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The surfaces of thin composite electrochromic
Ni(OH)s-polyvinyl alcohol films, deposited by the
cathodic template method on FTO glass substrates, were
proposed to be processed using laser radiation. The
processing of these films was carried out in a colored
state with a laser beam of a semiconductor emitter with
a wavelength of 650 nm (red) with a pulse duration of
3,000 us, the beam diameter was about 40 um. The ener-
gy at a single point was 37.5 J/cm?.

The result was a film with microholes of about 80 um.
The transparent areas of the surface did not exhibit elec-
trochromic properties, which indicated the absence of the
original electrochromic coating.

The study of the properties of the laser-processed film
JSollowing a certain pattern showed that the characteris-
tics of composite Ni(OH) >-polyvinyl alcohol coatings had
changed significantly. On the one hand, the coloration
depth of the films decreased by several percent, on the
other hand, the specific electrochemical characteristics
increased significantly.

The study also showed that laser processing did not
lead to significant changes in the main properties of
the transparent electrically conductive layer — color
and resistance. Before and after laser processing, the
surface resistance of FTO glasses was 12.1+0.9 and
14.4%1.2 Ohm/sq., respectively.

In addition, it was found that the processing of
Ni(OH) s-polyvinyl alcohol films improved the adhesion
of the latter to the surface of FTO glass. Based on the
data obtained, a selective method was proposed for modi-
JSying thin colored films deposited on transparent conduc-
tive oxides (FTO, ITO, AZO) by visible laser radiation.
This approach to changing the properties of films can be
useful for areas related to the development of sensors,
microelectronics, solar cells, small-sized current sources,
electrodes with high efficiency, etc.

Keywords: laser processing, selective processing,
electrochromism, electrochromic coating, deposition,
nickel hydroxide, polyvinyl alcohol, adhesion
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1. Introduction

Nickel hydroxide, as a component of various electro-
chemical devices, is one of the intensively studied sub-
stances [1]. The options for its obtaining and processing
are varied since they allow varying its properties in a wide
range [2]. This interest is primarily due to the wide range of
its applications. The use of nickel hydroxide compounds is
determined by the unique properties of the latter. The first
of them is the possibility of carrying out a reversible elec-
trochemical reaction between nickel hydroxide and nickel

oxyhydroxide (Ni(OH)y<>NiOOH). The second one indi-
cates the different properties of each of the substances: color,
conductivity, chemical behavior. For example, Ni(OH), is
light green but in thin films, it is a transparent substance.
In turn, NiOOH is black with metallic luster though in thin
films it is a dark brown substance. The color difference of
the Ni(OH)»«>NiOOH pair has determined it as a promising
electrochromic substance for the so-called Smart Windows
with the ability to change light transmission [3, 4].

On the other hand, the high reversibility of the reac-
tion (1) has predetermined the primary use of the substance



as a component of chemical current sources (CCS) — alka-
line batteries:

Ni(OH),-NiOOH+H"+1¢". )

Recently, this substance has also found application in the
composition of the electrodes of asymmetric hybrid superca-
pacitors. These devices are a relatively new type of CCS and
allow the discharge (charge) at high speeds [5, 6].

Since NiOOH is a strong oxidizing agent, a nickel oxide
electrode is effective in deactivating a number of toxic or-
ganic substances [7, 8].

In addition, electrodes based on Ni(OH), can act as sen-
sors for some organic substances, such as glucose [9, 10], hy-
drogen peroxide [11, 12], when detecting microRNA [13], etc.

Thin films of nickel hydroxide have also found applica-
tion in solar cells [14, 15]. This application is due to the fact
that NiIOOH (as well as NiO) can be easily obtained from
Ni(OH), and is a p-type semiconductor [16].

In several works devoted to the process of water decompo-
sition [17, 18], Ni(OH )o-based composite materials have been
proposed, which exhibit high catalytic properties. Moreover,
it has been shown that Ni(OH), with the addition of CaCO3
during ball milling of polyethylene makes it possible to effi-
ciently recycle the polymer to produce hydrogen [19].

