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Abstract—X-ray photoelectron spectroscopy has been used to study structural evolution of zinc oxide synthe-
sized by a sol–gel process adapted to flexible electronics. We assessed the effect of ultraviolet irradiation time on
the atomic percentages of different Zn, O, and C species. Increasing the UV treatment time from 90 to 150 min
has been shown to considerably reduce zinc concentration in the surface layer, which is accompanied by an
increase in the percentage of carbon, predominantly in the form of highly oriented pyrolytic graphite. Pho-
toactivation processes ensure completion of surface structure formation and lead to enrichment of the ZnO
surface in oxygen with a binding energy of 531.5 eV, resulting in a zinc-deficient solid solution.
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INTRODUCTION
There is currently growing interest in research con-

cerned with controlled synthesis of nanomaterials
based on wide-band-gap metal oxides for f lexible
electronics [1]. However, such oxides in the form of
thin films are very difficult to use in f lexible electron-
ics because stress arising in the material can lead to
cracking and splitting at high strain [2]. Zinc oxide,
having a band gap of ≈3.3 eV at room temperature [3],
is a promising member of this group of nanomaterials.
Interest in it is aroused, on the one hand, by its diverse
applications in micro- and nanoelectronics [4], gas
sensing technologies [5], and photocatalysis [6]. On
the other hand, fundamental properties of ZnO are
also of importance, including the high exciton binding
energy (≈60 meV), high carrier mobility, and good
thermal stability [7].

In the context of f lexible electronics, zinc oxide has
considerable potential owing to not only its possible
practical applications, including fabrication of porta-
ble sensors and bent displays with a new form factor
[8], but also the possibility of controlling its electrical
conductivity via surface modification. Note that the
problem of degradation of ZnO films can be resolved
via synthesis of nanomaterials with a hierarchical spa-
tial organization [9], for example, in the form of a

three-dimensional network having a certain degree of
bending and stretching/compression. Such a type of
structure of nanomaterials is a natural gelation prod-
uct in sol–gel nanosystems [10]. However, for zinc
oxide synthesis high-temperature annealing is needed,
which is poorly compatible with the use of f lexible
low-melting-point polymer substrates.

In connection with this, a sol–gel process was pro-
posed for the preparation of nanostructured ZnO in
which the key point is to replace high-temperature
annealing by a parallel combination of low-tempera-
ture heating and photoannealing under the effect of
UV radiation [11]. Note that, even though this
approach is viable, specific features of structure for-
mation of zinc oxide and modification of its surface
under the effect of UV radiation remain unexplored.
Answers to these questions are even more topical in
the context of known research dealing with control
over the electrical conductivity of ZnO via ultraviolet
treatment [12].

In this paper, we report an X-ray photoelectron spec-
troscopy (XPS) study of surface transformations induced
in sol–gel derived zinc oxide-based films by ultraviolet
photoannealing in air for various lengths of time.
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Table 1. Generalized Zn 2p3/2 parameters according to the XPS data for the samples differing in UV irradiation time

Before etching (0) and after the first (1) and second (2) etching steps.

UV irradiation time, min
Binding energy, eV

0 1 2

0 1022.02 1021.93 1022.05
90 1021.91 1021.79 1021.89

150 1021.78 1021.75 1021.94
EXPERIMENTAL

Synthesis of thin ZnO films with a hierarchical
structure. Zinc oxide was synthesized by a technique
described previously [11] using a sol–gel process
adapted to purposes of f lexible electronics. The pre-
cursors used for the preparation of film-forming sol
were zinc acetate dihydrate ((CH3COO)2Zn·2H2O),
2-methoxyethanol (CH3OCH2CH2OH), and 2-ami-
noethanol (HOCH2CH2NH2), which are well known
to have considerable absorption in the UV region,
causing changes in chemical bonds. The sol obtained
was ripened for 24 h at room temperature. Thin ZnO
films were produced by centrifugal casting on oxidized
single-crystal silicon substrates ((111) KDB10 boron-
doped silicon). The final synthesis step was UV photo-
annealing in air for 90 and 150 min, which was com-
bined with low-temperature heating (60–200°C). The
UV source used for this purpose was a mercury lamp
having peak emission wavelengths of 185 and 254 nm.
For the low-temperature treatment of the samples, we
used a use a f lat open heater with a metallic surface.

