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Abstract

The surface morphology and structure of zinc oxide thin films play a key role in many applications such as chemical
sensors and photocatalysts. In this study, ZnO thin films are prepared on Si/SiO, substrates by spin-coating sol-gel
technique. New element in the films preparation is the application of drying with hot air flow (7= 90-95 °C), as first step
of the drying procedure, followed by furnace drying as second step. It is shown that hot air drying has significant influence
on the films properties. It reduces the internal stress, strongly affects the films surface morphology, gives assistance to the
effusion of organic remains and results in a better crystallinity and lower defect density in the as-prepared films when
compared with the films prepared by furnace drying only. Besides, first data on the modification of sol-gel ZnO films by
post-deposition irradiation with a nanosecond infrared laser are obtained, giving an alternative to the standard furnace
annealing. They indicate that laser irradiation of as-prepared ZnO films gives rise to certain improvement in crystal
structure and slight increase in crystallite size, followed by the increase of micro-strain. It also reduces the number of
defects playing role of non-radiative recombination centers, as well as the size and density of small cracks and pores on the
surface of as-prepared films.

Graphical Abstract

Left: X-ray diffraction patterns of as-prepared and annealed at 400 °C ZnO films prepared by furnace drying only, the
patterns are taken on non-irradiated and laser-irradiated films. Middle: Experimental and fitted E,"#" Raman mode in the
spectra of non-irradiated and laser-irradiated samples prepared by two-step drying, as - the asymmetry fitting parameter.
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Right: Optical and AFM surface images of annealed ZnO films prepared by one-step drying; the AFM images were obtained

at two different scales.
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e Zinc oxide thin films of densely packed nanograins are prepared by sol-gel method.

e Hot air drying during films preparation and post-deposition infrared laser irradiation are applied.
e The hot air drying has strong influence on the internal strain and surface morphology.

e The laser irradiation reduces the size and density of pores and cracks on the surface.

e Defect density decreases but internal strain increases upon the laser annealing.

1 Introduction

Zinc oxide (ZnO) is a semiconductor, which has been
widely studied in physics, chemistry, material science,
biochemistry, etc. and has already found a number of
applications. It is used in the ceramic, rubber and concrete
industry, sunblock creams, food, etc [1]. In thin film form
ZnO has attracted significant interest due to its potential
applications in optoelectronics, transparent electronics, as
surface acoustic wave devices, resistive gas sensors and
photocatalists, transparent conductive electrodes and solar
cell windows, etc [2-6]. Various methods are applied for
thin film preparation as the method of deposition is usually
chosen taking into account the requested films properties
and the cost of the method. When intended applications
require precise control of the growth process and production
of high purity materials molecular beam epitaxy, metalor-
ganic chemical vapor deposition, magnetron sputtering [7],
or atomic layer deposition [8] are used. However, these
techniques are based on usage of dedicated and usually
costly and complicated equipment. Various chemical tech-
niques are also used for growing ZnO thin films, such as
spray pyrolysis, sol-gel, hydrothermal process, electro-
deposition, inkjet printing [9-13]. These techniques are
easier and cost-effective than vapor deposition methods,
since they do not require vacuum equipment and ultrapure
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chemical elements or gases. When using some of them
(hydrothermal method [10, 11], sol-gel method [12, 13])
the synthesis of zinc oxide films takes place at low tem-
peratures. The sol-gel method is one of the most straight-
forward chemical techniques for ZnO thin film preparation
which has the advantage of coating on large areas with easy
control of the doping level without using expensive and
complicated equipments [12]. The sol composition and
other preparation conditions may be varied to prepare films
with different properties. In particular, the morphology of
the films after the drying process is strongly influenced by
the drying parameters [13] and it is essential to find proper
drying conditions for each application.

Postdeposition treatments of chemically deposited films,
such as conventional furnace annealing and rapid thermal
annealing, are normally applied, as they play significant role
in improving the crystalline quality and modifying film
properties. Recently, laser irradiation has emerged as an
effective method for modification of surfaces and structure
of metal oxides [14]. It possesses some advantages in
comparison with the thermal annealing methods - fast
crystallization at room temperature, rapid local heating and
possibility of local crystallization and low influence on the
substrate. A comparison of the effect of postdeposition
irradiation for 5 min of ZnO films by cw Ar" laser (wave-
length 1 =514 nm) with the result of thermal annealing at
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500 °C for 60 min, has shown [15] that the laser irradiation
was more effective in both modifying the surface mor-
phology and relaxing the residual compressive stress in the
as-grown films. The influence of the laser treatment of as-
prepared sol—gel ZnO thin films by KrF excimer laser [16]
on the film crystallinity, microstructure, surface morphol-
ogy and optical transmittance was compared to the results
of thermal annealing of the films. It has been obtained that
the level of crystallinity of the laser annealed films is higher
and the average crystallite size was greater than those of the
thermally annealed ones. The crystallinity improvement and
the average crystallite size of the laser-irradiated ZnO films
increased with the fluence increase. The effect of laser
irradiation on the electrical properties of pure and Al-doped
ZnO films was also explored by several research groups
[17-19]. It has been shown [18] that the irradiation of ZnO
films by pulse infrared laser (4 = 1064 nm, pulse width 5 ns
and pulse energy of 0.8J) resulted in improvement of the
electrical properties of the films and reduction of the
grain size.