In this way, new methods of obtaining, processing, and
modifying nickel hydroxide will play a key role in the further
improvement of materials used in various devices.

2. Literature review and problem statement

It should be noted that in modern applied areas there is
not only controlled application of certain films but also their
modification. Since the fields of application of oxide and
hydroxide compounds of nickel are constantly expanding, it
seems interesting to develop controlled methods of Ni(OH),
processing. One of such processing methods can be laser radia-
tion processing with obtaining fine structures and patterns. In
the case of composite and multilayer materials, the processing
is also interesting, which allows you to selectively modify indi-
vidual elements (layers) of materials. In other words, methods
that allow you to modify the selected layers without destroying
or changing the properties of the rest. These methods include,
among other things, processing with laser radiation.

An example of such processing can be the work [20],
in which the authors obtained the anodic active mass of a
lithium-ion battery by sintering Co30y4 particles into mi-
cron-sized particles. At the same time, cobalt nanoparticles
were formed during sintering. Such material showed a sig-
nificantly higher capacity efficiency.

Another work was also devoted to the modification of
the electrodes of lithium-ion batteries by selective laser
sintering [21]. As a result of using this processing method,
the authors achieved the absence of the need to use a binder
as well as to change the structure and morphology of the
resulting active masses.

The successful use of laser processing for ultra-thick
electrodes was demonstrated in [22]. It showed that perfo-
ration using laser radiation improved the characteristics of
the electrodes five times, with a discharge capacity of 0.1 C.
The researchers linked the increase in capacity with im-
proved mass transfer and reduced internal resistance of the
electrodes.

In [23], the positive effect of laser processing on the char-
acteristics of the electrodes of lithium-ion batteries by laser
annealing to obtain SiOg 76 nanoparticles was noted.

It should be noted that laser processing is also used in
other areas. Thereby, [24] showed the use of laser engraving
in the formation of supercapacitor microarrays for the power
supply of stretched systems.

When forming the sensor system for glucose determina-
tion, the laser method of removing water from the composite
material of the sensor was used [25]. It was shown that re-
moving water from the sensor electrode materials in the oven
resulted in materials with inferior performance compared to
laser processing.

Femtosecond laser pulses were used in [26] to form soft
and elastic microelectrodes. The resolution of drawings with
a laser reached 3 um. The authors positioned the proposed
technology for creating biosensors.

Laser texturing was proposed by the authors of [27] as a
processing method for increasing the anticorrosive proper-
ties of the TijsMogZryFe alloy. The increase in the corrosion
resistance of the alloy occurred due to instant melting and
solidification in an inert atmosphere as well as parallel chem-
ical processes.

In the work devoted to a silicon-based antireflection
coating, femtosecond laser processing was used with subse-
quent chemical modification [28]. The resulting coating had
high antireflection and self-cleaning properties.

Using laser processing in [29], the characteristics of
shape memory polymers with laser-deposited hierarchical
micro/nanoscale elements were fabricated and studied. The
structures under development were proposed for microfluid-
ic devices and sensors with the ability to switch wettability.

As can be seen from the above examples, laser processing
for creating patterns, surface modification, and application
of fine structures can be successfully used in various applied
directions. It should be noted that the most convenient is the
use of laser processing for modifying flat films or surfaces.
These include films based on Ni(OH),-polyvinyl alcohol
(PVA), which exhibit electrochromic properties [30, 31].
The use of laser processing in the case of thin Ni(OH),-PVA
films can significantly change their properties.

One of the methods of deposition of Ni(OH),-PVA films
is the cathodic template method [32,33]. Since the cathodic
template method is an electrochemical method, a conducting
substrate is required for its implementation. In this case, it is
interesting to implement selective processing with laser radia-
tion that does not destroy the electrically conductive substrate.

The literature search for examples of modification of
Ni(OH),-PVA, Ni(OH),, NiO films as well as other electro-
chromic materials by laser radiation did not give a positive
result. Since modification by laser radiation can change and
improve the characteristics of composite films, it was neces-
sary to check this assumption. Therefore, the main issue of
this study was to investigate the possibility of performing
selective processing using laser radiation. The second issue
was the search for parameters of the modification by laser
radiation of Ni(OH),-PVA films.

