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Nanostructured coatings are widely used to improve the sensitivity of various types of
sensors by increasing the active surface area compared to smooth films. However, for certain
applications (in some cases), it may be necessary to achieve selectivity in the coating process
to ensure that nanostructures only form in specific areas leaving interelectrode spaces free of
nanostructures. This article discusses several methods for creating intricate ZnO nanostruc-
tured patterns, including area selective application of Zn acetate seeds followed by hydrother-
mal growth, selective thermal decomposition of zinc acetate via laser irradiation followed by
hydrothermal growth, and the electrochemical deposition method. These methods enable ZnO
nanostructures to grow onto designated surface areas with customised, patterned shapes, and
they are rapid, cost-effective, and environmentally benign.

The article examines the process of producing a nanostructured coating with a complex
shape and discusses several factors that can impact the quality of the final product. These
include the influence of the thermocapillary flows and the “coffee stain” effect on the deposi-
tion of a seed layer of zinc oxide from an ethanol solution of zinc acetate. Additionally, the
study found that using a protective screen during the growth of nanostructures can reduce the
occurrence of unintended parasitic structures in areas lacking a seed layer. Overall, the article
presents various techniques and strategies to improve the quality of nanostructured coatings.

We have proven that the use of laser radiation to create a seed layer does not impact the
final morphology of the resulting nanostructures. However, when combined with computer-
controlled technology, this approach allows for the creation of intricate patterns made up of
micrometre-sized lines which cannot be achieved by using other methods.

The article also demonstrates an electrochemical technique for obtaining zinc oxide nano-
structures that can selectively coat metal electrodes without requiring a seed layer.
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1. INTRODUCTION

At present, nanostructured surfaces
have a wide range of applications: solar
energy [1], electronics [2], medicine [3],
[4], etc. They are also widely used in the
development of sensors, proving to be a
very effective material for the production
of gas sensors [5]-[7], biosensors [8]-[11],
and chemical sensors [12], [13]. This is
mainly due to the fact that surface nano-
structuring significantly enhances sensitiv-
ity by increasing the active surface area.
Furthermore, the development of nano-
structured materials allows for the cre-
ation of enzyme-free sensors, which oper-
ate based on the direct interaction between
analytes and nanostructures [14]-[17]. In a
number of cases, this makes it possible to
refuse additional functionalisation of the
surface with complex organic molecules
and enzymes without the loss of sensor sen-
sitivity, which significantly reduces the cost
of its production and increases the resis-
tance to mechanical and thermal influences
that the sensor is subjected to during pro-
duction and operation.

There is a large number of physical and
chemical methods for obtaining nanostruc-
tures, including physical dispersion [18],
condensation from liquid [19], [20] and
gas phases [21], combustion methods [22],
plasma-chemical methods [23], synthesis of
nanoparticles from solution [24], [25], sol-
gel synthesis [26]-[28], and lithographic
[29], [30] and probe methods [31].

Numerous nanostructured materials can
be produced using the methods outlined
above; however, metal oxide nanostruc-
tures, and in particular ZnO, have become
widespread. Due to the combination of opti-
cal, electrical, and piezoelectric properties
of ZnO, it is widely used in optoelectronics
and electronic device fabrication [32], [33].
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ZnO is biocompatible [34] and relatively
stable at biological pH values [35], [36].
This allows for its use as biological mark-
ers and as a sensor platform for the detec-
tion of different kinds of biomolecules [37].
Hydrothermal synthesis is one of the most
promising methods for obtaining metal
oxide nanoparticles and epitaxial nano-
structured coatings [25], [38]. Compared to
other methods of obtaining ZnO nanostruc-
tures, hydrothermal synthesis offers a lot of
advantages [25], [39]. This method of syn-
thesis is environmentally friendly as it does
not require the use of toxic raw materials nor
does it generate toxic by-products during
the process. Additionally, it is a cost-effec-
tive and straightforward approach that does
not necessitate expensive raw materials or
complex equipment, nor does it require spe-
cial growing conditions like ultrahigh vac-
uum, ultrahigh or ultralow temperature and
pressure. The synthesis occurs in an aque-
ous solution at temperatures that typically
do not exceed 100 °C. The use of relatively
low temperatures eliminates the limitations
on the types of surfaces that can be coated
with nanostructures. This method can be
applied to coat any chemically inert surface
with nanostructures, including those that
are susceptible to high temperatures such
as soft polymers, fabrics, and even paper.
Hydrothermal synthesis surpasses other
nanostructure synthesis techniques in terms
of the diversity of morphologies that can be
obtained. Our previous studies described in
the publication [40] show that ZnO can be
obtained in at least 10 different morpholo-
gies: nanoparticles, nanoneedles, nanorods,
nanoplates, nanoflowers, etc. The standard
sample preparation scheme includes the fol-
lowing steps:



