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ARTICLE INFO ABSTRACT
Keywords: Indium-zinc-oxide (IZO) films were prepared by spin coating an ethanol-ethylene-glycol precur-
Chemical solution deposition sor solution with a Zn/(In + Zn) ratio of 0.36 on glass. The effects of temperature on the structure,
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microstructure, electrical, and optical properties of the IZO thin films were investigated by
thermal analysis, Fourier-transform infrared spectroscopy, X-ray diffraction, electron and atomic-
force microscopy, X-ray photoelectron spectroscopy and variable-angle spectroscopic ellipsom-
etry. The prepared IZO thin films heated at 500, 600, and 700 °C in air were transparent, without
long-range ordering, and with an RMS surface roughness of less than 1 nm. The lowest electrical
resistivity at room temperature, 0.0069 Qcm, was observed for the 115-nm-thick IZO thin film
heated at 600 °C in air and subsequently post-annealed in Ar/H,. The thin film exhibited a
microstructure characterized by grains typically 20 nm in size and had no organic residues. This
film exhibits uniaxial optical anisotropy due to its ultra-thin lamellae with a high electron density.
The ordinary refractive index was fitted as a Tauc-Lorentz-Urbach function, which is typical of an
indirect absorption edge occurring in amorphous semiconductor materials. The principal ab-
sorption peak with an onset at about 2.8 eV and a Tauc gap energy of ~2.6 eV is similar to those
observed for In,O3. The described process of chemical solution deposition and subsequent curing
is promising for the low-cost fabrication of IZO thin films for transparent electronics, and can be
used to tune the structure and microstructure of IZO thin films, as well as their electrical and
optical properties.

1. Introduction

Transparent electronics is a rapidly developing area of science and technology focusing on the manufacture of invisible electronic
circuits and devices, the functions of which are based on a transparent, conductive material (TCM). Next-generation device technology
requires TCM layers on transparent substrates such as glass with thicknesses up to a few hundred nanometers and a high optical
transmittance (>90%), while the electrical sheet resistance (Rs) requirements are application-specific and range from 1 to 500 Q/sq
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[1-3]. The most commonly used composition for transparent conductive materials (TCM) is indium tin oxide (ITO), which is char-
acterized by a thickness of less than 1 pm, a sheet resistance of about 10 ©/sq, and an optical transmittance of more than 80%.
Physical-vapor- deposition methods such as magnetron sputtering followed by post-deposition curing above 400 °C are well estab-
lished for the commercial production of ITO thin films. However, expensive materials and vacuum-based deposition methods are
forcing researchers to search for more economical materials and processes [4,5].

Among the metal oxides, In-Zn-O (IZO) thin films with a Zn/(In + Zn) ratio between ~0.15 and ~0.45 have attracted much
attention due to their tendency to be amorphous with very smooth surfaces after sputtering and heating to 600 °C. Amorphous
compositions have an electrical conductivity of ~1 mQcm and an optically transparency over 80%, a wide bandgap of ~3.6 eV and a
high etching rate, which is required for the micropatterning process. These properties ensure easy device integration at low processing
temperatures and the production of devices with uniform properties [2,3,6-11].

A systematic study of the electrical properties of IZO thin films was performed on magnetron-sputtered samples using Van der Pauw
and Hall measurements. The IZO thin films were found to be n-type semiconductors with oxygen vacancies (V,), interstitial Zn (Zny),
and indium on zinc (Ing,-) as the source of donors. The type and amount of defects and their mobility in the thin films are influenced not
only by the chemical composition, but also by factors such as the deposition conditions, post-deposition curing, crystal structure,
thickness, and microstructure of the film [9,12-15]. For example, Tsai et al. [12] suggested that the high resistivity of amorphous IZO
thin films with very low thicknesses could be related to the large strain and defect homogenization in the layer. These effects become
less important for film thicknesses above 100 nm. Existing literature also shows that after-annealing of IZO thin films in an atmosphere
containing hydrogen leads to an increase in their electrical conductivity. Hydrogen located in the interstitial positions in the ZnO
structure serves as a shallow donor and thus increases the number of free charge carriers [16]. However, a discussion related to an IZO
thin film’s microstructure and its influence on electrical conductivity is not well documented.

Optical studies of mixed transition-metal oxide films are routinely implemented with UV/VIS/NIR transmission spectrophotom-
etry, which was also reported for IZO films prepared by different routes [11,17,18]. The transparency in the VIS range was found to
depend on both the In:Zn ratio and the crystallinity. For crystalline IZO, the transmittance was found to increase with an increasing
content of In, reaching values of >95% for the Ing gsZng 940 stoichiometry [17]. For amorphous IZO films with a In:Zn ratio of 5.5:1,
prepared by magnetron sputtering without post-deposition heating, the transmittance is <90% [18]. For the films with a In:Zn ratio of
7:3 prepared by spin coating, the transmittance of 82-85% was found not to depend so much on the annealing temperature, but rather
to decrease slightly with the number of deposition layers [11]. A direct band gap is proposed in the description of the
magnetron-sputtered films, irrespective of the crystallinity, while the band-gap energy was found to be very similar to ZnO (3.25 eV)
for Zn-rich IZO films, and slightly higher (around 3.45 eV) for In-rich IZO films [17,18]. Nevertheless, the relationships between the
transmittance and electrical conductivity as macroscopically observable properties, on the one hand, and the internal film structure, its
optical symmetry, the parameters of the dielectric function such as the band-gap energy and nature, on the hand, are not yet clarified
for these films.