In this study ZnO thin films were prepared on Si/SiO,
substrates by spin-coating sol—gel technique and a part of
them were post-deposition furnace annealed at 400 °C. A
way for modification of nanocrystalline zinc oxide thin
films is proposed in which the important new element is
application of drying with hot air flow (7}, = 90-95 °C), as
first step of the drying procedure. Post-deposition irradia-
tion with a nanosecond infrared laser is also used for films
modification, as an alternative of the standard furnace
annealing. X-ray diffraction, optical microscopy, atomic
force microscopy, scanning electron microscopy and
Raman scattering technique were used to study the effect of
each kind of treatment on the morphological and structural
modification of the films.

2 Experimental procedures
2.1 Sample preparation

Zinc oxide thin films were prepared by sol-gel method
using the spin-coating technique. The films were

deposited in a single step by rotating the substrates for
30s at a rate of 2800 rpm. Zinc acetate heptahydrate (Zn
(CH5CO0),-7H,0, 299.5%) dissolved in 99.97% ethanol
(C,HsOH, 99.97%) was used for the preparation of 0.5 M
solution. During the homogenization, monoethanolamine
(MEA)(C,H7NO) was added to the solution as stabilizing
agent [20]. For complete homogenization, the solution
was heated up to 45 °C and stirred on a magnetic stirrer
for 45 min and then it was aged for 24 h before the film
preparation. The films were deposited on crystalline c-Si
substrates covered with 300 nm thick SiO, film grown by
thermal wet oxidation. Before the film deposition the
substrates were cleaned with a H,O, + NH4,OH solution,
washed in C,H;0H (99.97%) and finally ultrasonically
treated for 20 min in ethanol (99.97%).

Two groups of as-prepared samples were produced by
using either the standard one-step drying procedure [21, 22]
i.e., furnace heating in static air at 140°C (413 K) for
10 min immediately after layer deposition (group I, samples
I-1) or a two-step drying procedure (group II, samples II-1);
the II-1 samples were first dried for 5 min with a hot air flow
(temperature T, =90-95°C (363-368 K)) with volume
flow rate of 7.51/s and then furnace dried at 140 °C for
10 min. The air flow was perpendicular to the sample sur-
face. Two other groups of samples (I-2 and II-2) were
prepared by postdeposition annealing of some as-prepared
samples from groups I-1 and II-1 at 400 °C (673 K) for
60 min in static air (below called annealed films). Spectro-
scopic ellipsometry measurements have shown [23] that the
film thickness is in the range 250—450 nm as the thickness
of the annealed films is considerably smaller (of 30-40%)
than that of the corresponding as-deposited films. This
observation has been related to decrease of film porosity
and effusion of the organic residues. The sample prepara-
tion conditions are described in Table 1.

Samples from each group were laser beam irradiated at
room temperature in air on a circle spot with an area of
~0.25cm® Q-switched Nd:YAG laser (Quanta Ray
GCR3, 4 = 1064 nm) was used operated at 10 or 20 Hz
and the total number of laser pulses was varied in the
range N = 100-4000. For all samples the laser fluence was
f= 100 mJ/cm?.

Table 1 Description of the film

. 1
preparation steps and laser Sample group

Preparation steps

Number of applied laser pulses, N

irradiation conditions L1 One-step furnace drying, 140 °C, 10 min 4000
I-2 One-step furnace drying, 140 °C, 10 min 100 or 4000
Furnace annealing, 400 °C, 60 min
-1 Two-step drying comprising: 100, 300 or 4000
* hot air drying, 5 min
* furnace drying, 140 °C, 10 min
1I-2 Two-step drying (see above) 600 or 4000

Furnace annealing, 400 °C, 60 min
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2.2 Sample characterization

The crystal structure of ZnO films was investigated by
X-ray diffraction (XRD) measurements performed by a
PANalytical Empyrean diffractometer using the Cu Ko line
(ko= 1.5406 A (0.15406 nm)).

The surface morphology and crystallite grain size and
shape were investigated by atomic force microscopy
(AFM) using a Multi Mode V microscope (Bruker, ex.
Veeco, Santa Barbara, CA), as well as by scanning elec-
tron microscopy (SEM) using a JEOL JSM 6390 micro-
scope (operated at 20kV, magnification x10,000,
%20,000, and x30,000). The AFM images were taken in
tapping mode on scales of 1um and 5 um. Aluminum
coated silicon cantilevers TAP150-Al-G (Budget Sensors
Innovative Solutions Bulgaria Ltd.) with resonant fre-
quency of 150kHz and spring constant of 5 N/m were
used. The radius of the cantilever’s tip is smaller than
10 nm. The images were just flattened and no further
processing was performed. The image analysis was done
by means of Nanoscope 7.30 program.

