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Abstract: Gallium-doped ZnO (GZO) thin films on glass, which can be used as transparent electrodes,
were prepared using a spin coating technique. Thermal analysis and Fourier-transform infrared
spectroscopy of the dried precursor solution of Zn acetate and Ga nitrate dissolved in ethanol with
diethanolamine confirmed the decomposition of the organic components upon heating and the
formation of ZnO at 450 °C. The thin films fired at 600 °C in oxygen and air, and the films annealed
at 400 °C in Ar/Hj were polycrystalline, 140 nm thick, and exhibited a homogeneous microstructure
with 50 nm grains and a smooth surface, as shown by X-ray powder diffraction and scanning electron
and atomic force microscopy. The sheet resistance Rs measured using the 4-probe technique showed
a change in R; within 80 days for all samples. The Rs of the GZO thin films annealed in oxygen and
air with values of M(Q)/sq decreased over time. Rs values of 150 k()/sq were obtained for GZO thin
films annealed in Ar/Hj, but the R, increased over time. We suggest that the degradation of R; is
related to the adsorption of water on GZO and that the responses depend on the nature of the defects
in the GZO lattice.

Keywords: ZnO; Ga-doped ZnO; thin films; chemical solution deposition; spin coating; microstructure;
surface roughness; sheet resistance

1. Introduction

Zinc oxide is a semiconductor with a wide direct band gap of 3.37 eV. In the form
of a thin film, it meets the optical property requirements for optoelectronic devices, i.e.,
visible light transparency >80%, but not the electrical ones, i.e., specific electrical resistivity
~1072 Qcm and carrier concentration (1) ~102° cm~3. ZnO exhibits n-type conductivity,
which has been attributed to intrinsic defects, such as oxygen vacancies (Vo) and interstitial
zinc (Zn;), as well as extrinsic defects intentionally or unintentionally introduced into the
ZnO structure [1]. Hydrogen is frequently involved in the processing of ZnO-based thin
films and has therefore been intensively investigated as a possible source of the extrinsic
defect [2-5]. Hydrogen has been shown to be incorporated in the wurtzite ZnO structure in
interstitial positions, always in the H* charge state. It acts as a shallow donor and increases
the concentration of free charge carriers and, thus, the electrical conductivity of ZnO [2,5].

To increase the conductivity of ZnO, it is modified with group-III dopants, such as In3*,
AIP* and Ga3*. The ionic radius of Zn%* is 0.060 nm, while the ionic radii of Ga®*, AI** and
In3* are 0.047 nm, 0.039, and 0.079 nm, respectively [6]. Ga3*, whose ionic radius is most

Copyright: © 2023 by the authors.

similar to that of Zn?*, decreases crystallinity and leads to lattice deformations and larger
Licensee MDPI, Basel, Switzerland.

lattice parameters for Ga-doped ZnO thin films (GZO) [1,7-9]. Ga®* significantly affects
the intrinsic defects of ZnO. Ga* can occupy substitutional and interstitial sites of the ZnO
crystal lattice and induce zinc vacancies, leading to the higher electrical conductivity of the
ZnO [10]. However, the electrical conductivity decreases above a certain amount of Ga’t,
which is attributed to a solubility limit of Ga®* in the ZnO lattice [11,12]. When the solid
solubility limit of Ga in ZnO is exceeded, it may segregate at grain boundaries, may form
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spinel phases such as GaZn;O,, and reduce the mobility of charge carriers [9,11,13,14]. The
literature is not consistent regarding the solubility limit of Ga3* in ZnO. For ZnO powders,
it is reported to be as low as 1 atomic% [15,16], while for GZO thin films prepared by spin
coating, a higher solid solubility limit of up to 5 atomic% has been reported [17].

A number of methods have been used to produce GZO thin films, e.g., magnetron
sputtering [18], chemical vapor deposition (CVD) [13,19], spray pyrolysis [20], and chem-
ical solution deposition (CSD) [11,14,21,22]. CSD offers several advantages for product
commercialization, such as deposition in a vacuum-free environment, simple equipment,
low fabrication costs, and effective control of the chemical stoichiometry.

