening and closing in
each cycle, as observed in Figure 10 (b). The values found
for the recovery time of the ZnO films are higher than some
found in the literature. In the work of Colmenares et al.®,
ZnO films deposited with a ceramic target showed response
and recovery times of ~3 min, a value higher than films
deposited with metallic Zn targets, also evaluated by the
authors. Nagarjuna et al.” found response and recovery
times of 5 and 10 minutes, respectively, using metallic Zn
target for film production. Considering sensor response to
O, (Figure 11 (¢)), the ZnO and AZO3 films are highlighted,
showing responses above 30% (> 1.5). These results may
be linked to the low porosity of the films, resulting from
the ceramic target used, as discussed in the SEM results
(Figure 8). In these cases, we can say that there was a
predominance of the sensor response on the surface of the
films, as opposed to the volume (gas diffusion), which may
have influenced the lower sensor response observed when
compared to other literature works, such as Nagarjuna et al.®’,
who achieved a response value of 216% to O, gas. Despite
these characteristics, all films in this study were able to detect
ozone gas even at low concentrations, as discussed earlier.
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Figure 10. (a) Stability of ZnO and AZO3 films deposited in 30 min under 50 ppb ozone flow; (b) Resistance associated with opening

and closing the ozone gas flow.
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4. Conclusion

The results of this study showed that the ZnO and AZO
ceramic targets production by SSR is feasible, considering their
physical characteristics such as the density and crystallinity
of the desired phases. The targets were satisfactorily used
for the deposition of thin films via magnetron sputtering.
All obtained films showed preferential growth on the
lowest energy plane of wurtzite. The presence of Al in
the ZnO lattice was confirmed by XPS characterizations.
The physical and morphological characteristics of the films
were influenced by the deposition time, with increasing
thickness and decreasing grain size, without altering the
energy gap over time. Sensitivity to O, gas results showed
that Al-doping ZnO impairs such sensitivity, which may be
associated with the presence of defects caused by interstitial
oxygen or increased densification of the films. Despite the
decrease in sensitivity to O, it is still possible to detect it
at low concentrations, such as 50 ppb, with all films. These
results demonstrate that thin films of ZnO and Al-doped
ZnO are efficient in detecting ozone gas, even at the lowest
concentrations established as the maximum limit without
health hazards according to the WHO.
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