Raman spectroscopy was applied in order to obtain
information on the crystallinity of ZnO films as well as the
organic remains. The Raman scattering measurements have
been performed by using TriVista TR557 triple spectro-
meter system equipped with a liquid nitrogen-cooled CCD
detector. All samples were measured in backscattering
micro-Raman configuration using 514.5 nm line of a mixed
Ar"/Kr" ion laser with the output laser power in the range
of 20-100 mW. To record the spectra of relatively high
resolution in the wavenumber range (70-660 cm™") where
characteristic ZnO Raman modes could appear, 900/900/
1800 groves/mm diffraction grating combination was used
in the TriVista system. These spectra were obtained using
objective lens with x100 magnification which focuses the
laser beam to a spot size of about 2 um. The application of
this objective gives a laser power on the sample surface of
about 4 mW at a laser output power of 100 mW. To sup-
press very intense Raman mode of silicon substrate at
520.6 cm ™! parallel polarization of incident and scattered
light has been chosen and the samples were oriented to
provide minimum intensity of that mode in the spectra of
ZnO films. The as-measured Raman spectra were corrected
by subtracting the spectra originating from Raman scatter-
ing on N, in the air, in order to better distinguish the
Raman modes associated with crystalline ZnO in the range
below 120 cm™". Thus, corrected spectra were shifted to
center the most intensive mode of crystalline silicon from
the substrate at exactly 520.6 cm™'. In this way the error in
determining the mode shift attributed to ZnO has been set to
less than +0.3cm™'. On the other side, the spectra that
should provide the information on the properties of
organic remains were measured in a wide wavenumber
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range (600-4100cm™') using 300/300/500 grooves/mm
grating combination, objective with x50 magnification
giving a laser spot size of around 4 um, and power less than
2mW at the sample surface (at output laser power of
50 mW). All spectra were recorded in the air, at room
temperature, with the accumulation time of 600s. The
representative spectra were obtained by averaging several
(up to 4) individual spectra collected at the same measuring
point of each sample. Optical images of the film’s surface
were also obtained with the confocal microscope of the
micro-Raman system using objective lens with the x100
magnification.

3 Results and discussion

XRD patterns of as-prepared and annealed ZnO produced
by applying one-step or two-step drying are shown in
Fig. 1. X-ray diffraction patterns of laser irradiated
samples are also shown in Fig. 1. The broad band with
maximum at 260 ~23° is due to diffraction from the
300 nm thick amorphous SiO, film situated between the
crystalline silicon substrate and ZnO layer [24]. Four
characteristic peaks of crystalline ZnO with wurtzite
structure (JCPDS No0.36-1451) are also observed in the
spectra of all samples.

It is known [20] that MEA controls the rate of con-
densation reactions in the sol by competing with negatively
charged hydroxyl- or alkoxy- groups (OH-, Ak-), and this
leads to uniform gelling of the layer. It absorbs to positively
charged facets of Zn-complexes thus facilitating their
coordination and condensation. Therefore, the observed
good crystallinity of the as-prepared ZnO samples (I-1 and
II-1) is most likely due to the presence in the solution of
Monoethanolamine as stabilizing agent.

A comparison of the XRD patterns of as-prepared and
annealed films in each group shows that the XRD peaks in
the spectra of annealed films are stronger and slightly nar-
rower than the bands in the XRD spectra of the corre-
sponding as-prepared films. These results show that, as
expected [25], furnace annealing of the films at 400 °C causes
an improvement of the crystallinity of as-prepared films.
Comparing the XRD patterns of the as-prepared films made
by using one-step and two-step drying (I-1 and II-1, respec-
tively) one can notice that the XRD peaks in the spectrum of
the II-1 sample related to ZnO are stronger than those in the
spectrum of the sample I-1; the patterns of the annealed films
(I-2 and II-2) are very similar. This means that the usage of
hot air treatment resulted in a better crystallinity of the as-
prepared films, but it has not appreciable effect on the crys-
tallinity of films annealed at 400 °C. The XRD patterns in
Fig. 1 indicate that the laser irradiation of films prepared by
the conventional furnace drying improves the crystallinity of
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Fig. 1 XRD patterns of non-irradiated (bottom curves) and laser-
irradiated (top curves) ZnO films. The films a furnace dried at 140 °C
and b prepared by using hot air drying as first step and furnace drying

as-prepared films, but no significant laser-induced structural
change is observed in the annealed film. The effect of laser
irradiation on the films crystallinity is weaker than that of the
furnace annealing at 400 °C for 60 min. A comparison with
the data reported in the literature shows that the energy
transferred to the ZnO films by the infrared laser irradiation
applied in this study is relatively low, which could explain
the relative weak laser irradiation effect.