SUBSTRATE
PRE-CLEANING

SUBSTRATE COATING
WITH SEED LAYER

HYDROTHERMAL GROWTH
OF NANOSTRUCTURES

I il s N
- o ‘
1 il 1 l|i“ I g
o %%, ¢ B /
LT o . y:
{ Sk y
o % P4
© M"

>

POST-PROCESEING
(RINSING, ANNEALING..)

-

Fig. 1. Basic steps of hydrothermal synthesis.

Sample preparation involves the
removal of dirt, grease, and other con-
taminants from substrate surfaces in order
to improve the nanocoating adhesion. A
seed layer is used to promote the oriented
growth of nanostructures, homogenise the
nanostructured coating and improve its
adhesion to the surface. The seed layer
can be obtained in different ways: mag-
netron sputtering, electrolytic deposition,
etc. However, one of the most popular
ways is to use a solution of zinc acetate
Zn(CH,COOH), in ethanol which forms a
gel-like substance that can be used to coat
surfaces of any shape and size and after
annealing due to baking to the surface has
good adhesion. Equimolar aqueous solu-
tions of zinc nitrate Zn(NO,), and hexa-
methylenetetramine (HMTA; CH N, )
are commonly utilized for the subsequent
synthesis of ZnO nanostructures. In this
method, Zn(NO,), acts as a source of Zn**
ions, while water functions as a source of
O?% ions. HMTA, on the other hand, is a
slow-decomposing weak base that pro-
duces a slightly alkaline environment
in the solution, providing the necessary
amount of OH" ions. When a substrate is
immersed in such a solution, the growth
of the most prevalent ZnO nanostructure
morphology, hexagonal nanorods, occurs.

The following chemical reactions take
place during the growth process: [41]

37

CH N, +6H,0—6HCHO+4NH, (1
NH,+H,0—NH,+OH 2)
20H+Zn*«Zn(OH), 3)
Zn(OH),«<»ZnO+H,0 4

Other morphologies of ZnO nanostruc-
tures can be obtained by changing the com-
position of the solution and altering the
synthesis parameters (growth temperature,
time, solution concentration and pH). More
details on the influence of various factors
on the morphology of nanostructures can be
found in our previous articles [42]-[44].

Sometimes the purpose of an experi-
ment requires the surface not to be coated
homogeneously over its entire area but
rather selectively — maintaining some
untreated substrate areas. This issue is espe-
cially relevant in the processes of manufac-
turing various electrodes and sensors.

Selective coatings can be achieved in
different ways. First, this can be accom-
plished by applying the nanostructures only
in the specified area using the microprinting
method [45]-[48], contact rollers [49], [50],
flexographic printing [51], [52] or various
types of stamps [53]-[55] and soft moulds
(micro-moulds) [56], [57].

In the second case, selective deposition
of the seed layer occurs, followed by hydro-
thermal growth [25], [38], [41]. The publi-
cations mention two important factors that
greatly affect the quality of selective area



growth that have to be taken into account:
the effect of thermal convection in aqueous
solutions and the “coffee stain” effect.
Thermal convection can be described as
a vertically directed circular motion of a hot
fluid that results from differences in density
in different parts of the vessel caused by dif-
ferences in temperature [58], [59]. A large
number of ZnO nuclei are generated in the
growth solution during the synthesis pro-
cess. Some of them participate in the forma-
tion and growth process of nanostructures,
which mostly take place on the pre-coated
ZnO seed layer, which is an energetically
favourable place. Particles that do not par-
ticipate in the growth process fall into the
precipitate and are drifted into the solution
volume by convection flows. When the
drifting particles reach the substrate, they
can adhere to it and form chaotically ori-
ented second-generation seeds, which cause
nanostructure growth in unintended places.
To avoid this effect, the sample position
in the vessel is very important. The most
favourable sample position is in the upper
part of the vessel, with the seed-cowered
side facing downward. In this case, the min-
imum contact of the working surface with
the nanoparticles drifting in the solution is
ensured, and the entire sediment, which can-
not be avoided, settles on the non-working
surface of the sample. Correspondingly, the
most unpropitious position of the sample
at the bottom of the vessel since the largest
amount of sediment is concentrated there as
it settles from the solution under the action
of gravity [48]. It should be noted that the
correct positioning of the sample reduces
the negative effect of the convection flow,
but it does not completely eliminate the
growth of unwanted nanostructures, so an
effective solution to this problem is the
use of an additional protective barrier that
separates the sample from drifting ZnO
nanoparticles and homogenises the solution
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flow near the sample [47], [60].