As reference samples, we used ZnO films prepared
from sols with a similar composition by a classic sol–
gel synthesis process [13], which were also produced
by centrifugal casting and annealed in air for 30 min at
a temperature of 550°C.

Characterization of the thin ZnO films with a hierar-
chical structure. Specific features of structure formation
of zinc oxide and modification of its surface under the
effect of UV radiation were studied by XPS. XPS spectra
were measured under ultrahigh vacuum (~10–7 Pa) on an
Escalab 250Xi multifunctional photoelectron spec-
trometer (Thermo Fisher Scientific Inc.) using an
AlKα X-ray source (1486 eV). Survey and core level
spectra were taken at an analyzer pass energy of 100
and 50 eV, respectively. In analyzing the measured
spectra, we used standard XPS spectra provided by the
manufacturer of the spectrometer (Thermo Fisher
Scientific Inc.) and took into account reference XPS
signal sensitivity factors as described elsewhere [14].
The surface of metal oxides produced in the form of
thin films is known to actively adsorb oxygen- and car-
bon-containing impurities from air [15], so measure-
ments were performed both before and after cleaning
the surface with Ar+ ions. First, Ar+ ion etching was
performed at 500 V for 300 s (first step). Next, the sur-
face was cleaned at 3 kV for 30 s (second step). Accord-
ing to a rough estimate, such cleaning was sufficient to
remove about 10 nm of the surface layer.

RESULTS AND DISCUSSION
Survey core level XPS spectra of the ZnO films. Fig-

ure 1 shows survey spectra of zinc oxide synthesized
using a sol–gel process adapted to purposes of f lexible
electronics. Spectrum 1 is for a reference sample
(sample 1: ZnO synthesized using high-temperature
annealing), and spectra 2 and 3 correspond to the
films produced by the described technique at a UV treat-
ment time of 90 (sample 2) and 150 min (sample 3). On
the whole, the spectra contain characteristic core level
peaks of zinc, carbon, and oxygen and Auger peaks,
such as Zn LMM. Note that the presence of the C 1s
peak in the spectra can be accounted for by both the
presence of residual organic components, incom-
pletely removed from the composition of the sol
during annealing, and interaction of the film with the
ambient atmosphere. Si signals from the substrate are
indistinguishable in the spectra, suggesting that the
nanomaterial contains no through pores. It should be
especially noted that, in most studies of ZnO, the Zn
2p3/2 peak (1022.0 eV) was thought to be highly infor-
mative. However, the inset in Fig. 1 demonstrates that,
in the spectra of the samples under study, this peak
shifts only slightly to lower binding energies (≈0.2 eV)
with increasing UV irradiation time. This feature of
the peak under consideration can be interpreted as evi-
dence of an increase in the number of oxygen vacancies
around zinc bonded to oxygen. Surface cleaning of the
ZnO films with Ar+ ions levels down the observed
chemical shift, which leads us to conclude that modifi-
cation occurs predominantly in the surface layer of zinc
oxide. Table 1 presents generalized Zn 2p3/2 parameters
for the samples according to the XPS data.

In addition, using the survey spectroscopy results
we estimated the percentages of zinc, oxygen, and car-
bon as functions of UV treatment time before and after
surface cleaning. The atomic concentrations of the
elements evaluated using peak areas and sensitivity
factors are presented in Table 2.

