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Abstract. Photoannealing is a technological method that allows replacing the final high-temperature
treatment of metal oxide sol-gel films with a combination of soft heating and ultraviolet irradiation. It has
been established that an increase in temperature during heat treatment of the sol deposited on the substrate
leads to the conversion of zinc acetate into layered basic zinc acetate (LBZA), which is transformed into
hydroxide Zn(OH),, which passes into amorphous oxide ZnO. It is shown that when heated to 130°C,
parallel irradiation of films with UV radiation promotes the direct transition of LBZA into oxide due to
the effective removal of hydroxyl and acetate groups. When the temperature is increased to 140°C, UV
irradiation of films loses its expediency, since both photoannealing and heat treatment lead to identical

properties of the studied materials.
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INTRODUCTION

Semiconductor metal oxides (SMO) are a group of
materials widely used in electronics. For example, tin
oxide is the main material for the production of sensitive
elements of chemoresistive gas sensors [1]; a solid solution
of tin and indium oxides is a transparent conducting
material used as an electrode in liquid crystal and touch
screens [2]; thin films and nanostructures of zinc oxide
are used to produce varistors [3], thin-film transparent
transistors [4], and biosensors [5]. There are many
methods for forming SMO film structures, including
both physical (magnetron sputtering, thermal vacuum
deposition) and chemical (e.g. sol-gel, spray pyrolysis)
methods. An important feature of both groups of methods
is the high-temperature (usually at 400°C and higher)
effect on the substrate. In the group of vacuum methods, a
stream of material is deposited onto a preheated substrate;
In chemical methods for forming a semiconductor
layer, finishing heat treatment is used, during which
metal salts and hydroxides are converted into oxides.
This significantly limits the use of POM in flexible and
epidermal electronics, where thermoplastic substrates
with low melting temperatures are used (e.g., polyethylene
terephthalate, 7,,~ 260°C [6]; polyethylene naphthalate,
T, ~ 280°C [7]). In this regard, the approach first
proposed in 2012 [8], which consists of transforming sol-
gel films into semiconductor oxides under the influence of
UV radiation with relatively low additional heating (today,

the terms “photoannealing” and “photonic curing”
are used in the literature), is of great interest for flexible
electronics. This technology in its various modifications
is used to manufacture flexible thin-film transistors
[9, 10], gas sensors [ 11, 12], solar cells [ 13, 14], and flexible
quantum dot LEDs [15]. However, fundamental physical
and chemical concepts of the formation of oxide layers
during photonic curing are currently lacking [16]. It has
only been proven that photoannealing allows for the
formation of a denser metal oxide network, the effective
removal of organic impurities, and the improvement of
electrical conductivity [17]. It is known that the energy of
ultraviolet photons is sufficient to break chemical bonds in
sol-gel systems, and numerical modeling shows a decrease
in curing temperatures with combined UV and thermal
treatment of films [18]. However, the contribution of
thermal and photochemical processes to the final result is
difficult to differentiate, since photoannealing processes
occur simultaneously and inseparably from each other.
The data available in the literature only allow us to say
that the films obtained by classical high-temperature
annealing and photoannealing are practically identical.
For example, in [8] practically identical phase and
chemical compositions of films of a solid solution of zinc,
gallium and indium oxides obtained by the classical sol-
gel method at an annealing temperature of 350°C and
photoannealing with additional heating to 150°C are
shown. Data from studies of physicochemical processes
in the intermediate temperature range are not presented.
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In this work, the problem of differentiation of
thermo- and photochemical contributions to the
processes of curing and formation of a semiconductor
of sol-gel films based on zinc oxide is solved for the
first time. For this purpose, on the basis of an array of
experimental data, the specific energy of UV radiation
of the treatment is selected, which allows providing a
semiconductor type of absorption of optical radiation by
the obtained films in a narrow temperature range with
separately taken combined (UV + thermal) and thermal
treatments.

