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Abstract

This study aims to assess structural, optical, and electrical properties of AZO thin films produced by magnetron sputtering
in high pressure were 12, 7, and 5 cm apart between the target and the glass substrate. Then, a treatment current variation
(0.1, 0.2, and 0.3 A) was performed for the fixed position of 5.0 cm away. Characterization techniques such as XRD, SEM,
and EDS were used to investigate the structural changes and composition of the deposited films. Besides, spectrophotometry
enabled an analysis of the optical constants, and the four-point probe assay was used to measure the film electrical resist-
ance. The results showed that the approximation between the target/substrate, and the increase in current from 0.1 to 0.3
A, produces an increase in crystallinity, grain size, and film thickness. These factors promote a reduction in transmittance,
bandgap energy, and electrical resistivity. Sample A503 (5.0 cm and 0.3 A) showed the best electrical properties (2.18 x

10! Q.cm) in view of the set of parameters adopted in this work.

Keywords AZO thin films - Physical vapor deposition - Electrical conductivity - Zinc oxide

1 Introduction

Producing new materials through processes where the conditions
of synthesis and growth determine factors for the applications
performance represents a significant challenge for researchers
who try to make materials with specific physical and chemical
properties viable from changes in their microstructure [1-9].
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The interest in thin films was due to the industry advances
in new technologies based on nanomaterials that resulted
in a series of applications to improve people daily lives. In
this way, the application of thin films extends to optical-
electronic devices [10], functional coatings [11],and in the
generation and conservation of energy [12]. Thin transparent
conductive oxide films (TCOs) are presented as alternatives
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that can meet specific demands depending on their electrical
nature. It can present conductivity of type p or n, depending
on the dopant chosen to incorporate the TCO lattice [13].
The performance of devices with thin films TCOs as their
operating principle depends on their electrical and optical
properties.

Among the TCOs materials obtained in thin films, tin-
doped indium oxide (ITO) is the most favorable for high-
performance applications due to the balance between elec-
trical and optical properties [14]. However, the use of ITO
is limited due to the scarcity, high price, and toxicity of
the Indian [15-17]. The emerging and growing demand for
TCO films of low economic value and high performance is
the fuel that drives research that aims to investigate how
the electrical and optical properties of these films can be
obtained in an optimized and increasingly accessible way
[18-20].

In this scenario, doped zinc oxide thin films appear
promising candidates for TCO applications [21-23]. With
an emphasis on ZnO doped with aluminum (AZO), which,
due to its balance between optical and electrical properties,
attracted researchers attention as a potential substitute for
ITO. AZO has desirable properties, such as long-term envi-
ronmental stability [24], high optical transmittance in the
visible region [25], high electrical conductivity [26], non-
toxicity [27], abundance, and low cost [28]. Regarding the
bandwidth, the desired value of the energy gap for a thin
TCO film should be relatively high, that is, above 3.2 eV.
This value allows most of the light in the solar spectrum to
pass through the TCO films microstructure, preventing it
from being absorbed [29].

Although AZO thin films have this range of advantages,
their electrical and optical properties remain inferior in
terms of performance when compared to ITO films [30].
Therefore, how to provide the best conditions for depositing
a high-quality AZO film becomes an issue of high relevance
in TCO applications.

Several studies indicate AZO films with high crystallinity
obtained from deposition processes with high temperatures
in the literature about TCO thin films. But unfortunately, this
increase in temperature compromises the optical properties,
making the films from this process slightly opaque [31, 32].
In this scenario, many researchers believe that producing
a film with a periodic crystalline structure at a relatively
low process temperature is the key to preparing thin, highly
conductive, and transparent AZO films [33]. According to
Senay (2019), optimizing deposition parameters, such as
spray power, pressure, and distance from the target substrate,
allows obtaining high-quality films [34]. According to the
author, previous research [35-38] related to the good com-
bination of film deposition parameters also argues that the
thickness of the AZO films layer could have a significant
influence on their properties.
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This work investigates the influence of deposition param-
eters: target—substrate distance and electric spray current, in
the synthesis of thin films of AZO obtained by magnetron
sputtering without annealing and at high pressure on a glass
substrate. The variation of these parameters is related to the
structural and physical properties of AZO films to inves-
tigate the best combination between variation in distance
and electric current value in the deposition. Therefore, the
purpose of this research is to produce AZO thin films with
good quality, suggesting acceptable deposition parameters
and thus raising AZO films to the level of an alternative to
ITO thin films for existing applications.