3. The aim and objectives of the study

The study aimed to test the possibility of performing se-
lective laser processing of composite Ni(OH),-PVA films on
a glass substrate coated with a transparent electrically con-



ductive oxide. Carrying out such processing can, on the one
hand, improve the characteristics of the selected composite,
and, on the other hand, provide a powerful tool for the for-
mation of microelectrodes based on colored film materials.

As part of the solution to this aim, the following objec-
tives were formulated:

—to deposit Ni(OH),-PVA films by the cathodic tem-
plate method,;

— to determine the parameters of laser processing;

— to carry out laser processing of the obtained films and
to compare the morphological, electrochemical, and optical
characteristics of the processed and unprocessed films and
substrates.

4. Research methods used to determine
the effect of temperature differences
on the properties of Ni(OH),-PVA films

Obtaining composite Ni(OH),-PVA films.

All films were prepared on glass with a conductive
transparent coating consisting of fluorine-doped tin oxide
(FTO glass): R<10 Ohm/sq., Zhuhai Kaivo Optoelectronic
Technology Co. Ltd. (China).

FTO glass was degreased by wiping with a paste based on
water and soda. Then, the substrate was rinsed with running
and distilled water and also processed with ultrasound in
an ultrasonic bath in 96 % ethyl alcohol (10 minutes, 60 W,
41.5 kHz). After that, they were dried immediately before the
next operation and wiped again with a lint-free cloth with ethyl
alcohol. In this case, the dimensions of the working area of the
FTO glass were 2x2 cm, the total dimensions were 3x2 cm.

Before applying the composite coatings, “soft” etching was
performed. This was necessary to ensure better adhesion of the
film to the substrate as well as to improve the electrochemical
and optical characteristics of the deposits [34]. In a series of
experiments, “soft” etching was carried out in a gentle mode
using low current densities so as not to significantly change
the value of the surface electrical conductivity of substrates.
The etching mode was chosen as follows: —0.25 mA/cm?, 10s;
+0.25mA/cm?, 100s; —0.25mA/cm?, 40s; +0.25 mA /em?,
100s; —0.25mA/cm?, 40s; +0.25mA/cm?, 100s. 1 M HCI
was used as a solution for “soft” etching. After etching, the
substrates were thoroughly washed in distilled water and an
electrochromic coating was applied.

The preparation of electrochromic composite Ni(OH ),-PVA
coatings was carried out electrochemically using cathodic
template deposition from a 0.01 M Ni(NOs); solution with 4 %
PVA at i=0.1 mA /cm? for 600 s. The deposition regime was the
same for all samples. All films were dried at room temperature
for 1 day. One of the samples was subsequently not laser-pro-
cessed and was used to compare the characteristics with the
processed films.

Laser processing of the resulting films.

It should be noted that semiconductor laser emitters
are both small-sized and powerful. The same emitters are
relatively affordable, which can significantly reduce the
cost of technology. There are laser semiconductor diodes on
the market that emit in visible colors: red (650 nm), green
(520 nm), and violet (405 nm). In this work, a 650 nm red
laser diode with a power of 0.2 W was chosen. In order to
process the Ni(OH),-PVA composite, the original film was
tested in the modes described in the section Electrochemical
and optical tests, and after testing, the film was colored. Col-

oration was performed by sweeping the potential of the film
electrode from +201 to +701 mV (NHE) at a rate of 1 mV/s.
The colored film was rinsed with distilled water and dried at
room temperature for 1 hour. Then, the coated electrode was
placed on the platform of the setup and processed with laser
radiation by the specified pattern in the control program.

The setup consisted of three main parts:

—a laser diode attached to the carriage of a stepper mo-
tor that moved along the Y-axis;

— aplatform attached to the second stepper motor, which
moved along the X-axis;

—an electronic control unit with a power supply built
on an Arduino Nano board and two A4988 stepper motor
control drivers.