1ZO thin films have been prepared by numerous techniques, including magnetron sputtering, pulsed-laser deposition, chemical
vapor deposition, and chemical solution deposition [12,19-23]. In comparison, spin coating is a low-cost, simple, vacuum-free
technique for processing thin films under normal conditions (1 bar, room temperature). It allows thickness control using a
layer-by-layer approach, control of the chemical composition and a homogeneous distribution of dopants in the main phase, which is
especially important for multicomponent thin films to tailor their functional properties. The microstructure of the thin films is adjusted
by post-deposition curing, in particular by annealing at temperatures of several hundred °C to remove organic compounds and induce
the formation of metal oxides [24].

The transparent, stable solutions are usually prepared from zinc acetate (ZA) and indium nitrate (IN) dissolved in 2-methoxyetha-
nol with the addition of stabilizers such as ethanolamine, acetylacetone, and acetic acid [13,22,25,26]. It was previously shown that
upon heating the solution, the ZA and IN decompose and hydrolyze to form M — OH up to 130 °C, followed by the dehydration of M —
OH that occurs up to 250 °C and crystallization of the oxide between 300 and 400 °C [27,2.8]. Spin-coating-derived IZO thin films have
mostly been processed at temperatures above 500 °C to effectively remove the organic additives and induce densification. However,
such temperatures crystalize the ZnO. For example, upon heating IZO layers with Zn/(In + Zn) ratios between 0.2 and 0.8 to 650 °C, all
these films crystallized, although they had an optical transparency over 80% and a sheet resistance in the range of mQcm [7]. Ullah
etal. [11] also reported on polycrystalline IZO thin films processed by spin coating at 500 and 600 °C. They demonstrated that a higher
processing temperature improves the charge-carrier mobility, while the film’s porosity has the opposite effect. The ~300-nm-thick
films possessed high transparency, while the highest electrical conductivity of 7.66 mQcm was obtained for the In-rich thin film
processed at 600 °C. On the other hand, the 185-nm-thick IZO thin films with a Zn/(In + Zn) ratio of 0.2, which were spin coated on a
silicon substrate and then heated at 450 °C in air, exhibited an amorphous, organic-free structure and grains ranging in size from 20 to
50 nm. Unfortunately, the electrical and optical properties of these films have not been reported [26]. While there have been studies on
I1ZO0 thin films produced through chemical solution deposition, the majority of existing reports concentrate either on the preparation
and characterization of the material [26], or an electro-optical analysis [9,10,29]. A direct comparison between the microstructural
and functional properties of IZO thin films is therefore extremely difficult or even impossible, although it would improve our un-
derstanding of the relationship between processing and properties and thus the effective design of their functional properties.

The objective of this study was to process IZO thin films with identical nominal chemical compositions from solutions by low-cost
spin coating and to investigate the effects of different processing temperatures (500 °C, 600 °C and 700 °C) on their thickness, surface
roughness, structure, microstructures and sheet resistance. Of particular interest was the 110-nm-thick amorphous IZO thin film
processed at 600 °C in air, which exhibited the lowest sheet resistance among the IZO thin films annealed in air. This sample was post
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annealed in Ar/H; to understand how post annealing at 500 °C affects the thickness, microstructure, crystallinity, surface roughness
and sheet resistance. A direct comparison of the two IZO thin films showed that the post annealing affects the electrical conductivity of
the thin film, but has little effect on its structure and microstructure. We also showed that the use of spectroscopic ellipsometry in the
visible and NIR ranges for the optical characterization of such films, in addition to the standard information on absorption and
transmittance, provides important information on the complex dielectric function and nanoscale structuring of films prepared by
chemical solution deposition. This study provides valuable insights into optimizing the chemical solution deposition process and the
development of transparent, conductive IZO thin films for next-generation electronic devices.

2. Experimental
2.1. Solutions

The solutions were formulated using zinc acetate dihydrate (ZAH, >99%, Zn(CH3COO),. X H50, Sigma Aldrich, St. Louis, MO,
USA), indium nitrate hydrate (INH, In(NO3)3. xH20, 99.9%, Alfa Aesar, Karlsruhe, Germany), anhydrous ethanol (C;Hs0H, 99.9%,
Carlo Erba, Val-de-Reuil, France), ethylene glycol (CoHgO2, EG 99.5%, Riedel-de Haén, Seelze, Germany) and acetic acid (CH3COOH,
100%, Alfa Aesar, Karlsruhe, Germany).

The spin coating solution was created by combining a Zn solution and an In solution in a 1:1 volume ratio, which corresponded to a
nominal film composition of 75 wt % of InpO3 and 25 wt % of ZnO, or to the molar ratio x = Zn/(In + Zn) of 0.36 (IZO).