2 Materials and Methods

AZO films were deposited on glass substrates with dimen-
sions of 25 mm x 15 mm and a thickness of approximately
1.0 mm. Before the deposition process, the substrates were
cleaned in an ultrasonic bath with distilled water, ethanol,
and acetone, respectively, for 10 min and then dried with an
air jet. For the formation of AZO thin films, a magnetron
sputtering deposition system with direct current (DC) was
used in details given previous report [28]. A commercial
ceramic target with a chemical composition of Al,O; and
ZnO, with an atomic weight ratio equal to 98:2% and purity
content of approximately 99.95%, was used as a precursor
material source for film synthesis. The target is 6.30 mm
thick and 50.0 mm in diameter. In this study, the distance
between the target and the substrate, as well as the electric
current, varied. These parameters were responsible for struc-
tural changes and variations in AZO thin films final optical
and electrical properties. Table 1 shows the detailed condi-
tions for sputtering.

The analysis of the crystalline phases of the AZO films,
the BRUKER X-Ray diffractometer (model D2 PHASER)
with an angle of 0.02 ° was used. The average crystallite
size (7) was determined by the Scherrer equation [39]. The
films surface was characterized using a ZEISS AURIGA 40
Scanning Electron Microscope with X-ray Dispersive Energy
(EDS) spectra coupled to the FEG for semi-quantitative anal-
ysis of the chemical composition. For morphology analysis,

Table 1 Magnetron sputtering deposition parameters

Samples Argon flow Pressure Time Distance Electric current

(cm*min) (mBar) (min) (cm) (A)
A501 0.1
A502 5.0 0.2
A503 20 1.0x10°! 30 0.3
A703 7.0 0.3
A1203 12.0 0.3
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a Shimadzu atomic force microscope, model SPM-9700,
was used, using the Modular Force method with constant
force and a resonance frequency of 75 kHz. The films optical
transmittance spectra were performed by the spectrophotom-
eter Genesys 10uv from the Thermo Fisher Scientific brand.
From the values of the percentage of radiation transmission
in the AZO film structure, the bandgap energy was deter-
mined using the Tauc relationship [40]. Electrical resistivity
measurements were performed using the four-point method
described by Chandra et al. (2011) [41].

3 Results and Discussion
3.1 Variation of the Target-Substrate Distance

Figure 1 shows the AZO ceramic target diffractograms and
the thin AZO films deposited on a glass substrate, corre-
sponding to the target-substrate distances equal to 5.0, 7.0,
and 12.0 cm. And Fig. 1b shows the same XRD patterns,
emphasizing the diffraction peak (002), showing a dis-
placement as a function of the variation of target-substrate
distance.

According to Zhao et al. (2021), considering the target
as a solid tablet with a defined stoichiometric relationship
of ZnO:Al, sample synthesis with nucleation of crystal-
lographic planes similar to that of the target was already
expected [15].

The targets XRD pattern confirms that it has a compact
hexagonal structure, with a total absence of crystallographic
phases referring to Al or Al,O5, indicating that the process
of replacing the Zn atoms by Al occurs effectively [8]. All
diffraction peaks are perfectly indexed to the ZnO wurtzite
phase: 26 = 31.50° (100), 34.07° (002), 35.92° (101), 47.22°
(102), 56.33° (110), 62.44° (103), 66.11° (103) and 67.47°
(200), with lattice constants a = 3.2545 A and ¢ = 5.2056 A
according to Inorganic Crystal Structure Database (ICSD)
crystallographic chart N° 67848. All films showed diffrac-
tion peaks referring to the ZnO phases, showing a growth
of planes with orientation along the c axis, direction [0001],
and perpendicular to the substrate surface [16]. According
to Fujimura et al. (1993), the nucleation of grains along the
c axis, on the surface of amorphous substrates, is related to
the lower free energy for forming a crystallographic plane.
Besides, the surface diffusion promotes the preferential ori-
entation of the nuclei towards the crystallographic direction
with less surface energy, which corresponds to the plane
(002) [42].