The solutions for processing GZO have been prepared by dissolving precursors,
such as zinc acetate and gallium nitrate, in 2-methoxyethanol with the addition of sol
stabilizers (diethanolammine, monoethanolamine) [14,21,23]. Ethanol and 2-propanol-
based solvents were also proposed for processing GZO thin films as an alternative to the
toxic 2-methoxyethanol (2MOE) [11,17]. Regardless of the solvent, GZO thin films on glass
exhibit excellent visible-light transparency of over 80%, but their resistivity values vary by
several orders of magnitude. The resistivities of spin-coated GZO thin films from different
solutions and under different annealing conditions are listed in Table 1.

Table 1. Thickness and resistivity of GZO thin films spin coated under various conditions.

Annealing

Composition Solvent . Thickness [nm]  Resistivity [(Qcm] Reference
Conditions
580 °C, 60 min, air 550 / .
0, -
GZO 1% Ga 2-propanol 450 °C, 60 min, Hy /N, 550 0.0068 Winer et al. [11]
GZ0O 1.5% Ga 2-methoxyethanol 650 °C, 90 min, air 150 0.0495 Jun et al. [21]
600 °C, 60 min, air 300 0.960
0, -
GZ0O 2% Ga 2-methoxyethanol 500 °C, 45 min, Hy /N, 300 0.0033 Nayak et al. [14]
o o . 460 100
GZO 2% Ga ethanol 500 °C, 60 min, air 660 200 Sbeta et al. [17]
GZO 3% Ga 2-methoxyethanol 500 °C, 60 min, air / 0.00223 Serrao et al. [23]

The literature is consistent in that annealing ZnO-based thin films in a reducing
atmosphere results in electrical resistivity in the range of a few mQcm. For example,
Nayak et al. [14] processed ZnO thin films with up to 5% Ga from a 2MOE-based solution
on glass by spin coating. Among the air-annealed samples, the lowest sheet resistance
was measured for the ZnO thin film doped with 2% Ga. Its resistivity further decreased
upon post-annealing in a Hy /N, atmosphere. A similar trend was reported by Win-
ner et al. [11], who processed GZO thin films with 1% Ga from a 2-propanol-based solution.
Sbeta et al. [17] reported significantly higher values for GZO thin films obtained from
ethanol-based solutions and annealing in air. However, Serrao et al. [23] processed ZnO
thin films with 3% Ga, and after annealing in air, the resistivity of the film was 2.23 mQcm,
which is typical for samples annealed in this way. Jun et al. [21] processed GZO with 1.5%
Ga on glass, and after annealing in air, they reported a low sheet resistance of 49.5 mQcm.
These reports are, to some extent, contradictory, and a direct comparison of the properties,
especially the electrical resistivity of the GZO thin films, is extremely difficult. In particular,
these reports do not provide information about whether the resistivity was measured in as-
prepared or few-days- or few-weeks-aged samples. This is important because the electrical
resistivity of ZnO-based thin films varies over time due to the interaction of ambient water
with zinc vacancies in the ZnO lattice and/or due to the chemisorption of oxygen at the
grain boundaries. Both phenomena decrease the carrier concentration and consequently
increase the resistivity of the thin films [20,24-28].

The electrical resistivity of GZO thin films depends on many parameters. In addi-
tion to the intrinsic parameters (amount of dopant, carrier concentration), the extrinsic
parameters such as thickness, crystal structure, grain size, porosity, and surface roughness
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affect the properties. An interpretation requires a detailed description of the solutions,
processing conditions (temperature, time, atmosphere for drying and annealing), structure,
microstructure, and surface analyses. In this work, we report on the thermal decomposition
of the solution, structure, microstructure, surface roughness, and sheet resistance of the
thin films with the composition corresponding to ZnO with 1.5% Ga and relate them to
the processing conditions. We also address property variations over time. This system-
atic study contributes to our understanding of the processing-properties relationships for
solution-derived GZO thin films.