The Arduino Nano was controlled via a USB cable using
a program installed on a PC. In turn, the Arduino Nano
with the loaded sketch moved the platform, and the carriage
with the laser along the X and Y axes, and also turned on
and off the power to the laser diode. Thus, by loading the
picture into the control program, it was possible to achieve
processing by the required pattern on the colored film. The
setup contained two X-Y liquid levels to adjust the position
of the laser diode and platform. Two vertical fans created a
constant flow of air parallel to the platform to carry away
smoke and particles so that the laser beam was not scattered
onto them. The optical system of the laser emitter made it
also possible to adjust the focus of the laser point.

Fig. 1. Setup for laser processing in operation. The green
circle marks the glass being processed in a colored state on
the platform

The processing parameters were as follows: discrete
step — 0.009375 mm (step), the delay between idle strokes —
500 ps, and the burn-through time at a point — 3,000 ps. The
setup in operation is shown in Fig. 1. In total, two types of
samples were obtained: without laser processing and with
laser processing with one pattern. Hereinafter, the samples
are referred to as “Original” and “Laser”, respectively.

Electrochemical and optical tests.

To evaluate the electrochemical and optical characteris-
tics, we used the setup shown in Fig. 2.

The electrochemical characteristics were evaluated by the
method of potentiodynamic cycling. The measurements were
carried out using a three-electrode scheme [35]. Cycling was
performed in the mode [+201; +701 mV] relative to the normal
hydrogen electrode (NHE) at a sweep rate of 1 mV/s. A silver
chloride electrode in a saturated KCI solution was used as a
reference electrode. Nickel foil was used as an auxiliary elec-
trode. The electrolyte was a 0.1 M KOH solution. The cell was



made of ABS+ plastic with transparent PMMA inserts and a
built-in thermostat system. The temperature was maintained
at +23+2 °C. During cycling, changes in the optical character-
istics of the films were also recorded in parallel with the electro-
chemical data. After cycling, the electrode was colored in the
previously described mode and processed with a laser. The next
step was potentiostatic cycling with the recording of changes
in optical characteristics. Potentiostatic cycling was performed
based on the previously obtained results of potentiodynamic
cycling. From the obtained cyclic voltammograms, the poten-
tials of the anodic and cathodic peaks were taken, and each of
them was injected alternately for 1 minute, each for 10 cycles.

Fig. 2. Measuring setup and a cell as part of the setup:

a— a simplified diagram of the setup for studying the
electrochemical and optical characteristics of electrochromic
films; 1 — semiconductor laser with a lens system (10 mW,
520 nm); 2 — a cell with a free electrolyte and an electrochromic
electrode under test; 3 — silicon photodiode with built-in
focusing lens; 4 — electronic potentiostat (Elins R-8); 5 — ADC
(E-154) and power supply unit of the light source; 6 — laser
power supply unit; 7 — computer; — glass; — conductive
coating; ﬁy— composite electrochromic Ni(OH),-PVA coating;
b — photo of the cell (top view)

Surface resistance evaluation.
To assess the surface resistance of FTO glass before and
after laser processing of electrodes, we used a UNI-T UT80B
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(China) digital multimeter in the ohmmeter mode with a
probe, which is shown in Fig. 3.

Fig. 3. Measuring probe for evaluating surface resistance
with a connected multimeter

The probe consisted of copper electrodes (9=0.4 mm)
with a length of 1 ¢cm and a distance of 1 cm between them.
For measurements, the probe was applied to the sample being
measured and pressed with the same force, while determining
the average value of the resistance of the five measured.

Morphology and visual evaluation of electrodes.

To compare the quality of the films after all tests, the
electrodes were colored by sweeping the potential of the
film electrode from +201 to +701 mV (NHE) at a sweep rate
of 1 mV/s. Then, the electrode surface was examined using
scanning electron microscopy (REM-1061, Ukraine), and an
optical microscope (Carl Zeiss, Germany). The photographs
were taken without magnification as well.

5. Comparison of the obtained characteristics for film
electrodes

In the experiments, one pattern was used to process the
surface of an electrode coated with a composite coating. Sub-
sequently, it was planned to conduct a separate study on the
influence of the nature of the pattern on the characteristics of
the electrodes.