A zinc solution with concentrations of Zn 0.106 mol L was prepared by dissolving ZAH in ethylene glycol utilizing a flask equipped
with a magnetic stirrer, and allowing the mixture to stir at room temperature for 1 h. An indium solution with a concentration of 0.187
mol L' was prepared by dissolving the INH in anhydrous ethanol with the addition of 0.425 vol % acetic acid. The INH was weighed in
a dry box and mixed with ethanol. The mixture was agitated in a flask with a magnetic stirrer under a dry nitrogen atmosphere at room
temperature for 10 min, followed by stirring in ambient air at 40 °C for 20 min. The mixture was cooled naturally to room temperature.
The acetic acid was added dropwise to the solution and stirred for 1 h. The IZO solution with a concentration of 0.147 mol L! was
prepared by mixing the zinc solution and the indium solution in a volume ratio of 1:1. All the solutions were transparent, free of
particles, and remained stable for over a month when stored in a refrigerator.

Thermal decomposition of the solution was investigated through techniques thermogravimetry (TG), differential thermal analysis
(DTA), and evolved-gas analysis (EGA). These analyses were conducted using a simultaneous thermal analyzer connected to a mass
spectrometer (STA 409, Netzsch, Selb, Germany, and ThermoStar, Balzers Instruments, Oerlikon, Switzerland). Before the analysis, the
IZO solution underwent a drying process in air at 200 °C for a duration of 20 h. Approximately 25 mg of the resulting powder was
positioned in a Pt crucible and subjected to heating, gradually raising the temperature from ambient conditions to 600 °C. This heating
process occurred within a controlled flow of synthetic air (100 mL min™), at a heating rate of 10 K/min.

2.2. Thin films by spin coating

The IZO precursor solution was applied onto soda-lime glass (with dimensions of 12 mm x 12 mm and a square shape, sourced from
Corning Eagle XG) using a spin coating technique at a speed of 3000 revolutions per minute for a duration of 30 s (equipment: Headway
research). The coated samples were then subjected to heating on a hot-plate, first at 200 °C for 2 min, followed by 350 °C for 2 min.
This procedure was iterated ten times. Afterward, the prepared samples underwent annealing in an air environment at temperatures of
500 °C, 600 °C, and 700 °C, each for a period of 15 min. These samples were designated as IZO5, IZO6, and 1Z0O7, respectively. For
sample 1206, an additional treatment involved heating it at 500 °C for 60 min under an Ar/H, atmosphere, resulting in IZ06-Ar/H,.

The IZO precursor solution was deposited on soda-lime glass (square shape with dimensions 12 mm x 12 mm, Corning Eagle XG)
using a spin coating at 3000 min ! for 30 s (Headway research). The coated samples were then subjected to heating on a hot-plate, first
at 200 °C for 2 min, followed by 350 °C for 2 min. The procedure was repeated ten times, after which the samples were annealed in air
at 500, 600, and 700 °C for 15 min. The samples are denoted as IZO5, IZ06 and IZO7, respectively. Sample IZO6 was additionally
heated at 500 °C for 60 min in Ar/Hs (IZO6-Ar/H>).

2.3. Structural and microstructural characterization of the thin films

The investigation of the thin films involved the utilization of grazing-incidence (GI) X-ray diffraction (XRD) using a Malvern
PANalytical Empyrean diffractometer (Almelo, The Netherlands) with Cu-Kal radiation (A = 1.5406 [o\) at 45 kV and 40 mA. An
incident-beam side hybrid monochromator with a 1/16° slit was employed, while the diffracted-beam side employed a parallel-plate
collimator. The fixed GI angle (o) was maintained at 1°. The diffractograms were collected in the 20 range from 20° to 60° with a step
size of 0.02° and a counting time of 20 s.

Both the surface and the cross-section of the thin films were examinated using a field-emission scanning electron microscope (FE-
SEM) Verios 4G HP (Thermo Fischer, Waltham, Massachusetts, USA). Before undergoing analysis, a 1-nm-thick layer of Au/Pd was
applied to the films using PECS 682 (produced by Gatan, Pleasanton, CA, USA). The surface of the thin films was investigated with an
atomic force microscope (AFM, MFP-3D, Asylum Research Molecular Force Probe 3D, MFP-3D, Santa Barbara, CA, USA) in AC
topography mode. Tetragonal silicon probes (OMCL-AC160 TS-R3, Olympus, Japan) were used for the scanning. The 1.5 pm x 1.5 pm
areas were scanned and the surface roughness (root-mean-square roughness, RMS) was calculated.

The IZO5, 1206 and IZO7 thin films, and the ZnO and Iny,0O3 powders were analyzed by Fourier-transform infrared spectroscopy
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(FTIR) using a Perkin Elemer Spectrum 100. The transmittance data were collected in the range 380-4000 cm ™ in the attenuated total
reflectance (ATR) mode using a diamond crystal with a refractive index of 2.4.

The X-ray photoelectron spectroscopy (XPS) analyses were carried out on PHI-TFA XPS spectrometer (Physical Electronics Inc.)
equipped with an Al-monochromatic source. The surface composition was quantified from the XPS peaks Zn 2p3/5, In 3ds5/ and O 1s,
considering the relative sensitivity factors provided by the instrument manufacturer [30]. Before the XPS analyses the surface of the
sample was sputtered with an Ar-ion beam of energy 1 keV for 10 min to remove the surface contamination. In this way we removed a
surface layer with a thickness of about 10 nm.