Analysis of the data presented in Table 2 indicates
that UV irradiation has a strong effect on the zinc :
oxygen atomic ratio in the surface layer of the ZnO
INORGANIC MATERIALS  Vol. 58  No. 11  2022
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Fig. 1. Survey XPS spectra of the ZnO films: (1) high-temperature annealing, (2) UV photoannealing for 90 min, (3) UV photo-
annealing for 150 min. 
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films, which is 0.47 : 0.53 for the reference sample and
0.45 : 0.55 and 0.32 : 0.68 for samples 2 and 3, respec-
tively. This can be interpreted as deficiency of zinc
atoms in the surface layer and/or enrichment in oxy-
gen atoms, resulting in a large nonstoichiometry of the
zinc oxide. With allowance for the above-mentioned
increase in the number of vacancies in the oxygen sub-
lattice with increasing photoannealing time, accom-
panied by a change in Zn 2p3/2 binding energy, analysis
of data on stoichiometry evolution leads us to make
the following assumptions regarding changes in sur-
face structure: The formation of oxygen vacancies is
accompanied by filling of interstitial sites, rather than
by oxygen release to the ambient atmosphere. The zinc
deficiency in the surface layer is caused by zinc diffu-
sion to the bulk of the material. Relationships between
the binding energy, stoichiometry, and structural per-
fection of zinc oxide were considered in detail by Pro-
nin et al. [16]. Note that two-step Ar+ ion etching
increases the Zn : O ratio, but the percentage of Zn in
INORGANIC MATERIALS  Vol. 58  No. 11  2022

Table 2. Atomic compositions according to the XPS data for

0, 1, and 2 have the same meaning as in Table 1.

Element sample 1

0 1 2 0

Zn 34.91 54.85 56.13 29.15
O 39.18 40.75 40.60 35.69
C 25.91 4.40 3.27 35.16
the irradiated films after etching exceeds that in the
unirradiated films (0.62 : 0.38 and 0.68 : 0.32 against
0.58 : 0.42), which cannot be accounted for by just
desorption of oxygen-containing adsorbates. In addi-
tion, all of the samples are characterized by high car-
bon content, 25.91, 35.16, and 58.54 at %, which con-
siderably decreases during the cleaning process: to
4.40 and 3.27% in sample 1 and less markedly in sam-
ples 2 and 3 after UV treatment for 90 and 150 min.
Data on atomic C concentration lead us to conclude
that not only does carbon adsorb on ZnO, but it also is
located at a depth considerably greater than ≈10 nm;
that is, it participates in film structure formation.

Specific features of the O 1s core level in the ZnO
films. As pointed out above, information about the Zn
2p3/2 core level is insufficient for detailed analysis of
structure formation of zinc oxide in sol–gel nanosys-
tems under UV irradiation. In connection with this, it
was reasonable to study the O 1s level, which, accord-
 the samples differing in UV irradiation time

Atomic percent

sample 2 sample 3

1 2 0 1 2

49.15 50.81 13.24 39.62 51.44
37.80 31.08 28.22 30.90 23.97
13.05 18.11 58.54 29.48 24.59
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Fig. 2. O 1s spectra of the ZnO films produced at various UV photoannealing times: (a, d, g) high-temperature annealing, (b, e,
h) UV photoannealing for 90 min, (c, f, i) UV photoannealing for 150 min; (b, e, h) first and (c, f, i) second Ar+ etching steps.
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ing to similar previous studies, provides valuable infor-
mation regarding not only the stoichiometry of the
material but also the density of adsorption centers [17].
Figure 2 shows O 1s spectra of the films before and
after two-step surface cleaning. The spectra in

Figs. 2a–2c correspond to the samples before Ar+ ion
etching; the spectra in Figs. 2d–2f were obtained after
the first etching step; and the spectra in Figs. 2g–2i,
after the second etching step.