2. Experimental
2.1. Solution

The solutions were prepared from zinc acetate dihydrate (ZAH, >99%, Zn(CH3COO);
xH,O, Sigma-Aldrich, St. Louis, MO, USA), gallium nitrate hydrate (GNH, Ga(NOs3)3
xH,0, 99.9%, Alfa Aesar, Karlsruhe, Germany), anhydrous ethanol (C,H50H, 99.9%, Carlo
Erba, Val-de-Reuil, France), and diethyleneamine (DEA, HN(CH,;CH;OH);, 99.9%, Alfa
Aesar, Karlsruhe, Germany).

The solution for spin coating was prepared by mixing a Zn solution and a Ga solution.
The molar ratio Ga/(Ga + Zn) was 0.015. The zinc solution with a concentration of Zn
0.66 molL~! was prepared by dissolving ZAH in anhydrous ethanol and stirring it in a flask
with a magnetic stirrer at room temperature for 1 h. A suitable amount of DEA is dissolved
in a small volume of anhydrous ethanol and then gradually added to the zinc solution until
a clear solution is obtained. The molar ratio of DEA to ZnAH was maintained at 1:1. The
gallium solution with a concentration of 0.009 molL.~! was prepared by dissolving GNH in
anhydrous ethanol.

The GZO solution with a concentration of 0.3 molL.~! (S-GZO) was prepared by mixing
zinc and gallium solutions in a volume ratio of 1:1. All the solutions were transparent, free
of particles, and stable for more than one month in a refrigerator. The surface tension of
the precursor solution and its contact angle on the glass substrate was measured with a
tensiometer (DSA20E, Kriiss, Hamburg, Germany) at room temperature.

Thermal decomposition of the solution was studied by thermogravimetry (TG), dif-
ferential thermal analysis (DTA), and evolved-gas analysis (EGA) using a simultaneous
thermal analyzer coupled with a mass spectrometer to follow the in situ evolution of
gaseous species (STA 409, Netzsch, Selb, Germany, and ThermoStar, Balzers Instruments,
Oerlikon, Switzerland). Before the thermal analysis, the GZO solution was dried in air
at 100 °C for 7.5 h. About 25 mg of the obtained sample was placed in a Pt crucible and
heated from room temperature to 800 °C in flowing synthetic air (100 mLmin~1!) at a rate
of 10 Kmin 1.

The GZO solution was dried at 100, 300, 350, and 450 °C for 2 h. The resulting powders
were analyzed with Fourier-transform infrared spectroscopy (FTIR) using a Perkin Elmer
Spectrum 100. The transmittance data were collected in the range 3804000 cm™~! in the
attenuated total reflectance (ATR) mode.

2.2. Thin Films by Spin Coating

The GZO precursor solution was deposited on soda-lime glass (square shape with
dimensions 12 mm x 12 mm, Corning Eagle XG) by spin coating at 3000 min~! for 30 s
(Headway research). Each layer was heated on a hot plate at 200 °C for 2 min and sub-
sequently at 350 °C for 2 min. The procedure was repeated four times, after which the
samples were annealed at 600 °C for 15 min in oxygen (GZO_O) and air (GZO_A). The
GZO_A was subsequently heated to 400 °C for 60 min in Ar/H; (GZO_H). GZO thin films
were stored at room temperature and 20% relative humidity.

2.3. Structural and Microstructural Characterization of Thin Films

The thin films were examined with grazing incidence (GI) X-ray diffraction (XRD)
using a Malvern PANalytical Empyrean diffractometer (Almelo, The Netherlands) with



Crystals 2023, 13, 1030

40f12

Cu-K; radiation (A = 1.5406 A) at 45 kV and 40 mA. A hybrid monochromator with a
1/16° slit was used on the incident-beam side, and a parallel plate collimator was used
on the diffracted-beam side. The GI angle (w) was fixed at 1°. The diffractograms were
collected in the 26 range from 20° to 60° with a step size of 0.02° and a counting time of
20 s.

The surface and fracture cross-section of the thin films were investigated with a field-
emission scanning electron microscope (Verios 4G HP, FE-SEM, Thermo Fischer, Waltham,
Massachusetts, USA). Before the analysis, the films were coated with a 1 nm thick Au/Pd
layer using a PECS 682 (Gatan, Pleasanton, CA, USA).