In order to estimate the lattice parameters, crystallite size,
and strain, the segment of the XRD patterns in the 26 =
29°-39° range was decomposed into three Lorentzians
(Supplementary material 1). The results of performed ana-
lysis of XRD measurements data of I and II sample groups,
both non-irradiated and laser-irradiated, is given in Table 2.
Presented results include lattice parameters (a, ¢), crystallite
size D and the strain €. and ¢,, along c-axis and a-axis,
respectively, for all analyzed samples. The lattice parameter
a for (100) plane is calculated by a = 1/+/3 sin ©, while the
lattice constant ¢ for (002) plane is calculated by
¢ = 1/sin®, where O represents the position of the dif-
fraction peaks corresponding to a given crystalline plane
[26]. The crystallite size D, given in the Table 2, is calcu-
lated by averaging the values obtained for three of the most
intensive diffraction peaks according to Sherrer’s equation
D = Klk,/pcos®, where the value 0.94 is used for the
shape factor K and g is full width at half maximum of the
diffraction peaks. The values of homogeneous strain along
a- and c-axis for each sample are calculated by the strain
equations g, = “- x 100% and e = % X 100%,
respectively [27], where ag = 3.2498 A and ¢y = 5.2066 A
are relaxed reference parameters for the bulk ZnO (JCPDS
No. 36-1451). The detailed analysis is given in Supple-
mentary material 1, together with the results of the
Williamson-Hall method applied to the non-irradiated and
irradiated samples from group L.

(b) 500 sample I1-1(irr) 300
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at 140 °C as second step. The samples I-1 and II-1 are as-prepared, 1-2
and II-2 are further annealed at 400 °C

From the results shown in Table 2 it can be seen that the
usage of hot air flow leads to slight increase of the crystallite
size, from 7.5nm in I-1 to 9.9 nm in sample II-1. The fur-
nace annealing at 400 °C results in significant increase in
the crystallite size, from 7.5 to 14.2 nm in the sample group
I, and from 9.9 to 15.7 nm in the sample group II. On the
other side, the results presented in Table 2 indicate that laser
irradiation has a small effect on the crystallite size of both
groups of samples, because the variations of the values
shown in Table 2 do not exceed 1 nm. However, it should
be noted that the values of crystallite size D from Table 2
are calculated by Sherrer’s equation, which does not take
into account the influence of microstrain on the broadening
of diffraction peaks and this can lead to values of crystallite
size D being underestimated.

The results related to lattice parameters a and c, together
with corresponding strain values (e, €.), show that the
samples produced by one-step drying (group I) exhibit the
tensile strain along c-axis (¢ > cg, &..>0). Note that in this
group most of the samples also have values of parameter
a > ag (e,,>0), with the exception of sample I-1(irr), with a
slightly lower than aq (¢,, = —0.003) (see Table 2 and
Supplementary material 1). Among the samples produced
by two-step drying procedure (group II), the strain in
sample II-1 is almost relaxed (c = cg, €. =0), whereas the
rest of the samples in this group show compressive strain
along c-axis (c < ¢g, €. <0). The parameter a in the samples
of this group is close to reference value. According to this
analysis, the process of two-step drying leads to significant
relaxation of strain. On the other side, the laser irradiation
causes a slight increase of tensile strain along the c-axis in
the samples from group I, and more significant increase of
compressive strain along the same axis in the samples from
group II. Note that a significant increase of strain in the
irradiated samples from group II for sure have a role in
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Table 2 The lattice parameters (a, c), crystallite size (D) estimated by Sherrer”’s equation, as well as the strain along a-axis (g,,) and c-axis (¢..) of non-irradiated and laser-irradiated ZnO films

determined from X-ray diffraction data

Laser irradiated samples

Non-irradiated samples

Sample group

Springer

Lattice parameters (A)

Lattice parameters (A)

Strain

D (nm)

Strain

D (nm)

Ecc (%)

Eaa (%)

Ecc (%)

Eqa (%)

0.28 +£0.02
0.18+0.01
—0.11+£0.04

—0.15+0.02

—0.03£0.01
0.043 +0.009
0.00+0.03
—0.04 £0.02

7.65+0.08
13.6+0.1

5.2213(8)
5.2158(5)

3.2488(4)
3.2512(3)
3.2499(9)
3.2484(8)

0.24+0.02
0.16 £0.01
0.00+0.02
—0.03+0.01

0.08 +0.02
0.049 +0.009

7.50+0.08
14.2+0.1

5.219(1)
5.2149(5)

3.2523(7)
3.2514(3)
3.2499(5)
3.2475(4)

I-1

I-2
1I-1

10.3+£0.2
149+0.3

5.201(2)

0.00+0.02
—0.07+0.01

0.1

9.9+
15.7+0.2

5.2066(10)
5.2052(7)

5.199(1)

1I-2

XRD peak broadening, but this is not taken into account in
the estimation of crystallite size D (Table 2), because it has
been calculated by Sherrer’s equation. In this way, certain
increase in crystallite size D due to laser irradiation may not
be fully detected from the results shown in Table 2.

Optical surface images of three samples (I-2, II-1, and
II-2) subjected to different drying and annealing procedures
are displayed in Fig. 2; the image of sample I-1 (not shown)
is similar to the image of sample I-2. The images show that
the surface morphology of the films from group I (I-1 and
I-2) prepared by using one-step drying (Fig. 2a) is very
different from that of the group II films (II-1 and II-2)
prepared by applying two-step drying procedure (Figs. 2b
and c). Fiber-like features (stripes, wrinkles) are seen on the
surface of the films from group I and the image in Fig. 2a
shows that the film annealing does not remove wrinkles
formed during the drying process. The surface of the two
samples prepared by using two-step drying is uniform.
Wrinkling has been observed by other authors on the sur-
face of undoped [13, 28] and doped [29, 30] ZnO thin films.