The second effect that significantly
affects the homogeneity of the nanostruc-
tured coating is the “coffee stain” effect
[61], [62] and it can be explained as fol-
lows. When a drop of the solution reaches
the substrate surface, it takes the form of a
hemisphere. As there are also solid particles
in the drop of solution during the synthe-
sis process, the contact line is fixed, and the
temperature in the lower part of the drop
is higher than in the upper part. Due to the
temperature gradient, the evaporation in
some parts of the droplet becomes uneven,
which leads to thermocapillary convection
and the transfer of particles to the more
intense evaporation regions. As a result,
particles aggregate on the edge of the for-
mer droplet creating a ring-like pattern on
the substrate surface [47], [63].

The “coffee stain” effect is observed not
only in the case of the selective area growth
but also in the case of uniform coating over
the entire substrate surface. It occurs when
the seeds produced by the acetate route are
unevenly distributed over the surface and
form annular lines with a high seed density
delimiting areas with a low seed density. As
a result, it leads to uneven distribution of
hydrothermally grown ZnO nanostructures;
both cluttered and almost empty areas of
irregular shape are observed.

One of the most effective solutions for
seed layer surface homogenisation is to use a
pre-heated substrate or supply additional heat
to the substrate during zinc acetate applica-
tion. The increased substrate temperature
increases the evaporation rate of the solution
droplet, which at high values is capable of
bypassing the flow of thermocapillary con-
vection directed from the centre to the edge
of the drop. Thus, the solution evaporates
before the particles begin to collectively
migrate towards the edges, allowing them to
distribute evenly over the surface.



Another possibility to obtain a selec-
tive coating is to use a laser for the selec-
tive thermal decomposition of zinc acetate
to obtain the seed layer, followed by hydro-
thermal synthesis of nanostructures. Laser
radiation can be used as an effective source
of local surface heating, replacing the ther-
mal annealing of a whole sample and thus
ensuring area-selective thermal decomposi-
tion of zinc acetate and the growth of zinc
oxide precursors only in the required place
[64], [65]. In some articles, laser irradiation
is used not only for producing nanoparticle
seeds but also for the nanostructure growth
process, completely replacing standard
hydrothermal synthesis in the furnace. In
this case, the sample surface is irradiated
through the working solution layer, and the
synthesis of nanostructures takes place only
in the heated area. This method ensures a
high coating selectivity because in sample
areas where the laser beam does not enter,
neither the surface nor the solution is heated
to the temperature required for hydrother-
mal synthesis, so the growth of undesirable
nanostructures is not possible [66], [67].
The integration of the laser into a computer-
controlled scanning system makes it possi-
ble to obtain area selective patterns of ZnO
seeds and subsequently selective patterning
of ZnO nanostructure arrays of any size and
shape on the various surfaces.

Sometimes, especially in cases where
it is necessary to coat different shapes
of metallic electrodes with a nanostruc-
tured layer, leaving the space between
the electrodes free of nanostructures, it is
convenient to apply the electrochemical
deposition method. The electrochemical
deposition process combines hydrothermal
synthesis at a low temperature (<90 °C) and
an electrochemical process. The main dif-
ference of this method from hydrothermal
synthesis is that nanostructures grow only
on conductive surfaces where the electri-
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cal potential is applied, thus providing area
selective deposition and the possibility of
obtaining nanostructured electrodes of any
shape with element sizes in the range of a
few microns.

In the first stage, the precursors dis-
solve in water and form an electrolyte that
contains zinc cations and various types of
anions, the chemical composition of which
depends on the chosen precursor. In the next
step, the oxygen reduction process leads to
the formation of hydroxide OH" ions on the
sample’s surface, which further interact
with the Zn*" ions in solution and generate
zinc hydroxide particles. The process ends
with the conversion of zinc hydroxide into
zinc oxide at an elevated temperature typi-
cal of hydrothermal growth.

