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Abstract: Nanostructured metal oxides are of great interest both for advanced research and for a wide
range of applications that contribute to the increasing demands of electronics, photonics, catalysis,
sensorics, and other high-tech industries and are being actively researched and developed. One-
dimensional nanocrystal arrays of copper and zinc oxides have become prominent in optoelectronic
devices and energy conversion systems. However, although desirable improved properties have been
demonstrated, the morphology of materials containing copper and zinc oxide nanowires is extremely
sensitive to synthesis conditions and difficult to control. Studies focused on the morphology control
of such quasi-one-dimensional materials are not numerous, so the consideration of this issue is still
relevant. The characteristics of devices based on such oxide materials can be improved by taking
advantage of nanoheterojunctions. A special feature is the possibility of forming a polycrystalline
heterojunction in a system of semiconductors belonging to different crystalline syngonies. Currently,
much attention is devoted to developing reliable methods of obtaining such nanomaterials, including
those, based on processes exploiting novel physical effects. Possibilities of synthesis by pulse-
periodic laser irradiation of arrays of quasi-one-dimensional ZnO nanostructures with varying
micromorphology on metallic substrates, as well as the creation of ZnO/CuO heterostructures based
on ZnO nanowires, were considered. The main distinguishing feature of this approach was the use
of laser-induced vibrations to intensify diffusion processes in the solid phase of metallic materials
as compared to the simple effects of laser beam heating. Expanding the area of application of the
advanced method of creating oxide heterostructures requires a detailed and comprehensive study of
new possibilities used to form structures with improved physical properties.

Keywords: quasi-one-dimensional nanomaterials; copper and zinc oxides; synthesis; morphology;
heterostructure; formation; pulse-periodic laser irradiation; laser-induced vibrations

1. Introduction

With the development of micro- and optoelectronics, sensor and microsystems tech-
nology, requirements for the functionality and energy reduction of designed devices are
increasing while reducing the weight and size of components. Therefore, research on
nanomaterials that contribute to the increasing demands of electronics, photonics, catalysis,
sensorics, and other high-tech industries is becoming topical [1-3]. Nanostructured metal
oxides (e.g., in the form of nanowires, nanorods, nanotubes), which are being actively
researched and developed, are of great interest both for promising research and for a wide
range of applications. Such oxide nanomaterials demonstrate unique properties, which
may be significantly superior to those of their macroscale analogs [4,5].

One of the fields for the application of metal oxides is heterogeneous catalysis, in
which they are used as carriers as well as active phases [6]. Currently, in the chemical
industry, there is an evident tendency for a transition from homogeneous to heterogeneous
catalytic processes, so the proportion of homogeneous catalytic processes is decreasing and
constitutes only about 10% [7]. In heterogeneous catalysis, unlike homogeneous catalysis,
the active centres are not each molecule of the catalyst, but only the available atoms on
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the surface. The requirement for a high concentration of catalytic centres in the adsorption
process [8] motivates the use of nanostructured materials. The use of nanostructured metal
oxides provides an opportunity to develop effective catalysts with high selectivity, stability
and responsiveness [9]. Much attention has been paid to the application of synthesized one-
dimensional (1D) metal oxide nanostructures. This is also facilitated by the ability to adapt
the properties of metal oxides by controlling their shape, size and composition [10]. The
use of metal oxide nanomaterials can also increase the selectivity of heterogeneous catalytic
processes, i.e., the ability to selectively accelerate the target reaction without increasing the
temperature and pressure. Due to their high surface area-to-volume ratio and inherent
surface defects, these materials show the highest catalytic efficiency [11]. An example is
the nanowire complex metal /metal oxide catalysts described in [12], which showed high
catalytic activity in the CO oxidation reaction.

Metal oxide-based semiconductor nanowires with unique electrical, mechanical and
optical properties and a high surface-to-volume ratio have become a promising and at-
tractive base for sensor devices [13-15]. This is facilitated by the fact that in addition to
good thermal and chemical stability, such materials have excellent sensitivity to changes
in environmental conditions. Their gas-sensitive properties have been widely studied to
detect and measure the concentration of various substances [16,17]. A smaller sensor size
results in lower power consumption due to reduced thermal mass, faster heating and easier
integration with small microchips. The larger effective area, which enhances gas adsorption
phenomena, is a major advantage of nanostructured materials [18]. Resistive-type gas sen-
sors are widely used to detect various toxic gases and volatile organic compounds [19-21].
Nanowires and metal oxide heterostructures are key components of future sensor devices
due to their special properties [22-24]. New applications of sensors based on metal oxide
semiconductor nanowires in disease diagnosis, environmental engineering, safety and
security are being explored [25].