Stripes can appear during the spin-coating or drying
process. Throughout the entire spin-coating process eva-
poration of sol solvents occurs and a concentration profile
is developed within the thinning fluid to feed the eva-
poration at the top surface [31]. Since the nonvolatile
components are not removed, there should be a build-up of
these solutes near the fluid/vapor interface. This could
increase solute concentration at the fluid surface and lead
to a local increase in the fluid viscosity and formation of a
“skin” layer, which may restrict the subsequent solvent
evaporation. In our case, all liquid films were prepared on
the substrates at same deposition conditions. Hence, their
surface morphology is determined by the drying process
applied rather than by the formation of a surface “skin”
during the spin-coating process.

The shrinkage of the films due to residues evaporation
causes various levels of internal stress inside the films.
Depending on the evaporation rate and the stress-specific
patterns can appear on the film surface. Thus, the morphology
of the films after the drying process is strongly influenced by
the drying procedure [13]. Thermogravimetric-differential
thermal analysis of Zn-sol with 2-methoxyethanol as solvent
(boiling temperature 124 °C) has shown [13] that when heat-
ing at a rate of 10 K/min the weight loss till ~80 °C was ~55%
and the loss in 80-220 °C region was ~15%. The boiling
temperature of ethanol at atmospheric pressure is ~78 °C while
MEA evaporation takes place at ~120 °C. One can assume that
during the one-step isothermal furnace drying at 140 °C in
static air the weight loss and physical shrinkage is fast and this
could result in high lattice disorder in the as-prepared films.
When applying the two-step drying procedure during the first
step (treatment with hot air (90-95 °C)) the solvent evapora-
tion may be retarded by the air flow directed to the film surface
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Fig. 2 Optical images of the surface of two samples annealed at
400°C: a sample I-2 and b sample II-2; ¢ optical image of as-
deposited sample II-1, prepared by applying the two-step drying

Fig. 3 Three-dimensional
surface images of sample I-2
obtained at 1 um (a) and 5 um
(b) scale. Please pay attention
that z-scales in figures a and b
are very different

which would result in slower shrinkage and better lattice
ordering (shown by the XRD results in Fig. 1). In addition, the
hot air treatment may facilitate oxygen absorption in the layer
thus reducing density of oxygen vacancies and having con-
tribution to lattice ordering. The annealing at high temperature
(400 °C) effectively increases lattice order and therefore both
types of annealed films display similar XRD patterns.

The mechanisms proposed for explanation of surface
wrinkling are based on assumption for creation of internal
stress in the sol during drying. According to the mechanism
suggested in ref. [20]. when the stabilizer is of high vola-
tility, instability and vapor pressure, a dried layer is initially
formed at the film/air interface and extends to the lower part
of the film with drying time. Meanwhile, the expansion
coefficient of the bottom (wet) layer increases, the capillary
force of liquid phase decreases and an upward force is
generated at the bottom layer that transfers through the dried
layer and causes surface wrinkling. For sols with Mono-
etholamine (having high evaporation rate) this type of
morphological features have been related [28, 32] to rapid
MEA evaporation which stimulates a fast course of
hydrolysis-condensation reactions and release of hydroxyl-
or alkoxy-groups from the volume of the film that leads to
appearance of internal stress between the substrate and
the ZnO-sol.

To get more information about the size and micro-
structure of the stripes seen in Fig. 2a. AFM measurements
were carried out. Two three-dimensional (3D) AFM surface

procedure. The micrographs were recorded under the x100 magnifi-
cation objective of optical microscope coupled to the Raman spec-
trometer and presented the sample area of about 50 um wide

images of sample I-2 obtained at 1 um (a) and 5 pm (b) scale
are shown in Fig. 3. It is seen from Fig. 3a that the film
consists of densely packed grains, and no clustering is
observed. The image analysis has shown that the grain size
is in the range 15-30 nm. It is larger than the size of ~15 nm
determined from the XRD results. This difference can be
due to the above-discussed underestimation of the grain
size, as well as to the convolution of the tip of the probe
with the grain resulting in size overestimation. Stripes of
very different height (from a few tens nanometers to several
hundred nanometers) are observed in Fig. 3. A stripe of a
small height is seen from Fig. 3a which has identical
microstructure with the microstructure in the valleys. This
supports the above suggestion that the appearance of sur-
face stripes is due to relaxation of the internal stress in the
layer rather than to growth of features with different
microstructure and composition. Based on this assumption
the uniform surface of the films prepared by two-step drying
(Fig. 2b, c) can be related to lower level of internal stress in
these films. Hence, the application of hot air drying reduces
the internal stress in the ZnO films thus having strong effect
on the surface morphology.

Comparing the optical images of the surface of non-
irradiated and laser-irradiated samples prepared by con-
ventional furnace drying at 140 °C and annealed at 400 °C
we have found some indication that, although laser irra-
diation does not change significantly crystallinity and
crystallite size of the films (see Fig. 1, sample 1-2), it causes
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Fig. 4 SEM images of two II-
Isamples prepared by applying
the two-step drying procedure: a
non-irradiated ZnO film, b laser
irradiated ZnO film, N = 100

20KV X10,000

Fig. 5 SEM images of two II-2
samples post deposition
annealed at 400 °C: a non-
irradiated ZnO film, b laser
irradiated ZnO film, N = 600

20KV X10,000

some additional wrinkling of the surface. This observation
requires further investigations and could be interesting from
chemical sensing and photocatalytic points of view.