Precursors based on zinc chloride [68],
[69] and zinc nitrate [70], [71] are mainly
used. Nitrate-based precursors have one sig-
nificant advantage: they serve as a source of
anions and cations. Nitrate-based precursor
reactions can be written as follows.

NO;+H,0+2e—NO;+20H" 5)
Zn*"20H <Zn (OH), (6)
Zn(OH), 8 700+H,0 (7)

The size and morphology of the result-
ing nanostructures can be controlled by
different additives. For example, [72], [73]
indicate that the addition of an electrolyte
containing Cl- ions results in the growth
of 2D ZnO nanoplates instead of ZnO
nanorods. The effect can be explained by
the fact that Cl- ions are mostly adsorbed on
the polar ZnO (0002) surfaces of nanowires,
blocking growth in the vertical direction
and stimulating radial growth in the {1010}
plane direction. A similar effect is achieved
by adding SO,* and CH,COO- ions to the
electrolyte solution [68].



The addition of nitrate-containing sup-
port electrolytes (e.g., NaNO,) helps to
increase the concentration of OH- ions
without changing the concentration of Zn**
ions and thus change the aspect ratio of the
nanostructures, accelerating the growth
process similar to hydrothermal growth at
elevated pH.

In this article, several methods that
allow obtaining area-selective patterns of a
ZnO nanorod array are considered. The

2. MATERIALS AND METHODS

process of hydrothermal synthesis of rod-
shaped nanostructures, as well as the phe-
nomena that affect the uniformity and selec-
tivity of the resulting coating, are considered
in detail. The proposed synthesis methods
can be used to obtain nanostructured pat-
terns for various purposes. In particular,
they can be relevant for the manufacture of
electrodes of various shapes, as well as for
applications in sensorics.

2.1. Hydrothermal Growth of Patterned ZnO Nanostructure
Arrays Based on Selectively Applied Zn Acetate Seeds

In order to investigate the peculiarities
of selective growth of ZnO nanostructures,
the following samples were prepared. Glass
microscope slides (76 x 26 mm) were coated
with a 120 nm thick Cr layer, and a 25 mM
zinc acetate ethanol solution was applied
dropwise to them using a sharp needle. The
samples were then annealed for 30 min at
350 °C and hydrothermally overgrown with
ZnO nanoneedles. The composition of the
growth solution was 0.025 M Zn(NO,), and
0.05 M HMTA. The growth process took
place in a programmable Linn High Therm
oven for 1.5 hours at 90 °C.

In order to ensure additional cleanliness
of the sample surface, the glass substrates
and the working solution were heated to 90
°C in an oven separately. This manipulation
prevents the condensation of (growth) par-
ticles on a cold surface and their accumu-
lation in non-seeded areas, thus preventing

the growth of nanostructures in unintended
places.

To study the “coffee stain” effect, two
groups of samples were obtained. In the
first case, an acetate solution was applied
onto a substrate at a room temperature,
and in the second case, it was applied to a
preheated substrate. Furthermore, hydro-
thermal growth of nanostructures was per-
formed based on the parameters mentioned
above.

To evaluate the effect of the protective
screen on the growth process of nanostruc-
tures, a series of samples were prepared.
Some of them were grown as usual by ori-
enting the seed layer facing down in the
solution, and some of the samples were
grown by enclosing the substrate from the
bottom with another glass in such a way
that a gap of 2-3 mm formed between the
substrate and the screen glass.

2.2, Use of Laser for Area Selective Thermal Decomposition
of Zinc Acetate Followed by Hydrothermal Growth

Area selective thermal decomposi-
tion of zinc acetate was performed using a

Coherent Verdi V-6 532 nm laser integrated
with a computer-controlled device with a



mechanised sample positioning platform,
which allows control of the trajectory of the
laser beam over the sample surface and pro-
vides fully automated sample exposure with
an accuracy of + 0.125 pm.