The variation of target-substrate distance resulted in the
formation of films with different crystallinity. A change in
peak intensity and the appearance of characteristic phases
of the planes (100), (101), and (110) indicated the growth
of a film thin with a similar structure to the AZO target
(ZnO:Al). This similarity observed in the atomic structure
of the films in relation to the target becomes more evident
as the distance between the surface of the substrate and the
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Fig. 1 Diffractogram of AZO thin films deposited by magnetron sputtering with a variation of target-substrate distance: (a) complete XRD, and

(b) peak magnification (002)
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target decreases, causing an increase in temperature during
the deposition process, which is a fundamental factor for the
modification structure of films deposited by sputtering [43].

The diffraction peak (002) of AZO thin films has its posi-
tion changed to values 26 higher or lower concerning pure
ZnO [38]. When Al is incorporated into the ZnO lattice,
the AZO lattice distorts due to the difference between the
radius of the AP+ (0.54 A) and Zn2* (0.74 A) [44]. Suppose
the AI** ions only replace the Zn?* ions. In that case, the
lattice parameters (a and c¢) of the ZnO crystal decrease, also
causing the interplanar distance d (hlk) to be reduced, and
the peak position (002) changes to high values of 26, accord-
ing to the Bragg law [45]. This displacement was observed
for the sample A503 (see Fig. 1b), characterizing a small
accumulation of stresses produced by Zincs substitution for
aluminum in the ZnO:Al lattice during plasma deposition
[36]. On the other hand, in the diffractograms of the sam-
ples positioned at 12 cm (Al,05) and 7 cm (A703), a peak
displacement (002) for lower angles is noted. This change
results from residual tensile stresses that increased the lattice
parameters due to the change in the chemical bonds length.
That indicates that AI3* also occupied interstitial sites, as
reported in other studies [18-20, 45].

The crystallite size of AZO films was evaluated as a func-
tion of the target substrate distance from the peak FWHM
(002) of the XRD standard using Scherrer formula [46]. Figure
2 shows that the reduction of the target-substrate distance
from 12 to 7 cm caused a considerable increase in the crys-
tallite size, which is one of the most important influences
on AZO films conductivity. This effect was produced by the
aluminum doping content (Table 2). When the content of
Al in ZnO increases, the FWHM of the peak (002) becomes
larger, indicating that the crystallite size of thin films of
AlL:ZnO decreases with the increase in the content of Al in
the films. This result is consistent with other measurements

Table 2 Thickness and composition of AZO thin films deposited by
magnetron sputtering

Samples Thickness(nm) Composition (at. %)

Zn (¢} Al
A503 1180 +36.0 51.27 46.58 2.15
A703 1052 +23.1 47.53 50.62 1.85
A1203 446 + 38.3 31.66 49.16 2.46

[47, 48]. According to Lee et al. (2021), the deterioration of
the films crystallinity caused by excess aluminum doping is
caused by residual tensions [49].

According to Gopikishan et al. (2017), the variation in
temperature and electron density in the target surface axial
direction are reported [50]. The confinement of second-
ary electrons increases ionization efficiency, which is the
cause of high density and temperature in front of the tar-
get, which results in the rapid growth of nanoparticles [51].
However, the small variation in distance from 7 to 5 cm
caused a reduction in the size of the crystallite, indicating
an increase in the grain boundary region [52], as well as
a slight increase in temperature, which on the other hand,
allowed a slight increase in deposition rate. The crystallite
size can influence the concentration of charge carriers on the
surface of the film, changing the nature of the energy barrier,
favoring electrical mobility, that is, making the film a better
semiconductor [53].

Table 2 shows the chemical composition of AZO films
performed by EDS on the surface of the samples. The
compositions obtained are in accordance with the results
described by Ghobadi et al. (2021), where it presents an
oxygen content of approximately 50% [54]. It can be seen in
the EDS results that the Zn content gradually decreases as a
function of the distance. This fact is due to the reduction of
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Fig.3 Superficial micrograph
of AZO films deposited with
distances of (a) 12.0, (b) 7.0,
and (c) 5.0 cm concerning the
target (Images at 10kX and
50kX magnification)

(a)

the film thickness caused by the sample positioning concern-
ing the AZO target.

Figure 3 presents the electron microscopy images of the
cross-section and surface of the thin films of the AZO.