2.4. Electrical resistivity of the thin films

The sheet resistance (Rg) of the thin films was determined using the four-point probe technique [31], where the probes were
systematically positioned equidistantly along a line. The measured voltage drop (V) between the two inner probes and the current (I)
through the outer probe were used to calculate the Rs. The following equation was used for this calculation:

x AV

R,=C
’ In(2) I

where C is a correction factor. For square-shaped samples 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 the R, by the film thickness.

2.5. Variable-angle spectroscopic ellipsometry

The ellipsometric spectra were measured for the sample IZO6 in the wavelength (1) range 360-1200 nm, at three different angles of
incidence (AOI). The variable step in 4 was adjusted such that 30 data points are measured within the range, with a constant difference
in the EM radiation energy (AE~0.069 eV) between the measurements. The nulling method was applied to obtain the ellipsometric
angles [¥,A] from the measured signal as an average of the measurements performed in four zones. A beam cutter was used to
eliminate the reflection from the bottom surface of the glass substrate. The measurements were performed with an EP4 imaging
ellipsometer from Accurion (Gottingen, Germany).

For the surface of a semi-infinite glass slide, n(1) the “effective substrate” complex refractive-index dispersion, (n(1) = n(1) +
iek(4)), was obtained via a mathematical inversion of [¥,A] measured for the substrate in the absence of the studied film [32]. The
resulting n(4) matches the Cauchy function typically measured for Corning glass. The dispersion of the film was fitted from the
experimental ellipsometric spectra by implementing an optical model that invokes the Fresnel formulae for calculating the (p-, s-)
amplitude reflectivity coefficients for a stack of optically stratified materials (see inset in Fig. 8) [32]. The best fit was achieved by
implementing a uniaxially anisotropic dispersion for the 1Z06 film, in which the ordinary component is represented by the
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Fig. 1. TG/DTA/EGA curves of precursor solution dried at 200 °C. 18-water, 44-CO,, 46-NOy and 60-CH3COOH.
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Tauc-Lorentz-Urbach (TLU) oscillator [33], and the extraordinary component by a purely real n. To improve the reliability of the
optical model and the fitted dispersion, the film thickness was fixed to the value observed from the SEM. In this way, only insignificant
correlations were found among the eight fitted parameters, and thus there was no overfitting; however, some of the parameters, which
point to an absence of overfitting, were obtained with relatively large confidence intervals. All attempts to fit the experimental
ellipsometric spectra by implementing an isotropic dispersion for the film, or one that does not imply an Urbach tail, resulted in
significantly poorer fits, and were thus discarded as an option.

3. Results
3.1. Structure and microstructure of IZO thin films

Fig. 1 shows the TG-DTA-EGA curves for a precursor solution dried at 200 °C. The TG curve showed a weight loss of 20.65% from
200 to 325 °C. Upon further heating to 600 °C the sample gradually lost 3.25% of its weight. The weight loss up to ~350 °C was
accompanied by the evolution of water, NOyx, CO5 and acetic acid, suggesting the decomposition and oxidation of the organic com-
ponents. These processes are also reflected in the DTA curve, which shows a broad exothermic peak between 300 and 350 °C. This peak
contains at least two overlapping peaks, one associated with the decomposition and oxidation of the organic residues and the other
with the formation of metal oxide crystallites. A similar decomposition and phase transformation was observed for ZnO thin films
derived from the sol-gel process [34]. The observed TG/DTA profiles are consistent with expectations, as the temperature of the
amorphous-crystalline transition for In,O3 and ZnO is reported to be above 250 °C and 300 °C, respectively [35-37].

Taking into account the outcomes of the thermal analysis of the dried IZO precursor solution, we selected the annealing conditions
for processing the IZO thin films. These parameters entailed an initial drying step at 200 °C and 350 °C for 2 min, followed by annealing
at temperatures of 500 °C (IZO5), 600 °C (IZO6), and 700 °C (IZO7) for 15 min in air. The thin film with the lowest sheet resistance,
IZO6 (see Section 3.2) was additionally annealed at 500 °C for 1 h in Ar/H; (IZO6-Ar/Hy).