The surfaces of the films were examined with an atomic force microscope (AFM,
Jupiter XR, Asylum Research, Oxford Instruments, Santa Barbara, CA, USA). Silicon AFM
tips (OMCL-AC240TS-R3, Olympus, Japan) were used to scan in AC topography mode.
Areasof 1 um x 1 um and 20 pm x 20 pum were scanned, and the surface root-mean-square
roughness (RMS) was calculated.

2.4. Electrical Resistivity of Thin Films

The sheet resistance (Rs) of the thin films was measured using the 4-point probe
technique [29], with the probes arranged equidistantly in a line. The R; of the thin film
was calculated from the measured voltage drop (V) between the two inner probes and the
current (I) that is applied through the outer probe using the following equation:

m_av

R = Cln(2) I

)
where C is a correction factor. For a square-shaped sample with dimensions of 12 mm x 12 mm

and a spacing s of 1.5 mm, C = 0.88. The resistivity of the film is obtained by multiplying R
by the film thickness.

3. Results
3.1. Precursor Solution

The S-GZO precursor solution was transparent, free of particles, and stable for at least
two weeks in the refrigerator. Its surface tension was 20 mNm~!. The S-GZO droplet
spread out completely on the glass substrate, corresponding to a contact angle of 0°.

To investigate the thermal decomposition of the precursors, we thermally analyzed the
5-GZO solution, dried at 100 °C. The thermogravimetric, differential thermal analysis, and
evolved-gas analysis (TG-DTA-EGA) were recorded in the air, and the curves are shown
in Figure 1. The thermal decomposition occurred in four steps, with a total weight loss
of 65.9%. Between 100 and 250 °C, the mass loss of 7.7% corresponds to the elimination
of water, confirmed by the ion fragment m/z of 18. Between 250 and ~350 °C, the sample
lost the largest mass of 32.3%. This process is accompanied by an endothermic peak at
268 °C and an exothermic peak at 295 °C. Between 350 and 410 °C, the mass loss of 13.0% is
accompanied by an exothermic peak at 365 °C. Between 410 to 500 °C, the sample lost 13.0%,
and this is accompanied by the most intensive, broad, and asymmetric exothermic peak at
470 °C. No further weight loss can be observed at above 500 °C, indicating the organic-free
composition. The mass loss between ~250 and 410 °C is assigned to the evolution of
gases with ion fragments m/z of 18, 46, and 60, while the m/z values of 18 and 46 were
detected between 400 and 500 °C. These results suggest that the formation of GZO proceeds
through forming a Zn-acetate-DEA complex in the ethanol solution [22,30]. Upon heating,
the Zn-acetate-DEA complex re-coordinated to an intermediate compound, followed by
the DEA and acetate elimination and the formation of an oxozinc complex. This process
occurred between 250 and 400 °C, as is evident from the endothermic (re-coordination)
and exothermic (thermal decomposition) peaks and the mass loss due to acetate and
NOxy elimination. With a further increase in temperature to 500 °C, the oxozinc complex
changed to ZnO, accompanied by the exothermic process of CO, and water elimination
and crystallization of ZnO, in agreement with [22,31].
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Figure 1. TG/DTA/EGA curves of S—GZO precursor solution dried at 100 °C. Ion fragment m/z = 18
(Hp0), m/z = 44 (COy), and m/z = 60 (CH3COOH).

To complement the results of the thermal analyses, we performed FTIR analyses on
S-GZO and powders obtained after drying S-GZO at 100, 300, 350, and 450 °C (Figure 2).
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Figure 2. FTIR spectra of GZO precursor solution and powders dried at 100 °C, 300 °C, 350 °C, and
450 °C.