Additional information about the effect of laser irradia-
tion and hot air flow on the film properties was obtained by
SEM and Raman scattering techniques. SEM images of
non-irradiated and laser-irradiated as-prepared (II-1) and
annealed (II-2) ZnO thin films prepared by using two-step
drying are displayed in Figs. 4 and 5, respectively; no
results for the films from group I are shown because they
are influenced by the wrinkles on the film surface. It is seen
that the surface of non-irradiated as-prepared (Fig. 4a) and
annealed (Fig. 5a) type II layers has a considerable porosity,
short narrow cracks are also visible. The density of cracks
on the surface of the annealed film is a little higher than that
on the surface of the as-prepared one. After laser irradiation
(N =100) the surface of film II-1 looks more compact and
the density of pores and cracks is significantly reduced (Fig.
4b). The irradiation of the annealed film II-2 (N = 600)
makes the cracks longer and wider (Fig. 5b).

During the laser irradiation (4= 1064 nm, quantum
energy 1.16eV) the beam penetrates to the substrate since
the optical band gap of ZnO is 3.3 eV [33]. A part of the
energy of the laser beam is transferred to the film, as well as
to the Si substrate. It may be converted into heat and thus
the laser irradiation may cause film annealing. The irra-
diation with 100 pulses probably causes a mild annealing
that reduces the existing internal stress and makes the film
surface more relaxed and smooth. The higher crack density
on the surface of non-irradiated and irradiated (N = 600)
annealed films II-2 is probably due to the big difference in
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the volume thermal expansion coefficients of nano-ZnO
(1.57x 10 K! [34]) and the SiO, layer (300 nm thick)
underneath (5.6 x 10”7 K [35)).

Raman scattering spectra of non-irradiated and laser
beam irradiated samples selected from groups I and II,
together with the spectrum of Si-substrate, in the
70-600 cm~' wavelength range, are shown in Fig. 6. In
addition to the Raman modes associated with crystalline
silicon from substrate, which include the most intense
mode at 520.6 cm™! and second-order 2TA mode of less
intensity at about 302 cmfl, the spectra of ZnO films are
dominated by two Raman features which can be associated
to crystalline ZnO. These features at ~100cm ' and
~439cm™' can be assigned to nonpolar phonon modes
E,'*Y and E,"#" mainly associated with the vibrations of
the Zn and O atoms in wurtzite ZnO crystal lattice,
respectively [36—38]. The position, linewidth and shape of
these modes depend on nanocrystallites size, strain, dis-
order and defects in ZnO nanostructures [36]. The
decrease of nanocrystallite size and increase of disorder
lead together to the broadening of Raman modes.
Although E,"#" mode in crystalline ZnO is asymmetric
due to anharmonicity, recent studies have shown that
phonon confinement effect due to nanocrystallite size [36]
could cause additional asymmetrical broadening on the
low frequency side of this mode, but without significant
impact on its Raman shift, except in the case of nanos-
tructures with dimensions of only a few nanometers [39].
On the other side, the position of the £, modes in Raman
spectra of ZnO are highly sensitive to microstrain: the
tensile strain moves E,"#" toward lower frequencies
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Fig. 6 Raman scattering spectra in the 70-600 cm™' range of non-
irradiated and laser-irradiated as-prepared samples from group II-1,
and samples from groups I and II annealed at 400 °C. The spectrum of
a c-Si/SiO; substrate is also shown. All spectra correspond to the same
scale, but they are grouped and vertically shifted for clarity

(redshift), whereas the compressive strain has opposite
effect (blueshift) [40]. Due to the poor signal-to-noise ratio
and very intensive background signal from the substrate in
the Raman spectra shown in Fig. 6, it is not possible to
conduct a detailed analysis of ZnO modes in a manner
similar to that proposed by Séepanovié¢ et al. [36].
Nevertheless, the presented spectra allow several conclu-
sions to be drawn, based on the variation of the position
and linewidth of E," and E,"¢" modes in the spectra of
samples prepared by different procedures. To estimate
these values, E21°W mode has been fitted by the Lorentzian
shape, whereas for the fitting of asymmetric E,"" mode,
the modified pseudo-Voigt profile has been used, accord-
ing to the procedure proposed by Korepanov and Sedlo-
vets [41], described in the Supplementary material 2.
Obtained results are shown in Table 3.