METHODS AND MATERIALS

The following procedure was used to prepare the
sol. In the first step, zinc acetate dihydrate was dissolved
in a mixture of 2-methoxyethanol and 2-aminoethanol
(all reagents from Sigma-Aldrich®, Saint Louis, MO,
USA) for 15 min at room temperature. The sol was then
stirred for 1 h at 60°C and matured for 24 h at room
temperature (~25°C). The sol was applied to silicon
(KEF15) and quartz (KU-1) substrates by centrifugation
at 3000 rpm for 60 s, followed by drying at 90°C for 1 hin
air. The samples were subjected to two types of finishing:
thermal and combined (ultraviolet + thermal). Thermal
treatment was carried out at temperatures of 120,
130 and 140°C (samples 120(T), 130(T) and 140(T),
respectively) on a PL-01 laboratory hotplate (OOO
NPP TOMANALIT, Russia) for 90 min. Combined
treatment was carried out at the same temperatures;
additionally, the film was irradiated with an 8 W linear
UV lamp with radiation maxima at 185 and 254 nm (WL
2001, lamp type T5 G5, Camelion, China) (samples
120(T+UV), 130(T+UV) and 140(T+UV)); the
distance from the lamp to the film surface was 20 mm.

The phase composition of the samples was studied
on a D8 Discover X-ray diffractometer (Bruker) with a
CuK, radiation source (A = 0.15406 nm) in the 26 range
of 4°—64°.

The surface chemical composition of the obtained
samples was analyzed by X-ray photoelectron
spectroscopy (XPS). The XPS spectra were measured
underultrahigh vacuum (107 Pa) using an Escalab 250Xi
spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) with a photon energy of AlK, = 1486 ¢V.
The XPS peaks were deconvoluted by subtracting the
Shirley background followed by peak fitting with the
Voigt function. To remove surface contamination
associated with atmospheric adsorbates, the surface of
the films was gently etched with Ar* ions at a current
of 1 uA for 30 s. The energy scale of the spectrometer
was calibrated using a sputter-cleaned Au surface as a
reference, so that the binding energy of the Au4f; , peak
was set to 84.0 eV.

The absorption spectra of all samples on a quartz
substrate were recorded in the range of 190—1100 nm
using an SF-56 spectrophotometer (LOMO JSC,
Russia) and reconstructed in Tautz coordinates [19].
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DISCUSSION OF RESULTS

Figure 1 shows the diffraction patterns of all sample
series. Three reflections 001, 002 and 003 at 20 = 6.0°,
12.2° and 18.2°, respectively, can be clearly identified in
thediffraction pattern ofsample 120(T). These reflections
correspond to layered basic zinc acetate (Layered Basic
Zinc Acetate — LBZA, Zns(CH;COO),(OH), - 2H,0)
[20]. LBZA is an intermediate product of the conversion
of zinc acetate to oxide in solutions. During the
maturation of the sol, the acetate groups are replaced by
OH groups, and the entire scheme of transformations in
ZnO is usually presented in a simplified form [21]:

Zn(CH;COO0), 2H,0 — LBZA — Zn(OH), — ZnO.

The crystal structure of LBZA is shown in the
inset of Fig. 1. In it, three of the five zinc cations are
surrounded by six hydroxyl groups in an octahedral
configuration. The two remaining zinc cations are
located above and below an empty octahedron at the
center of the tetrahedron, the vertices of which are two
hydroxyl groups and one water molecule. Acetate ions
are intercalated between the layers. The transformation
of LBZA to ZnO occurs by sequential removal of water
molecules (~70°C), hydroxyl groups (~120°C), and
acetate ions (~130—350°C) [22].

The interlayer distance in LBZA for sample 120(T),
calculated using the Wulff—Bragg equation, is 1.47 nm.
Calculation of the average sizes of coherent scattering
regions (CSR) of the sample using the Scherrer equation
[23] yielded a value of D, ,, = 8.5 nm (Table 1), which
allows us to speak about an average number of five to six
layers in one nanoparticle.

Combined treatment at 120°C (sample 120(T+UV))
does not result in the appearance of new reflections,
but in their significant broadening compared to sample
120(T): amorphization of the LBZA phase occurs, and
the CSR size decreases to 5.8 nm, which corresponds
on average to four layers in one nanoparticle. The
diffraction pattern of sample 130(T) contains only a
strongly broadened (full width at half maximum 2.04°)
reflection 001 LZBA. The calculated average CSR
size was 3.9 nm (corresponds to two to three layers).
All other samples (130(T+UV), 140(T), 140(T+UV))
turned out to be X-ray amorphous, and the diffraction
patterns did not contain reflections of any phases,
which indicates the transformation of LZBA into other
chemical compounds.