To complement the thermal analyses, particularly to determine the presence of organic residues, we performed FTIR spectroscopy
on IZ05, 1Z06, 1Z07 and IZ06-Ar/H; (Fig. 2a). The observed infrared spectra of all the samples are similar, while the FTIR spectrum of
the glass is shown for comparison. The absorption peaks at 1370, 1020, 915, 780 and 670 cm ™+ were detected for all the samples and
are characterized for an alkaline-earth borosilicate glass, i.e., the substrate. The absorption peaks at 1370 em ! and 670 cm ™! are
attributed to the stretching and bending vibrations of the B-O bond, respectively. The peak at 1020 cm ! belongs to the antisymmetric
stretching vibration of the B-O bond and the bending vibration of the Si-O-Si bond. The peak at 915 cm ™! is associated with the B-O
and Si-O-B bonds, while the peak at 780 emLis assigned to the stretching vibration of O-Si-O [38]. The characteristic bands of the
glass, observed in the FTIR spectra of the thin films, suggest that part of the light travels into the glass substrate. This is not surprising
since the penetration depth of the evanescent wave into the IZO ranges from ~1 to ~10 pm, which is much thicker than the IZO thin
films, ~100 nm (see supplementary, S1). Any characteristic bands of the nitro and aceto groups in the range 1450-1340 cm ™', which
could originate from the precursor solution, were not observed, confirming the disappearance of these bands upon heating the sample
to 500 °C. However, a broad band between 3200 and 3600 cm™! was observed in IZO5, which could be assigned to the stretching
vibrations of the O-H bond, indicating the presence of M — OH residues in the thin film annealed at 500 °C. This adsorption peak is
negligible in IZO6 and disappeared in IZO7. Only for IZO7 were three absorption peaks detected in the region below at 600 cm ™}, i.e.,
at 600, 560, and 536 cm™! (see inset in Fi g. 2a). These bands were also observed for the In;O3 powder, which was measured as a
reference (Fig. 2b). The characteristic band for ZnO at ~670 cm’l, which can be seen in the spectrum of the ZnO powder, is located at
the same position as that for the glass substrate [39].

The XRD patterns of 1ZO5, 1ZO6, IZO7 and IZO6-Ar/H, are similar and characterized by a high background and two broad
diffraction peaks (Fig. 3). The diffraction peak at 2 theta equals ~22° with a low intensity corresponds to the peak identified for the
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Fig. 2. a) FTIR spectra of IZ0O5, 1Z06, 1Z06-Ar/H, and IZO7. The spectrum of the glass substrate is added as a reference. b) FTIR spectra of In,O3
powder and ZnO powder.



I Stojanoska et al. Heliyon 9 (2023) e19744

glass substrate. The broad diffraction peak, also of low intensity, between 30° and 35° indicates that the structures of all the IZO thin
films lack the long-range order. The diffraction peak could be related to the cubic bixbyite structure of InpO3 (PDF 04-010-3287), to
hexagonal ZnO (04-004-4531), and/or to homologous Iny03(ZnO), compounds, for example InyO3(Zn0)s (PDF 01-077-8495).

The bixbyite structure of In,O3 exhibits diffraction peaks with 100% and 30% intensity at 30.5° and 35.5°, respectively. The
hexagonal structure of ZnO exhibits diffraction peaks at 31.7° (intensity 55%), 34.4° (intensity 41%), and 36.2° (intensity 100%), with
the most intense peak barely visible in the spectra. The rhombohedral structure of In;03(Zn0)3 shows diffraction peaks with 100% and
95% intensity at 34.1° and 35.2°, respectively, and four diffraction peaks between 30.8° and 32°. Although the formation of
Iny03(Zn0)y was confirmed at a temperature of >1000 °C in the InpO3-ZnO system [40], the InpO3(ZnO)y phases were observed in IZO
thin films processed at much lower temperatures, <550 °C [19,41]. We assume that the IZO thin films consist of a mixture of two
crystalline phases, i.e., cubic InpO3 and rhombohedral ZngIn,Os3.k, in agreement with the literature [28,41].

A representative fracture cross-section and surface SEM images of the 1Z05, 1Z0O6, 1Z06-Ar/H; and I1ZO7 films are shown in Figs. 4
and 5, respectively. The thickness of IZO5 is 130 nm, while a thickness of about 115 nm was estimated for IZ06, [ZO6-Ar/H; and 1ZO7.
Careful examination of the SEM cross-sectional images revealed that IZO6 consisted of ten distinct layers. In IZO5 the layered structure
was less clear, while in IZO7 no distinct layers could be identified. The layered structure should be attributed to the successive
deposition of ten layers, each heated to 200 °C and 350 °C. Heating the deposition solution to 200 °C leads to the evaporation of the
solvents, ethanol and ethylene glycol, with boiling points of 78 °C and 197 °C, respectively. Most of the organic components
decompose when heated below 350 °C, followed by the formation of crystallites, which is evident from the exothermic peak in this
temperature range (Fig. 1) [42]. SEM and AFM images of the air-annealed samples (Fig. 4 a-c, Fig. 5 a-c, Fig. 6 a-c) show that IZO5 has a
smooth surface and a RMS surface roughness of 200 p.m. The observed film morphology is granular, with a grain size in the range of a
few nanometers. When the temperature was increased to 600 °C, the grains grew to a size of ~20 nm within a single layer. The sample
IZO6 had a uniform and smooth surface with an RMS surface roughness of 480 p.m. (Fig. 4 b, Fig. 5 b, Fig. 6 b). When the temperature
was further increased to 700 °C, the grains continued to grow and the individual layers disappeared. The SEM micrograph for IZO7
shows the largest RMS surface roughness of 970 p.m. and the formation of larger grains (G) within the matrix phase (M) (Fig. 4 c,Fig. 5
¢, Fig. 6 ¢), which should originate from the mixture of two phases in thin films, i.e., InoO3 and In03(Zn0)3 [11,40]. For IZO6-Ar/Hy
the thickness, microstructure and grain size were similar to IZO6. It had a uniform and smooth surface with nanosized grains and an
RMS surface roughness of 500 p.m. (Fig. 5 d, Fig. 6 d). It should be noted that the distinct layers were less noticeable for IZO6-Ar/Hy
(Fig. 4 d) which derives from the fact that this sample was additionally annealed at 500 °C for 1 h. This slightly increases the grain size.
However, it is worth mentioning here that annealing the IZO6 thin film in Ar/Hj; does not critically influence the structure, grain size,
thickness and microstructure of IZO6-Ar/H, thin films.