It can be seen from Table 3 that the E, mode has
almost the same position (around 100 cm™') and shape in
the spectra of annealed samples (I-2 and II-2). However,
this mode is broadened and slightly shifted to higher fre-
quency (~100.5cm™!) in the spectrum of the as-prepared
sample II-1, which, together with somewhat more pro-
nounced E,°Y asymmetric tail in this spectrum, indicates
the lower crystallinity and higher disorder, due to smaller
nanocrystallite size (10 nm) in this film, in comparison with
annealed samples (14 and 16 nm). Also, the broadening and
increasing of mode asymmetry of the E,"" mode at the
lower frequency side in the spectrum of the sample II-1
(which will be explained in details later in the text), could
be related to smaller size and lower crystallinity of nano-
crystallites. On the other side, significant influence of the
microstrain is responsible for different positions (about 438
and 439 cm™!) of the E,"" mode, in two annealed samples

(I-2 and II-2, respectively) with the similar nano crystallite
size, according to XRD data (see the Table 2). The Raman
position of E,"&" mode in the spectrum of II-2 is similar to
unstrained ZnO crystal, which is in accordance with the low
compressive strain registered in this sample. On the con-
trary, the redshift of this mode in the spectrum of I-2 may be
ascribed to significant tensile strain in this film (Table 2).
Note that the difference in Raman shifts of ~1 cm™! corre-
sponds quantitatively to different strains registered in
these two samples, according to the relation between Raman
shift Aw and strain &, along c-axis, Aw = m - &, where
m=—(527+28) cm™"' [42].

The applied fitting procedure enables not only the
determination of the position and FWHM of Ezhigh mode,
but also the assessment of the asymmetry which is descri-
bed by the fitting parameter as (see Supplementary material
2 for details). Taking into account the fitting error, the
values of parameter as obtained for annealed ZnO samples
do not deviate much from the literature values for ZnO bulk
crystal (as = —0.22) [41]. However, the as values of —0.41
and —0.36 obtained for the E,"" mode of non-irradiated
and laser-irradiated as-prepared samples II-1 and II-1(irr)
significantly exceed bulk value (Fig. 7), confirming the
additional asymmetrical broadening of this mode due to
small nanocrystalite size and/or low crystallinity in these
samples. The values of fitting parameters shown in Table 3
have also indicated that E,"&" mode in the spectrum of the
laser-irradiated as-prepared sample II-1 was slightly blue-
shifted, narrower and less asymmetric than this mode in the
spectrum of nonirradiated sample. The small blueshift of
E>"#" mode could be related to increased compressive strain
due to laser irradiation (registered by XRD data) [41, 42].
On the other side, the narrowing and lower asymmetry of
E>"e" mode in the sample II-1(irr) imply that laser irradia-
tion has possibly caused a slight increase of nanocrystallites
size and crystallinity in as-prepared ZnO two-step dried
film, which is not inconsistent with the XRD analysis,
having in mind the restrictions of Sherrer’s method.

In contrast to the discussed subtle differences in the
Raman spectra of as-prepared and annealed samples, as well
slight variations of the spectra of as-prepared sample due to
laser irradiation, indicating differences in their nanos-
tructures, the spectra of non-irradiated and corresponding
laser-irradiated samples annealed at 400 °C are very similar
(except for insignificant changes in the background signal).

Raman scattering spectra of non-irradiated and laser
beam irradiated films, taken in the 2300—-4050 cm™! range
are shown in Fig. 8. A broad asymmetric band of similar
intensity peaked at ~2900cm™! is seen in the spectra of
non-irradiated and laser-irradiated as-prepared films, II-
land II-1(irr). This band is also observed in the spectra of
annealed films. It is well resolved in the spectra of
non-irradiated and laser-irradiated films prepared by using
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Table 3 The frequencies and full Tow high
widths at half maximum Samples £, E
(FWHM) of E,*" and E,"¢" Frequency (cm’l) FWHM (Cm’l) Frequency (cm’l) FWHM (Cm’l) Asymmetry
ZnO Raman modes, together parameter as
with the fitting asymmetry
parameter as of the E>MEh mode I-2 100.0+£0.1 2.0+£0.3 438.0+0.5 10.7+1.6 —0.28 +£0.08
I-2(irr) 100.0£0.1 22+04 438.1+0.4 102+1.3 —0.25+0.08
II-1 100.5 0.6 42+1.2 438.9+0.3 13.7x1.1 —0.41+0.03
I-1(irr) 100.8 £0.6 39+1.3 439.4+0.3 11.9+0.1 —0.36+0.0
-2 100.3+0.1 3104 439.0+0.5 100+ 1.5 —0.28 £0.08
1-2(irr) 100.3 £0.1 2704 439.1+0.5 10.1x1.2 —0.29 +£0.08
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Fig. 7 Experimental and fitted E,"¢" Raman mode in the spectra of the 175 “

II-1 and II-1(irr) samples with the asymmetry fitting parameter as
denoted

one-step drying (I-2 and I-2(irr)), but weak in all spectra of
the films from group II, prepared by applying two-step
drying procedure. The vibrations in the range
2800-3100cm ™! are assigned to three bands—CH, sym-
metric stretching, CH; symmetric stretching, and CHj3
antisymmetric stretching vibration modes [43, 44]. Using
the intensity of the band at ~2900 cm ™' as a measure for the
organic remains in ZnO films one can conclude that: (i) the
treatment with hot air flow gives some assistance to effusion
of organic remains;(ii) the laser irradiation did not appre-
ciably affect the process of effusion of organic remains; (iii)
annealing temperature higher than 400 °C is required for
total effusion of remains, which is in agreement with the
results of other authors [45, 46].