Fig. 2 shows the absorption spectra of all the studied
samples in the UV and visible ranges of the spectrum,
reconstructed in the Tauc coordinates ((a.E)?> = f(F),
where o is the absorption coefficient [1/cm], E is the
photon energy [eV]). Films 120(T), 120(T+UV) and
130(T) do not demonstrate interband absorption, typical
of semiconductors at a photon energy equal to and
exceeding the band gap, and are practically transparent
to photons with energies less than 4 eV. Sample
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Fig. 1. Diffraction patterns of zinc oxide sol-gel film samples.
The inset shows the crystalline structure of LBZA.

130(T+UV) demonstrates an optical gap corresponding
to a direct-band semiconductor material, since a
straight-line section appears in the chosen coordinates.
Its extrapolation to the intersection with the abscissa axis
yields the width of the optical gap, which for this sample
is AE, = 3.32 €V, which corresponds to the formation of
zinc oxide [24]. Finally, samples 140(T) and 140(T+UYV)
exhibit almost identical spectra, corresponding to a
semiconductor material with AE, = 3.27 eV.

It is important to note that the formation of X-ray
amorphous semiconductor films occurs only when the
LBZA phase reflections disappear from the diffraction
patterns. Temperature treatment at 130°C alone does

Table 1. Sample parameters
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not initiate this process, but its combination with UV
irradiation, on the contrary, forms ZnO. To understand
the physicochemical processes occurring in the films,
let us consider the XPS spectra. XPS shows that the
samples contain zinc, oxygen, and carbon.

Fig. 3 shows the spectra of Zn2p and Ols. The Zn2p
spectrum is represented by a doublet of Zn2p,, and
Zn2p;,,. For further analysis, it is sufficient to restrict
ourselves to the Zn2p,,, component. Its binding energy
is in the range of 1021.15—1022.1 eV. These values can
correspond to both the zinc cation Zn?>' in the ZnO
lattice [25, 26] and zinc in the hydroxide Zn(OH),
[27] and LBZA [28]. Due to this, it is difficult to use
this spectrum to differentiate the forms of zinc in the
material. Deconvolution of the Ols spectrum makes
it possible to isolate two components with binding
energies of about 530.3 and 532.0 eV. The first, O(lat),
corresponds to the Zn—O bond in zinc oxide, and the
second, O(ads), to the Zn—OH bonds in the hydroxide
and LBZA [29]. Deconvolution of the Cls spectrum
(Fig. 4) shows the existence of three forms of carbon
in the films: C_c ., C._y and C._, with a binding
energy of about 285.0, 286.5 and 290.0 eV, respectively.
The first form corresponds to the existence of carbon
on the surface in the form of graphite. The second
refers to fragments of functional groups of organic
compounds —CH;, —CH,, —CH. The third corresponds
to the carbonyl group C=0. The C._, form of all the
precursors and intermediate compounds is contained
only in acetate groups, which are intercalated between
the LBZA layers.

Analysis of the spectra in Fig. 4 shows that
samples 120(T) and 120(T+UYV) contain a significant
proportion of carbon atoms included in the carbonyl
group (34 and 27 % of the total carbon in the films,
respectively). However, already in sample 130(T) its
significant reduction and accumulation of carbon
on the surface in the form of C_._._ are observed.
Probably, this is due to the removal of acetate
ions from the film and their transformation into
amorphous carbon (soot). Table 1 also presents the

Sample D, pz4, nm AE,, eV [C[Ez(])] % %
120(T) 8.5 0.18 0.30 0.29
120(T+UV) 5.8 0.10 0.50 0.39
130(T) 3.9 0.07 0.50 0.41
130(T+UV) 3.32 0.05 0.65 0.44
140(T) 3.27 0.05 0.63 0.45
140(T+UV) 3.27 0.05 0.65 0.45
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Fig. 2. Absorption spectra of samples in Tautz coordinates after thermal (/) and combined (2) treatment at a temperature of 120 (a),
130 (b) and 140°C (c).
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Fig. 3. XPS spectra of Zn2p (a) and Ols (b) samples.
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To estimate the ratio of amorphous phases of zinc
oxide and hydroxide, we will consider the change in
the ratio of the O(lat) and O(ads) forms under different
treatment conditions. Table 1 shows the parameter

[O(1at)]

W, which characterizes the proportion of oxygen

in the sample occupying a position in the ZnO lattice.
With an increase in the annealing temperature from
120 to 140°C, it increases from 0.3 to 0.63. Combined
treatment under the same conditions demonstrates a
contribution dependent on temperature: at 120°C it

[o(1a)