To further elucidate the properties of the IZO thin films we analyzed the IZO6 and IZO6-Ar/H; by XPS. We analyzed the surfaces of
the as-prepared thin films, and the surfaces of the thin films etched for 10 min, which corresponds to a thin film at a depth of
approximately 10 nm from the surface. We detected some carbon originating from contamination at the as-prepared surface of both
IZO thin films, while it was not detected in the etched films at a depth of 10 nm. This suggests that the carbon originates from the
environment. Fig. 7 shows the XPS spectra measured at a depth of 10 nm for IZO6 and 1ZO6-Ar/Hs. The elements indium, zinc and
oxygen were detected. No other elements were detected in the XPS spectra, suggesting that the diffusivity of elements from the glass
substrate to the IZO thin film, e.g., Si, is unlikely to occur. The chemical compositions in at. % obtained from the XPS spectra Zn 2ps5,
In 3ds,2 and O 1s are given in Table 1. The Zn/(In + Zn) ratio of both IZO thin films agreed well with the nominal chemical composition
of the solution with a Zn/(In + Zn) ratio of 0.36. Hence, these data show that the chemical composition of the IZO thin films is similar
to the nominal composition after firing the IZO thin film at 600 °C for 15 min in air as well as after additional annealing of this sample
at 500 °C for 60 min in Ar/Hj.
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Fig. 3. XRD spectra of 1Z0O5, 1Z06, 1Z07, 1Z06-Ar/H, and glass.
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Fig. 4. SEM cross-section of thin films a) IZO5, b) IZO6, c) IZO7 and d) IZ06-Ar/H,.

Fig. 5. SEM surface images of thin films a) IZO5, b) IZ0O6, c) IZO7 and d) IZ06-Ar/H,.

3.2. Electrical properties of IZO thin films

The sheet resistance R; of IZO5, 1Z06, and 1Z0O7 was the highest immediately after annealing in air and decreased with time, which
could be due to their interactions with the atmosphere. A similar phenomenon was observed for pure ZnO and Ga-modified ZnO [11,
43]. The R becomes constant about two weeks after the sample preparation. The Rg values of the samples measured two weeks after
their preparation are listed in Table 2.

The R of the 1ZO thin films decreases with increasing processing temperature from 500 to 600 °C, while IZO7 had the largest R;.
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Fig. 7. XPS survey spectra of the IZO6 and 1ZO6-Ar/H; at the depth of 10 nm.

The R; of the samples depends on the carrier concentration and mobility. For I1ZO thin films, the charge carriers, i.e., the conduction
electrons, originate from the oxygen vacancies and from the substitutional and/or interstitial metal ions, while their mobility depends
on the microstructure of the thin films [20,41].

1ZO5 and IZO6 did not exhibit long-range ordering and are composed of nanoscale grains. The IZO5 contained M — OH residues, as
shown by the FTIR spectroscopy, which contribute to greater resistivity. On one hand, the IZ06 was thinner, and had a negligible
amount of residue, which effectively improves the carrier mobility and thus increases the electrical conductivity. On the other hand,
the distinct layers observed in IZO6 might cause the electron scattering, which contributes to a lower carrier mobility. Interestingly,
the R value of 1IZO7, for which the distinct layers were not observed, is an order of magnitude larger than that of IZ06, although its
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Fig. 8. The best-fit ellipsometric spectra (solid lines) obtained from fitting the optical model (inset), versus the experimental data measured for IZ06
at three AOIs (symbols, see legend). Figures a) and b) display the ellipsometric angles 4 and ¥, respectively.

Table 1
Nominal chemical composition and chemical composition obtained from the XPS spectra at a depth of 10 nm for IZO6 and 1Z06-Ar/H,.
Nominal composition [at %] 1ZO 6 [at %] 1Z06-Ar/H, [at %]
(6] 56.8 49.3 49.0
In 27.5 31.8 31.9
Zn 15.8 18.9 19.1
Zn/(In + Zn) 0.36 0.373 0.375
In:Zn 1.76:1 1.68:1 1.67:1

Table 2

Thickness, sheet resistance R; and electrical resistivity p of IZO5, IZ0O6 1Z07 and 1ZO6-Ar/H, thin films.
Sample Thickness [nm] R, [kQ/sq] p [Ohm cm]
1205 130 220 £ 2 2.8
1206 115 40+1 0.45
1207 115 1129 + 9 12.6
1Z06-Ar/H, 115 0.600 + 0.01 0.0069

thickness is similar to that of IZO6. We attribute this observation to the fact that IZO7 contains larger grains that perturb the matrix
phase and contribute to a lower carrier mobility, which is consistent with Steigert et al. [14], who found that after crystallization, the
films with larger grains have higher resistivities than the films with smaller grains.