A standard microscope slide was used as
asubstrate. On top of the slide, a 160 nm thin
Cr layer (an effective laser radiation absorb-
ing layer that causes a local temperature
increase in the photothermal process) was
deposited by magnetron sputtering. Next, a
solution of 5 mM Zn Zn(CH,COO0),*2H,0
in ethanol was spin-coated on the Cr layer.
After complete evaporation of ethanol in
air, the sample was irradiated with a laser
according to a given trajectory. Scanning
was performed at a speed of 55 mm/min

2.3. Electrodeposition Method

Microscope slides were used as the
base for a 120 nm thick Cr layer that was
deposited by magnetron sputtering through
a metal mask to obtain planar circular-
shaped electrodes. The ZnO seed layer was
produced from an electrolytically coated Zn
layer (0.1 M Zn(NO,),, j = 90 pA/cm’, t =
5 min) with subsequent annealing at 350 °C
for 30 min in air, with the aim of oxidising
zine to zinc oxide.

The obtained sample was fixed in a
holder, placed in a container containing a
growth solution with a lid and connected
to the negative pole of the power source. A
glass plate covered with a thin Au layer of
the same size was used as the cathode. It
was fixed in the same holder at a distance of
~ 1 cm from the anode. The container was
placed in the furnace at temperature T = 80
°C for 2.5 h. Current density, j = 90 pA/cm?,
and voltage, U =2 V, were maintained dur-
ing the growth process.
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with a laser power of - 60 mW.

After irradiation, the samples were sub-
jected to a hydrothermal ZnO growth pro-
cess.

Samples were placed in equimolar 0.1M
solutions of Zn(NO,), and HMTA for 3 h at
90 °C. At the end of the growth, the sam-
ples were rinsed with distilled water. One
of them was removed from the glass after
rinsing and air-dried. The other was placed
in a glass of distilled water and exposed to
ultrasound for 2 min to remove unwanted
nanostructures that appeared in unirradi-
ated areas and were less bound to the sur-
face compared to nanostructures obtained
on ZnO seedlings.

As a working solution, a 0.005 M
Zn(NO,), + 0.1 M NaNO, aqueous solution
was used to obtain ZnO nanoneedles and
a 0.05 M Zn(NO,), + 0.1 M KCI aqueous
solution to obtain ZnO nanoplates.

After the end of the growth process,
samples coated with nanostructures were
rinsed with distilled water and placed in a
furnace at 90 °C for 1 h in order to get rid of
the remaining solution.

The surface morphology of the pro-
cessed samples was investigated using a
scanning electron microscope (Tescan-Vega
II LMU). The chemical composition of the
samples was determined by an INCA x-act
energy dispersive spectrometer (Oxford
Instruments). To determine the structural
and phase composition, the XRD spectra
were recorded on a Cu Ka (A = 1.543A)
diffractometer (Rigaku SmartLab) with
parallel beam geometry using an additional
Ge(220)x2 monochromator.



3. RESULTS AND DISCUSSION

3.1. Selective Application of Zn Acetate Seeds

Followed by Hydrothermal Growth

Figure 2 shows the XRD and EDS
results of the obtained nanostructures. The
resulting nanostructures are well-ordered
perpendicular to the substrate and have a
high degree of crystallinity. No crystal-
line phases other than ZnO were detected.
Microanalysis results also confirm that the
samples are free of chemical impurities.
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Fig. 2. XRD and EDS microanalysis results of
hydrothermally synthesised ZnO nanostructures.

The deviation from the equimolarity
of the solution to an excess of HMTA pro-
vides an increase in the pH of the solution
due to the predominance of OH- ions and,
as a result, an increase in the reaction rate.
This allows for reducing the growth time
of nanostructures from the standard 3 h
[51], to 1.5-2 h. Consequently, reducing the
growth time also reduces the probability of
unwanted nanostructures appearing.

The results of the analysis of the “coffee
stain” effect are summarised in Fig. 3.

Application of zinc acetate solution
onto a room temperature substrate leads to
the appearance of a ring-shaped formation
with a high density of seeds at the edges
and sparse, chaotically located seed islets
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inside the spot. Such a distribution of seeds
also determines the growth and distribution
of future nanostructures. Figure 3a shows
an overview of the droplet after the growth
process has ended. As seen in Fig. 3b, the
seeding compaction on the edge of the drop
contributes to the appearance of densely
spaced and vertically aligned ZnO nanon-
eedles. It should be noted that the width of
these bands is relatively small, and when
approaching the centre of the drop, the den-
sity of the nuclei decreases, and their dis-
tribution becomes more uneven. Reduced
density of seeds leads to the centre of the
droplet being filled with radially arranged
3D ZnO nano-urchins grown on islet for-
mations of seeds (Fig. 3c).