Analysis of these spectra indicates that the O 1s sig-
nal can be decomposed into components with binding
energies of ~530.5 (OI) and ~532.0 eV (OII). Note
that the lower energy component corresponds to oxy-
gen in the crystal lattice of ZnO, whereas the higher
energy component can arise from both the general lat-
tice oxygen deficiency in the nanomaterial (that is, an
O–Zn bond surrounded by oxygen vacancies) and
adsorption of hydroxyl (OH) groups on the zinc oxide
surface. On the whole, the OI component prevails in
the spectrum of the reference sample, but increasing
the UV irradiation time leads to a redistribution in
favor of the OII component. The redistribution is so
significant that, in the case of sample 3 (the longest
UV treatment time), there is only a signal from the
higher energy component, which may be due to the
high defect density on the ZnO surface. Generalized O

1s parameters according to the XPS data for the sam-

ples under investigation are presented in Table 3

together with the calculated percentages of the OI and

OII species.

The approximate data in Table 3 and the spectra in

Fig. 2 lead us to conclude that argon ion milling

reduces the fraction of the OII species in all of the

samples, which is attributable to the removal of the

imperfect surface layer. At the same time, in the case

of the samples synthesized using the sol–gel process

adapted to f lexible electronics, the higher energy com-

ponent remains well-defined (its contribution is

63.62 at %) even after two-step cleaning. On the

whole, this type of behavior of the OI and OII compo-

nents cannot be accounted for by just the removal of

hydroxyl (OH) groups from the surface. With allow-

ance for our data on changes in atomic composition, it

is reasonable to assume that there is an additional

mechanism of ZnO film structure formation under

UV irradiation. The final result of this process is the

completion of surface structure formation and enrich-

ment of the zinc oxide surface in oxygen with a binding

energy of ~532.0 eV.
INORGANIC MATERIALS  Vol. 58  No. 11  2022
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Table 3. O 1s parameters according to the XPS data for the samples differing in UV irradiation time

0, 1, and 2 have the same meaning as in Table 1.

UV irradiation 

time, min

Binding energy, eV/concentration, at %

0 1 2

OI OII OI OII OI OII

0 530.69/59.71 532.09/40.29 530.42/77.24 531.98/22.76 530.52/82.59 532.32/17.41

90 530.47/31.82 531.93/68.18 530.32/63.04 532.04/36.96 530.02/62.39 531.85/37.61

150 –/– 531.49/100 530.11/26.73 531.91/73.27 530.28/36.38 531.99/63.62

Table 4. C 1s parameters according to the XPS data for the samples differing in UV irradiation time

0, 1, and 2 have the same meaning as in Table 1.

UV irradiation 

time, min

Binding energy, eV/concentration, at %

0 1 2

CI CII CI CII CI CII

0 285.28/90.44 288.99/9.56 285.08/82.03 289.26/17.97 285.08/74.74 289.07/25.26

90 285.21/70.50 288.71/29.50 285.39/71.81 289.12/28.19 284.85/82.08 288.84/17.92

150 284.5/81.98 288.41/18.02 285.35/78.46 289.03/21.54 284.77/74.31 288.02/25.69
Specific features of the C 1s core level in the ZnO
films. In the context of the above assumption, it
appears also reasonable to analyze in detail the C 1s
core level. Figure 3 shows C 1s spectra of the films
before and after two-step surface cleaning. The spectra

in Figs. 3a–3c correspond to the samples before Ar+

ion etching; the spectra in Figs. 3d–3f were obtained
after the first etching step; and the spectra in Figs. 3g–
3i, after the second etching step. In the binding energy
range under consideration (275–300 eV), there are
well-defined peaks centered at 285.0 (CI) and 289.0 eV
(CII). The former peak is most likely due to carbon in
the form of pyrolytic graphite, and the latter, to an
O=C–O group bonded to Zn atoms [14, 18, 19]. On
the whole, these adsorbed carbon species are charac-
teristic of all three samples. Note that the zinc oxide
films produced using UV irradiation are characterized
by a larger CII : CI atomic ratio and a shift of the peak
to lower energies (≈0.5 eV for the samples before sur-
face cleaning and ≈1 eV after two-step etching).