The IZO6 sample with the lowest electrical resistivity was additionally annealed in Ar/Hj. The electrical resistivity decreased
significantly from 0.45 Qcm to 0.0069 mQcm for IZO6 and IZO6-Ar/H,. While the thickness, structure, microstructure, grain size and
surface roughness of these two thin films were similar, the significant increase in conductivity upon post-annealing in Ar/Hj is likely to
occur in conjunction with defect concentration and mobility. The conduction electrons in IZO are supplied from native defects, i.e.,
oxygen vacancies, and from substitutions/interstitial zinc and indium ions [15]. Upon heating the IZO thin films in a
hydrogen-containing atmosphere, the hydrogen can incorporate into the structure at the interstitial positions and this increases the
electrical conductivity of the IZO [16,44]. An improved electrical conductivity upon post-annealing the thin films in a reducing at-
mosphere is in agreement with the literature [9,11,29]. The electrical resistivity values obtained in this study are comparable or lower
than those obtained for thin films produced by chemical solution deposition with a similar nominal chemical composition [11,13,45].
The electrical resistivity of magnetron-sputtered thin films with a similar chemical composition is slightly lower [20].

3.3. Optical properties

The optical properties of the sample IZ06 were determined from the variable-angle spectroscopic ellipsometry (VASE). The
experimental ellipsometric spectra [¥,4](A) for the sample IZO6 are presented in Fig. 8 a and b, in which the solid lines represent the
best-fit functions calculated from the optical model (see inset figures). An experiment performed with a replica sample resulted in a
coincident spectrum (not shown). In order to achieve a satisfactory fit, it was necessary to involve a uniaxially anisotropic refractive-
index dispersion for the film, where the ordinary component is the Tauc-Lorentz-Urbach (TLU) oscillator and the extraordinary
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component is represented by a constant and purely real refractive index. An extremely good fit is observed for both 4 (cf. Fig. 8 a) and
¥ (cf. Fig. 8 b) throughout the whole measured range of 4, irrespective of the AOI, which is important for fitting the parameters related
to the Lorentz oscillator representing the principal absorption in the far-UV region, and thus outside the experimental wavelength

range. The best-fit parameters of the TLU oscillator and their confidence intervals are in Table 3 (please note that € = ﬁz).

While the model curves fit the data very well, the TLU oscillator strength (A) and width (I") exhibit relatively large confidence
intervals, which is a consequence of their mathematical coupling in the expression of the Lorentz oscillator, as well as the fact that this
absorption is found outside the experimental wavelength window. The best-fit complex refractive-index dispersion for 1206, calcu-
lated from the TLU parameters in Table 3 and is presented in Fig. 9a. The ordinary component exhibits absorption in the UV region of
the spectrum (as inferred from koq), while its real part (no,g) does not exhibit a large variation and is similar in magnitude to the
extraordinary refractive index (nex). The extraordinary component is purely real and constant (fitted as nex = 1.613 + 0.002).

While the Tauc-Lorentz (TL) dispersion relies on a simplified picture of the energy gap, stipulating a parabolic density of states near
Eg and no absorption at energies below the gap (k = 0; E < E,), in the TLU dispersion, the exponential “Urbach tail” is introduced for
the transitions involving the in-the-gap states [33]. For the principal absorption edge near the band-gap energies (E larger but not

much larger than E), both dispersions predict an absorption-coefficient dependency of the form (a(E)n(E)E)l/ 2 ~ E, valid for the
description of indirect, allowed absorption edges encountered in amorphous semiconductors [46,47]. For a full description of the
mathematical derivation and the properties for the two dispersions, please refer to the paper by Ferlauto et al. [33]. Thus, the fact that
the TLU oscillator, representing an indirect gap, was found to best fit the ellipsometric spectra, is in line with the amorphous structure
of IZO. The features of the TLU dispersion in relation to its parameters, can be inferred by inspecting the k-dispersion presented in
Fig. 9a. There are two characteristic ranges of this function, from high to low energy. The Lorentz oscillator characterizes the principal
electronic transition and is dominant at energies > E;. The latter energy is identified with the optical gap that defines the high-energy
onset of the in-the-gap absorption, marked by a discontinuity in the 1st derivative of the k-dispersion. The energy E; denotes the "pure”
Tauc gap, which was introduced by Jellison and Modine as the low-energy onset of the principal transition in the TL dispersion [48]
and is detected as the extrapolation of the [ohv]'/? vs. E plot at a = 0, presented in Fig. 9b. In the TLU dispersion, the exponential
Urbach tail overtakes the Lorentz oscillator at E < Ey, in which region the parameter E, defines the decay energy related to the widening
of the joint density of states, often related to the structural “disorder” or the presence of defects in the electronic structure [33,49,50].
In the case of IZO6, the fitted value of E, is relatively large, compared to the values obtained for lightly In-doped ZnO
magnetron-sputtered films with a high level of crystallinity [17].