A second broad band at ~3820 cm ™! is observed in the
spectra of films annealed at 400 °C but it is more suppressed
in the spectra of as-prepared samples. The band is outside of
the ranges of the N-H (3300-3500 cm_]) and O-H
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Fig. 8 Raman scattering spectra of non-irradiated and laser beam
irradiated samples from group II-1, I-2 and II-2 (N — the number of
irradiation laser pulses)

(3100-3700 cmfl) vibrations [44]. We were unable to
identify molecular species responsible for this band. To our
opinion, it is not due to Raman vibration modes from
organic molecular group. The band is centered at about
1.9 eV and one can assume that it is a photoluminescence
(PL) band coming from SiO, or ZnO layers. PL band at
around 1.9eV has been observed in the spectra of SiO,
films and related by many authors to nonbridging oxygen
[47-50]. The SiO, layer is sandwiched between the c-Si
substrate and ZnO layer and the sample annealing was
carried out at relative low temperature. Hence, one can
expect that SiO, layers were not appreciably changed by the
sample annealing. However, if the 1.9 eV band is originated
only from the SiO, layer, this band should be observed in
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the same way (similar intensity and shape) in the Raman
spectra of all samples, but it is not the case. Therefore, we
suppose that the broad band at ~3820 cm™! could rather
correspond to red-orange PL from the ZnO layers of the
annealed samples. Probably because of the very high defect
density in as-prepared ZnO films the non-radiative carrier
recombination is dominating and therefore the intensity of
~3820cm ™! band is very low. Observation of red-orange
PL band has been reported by a number of authors though it
is not very common. Various kinds of lattice defects such as
interstitial Zn [51], donor—acceptor defect complexes,
including zinc vacancy complexes [52] and oxygen inter-
stitials [53] have been associated with this luminescence.
Based on the XRD results we have assumed that the hot air
flow treatment facilitates oxygen absorption in the layer
thus reducing the density of oxygen vacancies and
improving lattice order in the samples from group II. One
can assume that a certain amount of interstitial oxygen also
exists in these films. It could be responsible for the better
expression of the 3820 cm ™' band in the spectra of the films
prepared by two-step drying. The laser irradiation causes
slight increase of this band intensity which could be related
to small reduction of the non-radiative recombination cen-
ters in the films. Also, the intensity level of all spectra in the
range shown in Fig. 8 increases after the laser irradiation,
which might be the consequence of the changes in surface
morphology induced by laser irradiation and registered
by SEM.

In the end, we would like to notice that the treatment
with hot air flow caused a strong reduction of the electrical
conductivity of the films [23], similarly to the effect of
thermal annealing at 400 °C. The laser irradiation also gave
rise to irreversible decrease of the electrical conductivity,
related to laser-induced reduction of electrically active
defects. Non-irradiated and laser-irradiated films prepared
by applying two-step drying have shown better sensing
response to ethanol vapors at room temperature than the
films subjected to one-step drying. These results indicate an
enhanced multifunctional performance of ZnO films pre-
pared by treatment with hot air flow or laser irradiated for
environmental and other applications.

4 Conclusions

Sol-gel zinc oxide thin films were prepared by spin-coating
technique, they consist of densely packed nanosized grains,
and no clustering has been observed. The as-prepared films
have good crystallinity related to the presence of Mono-
ethanolamine in the solution and furnace annealing of the
films at 400 °C has resulted in crystallinity improvement
and a crystallite size increase of ~50%.

Drying with hot air flow (7}, = 90-95 °C) as the first step
of the drying procedure and postdeposition irradiation with
a nanosecond infrared laser (1064 nm, 100 mJ/cmz) were
used as tools for modification of the films structure and
surface morphology. It has been found that the application
of hot air drying gave some assistance to the effusion of
organic remains and resulted in a better crystallinity of the
two-step dried as-prepared films when compared with the
crystallinity of the one-step dried films. Stripes (wrinkles) of
various sizes have been revealed on the surface of as-
prepared and annealed films produced by furnace drying at
140 °C. The stripes have been related to the existence of
significant internal stress caused by fast solvent/MEA eva-
poration during drying. However, the surface of all samples
prepared by using hot air drying was uniform which has
been explained assuming that hot air drying retards the
solvent evaporation, the film shrinkage is slowed up, which
results in lower internal stress, uniform surface, and better
lattice order. The Raman scattering results have revealed the
subtle differences in ZnO nanostructure depending of film
preparation procedure.

The XRD study shows that laser beam irradiation has
given rise to slight variation in a crystallite size and mostly
the increase of strain, whereas the analysis of Raman scat-
tering data shows that laser-induced changes are most
pronounced in as-grown samples produced by two-step
drying procedure. Laser irradiation also leads to some
decrease in the number of defects playing role of non-
radiative carrier recombination centers, and reduces the size
and density of small cracks and pores on the surface of as-
prepared ZnO films produced by using hot air drying. These
observations have been related to the transformation of a
part of the quantum energy of the laser beam to heat and
film annealing. The results of this investigation have shown
that the application of hot air drying and irradiation with
infrared pulse laser are promising for successful modifica-
tion of the surface morphology and structure of sol-gel
ZnO films.
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