The mechanism underlying the formation of the
groups under consideration during low-temperature
heating (≈333 K) is not fully clear, but most likely it
involves photoactivation processes, including photo-
catalytic oxidation and ozonation, which lead to par-
tial decomposition of the organic components of the
film-forming sol in air [20]. Generalized C 1s param-
eters according to the XPS data for the samples under
investigation are presented in Table 4 together with the
calculated percentages of the CI and CII species.

Ar+ ion etching of the ZnO film surface leads to a
redistribution of the atomic percentages of the CI and
CII species. As a result, the fraction of the CII species
INORGANIC MATERIALS  Vol. 58  No. 11  2022
in samples 1 and 3 increases, whereas the zinc oxide

synthesized under UV irradiation for 90 min is charac-

terized by opposite behavior: the fraction of CI

increases from 70.50 to 71.81 and 83.08 at % after the

first and second etching steps, respectively. This find-

ing, the atomic compositions in Table 1, and similar

behavior of the O 1s peak (Fig. 2), demonstrating that

the OII species prevails over OI, lead us to conclude

that sample 2 is intermediate between the samples pre-

pared by the classic and adapted sol–gel processes.

This in turn suggests that the structure formation pro-

cesses in the ZnO films do not reach completion even

upon UV treatment for 90 min. At the same time, it is

reasonable to expect that raising the low-temperature

annealing temperature will make it possible to speed

up completion of ZnO structure formation.

Mechanism of structure formation of ZnO films in
sol–gel nanosystems under UV irradiation. A general-

ized analysis of the present XPS data leads us to

assume that the structure formation process in ZnO

films comprises three main processes:

1. High-energy photons cause photochemical

cleavage of alkoxy groups and activation of metal and

oxygen atoms, facilitating the formation of Zn–O–Zn

networks.

2. Interaction of UV radiation with atmospheric

oxygen leads to the formation of ozone molecules,

which in turn react with zinc oxide, enriching its sur-

face with adsorbed oxygen and forming a zinc-defi-

cient solid solution.
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Fig. 3. C 1s spectra of the ZnO films produced at various UV photoannealing times: (a, d, g) high-temperature annealing, (b, e, h)
UV photoannealing for 90 min, (c, f, i) UV photoannealing for 150 min; (b, e, h) first and (c, f, i) second Ar+ etching steps. 
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3. The residual organics of the film-forming sol
oxidizes by reacting with oxygen and considerably
more reactive ozone.

The first and third processes play an advantageous
role from the viewpoint of the formation of ZnO films
suitable for f lexible electronics, whereas the second
process is negative. It leads to appreciable nonstoichi-
ometry of the zinc oxide surface and carbon accumu-
lation in the bulk of the film because adsorbed oxygen
prevents complete desorption of organic components
of the sol–gel nanosystem.

CONCLUSIONS

Using XPS, we have analyzed in detail zinc oxide
structure formation in sol–gel nanosystems under UV
irradiation. Based on survey core level spectroscopy
results, we assessed the effect of UV irradiation time
on the percentages of Zn, O, and C atoms in the films.
Specific features of the O 1s and C 1s core levels have

been analyzed before and after two-step Ar+ ion etch-
ing of the film surface.

The observed decomposition of characteristic
peaks into lower and higher energy components—OI
(530.5 eV) + OII (532.0 eV) and CI (285.0 eV) + CII
(289.0 eV)—and variations in their concentrations
suggest that there is an additional mechanism of zinc
oxide structure formation. The final result of photoac-
tivation processes in the sol–gel nanosystem studied is
the completion of surface structure formation and
enrichment of the ZnO surface in oxygen with a bind-
ing energy of 532.0 eV, resulting in a zinc-deficient
solid solution.

On the whole, the present results can be of interest
for controlled synthesis of nanomaterials based on
wide-band-gap metal oxides for purposes of f lexible
electronics.
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