A completely different situation is
observed when zinc acetate solution is
dropped onto a preheated substrate. Heat-
ing the substrate to 100 °C leads to accel-
erated evaporation of ethanol compared to
the previous case, as evidenced by a four-
fold reduction in droplet diameter, thereby
reducing the effect of thermocapillary con-
vection. As shown in Fig. 3d, the hydrother-
mal growth results in a much more homo-
geneous coating consisting mostly of fine,
vertically oriented nanoneedles (Fig. 3e)
interrupted in rare areas by densely placed
islands of nanoneedles.

The heating of the substrate is also
relevant in cases where selectivity is not
required, and growth takes place by apply-
ing zinc acetate as a continuous layer. In this
case, the seed layer becomes more homoge-
neous, and the distribution of seeds is more
even because the areas of compacted seeds,
formed as a result of the flow of solution,



disappear. Consequently, the subsequently
grown nanostructured coating is also homo-
geneous.

In Figure 3g, the upper horizontal row
illustrates the process of liquid evapora-
tion in a drop in the presence of convection
flows. Arrows in the first figure indicate the
directions of thermocapillary flows and the
presence of areas of thermal inhomogene-
ities in the droplet. Thus, at the top of the
drop, the temperature is lower than at its

base, which causes a difference in liquid
density and the formation of thermocapil-
lary flows. The middle row illustrates the
evaporation process at room temperature
for the case when solid particles are present
in solution. It can be seen that as the lig-
uid evaporates, the particles are distributed
unevenly in solution, forming characteris-
tic dense areas along the edges and rarefied
spots in the centre.
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Fig. 3. Analysis of the “coffee stain” effect, where (a), (b), and (c) nanostructures were obtained by applying
ZnO precursors on a room-temperature substrate, and (d), (), and (f) on a pre-heated substrate. Hydrothermal
synthesis was carried out in 0.025 M Zn(NO,), and 0.05 M HMTA aqueous solutions at 90 °C for 1.5 h. (g)
Graphic illustration of the coffee stain effect formation process [47].

The bottom row illustrates the evapo-
ration process taking place at an elevated
temperature compared to the previous case.
In this case, the middle picture shows that
the thermocapillary flows do not affect
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the movement of the particles and they
are evenly distributed in the droplet. The
results of the experiment using the protec-
tive screen are summarised in Fig. 4. As
seen in Fig. 4a, if a screen is not used, the



growth of nanostructures occurs both on the
seeds layer (droplet) and on the clean glass
around the droplet. By placing an additional
screen, the growth of nanostructures out-
side the zinc acetate droplets is suppressed
and almost unobservable (Fig. 4b).

Repeating the experiment by changing
synthesis parameters (temperature, time,
pH of the solution), it was found that in all
cases, the result with the application of the
screen was many times better than without

NOT-CONTROLLED Zn

NPs

ZnO NWs

CONTROLLED

Fig. 4. The effect of the protective screen on the selective coating process, where (a) the growth of
nanostructures occurred without and (b) with the protective screen, ¢) a graphical scheme of the process [60].

This experiment shows that the use of
a screen does indeed restrict convection
currents and homogenise the solution near
the sample while limiting the contact of the
sample with the suspension of unwanted

sediment particles. This procedure signifi-
cantly increases the selectivity of the coat-
ing and positively affects the quality of the
sample.

3.2. Selective Laser Decomposition of Zinc Acetate Followed by

Hydrothermal Growth

The stamping method used in the previ-
ous chapter to apply zinc acetate to form a
nucleation layer is easy to use but has a num-
ber of disadvantages. This method is great
for creating large patterns, but it is not accu-
rate enough for sharp micron-sized lines. In

44

this case, the laser annealing method proved
to be very effective in obtaining a seed layer
with a complex shape. Figure 5e shows the
process of obtaining nanostructures. Zinc
acetate was applied in a continuous layer
on a substrate coated with a metal layer to



absorb the temperature. The sample was occurs according to the standard protocol
then irradiated with a laser. Accordingly, of hydrothermal synthesis. At the end of the
the temperature necessary for the thermal synthesis, the sample is subjected to addi-
conversion of zinc acetate to zinc oxide was tional processing in an ultrasonic bath in
reached in places subjected to laser treat- order to remove parasitic microrods formed
ment, and a seed layer was formed. The in the areas with non-irradiated acetate. As
remaining regions of the sample were not a result, after washing, a nanostructured
subjected to heating; therefore, the zinc  pattern of a given shape is obtained cor-
acetate in them remained unannealed. Next,  responding to the trajectory of the laser
the growth of zinc oxide nanostructures movement.
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Fig. 5. ZnO nanostructures obtained on areas of selectively laser-assisted seeds with a subsequent hydrothermal
growth process in an equimolar working solution (a-c), graphical scheme of the experiment (d) [64].