The films are homogeneous and have adequately adhered
to the substrate. The grains shown are domains formed by
the aggregation of crystallites on a nanometric scale. It is
found that the grain size of AZO films increases as the dis-
tance to the substrate decreases due to the increased thickness
of the deposited film. That is probably because, at shorter
distances, the rate of deposition of atoms is higher, causing
greater nucleation density and greater diffusion on the surface
[52]. Therefore, more elongated grains are produced by the
coalescence of neighboring grains on the substrates closest
to the target [43]. The oriented cores (002), predominant in
sample Al,O5, grow perpendicularly to the substrate surface;
on the other hand, the oriented cores (100), (101), and (110),
more intense in samples A703 and A503 (see Fig. 1), have
other orientations. Therefore, target-substrate approximation
resulted in morphological changes caused by nucleation and
grain formation with different crystallographic orientations.

The average optical transmission of the films obtained
with different target-substrate distances is shown in Fig. 4.
The transmittance spectrum in the visible range (380-780
nm) of sample Al,0; showed values around 80%. In com-
parison, sample A703 showed values above 70% between
550 nm and 780 nm, which are important for applications
such as radiation filters and even solar cells [55].

5\\ (74 J/

@b .l?r 5

500:nm

On the other hand, sample A503 presented a low percent-
age of optical transmittance in the visible range, presenting
an optical response similar to an opaque material [56]. It
was found that the reduction of the target-substrate distance
influenced the optical transmittance of the films. Such reduc-
tion is related to the increase in temperature, the compres-
sion of the crystalline planes by diffusion of the deposited
atoms, and, consequently, the greater thickness of the film
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Fig.4 Optical transmittance of AZO thin films obtained by magne-
tron sputtering with different target-substrate distances
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Fig.5 Curve (ahv)? versus photon energy for AZO films for different distances: (a) 5 cm, (b) 7 cm, and (¢) 12 cm

that causes the free absorption of the carrier, which increases
the concentration of the carrier in the thick film and leads to
the absorption of more light [57].

But according to Dejam et al. (2016), the reduction in
the percentage of transmittance can also be related to the
high content of Zn in the chemical composition of the film,
since the chemical species of Zn>* absorb a vast number of
wavelengths, allowing the film to behave similarly to metal
[58]. Thus, the low transmission of the A503 film can be jus-
tified by Zn high presence, as shown in Table 2. The spectra
absorption edge characterized by the sharp drop in transmit-
tance was observed in the range between 300 and 400 nm.
It can be seen in Fig. 2 that the absorption edge changes
to shorter wavelengths as the target-substrate distance
increases. According to Turkoglu et al. (2018), this change
can be attributed to an increase in the bandgap energy result-
ing from the Brustein-Moss effect, which is related to the
concentration of carriers [59]. With the increase of the
target-substrate distance, the films gap energy increases due
to the increase of the carrier concentration and causes the
absorption edge to change to short wavelengths.

The study of the optical properties of the AZO films ana-
lyzed is of particular interest. It allows us to determine other

@ Springer

parameters. The bandgap is hugely relevant for indicating
the type of electronic transition between the energy bands
[60]. Figure 5 shows the curve with bandgap energy val-
ues (ahv)? versus photon energy for AZO films produced
with different distances. Considering the ZnO doped with
Al a direct gap material, the experimental values of optical
absorption were measured considering n = 2. We can con-
clude that the electronic transitions are of the direct type.
The energy band interval values decreased from 3.72 to 3.38
eV when the distance decreased from 12.0 to 5.0 cm.

That is due to the better crystallinity of the structure pre-
sented by the films through the target-substrate approach.
This change in structure makes the electrical behavior of

Table 3 Values of deposition rate and electrical resistivity for AZO
films

Samples Discance (cm) Electrical
resistivity (Q
.cm)

A503 2.18x10!

A703 4.2x10?

A1203 12 5.86x10°
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Fig.6 XRD spectra of AZO films deposited with an electric current variation

the film closer to that of semiconductor materials. The opti-
cal gap energy of ZnO is approximately 3.34 eV, and the
increase in E, values obtained in this work is due to the
Burstein-Moss effect, which is the increase in the Fermi level
in the semiconductor conduction band due to the increase in
carriers caused by doping with aluminum [38, 61].

Table 3 shows the electrical resistivity values of AZO
films without annealing, obtained with different positions.
The results showed that the shortest target-substrate distance
produced the most conductive film. That effect is associated
with the reduction of the gap energy for this treatment con-
dition. Sample A503 showed higher crystallinity and larger
grain size. Therefore, the dispersion of the grain limit and

the increase in the load carriers life led to a decrease in
resistivity, according to experimental results by Jang et al.
(2021) [62].