The FTIR spectrum of the GZO powder dried at 100 °C is similar to that of the S-
GZO solution. The bands at 3200-3500 cm ! are assigned to O-H and N-H stretching
vibrations, while those at 2930 and 2866 cm ™! are assigned to C-H stretching vibrations.
The bands at 1560 and 1400 cm ! belong to the asymmetrical stretching of C=0O and the
symmetric stretching of COO. The difference between the asymmetric and symmetric
bands of 160 cm ™! is typical for bridging complexes. The band at 1340 cm ! can be related
to C-H; 1088 cm~! to secondary or tertiary amines; 1048 cm~! to C-O; 880 cm~! to N-H;
and 666 cm~! and 614 cm~! to COO. The results confirm the formation of a Zn-acetate—
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DEA complex in the S-GZO solution and indicate its similar structure at 100 °C. In the
FTIR spectrum of the powder heated to 300 °C, we can observe peaks with very low
intensities at 1577 em ! and 1411 cm !, characteristic for C=0 and COO, and characteristic
peaks for amines at 1108 cm ™!, while the peaks that correlated with the vibrations of
O-H and C-H vanished. This indicates that most of the Zn-acetate-DEA intermediate
complex transformed to an oxozinc complex at 300 °C. In the powder heated to 350 °C, the
organic compounds were not detected. At 450 °C, we detected only one peak at 668 cm ™!,
characteristic of ZnO [32-34].

The formation temperatures of the individual complexes and ZnO determined with
the thermal analysis and FTIR are different. We believe that the difference is due to the
unequal drying process. The thermal analyses were performed dynamically upon heating
at a rate of 10 °C/min, while the powders were placed in a dryer for 7.5 h prior to the FTIR
analyses.

Based on the thermal and FTIR analysis of the dried GZO precursor solution, we
selected the annealing conditions for processing the GZO thin films: drying at 200 °C for
2 min and subsequently at 350 °C for 2 min, followed by annealing at 600 °C for 15 min in
air and oxygen.

3.2. Microstructure and Electrical Properties of GZO Thin Films

The XRD patterns of the GZO-O, GZO_A, and GZO_H thin films shown in Figure 3 are
similar. All the characteristic diffraction peaks belong to the hexagonal wurtzite structure
of ZnO (PDF 01-75 9742). The high intensity of the (002) diffraction peak indicates a
preferential crystal orientation in the c-axis, perpendicular to the glass substrate. The c-axis
crystal orientation has been reported for GZO thin films on glass [9,17,20].

-
o
-

o™
(=3
(=]

GZO_A

Intensity [a.u.]

GZ0_0

Glass

20 25 30 35 40 45 50 55 80
2 Theta [degrees]

Figure 3. XRD diffraction patterns of GZO thin films annealed in oxygen (GZO_O), air (GZO_A),
and Ar/H) (GZO_H). The XRD pattern of the glass substrate is shown for comparison.

Figure 4 shows representative SEM images of the fracture cross-section and the surfaces
of the GZO thin films annealed in oxygen, air, and Ar/H,.

The cross-section SEM images reveal that the microstructures of the GZO thin films
on the glass substrate are homogeneous, with predominantly spherical, nanometer-sized
grains. The X-ray photoelectron spectroscopy (XPS) analysis confirms the presence of Ga
in the GZO thin films (Supplementary Information Figures S2 and S3). The thickness of
the films is uniform and similar for all samples, regardless of the annealing atmosphere
~140 nm. The surface images of the films show that the nanoscale grains are separated
by pores, both of which are homogeneously distributed on the surface. The surfaces of
the films, analyzed by AFM (Figure 5), had grains with sizes from a few nm to ~50 nm in
all samples. The surfaces were smooth with an RMS surface roughness ~2 nm, measured
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for a 20 pm x 20 um region, on all three surfaces (Supplementary Materials, Figure S1).
These results demonstrate that the structure, grain size, porosity, and surface roughness of
the GZO thin films do not depend on the firing atmosphere, air, or oxygen and that these
properties remained similar after annealing the sample in Ar/H; at 400 °C.

g o i
et ‘;;34“" 1 :»."_; 3
e GRATATet

O
‘5/«1 St

Figure 4. Fracture cross-section and surface SEM images of thin films (a,d) GZO_O, (b,e) GZO_A,
and (c,f) GZO_H.