Most of the articles indicate that even  that do not have sufficient adhesion to the
if unwanted by-product microrods appear surface are removed, leaving only a clear
in places not irradiated with a laser during pattern formed at the site of laser exposure.
the nucleation process, their adhesion to the However, in our case, the situation is dif-
surface is very low since they grow in areas ferent. Practice proves that the efficiency of
of thermally untreated zinc acetate, and zinc ~ the method is about 90%. After the ultra-
oxide seeds are necessary for the formation sonic bath, the sample’s surface becomes
of stable adhesion. Such parasitic forma- significantly cleaner; however, individual
tions were removed by processing samples unwanted needles can be observed on it.
in an ultrasonic bath. All nanostructures Most likely, the formation of these needles
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is related to the good adhesion properties
of the Cr thin film. In this case, Cr surface
defects become crystallisation centres and
induce the formation of nanostructures with
adhesion comparable to that provided by
the ZnO seed layer.

In order to reduce the number of unde-
sirable nanostructures, a number of articles
advise adhering to higher synthesis temper-
atures or increasing the pH level of the solu-
tion when choosing synthesis parameters.
This makes it possible to obtain nanostruc-
tures of the desired size in a much shorter
time, which contributes to a decrease in the

density of nanostructures in places without
nuclei since such growth is energetically
unfavourable.

Our previous studies have shown that
the pH level of the working solution and
the growth rate of nanostructures can be
increased by using a non-equimolar solution
(by decreasing the amount of zinc nitrate
and increasing the amount of HMTA).

Figure 6 shows the SEM results of a
sample obtained in a non-equimolar work-
ing solution after subsequent rinsing in an
ultrasonic bath after the growth process.

Fig. 6. ZnO nanostructures (at different magnifications) obtained on selectively laser-assisted seeds with the
subsequent hydrothermal growth process in a working solution with an increased pH value.

As shown in Fig. 6a-c, in cases where
nanostructures grow at increased pH, ultra-
sonic rinsing does not help to get rid of
unwanted nanostructures. In this case, the
contamination in the non-irradiated areas
is much higher compared to the previous
case, where growth took place in an equi-
molar working solution. Most likely, this is
related to the stimulation and acceleration
of the growth process of nanostructures.
Under the influence of increased pH, the
chemical reaction proceeds faster, and the
required amount of OH ions is generated in
a much shorter time. As the reaction speed
increases, so does the speed of the nucle-
ation process. A large number of &-Zn(OH),
particles is massively generated in the vol-
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ume of the solution. These particles form
spherical aggregates with the aim of mini-
mising the internal energy. As the num-
ber of surface nucleation bonds is small,
a greater part of these aggregates fall into
the sediment and form seeds which precipi-
tate from solution and are fixed in arbitrary
places, regardless of the presence of the
seed layer. Comparing Fig. 6 and Fig. 5, it
can be seen that in the case of an equimolar
solution, the off-line space is much cleaner
from contamination than a non-equimolar
solution because the growth of nanostruc-
tures with a higher probability occurs only
in energetically more favourable places (in
this case on ZnO seeds).

Also, the change of other growth param-



eters (temperature, time) did not cause any
significant external changes.

To completely get rid of the nanostruc-
tures formed outside the set line, a protec-
tive screen must be used during the growth
process.

Within the framework of this experi-
ment, we studied the effect of laser radia-
tion power on the form of nuclei obtained
from zinc acetate and, as a consequence,
on the form of nanostructures obtained as a
result of subsequent growth.

The experiment was repeated several
times, changing the laser power in the range
of 50-160 mW. After the end of the growth
process, it could be concluded that the laser
power increase leads to an increase in the
width of the obtained line. The process is
related to the heat transfer in metal, and with
increasing the laser power, a larger area of
zinc acetate is exposed to the temperature.
No changes in the morphology and dimen-
sions of the nanostructures were detected.