During the research, it was necessary to answer two
main questions. First, what would happen to the film under
the action of a laser pulse, i.e. a sharp local rise in tempera-
ture. Second, to find out how the laser processing would
affect the electrical characteristics of the electrically con-
ductive oxide substrate (FTO layer).

5. 1. Characteristics of a non-laser-processed film
electrode

To determine the performance and electrochromic activity
of the film electrodes, two electrodes obtained in the same mode
were cycled. The results for one of them are shown in Fig. 4.
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Fig. 4. Results for the non-laser-processed film: a — cyclic voltammogram (CVA); b — coloration-bleaching curve



Analysis of the characteristics shown in Fig. 4 allowed us
to conclude that the film exhibits electrochemical and electro-
chromic activity. As evidence, there were clearly distinguish-
able anodic and cathodic peaks on the CVA, corresponding
to the oxidation of Ni(OH), in NiOOH (peak at +699 mV) as
well as the opposite process (peak at +528 mV). In this case, the
change in the nature of the curve (height, shape, and position of
the peaks) during cycling was insignificant and decreased from
cycle to cycle. Thus, the characteristics of the processes on the
film electrode were stabilized over time.

In addition, the unprocessed sample changed its transpar-
ency (T, %) in a wide range — from 100 %, and in the colored
state, it ranged from 5 to 16 %. Interestingly, the transparency
in the colored state also stabilized over time. The difference in
transparency in the colored state between the 2" and 15t cycles
was about 4 %, and the difference between the 5" and 4" cycles
was already a smaller value of about 1 %.

The second sample, which was subsequently laser-pro-
cessed, showed similar characteristics.

5.2. Comparison of characteristics of laser-processed
and unprocessed film electrodes

It should be noted that the colored layer of the Ni(OH ),-PVA
composite was most likely removed completely during laser
processing. In accordance with the pattern chosen for these ex-
periments, Fig. 5, a, loaded into the program, a drawing was ob-
tained on a colored film — Fig. 5, . A micrograph of the pattern
was obtained with magnification under an optical microscope
in transmitted light. To estimate the real area of the remaining
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coating, the photograph obtained by optical microscopy was
processed in a graphic editor (Fig. 5, ¢). Next, the number of
pixels for each of the colors was calculated, and, accordingly, the
area occupied by the film and the area without coverage. If the
initial area was taken as 100 %, then, the decrease in the film
area in the case of laser processing occurred by about 7.3 % to
92.7 % of the initial value — Fig. 5, d. It should be noted here that
with such a determination of the area, some error was possible.

In order to evaluate the effect of laser processing on the
characteristics of the film, the coloration-bleaching curves were
obtained in the potentiostatic mode — Fig. 5, e. On this graph,
the value of (T) is the transparency of the film in percent.
Comparison of the course of the two curves indicated that the
processing unambiguously affected the optical characteristics
of the film. As a result of film processing, the course of the curve
changed as well as the values of transparency in the colored
and bleached states. A quantitative comparison of the charac-
teristics of the two films was realized by comparing the average
coloration depth for each of the films when cycling in the poten-
tiostatic mode. The average coloration depth (D) was calculated
as the average value of the transparency differences (T') for the
film in the most colored and bleached states during cycling. If
the average coloration depth of the unprocessed film (Original)
was taken as 100 %, then the average relative coloration depth
of the processed film (Laser) would be 94.7 % — Fig. 5, f. The
actual coloration depths of the Original and Laser samples were
63.44 % and 60.09 %, respectively. It should be emphasized
that the obtained observations showed that after laser process-
ing, the uncoated areas did not color with further cycling.
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Fig. 5. Results for non-laser-processed (Original) and processed (Laser) samples: a — pattern according to which the film

was processed; b — photomicrograph of the laser-processed film (magnification 80x); ¢ — processed picture for the area

calculation; d — comparison of the relative areas of the two electrodes coatings; e — coloration-bleaching curves of the
samples; f— relative average coloration depths of the samples




It was also of interest to determine the amounts of elec-
tricity that went into the coloration and bleaching processes.
Fig. 6 shows the average values of the amounts of the anodic
process (coloration) and cathodic process (bleaching) elec-
tricity for the Original and Laser films.
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Fig. 6. Average specific values of the amount of electricity
for the Laser and Original samples: A — anode (when
colored); C — cathodic (when bleached)

Although the average coloration depth for the Laser
sample decreased, the electrochemical performance, on the
contrary, increased. The values of the amount of electricity
for the anodic and cathodic processes were higher for the
Laser sample than for the unprocessed sample.