[O] from 30 to 50 %,

at 130°C — from 50 to 65 %, at 140°C it shows virtually
no difference from simple heat treatment. Based on

the 2 _ | .1 ratio in pure ZnO, knowing the O(lat)

value, it is possible to calculate the proportion of zinc
cations included in the oxide nanocrystals: Table 1

[Zn(lat)]
[Zn]
annealing temperature of 120°C, 29 % of zinc cations
are included in the Zn—O—Zn bonds in the particles.
Nevertheless, the size of these particles is small, due to
which there are no reflections of the ZnO phase in the
diffraction pattern, and the films do not demonstrate
semiconductor optical properties. Combined treatment
at the same temperature makes it possible to increase the

[Zn(lat)]

increases the proportion of

shows the ratio. It is evident that at an

292 288 284

E, eV

280

Fig. 4. XPS spectrum of Cls samples.

Ce
[[Zi)]. For samples 130(T+UV), 140(T)

and 140(T+UYV) its value is only 5 %, which indicates
almost complete removal of acetate groups from the
film. This fact correlates with the disappearance of
the LBZA phase reflections in the diffraction patterns
of the same samples and the appearance of interband
optical absorption characteristic of a direct-band
semiconductor. Thus, it can be concluded that films
130(T+UV), 140(T) and 140(T+UYV) represent a
system of amorphous zinc oxide and hydroxide with
different phase ratios.

Thus, toremove almost allacetate groupsintercalated
between the LBZA layers, heating the system to 130°C
is sufficient, and the addition of UV radiation enhances

[Cc=o]
[Zn]

0.18 to 0.10 when switching from thermal to combined
annealing).

parameter

this process (at 120°C, the ratio decreases from
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proportion to 39 %. At 130°C, the combined

[Zn(lat)]
[Zn]

compared to heat treatment alone, and the sample

acquires semiconductor properties and an optical gap of
3.32 eV. Finally, at 140°C, the combined treatment has

[Zn(lat)]
[20]
and the absorption spectra are semiconductor in nature

and are virtually identical.

[Zn]

treatment increases the share from 41 to 44 %

no effect on the ratio: = 0.45 in both cases,

A combined analysis of XPS data, phase composition
and optical absorption spectra reveals the following
patterns. Combined photoannealing of films with the
LBZA phase composition allows for a more intensive
removal of intercalated acetate ions and hydroxyl groups
from the sample compared to thermal action at the same
temperature. However, after LBZA decomposition,
both thermal and combined treatments at the same
temperature lead to the same ratio of amorphous phases
of ZnO and Zn(OH),, i.e. additional UV action during
annealing becomes ineffective. In this regard, the
final photoannealing operation of ZnO sol-gel films
is most effective in removing hydroxyl groups from
LBZA located at the vertices of the tetrahedron and
octahedron, the center of which is zinc cations in the
layered structure of this material. Then the differences
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thermal annealing Zn(OH),—ZnO

Zn(CH3COO)2 —LBZA photo annealing 710

between thermal annealing and photoannealing can be
represented by the following scheme:

Thecombinedtreatmentallowsdirecttransformation
of LBZA into ZnO (as observed in sample 130(T+UYV)),
but is ineffective in the Zn(OH)2 - ZnO transition.

CONCLUSION

The mechanisms of photonic curing of zinc oxide
sol-gel films during photoannealing were studied. The
conditions were experimentally selected that made
it possible to obtain amorphous semiconductor ZnO
films demonstrating an optical gap in the absorption
spectrum using both mild thermal action and combined
action in a narrow temperature range. For the selected
conditions, the range was 120—140°C. At 120°C,
neither combined nor thermal treatments resulted
in the semiconductor type of radiation absorption.
At 130°C, only photoannealing made it possible to
obtain a film with a band gap of 3.32 eV. Treatment at
140°C (both combined and thermal) made it possible
to form semiconductor films with AE, = 3.27 eV,
spectrophotometrically indistinguishable from each
other. The classical sol-gel process with final thermal
annealing involves the conversion of zinc acetate into
layered basic zinc acetate, which is transformed into
hydroxide and finally into ZnO at high temperatures.
Irradiation of films during heat treatment at low
temperatures with UV radiation allows for the effective
removal of acetate and hydroxyl groups and the
formation of amorphous zinc oxide films. It has been
shown that these processes occur only in layered basic
zinc acetate. After its thermal transformation into
Zn(OH), at a higher temperature, the effectiveness
of combined annealing for further transition to ZnO
disappears.
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