3.2 Electric Current Variation

The thin films of AZO produced with variation in distance
between the target and the sample holder showed that the
film A503 (with 5.0 cm of distance) showed the best result
for electrical conductivity. Therefore, the electric current
was varied with the fixed distance at this value.

Figure 6 shows the XRD spectra of AZO films obtained
with electrical current values of 0.1, 0.2, and 0.3 A. The
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Table 4 Thickness and Composition of AZO thin films deposited by
magnetron sputtering with an electric current variation

Samples Thickness(nm) Composition (at. %)

Zn (0] Al
A503 1180 + 36.0 51.27 46.58 2.15
A502 426 + 16.9 44.00 53.54 2.46
A501 315+23.8 11.81 85.08 3.11

diffraction result obtained from the films analysis produced
at 0.1 A (A501) shows the formation of a mono film-
crystalline and preferential plan orientation (002). In this case,
the low electric current provides insufficient kinetic energy
for the nucleation process of more stable crystallographic
planes. This is the factor responsible for the emergence of
residual compression stresses and, consequently, a displace-
ment from the peak to the right. On the other hand, greater
deformation energy will be promoted in the films because
of the moment transfer caused by the bombardment of ions,
resulting in the development of different crystallographic
orientations observed in the diffractograms of the films pro-
duced with greater electrical current (A502 and A503).
Figure 6 shows that the increase in electrical current from
0.1 to 0.3 A makes the thin film structure deposited more
crystalline and similar to the structure of the target. This
similarity stems from the dimensional stability of the planes
formed due to the higher processing temperature. Besides,

Fig.8 Superficial micrograph
of AZO films deposited an elec-
tric current variation of (a) 0.1
(magnifications of 8.0 kX and
50 kX), (b) 0.2 (magnifications
of 10.0 kX and 50 kX), and (¢)
0.3 cm (magnifications of 10.0
kX and 50 kX)

@ Springer

the formation of a tail on the right side of the peak (002) of
the A502 sample is noted. This asymmetry results from the
excess of aluminum in the film composition, causing high
distortion in the lattice [63].

Figure 7 shows the variation in crystallite size resulting
from the increase in electrical current. The reduction of this
sample A502 was unexpected since the increase in tempera-
ture caused by the electric current allows for more stable
crystallographic planes with less binding energy.

The composition of AZO films deposited with an electric
current of 0.2 and 0.3 A showed Zn and O balance similar to
the results obtained for films produced with 7 and 5 cm of
target-substrate distance (samples A703 and A503). On the
other hand, as observed in sample Al,O5, the composition
of the A501 film showed a significant imbalance regarding
the values of Zn and O in the AZO thin film (Table 4). The
low sputtering energy can explain this result concerning the
binding energy of the cathodic targets surface, which results
in lower spray performance. In this case, only atoms that
are weakly bound to the surface or species adsorbed in the
targets manufacturing process are more easily ejected [64].
AZO films with high oxygen content and low zinc content,
as presented in samples A501 and AL, O, are unfavorable for
application as conductive oxides [51].

Figure 8 shows the transverse and surface microscopy
images of the AZO films produced with an electric current
variation. The films remained homogeneous and adhered to
the substrate. The surface images show the increase in