5. 3. Comparison of the surface resistance of sub-
strates of laser-processed and unprocessed film electrodes

As shown in the previous section, laser light removed
the colored electrochromic composite coating. However, it
remained unclear what was happening with the substrate.
Considering that the transmission of the oxide coating was
less than 100 %, there was a possibility of removing the coat-
ing or irreversible changes in the coating structure and, as a
consequence, a significant change in the surface resistance.
To evaluate the resistivity of the substrate, the Ni(OH),-PVA
films were carefully removed, and measurements were per-
formed. The measurement results are shown in Fig. 7. The
analysis of the obtained values showed that the resistivity for
the substrate unprocessed by the laser was higher than the
initial one (Q@>10 Ohm/sq.) since all the electrodes were sub-
jected to a soft etching process. During the etching process, a
part of the coating was removed and the resistance increased.
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Fig. 7. Surface resistance values of the Original and Laser
electrode substrates

The surface resistance slightly increased after laser pro-
cessing. It should be noted that after laser processing, no
visible color changes were found on the substrates.

3. 4. Microscopy and comparison of film electrodes
participating in the study

To analyze the capabilities of the method, different pat-
terns were applied to the colored electrodes — Fig. 8, 9.

b
Fig. 8. Photographs of the electrodes of the laser-processed
film with different patterns applied: @ — pattern 1; b — pattern 2

Micrographs of film electrodes processed with laser
radiation illustrated the possibility of obtaining patterns of
varying complexity. In this case, the maximum resolution for
drawing patterns corresponded to the beam diameter in our
setup, i.e., 40 microns. In the photographs, you can also see
that the drawing, consisting of small elements, is practically
invisible without magnification. Thus, using laser process-
ing, it is possible to make gradients, drawings, and inscrip-
tions at the macro level. The average diameter of transparent
spots in the experiments was determined using a micrometer
ruler and was about 80—100 pm.

Fig. 9. Micrographs of the electrodes of the laser-processed
film with different patterns applied (magnification 80x):
a — pattern 1; b — pattern 2; ¢ — pattern 3



To assess the morphology of the coatings processed with
laser radiation, images of the electrode surface were obtained
by electron microscopy Fig. 10.
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Fig. 10. Images of the surface morphology at different
magnifications: a, b, ¢ — the Laser sample; d — the Original
sample
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When analyzing the morphology, it can be seen that the
places where the laser hit the film had a pronounced relief.
In the figures, a clear boundary is determined between the

processed and unprocessed areas — Fig. 10,c. The place
where the laser hit appeared to be composed of many scaly
particles.

6. Discussion of the characteristics of processed and
unprocessed film electrodes

Analysis of the data obtained in the study gives grounds
to assert that in the case of using the described approach, it is
possible to implement selective processing of Ni(OH),-PVA
films. This approach can be used in a variety of applications
where nickel-based oxide-hydroxide compounds are used.

In addition, as can be seen from the measurements of the
surface resistance, such processing either does not introduce
or practically does not change this value — Fig. 7. In this
case, such processing can be recommended as a selective
modification of electrochromic and colored coatings deposit-
ed on electrically conductive transparent substrates such as
FTO, ITO, AZO, etc. However, it is necessary to carry out
extensive studies on the effect of laser radiation on conduc-
tive transparent oxide films.