After the preparation, the samples were kept in the laboratory at room temperature
and a relative humidity of 20%. The sheet resistance R, of the GZO_O, GZO_A, and GZO_H
thin films was measured during the course of 80 days. The results shown in Figure 6 reveal
that: (i) The annealing atmosphere of the GZO thin films has an impact on their Rg; the
largest R; was measured for the as-prepared thin films annealed in oxygen and the lowest
for those annealed in a reducing atmosphere. (ii) The R varied in the course of 80 days;
it decreased over time for GZO_O and GZO_A, while it increased slightly over time for
GZO_H.

The decrease in Rs values for the GZO thin films annealed in a reducing atmosphere
is related to the increase in the charge-carrier concentration and/or their mobility. The
parameters affecting the carrier mobility, such as crystallinity, grain size, porosity, thickness,
and surface roughness, are similar for all three samples. The carrier concentration in the
GZO_O and the GZO_A originates mainly from the Ga3" substitution at the Zn?* sites
or interstitials and/or oxygen vacancies, all acting as n-type donors [14,28,35]. The initial
Rs (Rsi) of GZO_O and GZO_A was 4.26 M()/sq and 2.75 M(}/sq, respectively. When
the ZnO-based thin films are annealed in Ar/Hj, the hydrogen atoms are incorporated
in the ZnO lattice and also act as donors, which increases the carrier concentration and
decreases Rs [5]. Since the nominal Ga3* concentration was identical in all thin films, the
decrease in Rs for the GZO_H could be related to the larger quantity of oxygen vacancies
and incorporation of hydrogen atoms in the GZO thin films, which is reflected in the lowest
Rsi of 150 kQ)/sq.

We found that Rs for the GZO thin films stored at room temperature and in 20%
relative humidity varied over time. After 80 days, the Rs value for GZO_O and GZO_A
decreased to 16% and 7% of the Rsi, while the Rs value for GZO_H increased to 230% Rg;.
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Figure 5. AFM topography images; (left)—height image, (right)—tapping phase image of (a) GZO_O,
(b) GZO_A, and (c) GZO_H.

4.5 -

4.0+

R [MQ/sq]

Time [days]

Figure 6. Sheet resistance Rs of the GZO_O, GZO_A, and GZO_H thin films on glass.

To our knowledge, the decrease of R; over time has never been reported for GZO thin
films. However, it has been shown that the resistivity of ZnO-based thin films processed in
the air decreases with increasing humidity due to water adsorption on their surfaces [36-38].
Thus, we placed the 80-day-old GZO_O and GZO_A thin films in a dryer at 105 °C for
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30 min in the air. We found that R, increased from 720 k() /sq to 950 kQ2/sq for GZO_O
and from 190 kQ)/sq to 2450 kQ)/sq for GZO_A. The Rs value recovered to 0.89 Rsi after
annealing GZO_A at a relatively low temperature of 105 °C in air. A lower Rs value of
0.22 Rsi was obtained for GZO_O, which was probably due to the fact that it was annealed
in air and not in oxygen. After re-annealing the GZO_A at 600 °C in air for 15 min, the
Rs value recovered completely. Although the Rs of the samples increased under these
annealing conditions, it can not be concluded that water contributed to the Rs increase.
Thus, we stored the re-annealed GZO_A in a dry box (nitrogen atmosphere, concentration of
O, and H,O below 100 ppm). We found that the Rs decreased to 770 k(}/sq after three days.
This value is slightly lower than the Rs value obtained after storing the as-prepared GZO_A
at room temperature in air at 20% relative humidity, i.e., ~1000 kQ)/sq. Our experiments
on the time-dependent Rs behavior and recovery ability of GZO_A and GZO_O thin films
suggest that humidity up to 20% has a minor contribution to the degradation of Rs in
GZO_A and GZO_O at room temperature. The interpretation of the aging effect of the
studied GZO_A and GZO_O thin films requires a systematic study and is beyond the scope
of this paper.

The increase in electrical resistivity over time has been demonstrated for ZnO-based
thin films [5,24-26,39]. It was proposed that the degradation of Rs for GZO thin films
prepared by sputtering in an Ar atmosphere could be due to their interaction with the
atmosphere. When these GZO thin films were exposed to atmospheric humidity, water
could react with the oxygen vacancies in the ZnO lattice, causing the carrier concentration
to decrease [24]. It has also been reported that in an oxygen-rich atmosphere, oxygen can
adsorb on the grain boundaries of GZO thin films. It forms electron traps that reduce the
charge-carrier concentration. But the hydrogen atoms in the ZnO lattice limit the adsorption
of oxygen, which is reflected in a lower Rs increase with time under air atmosphere [5,20].
It has also been shown that hydrogen doping can be unstable and lead to an increase in Rs
with time [39].