From the imaginary refractive-index dispersion presented in Fig. 9a, it is straightforward to calculate the absorption coefficient as
= 4mk/2 [32], which according to the TLU model, results in the linear dependency of [ahv]*/? vs. E just above Ey, as presented in Fig. 9b.
The E; of the studied IZO6 film is found to be closer to the gap energy of the nanocrystalline In503 (2.70 eV [51]) than that of ZnO (> 3,
30 eV, depending on the phase type and the preparation route [50,52-54]), which is in line with the stoichiometric predominance of In
over Zn in the structure of IZO. By relating this with the aforementioned findings [17,18] it can be concluded that the stoichiometric
ratio In:Zn in IZO predominantly determines the band-gap energy. From the transmission spectrum of the IZ0O6 film at normal inci-
dence, calculated from the ordinary dispersion [32] and plotted on the right-hand axis of Fig. 9b, it becomes evident that the highest
transparency of the film (92.5%) is observed around the gap energy, corresponding to the wavelength A = 450 nm, and is larger than
80% throughout the visible range. In this respect, it becomes clear that increasing the band-gap energy of IZO6 would result in higher
transparency over a broader range of wavelengths.

The optical anisotropy observed from the ellipsometric spectra of IZO6 is a consequence of the applied optical model. In reality, the
thin lamellae that separate the IZO layers should exhibit a different dispersion from IZO, which is evident from the higher electron
density in these lamellae than with IZO, observed with SEM. The refractive-index dispersion of these lamellae, treated as a separate
optical phase, could not be resolved from the SE data. Nevertheless, their overall effect on the light propagation in the film is detected
as optical anisotropy of the film, treated as a single (homogeneous) optical phase. Therefore, the observed optical anisotropy is a
consequence of the lamellar nano-scale structure and should not be confused with the birefringence assigned to individual optical
phases. Since the extraordinary dispersion fitted from the ellipsometric spectra does not exhibit absorption (kex = 0), it can be deduced
that the extraordinary light beam experiences only a phase shift due to the presence of lamellae. While this effect should be detectable
only with ellipsometry as a light-phase sensitive measurement performed at an oblique angle of incidence with respect to the film’s
surface, it nevertheless deserves to be studied in more detail for films prepared by chemical solution deposition, as it could lead to
optical-properties tailoring through a simple variation in the number of layers.

4. Conclusions
Indium-zinc-oxide (IZO) thin films with a Zn/(In + Zn) molar ratio of 0.36 on glass were prepared by spin-coating a solution of zinc
Table 3

Best-fit parameters of the TLU oscillator representing the ordinary component of the dielectric function for IZO6 (parameter notation according to
Ref. [33]).

£oo A/eV Eo/eV r/ev Eg/eV Ey/eV E,/ev
1.940 39.641 5.508 7.485 2.571 2.819 0.895
+0.232 +17.175 +0.714 +4.412 +0.070 +0.083 +0.137
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Fig. 9. a) Best-fit refractive-index dispersion for IZ06. The ordinary component of the uniaxially anisotropic dispersion described by the TLU
oscillator (parameters in Table 3) while the extraordinary component is a constant n, indicated with the dashed line. b) The Tauc plot (left axis),
calculated from the imaginary ordinary refractive index; and transmittance at normal incidence (right axis), calculated from the ordinary dispersion.

acetate hydrate and indium nitrate dissolved in ethylene glycol and ethanol. Based on a thermal analysis the coatings were dried at 200
and 350 °C and then annealed in air at 500, 600, and 700 °C. An XRD analysis showed that none of the thin films exhibited long-range
ordering, regardless of annealing temperature. Upon increasing the annealing temperature, the grain size and the RMS surface
roughness of the film increased, while simultaneously the thickness decreased. The 115-nm- thick films annealed at 600 °C exhibited a
lamellar structure that vanished when heated to 700 °C. The electrical resistivity of the films depended on the annealing temperature.
The lowest value, 0.45 Qcm, was obtained for the IZO thin film annealed at 600 °C in air, which can be attributed to the organic-free
composition, the amorphous nature of the film with 20-nm grains, and the homogeneous microstructure. After annealing this film in
Ar/Hp, the electrical resistivity decreased by more than an order of magnitude to 0.0069 Qcm, which can be ascribed to the increasing
defect concentration and their mobility, rather than to the thickness, grain size, structural and microstructural properties of the thin
films. The IZO film cured at 600 °C exhibited uniaxial optical anisotropy due to the lamellar nanostructure, in which the IZO layers are
separated by ultra-thin lamellae with a higher electron density. The ordinary refractive index is successfully fitted as a Tauc-Lorentz-
Urbach function, which is typical of an indirect absorption edge occurring in amorphous semiconductor materials. The principal
absorption peak is found in the UV region, with an onset at about 2.8 eV, while the Tauc gap energy is about 2.6 eV. These values are
similar to those observed for InpO3 and are much lower than the gap energy of ZnO.

The described low-cost, vacuum-free spin coating followed by post-deposition curing makes it possible to tune the microstructure of
the IZO thin films and thus their amorphous nature, electrical conductivity, and optical properties. This process is promising for the
cost-effective fabrication of IZO thin films for transparent electronics.
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