3.3. Electrochemical Deposition

If it is necessary to coat metal elec-
trodes with nanostructures, it is sometimes
advisable to use the method of electrochem-

If we evaluate the results as a whole,
the obtained ZnO nanostructures based on
laser-obtained seeds do not differ in terms
of morphology or size from the nanostruc-
tures obtained on zinc acetate seeds annealed
in the furnace. It can be concluded that the
parameters of the ZnO seeds are determined
by the individual properties of the zinc ace-
tate; the heat source is not important. The
only necessary condition is exceeding the
calcination temperature threshold (=100-150
°C); a further increase in temperature does
not determine a change in the parameters of
the seeds (obtainable nanostructures).

However, the use of a laser for the pro-
duction of nuclei makes it possible to cre-
ate unique and often very complex nano-
structured patterns with elements several
micrometres in size and clear lines with
well-drawn boundaries, which is techni-
cally impossible to achieve when using the
method of applying zinc acetate by dipping
or stamping followed by thermal annealing.

ical deposition, which makes it possible to
obtain a selective coating without the use of
a seed layer.

Fig. 7. ZnO nanostructures obtained by electrochemical deposition method. SEM overview of overgrown
electrode (a), nanoneedles (b), nanoplates (c).

As shown in Fig. 7a, the growth of
nanostructures is observed only on the elec-
trodes: the interelectrode space is completely

free of undesired nanostructures. The coat-
ing of both ZnO nanoneedles (Fig. 7b) and
nanoplates (Fig. 7c) is dense and homoge-



neous. The crystallites of both morphologies
are very similar in shape and size to those
obtained by hydrothermal synthesis.

It should be noted that, unlike a classical
hydrothermal synthesis, the electrochemi-
cal deposition method requires a definition
of precise experimental conditions, such as
potentials, reactants, concentrations, pH,
deposition times, etc. Even the smallest
deviation from the optimum growth process
affects the quality of the sample surface (an
amorphous layer can be formed instead of
nanostructures). Very strict requirements
are imposed on the electric conductivity
of the electrode material, and the optimal
growth parameters must be determined for
each kind of substrate (unlike hydrothermal
synthesis, where the result is predictable for
all surface types and does not depend on the

4. CONCLUSIONS

substrate material).

Another factor to consider is the elec-
trochemical corrosion of the forced con-
tacts. Although the contact area of the
electrodes is not in direct contact with the
working solution, they are exposed to water
vapour for a long time because growth takes
place at a relatively high temperature (80
°C). However, despite all the complicating
factors, the method proved to be very effec-
tive. In cases where it is necessary to cover
small electrodes with nanostructures and
keep the outside electrode space clean, this
method is very useful, accurate, and fast.
This method becomes especially relevant
when, for a number of reasons, the deposi-
tion of nuclei is impossible or it is necessary
to obtain oxides of different metals on one
electrode.

All of the methods discussed in the arti-
cle provide for a good selective area growth
of nanostructures and allow the formation
of intricately shaped nanostructured pat-
terns on different types of surfaces.

Regardless of the method of obtaining
the ZnO seeds, using an extra cover screen
helps restrict the surface from the effects of
convection flows of the solution and reduces
the likelihood of nanostructures outside the
patterned area.

For the selective patterning of the
zinc oxide seed layer by using the stamp-
ing transfer process, it is recommended to
apply zinc acetate on a preheated substrate
to reduce the thermocapillary effect and
homogenise the coating.

The morphology of the obtained ZnO
nanostructures does not depend on the
methods of obtaining seeds: decomposi-
tion of zinc acetate during annealing in a
furnace or selective laser decomposition.
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The only condition required is that the cal-
cination temperature threshold is exceeded
(=100-150 °C). A further increase in tem-
perature does not determine the change of
seed parameters (obtainable nanostruc-
tures). Thus, the heat source is not signifi-
cant.

Of all the above-mentioned methods,
the electrochemical synthesis method has
the highest requirements for observing
synthesis parameters and surface quality.
It is sensitive to current and temperature
changes during the synthesis process and
can only be used for coating conductive
surfaces. However, this method is optimal
in cases where electrodes of various shapes
have to be covered with nanostructures. It is
fast because the growth takes place imme-
diately over the entire area, and it is precise
because it allows covering elements in the
range of a few microns.
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