The interaction of water with oxygen vacancies, the chemisorption of oxygen, and
the diffusion of hydrogen could be the reason for the increase in the resistivity of the GZO
annealed in Ar/Hj. To test the reversibility of the reactions, we re-annealed the GZO_H
thin film, which was stored for 21 days at room temperature in air at a relative humidity
of 20%. After re-annealing GZO_H in Ar/H; at 400 °C for 60 min, the Rs decreased from
320 k)/sq to 143 kQ)/sq. The Rs after re-annealing is similar to the Rsi of GZO_H, namely
150 kQ)/sq. These results show that the phenomena occurring during the aging of GZO_H
are reversible. We also measured the Rs of GZO_H thin film aged for 80 days after being
placed in a dryer at 105 °C for 30 min. We found that the Rs increased from 350 k(}/sq
to 900 k()/sq. Why the Rs exhibited these particular values remains an open question.
However, we speculate that the Rs of GZO_H increased after annealing at 105 °C in air,
possibly due to water desorption and partial hydrogen elimination from GZO_H. On the
other hand, water could also be desorbed from the GZO_H surface during the annealing of
thin films at 400 °C in Ar/Hj, and hydrogen could be reincorporated into the structure,
which is reflected in the lower Rs value. Important information about the interactions of
GZO_H with the atmosphere at room temperature can be obtained by measuring the Rs
of samples stored in a controlled atmosphere. We placed the re-annealed GZO_H in a dry
box with a nitrogen atmosphere and a concentration of both O, and H,O below 100 ppm.
After three days, the Rs decreased from 143 k()/sq to 125 k(}/sq. These results imply that
eliminating hydrogen from the GZO_H thin films contributes to Rs degradation over time.

4. Conclusions

We succeeded in the preparation of transparent gallium-doped ZnO thin films on glass
substrates from non-toxic, alcohol-based solutions by spin coating. Using thermal and FTIR
analyses, we confirmed the formation of a Zn—acetate-DEA complex in solution, which
transformed into an oxozinc complex up to 300 °C and into ZnO at 450 °C. X-ray powder
diffraction, electron microscopy, and atomic force microscopy showed that the GZO thin
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films heated at 600 °C in oxygen and air (GZO_O and GZO_A, respectively) and the films
subsequently annealed in Ar/H, (GZO_H) were polycrystalline with a similar thickness of
140 nm, homogeneous microstructure, grain size up to 50 nm, and a smooth surface with
an RMS surface roughness of ~2 nm. The sheet resistance Rs determined by the 4-point
probe method was several M()/sq for GZO_O and GZO_A and decreased significantly
when the samples were fired in Ar/Hj to 150 k()/sq, corresponding to 2.1 Qcm.

Similar or lower resistivity values were reported for GZO thin films prepared from
solutions but for thicker films and/or thin films prepared from toxic 2-methanol solutions.
We show that Rs increased for GZO_H and decreased for GZO_O and GZO_A during
80 days of sample storage at room temperature and 20% relative humidity. The interpre-
tation of Rs decrease with time for the studied GZO_O and GZO_A thin films requires
a systematic investigation, while the Rs increase with time for GZO_H can be related to
hydrogen elimination. The results show that the aging effect must always be considered for
GZO thin films prepared by chemical solution deposition. This is of particular importance
for transparent electronics with reliable properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13071030/s1, Figure S1: AFM topography images; (left)-
height image, (right)-tapping phase image of (a) GZO_O, (b) GZO_A, (c) GZO_H. Figure S2: XPS
survey spectrum of the surface of the GZO thin film, annealed in Ar/H2. Figure S3: High-energy
resolution XPS spectrum Ga 2p of the surface of the GZO thin film, annealed in Ar/Hj.
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