Brazilian Journal of Physics (2021) 51:1677-1688 1685

100 -

grain size as a function of the increase in electrical cur-
rent. According to Barman et al. (2021), high values of
power (and consequently greater electrical current) cause an
S increase in the kinetic energy with which the ZnO particles
” reach the substrate, resulting in morphological differences in
the deposited films [65]. This effect favors the formation of
denser and more compact films, these characteristics being
favorable to optical and electrical properties. The increase
in electrical current increased the substrate temperature and
Glass obtaining AZO films with larger grain sizes. Studies show
As01 that the decrease in temperature results in a reduction in
A502 L. . . . c g
A503 grain size due to low diffusion energy, making it difficult
to reorganize atoms and leads to the formation of small
crystallites [66, 67]. Comparing the SEM-FEG images and
the XRD spectra of the AZO films, it is possible to verify
that the best crystallographic properties are found for larger
grains. According to Yujin et al. (2021), the increase in grain
size generally leads to a smaller contribution of grain con-
tours to load carriers spread [68].
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Fig.9 Optical transmittance of AZO thin films obtained by magne-
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As a result, larger grains favor the increase in electri-
cal conductivity. Figure 8b shows several smaller spherical
structures, indicating grains growth by aggregating several
crystallites (clusters). This fact is reported in the literature
and is caused mainly by high surface energies, characteris-
tics of films deposited with high thicknesses, and powers
[69, 70]. The SEM-FEG image of the AZO films surface
obtained without annealing in this work with 0.1 A shows
a morphology similar to the AZO films obtained by Vasile
et al. (2021) after annealing at 300 °C and 500 °C. This
shows the methods efficiency and the choice of param-
eter sets adopted in this work to obtain AZO films without
annealing [71]. Therefore, the annealing step to improve the
films properties becomes unnecessary, given the choice of
parameters adopted in the present study.

The average optical transmission of the films obtained
with different electrical currents is shown in Fig. 9. The
transmittance spectrum in the visible range (400-800 nm)
of the A502 sample obtained with 0.2 A electrical current
showed transmittance above 80%.

The sample A501 showed values above 70%, making
it optically good candidates for photovoltaic applications.
However, the A503 sample showed low transmittance in the
visible spectrum with a maximum value of close to 60%.
The increase in the electric current provided an increase in
the films deposition rate and a decrease in optical transmit-
tance. That result may be associated with Zn amount in the
AZO film that also increases with the electric current, as
shown in the EDS analysis (Table 4). Besides, the transmit-
tance decreases due to the increase in temperature during the
growth of AZO films, causing an increase in defects on the
films surface, as observed in the SEM surface of the A503
samples (Fig. 8).

Figure 10 shows the curve (ahv)? versus photon energy
for AZO films for different electrical currents. The optical
gap energy range value decreases from 3.99 eV to 3.44 eV
when the electric current increases from 0.1 A to 0.3 A. The
gap energy shift is associated with the Burstein-Moss effect.
Sun et al. (2016) and Challali et al. (2020) found similar
behavior between RF power and gap energy values in which

Table 5 Values of deposition rate and electrical resistivity for AZO
films

Samples Electric current (A) Electrical
resistivity (Q
.cm)

A503 0.3 2.18x10!

A502 0.2 1.70x103

A501 0.1 3.29x10*

@ Springer

the decrease in the gap due to the increase in power resulted
in a reduction in the concentration of cargo carriers [63, 71].

Table 5 shows the variation in the electrical resistivity of
AZO films for electrical currents from 0.1 to 0.3 A. With
the increase in electrical current, a decrease in resistivity
of 103 the value obtained with an electrical current of 0.1
A. occurred. Observed in the analysis for different target-
substrate distances, the increase in the crystallinity of the
AZO thin film, the consequent increase in the grain size,
and the reduction of the bandgap energy due to the increase
in current characterizes a better result in terms of electrical
conductivity.

4 Conclusion

This work reports the results obtained through magnetron
sputtering deposition of AZO thin films without annealing and
high pressure on the glass. The variation of target-substrate
distance and current sputtering was adopted to evaluate these
parameters influence on the structural, optical, and electrical
properties of the films. The XRD spectra for different target-
substrate distances and electric current showed the forma-
tion of films with different crystallinity. However, thin films
have a similar structure to that of the AZO target (ZnO:Al)
as the target-substrate distance decreased and the electric
current increases. The results of SEM-FEG showed that
the films were deposited homogeneously and appropriately
adhered to the substrate. However, the film deposited at 5.0
cm of target-substrate distance and an electrical current of
0.3 A showed a high deposition rate due to the high ionic
bombardment on the substrate, and consequently, greater
thickness. However, this thickness caused a drastic reduc-
tion in the transmission of radiation in the visible range.

Combining the effects resulting from this treatment con-
figuration (high pressure, target-substrate distance, and elec-
tric current) produced thin AZO films with different charac-
teristics. However, sample A503 showed higher crystallinity,
larger grain size, and gap energy closer to pure ZnO (3.44
eV). This treatment configurations resulting and conclusive
effect was a significant reduction in electrical resistivity,
making the AZO thin film about 10* times more conductive
without subsequent annealing (2.18x10! Q.cm).
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