Obviously, when processing with visible laser radiation,
the Ni(OH),-PVA layer is completely destroyed, since, after
processing and cycling, the places processed with the laser
do not change color and remain transparent. A possible
mechanism for removing the film through the decomposi-
tion of nickel hydroxide and oxyhydroxide into oxide and
water can also be proposed. According to the assumption put
forward in this work, the laser beam causes instantaneous
destruction of the film with the formation of water vapor.
The latter, in turn, removes the film from the surface of the
sample as a result of undermining the coating from the inside
during a sharp expansion. It has also been noted that shorter
laser exposure time (less than 3,000 ps) also leads to the
removal of the Ni(OH),-PVA coating. Given that the beam
diameter is 40 um, it is easy to calculate the pulse energy
equal to 37.5 J/cm?. This value is three orders of magnitude
higher than the energy of lasers, which are used to perforate
electrodes to improve their characteristics [36].

Despite some deterioration in optical characteristics
associated with the removal of part of the electrochromic
coating, the electrochemical characteristics are better for
the electrode that has been processed with the laser. There
can be several explanations for this behavior. The perfo-
ration of the electrode leads to an increase in the active
surface through which ion exchange is carried out and, as a
consequence, to an increase in the specific electrochemical
characteristics.

On the other hand, the effect of increasing the adhesion
of the electrochromic coating surface in the processed areas
has been found — Fig. 11. In one of the experiments, only
half of the electrode has been processed with laser radiation.
During repeated cycling of this electrode in different modes,
it has been noticed that a part of the film loses contact
with the substrate and peels off (Fig. 11, a). After thorough
rinsing with distilled water, only the part that has been
processed with the laser remains on the surface (Fig. 11, b).

It is assumed that laser radiation removes a part of the
coating, and the nearest layers to the point of the laser im-
pact melt and increase adhesion to the substrate surface [37].
This is due to the fact that the coating contains polyvinyl
alcohol with a glass transition temperature of about 85 °C.
Thus, the second mechanism for improving the characteris-



tics may be associated with an increase in the adhesion of the
hydroxide film to the FTO glass surface.

a b

Fig. 11. Images of one of the laser-processed electrodes:
a — after repeated cycling; b — followed by rinsing with water

In conclusion, it can be noted that by varying different
processing parameters — the diameter of the laser beam, the
applied pattern, the beam power, the duration of the pro-
cessing, the wavelength of the laser radiation, when using a
combination of lasers (visible, IR), it is possible to achieve the
processing of multilayer multi-colored and transparent films.
The use of laser power higher than those indicated in the
study can negatively affect the selectivity of processing, since
the electrically conductive layer, like glass, is not completely
transparent and can also be heated. In this case, irreversible
changes in their composition and structure can occur.

The boundary dimension of the accuracy of the patterns
applied by the laser is determined by the laser wavelength.
In the case of a red laser with a wavelength of 650 nm, the

maximum accuracy of the details of the drawings will not
exceed approximately 2+4 of A, i.e. 1.3-2.6 pm. Thus, to
increase the resolution, it is worth using shortwave radia-
tion — a violet or ultraviolet laser. Considering that mod-
ern ultraviolet lasers have a wavelength of up to 160 nm,
the approximate limiting resolution of the details of the
applied drawings is 0.32—0.64 um (i.e., up to hundreds of
nanometers).

Processing by this method can be organized on an
industrial scale using high-power laser emitters and a
system of mirrors that can turn the beam in the plane of
the workpiece. In this case, processing will be much faster
and quite cheap.

7. Conclusions

1. A selective method of laser radiation processing of
the visible spectrum of thin colored films deposited on an
electrically conductive substrate has been proposed. The
processing parameters are as follows: the laser radiation
wavelength — 650 nm, the pulse length — 3,000 ps, and the
pulse energy — 37.5 J/cm?.

2.1t has been shown that a transparent electrically
conductive layer is not destroyed by the laser irradiation
and changes little in its characteristics. In this case, the sur-
face resistance before and after processing is 12.1+£0.9 and
14.4+1.2 Ohm/sq. respectively.

3.1t has been shown that laser processing can improve
the electrochemical and adhesive characteristics of compos-
ite Ni(OH),-PVA films.
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