There are two main approaches for obtaining arrays of nanostructures on metal sub-
strates. The first one involves the application and improvement of technologies developed
in the semiconductor industry. Deposition and local removal of material on planar sub-
strates is performed to reduce the size of structures to the nanometer scale. Such methods as
nanoimprint [26,27], electron beam [28,29], ion beam [29,30], and scanning probe lithogra-
phy [31] are utilized for the selective removal of materials. However, such nanolithography
methods are mainly applied to create monolayer semiconductors and metal/metal oxide
2D patterns. In addition, their disadvantages are a relatively high cost and low productivity.
The second approach makes use of the enlargement of the initial nuclei to one-dimensional
nanostructures under the action of physicochemical forces. This occurs, for example, when
using methods of gas-phase chemical synthesis, electrochemical deposition, crystallization
from vapour or liquid phase, as well as template synthesis [32,33]. The main obstacle to the
wide practical application of this approach is that the synthesis of quasi-one-dimensional
nanostructures involves the creation of specific growing conditions. In addition, there is a
need for further removal of the substrate (template), usually by chemical etching, which
can also have a negative impact on the quality of the obtained nanostructures. Therefore,
currently, the focus is on developing reliable methods of obtaining such nanomaterials,
including those, based on processes exploiting novel physical effects.

A high-potential application of oxide materials is heterostructured solar power. Het-
erojunction solar cells or heterojunctions with intrinsic thin-layer solar cells are one fine
example of such structures with high efficiency [34]. The characteristics of photodetector
heterostructures can be improved by taking advantage of nanoheterojunctions. The defect-
free junction of crystal lattices of the coupled materials is only possible when their type,
orientation and period are the same. A special feature is the possibility of forming a poly-
crystalline heterojunction in a system of semiconductors belonging to different crystalline
syngonies. For its implementation, it is sufficient that at least one of the faces of each lattice
has close geometric parameters [35]. In [36] it has been shown that an important task at
present is the development of technological methods ensuring the creation of n-ZnO/p-
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CuO heterostructures formed on the basis of zinc oxide nanoobjects with arranged facets
(10-10). The requirement of high surface area can be achieved by producing nanostructured
layers in the form of both nanorods and nanowires.

In [37] the possibilities of synthesis by pulse-periodic laser irradiation of arrays of
quasi-one-dimensional ZnO nanostructures with varying micromorphology on metallic
substrates were considered. The main distinguishing feature of this approach was the use
of laser-induced vibrations to intensify diffusion processes in the solid phase of metallic
materials as compared to the simple effects of laser beam heating. This identified phys-
ical effect has been explained by the synergy between thermal effects and vibrations in
the range of sound and infrasound frequencies, leading to a non-stationary stress-strain
state. By performing laser exposure on the pre-etching surface of Cu-Zn alloy, ZnO/CuO
heterostructures based on ZnO nanowires were synthesized in [38]. The synthesized struc-
tures had a high surface area-to-volume ratio and good electrical contact between the oxide
layer and the electrically conducting substrate. To effectively control the thermochemical
processes, systems of laser beam shaping with free-form diffractive optics, which provide a
predetermined spatial redistribution of energy, have been used [39].

Expanding the area of application of the advanced method of creating oxide het-
erostructures requires a detailed and comprehensive study of new possibilities used to
form structures with improved physical properties. The principal objective of this article
is to provide systematized information on the methods of fabrication and applications of
CuO- and ZnO-based nanostructures, as well as features of the formation of ZnO/CuO
heterostructures based on quasi-one-dimensional nanomaterials.

2. CuO Nanowires: Fabrication Methods, Areas of Application

Copper oxide nanowires have become important in optoelectronic devices and systems
for energy conversion. The methods of CuO nanowires growing include wet-chemical [40,
41], solution-based, electrochemical [42] and hydrothermal methods. The methods of ther-
mal and plasma oxidation are also used, which are considered to be the most prospective
ones from the point of view of advanced synthesis of nanowires. A combined hybrid wet
chemical method in which nanowires of copper hydroxide are transformed into copper
oxide by plasma oxidation is promising. According to [43] it was shown that although the
desired improved properties have been demonstrated, materials containing copper oxide
nanowires cannot yet be produced in large quantities, for wider use. Therefore, the search
must continue for the most efficient synthesis processes that provide not only high quality
and improved properties of such materials but also higher productivity. One promising
approach for the growth of nanomaterials is thermal oxidation. The creation of copper
oxide II (CuO) nanowires by thermal oxidation of copper in the air appears to be a simple
and relatively cost-effective strategy [44,45], including the use of additional electrical or
magnetic actions [46,47].

Possibilities for the practical application of copper (II) oxide nanowires continue to
extend actively. For example, ref. [48] reports that a highly sensitive electrochemical sen-
sor with CuO nanowire electrodes was fabricated on the copper substrate and used for
the non-enzymatic determination of glucose. The development of high-performance gas
sensors based on CuO nanowire networks demonstrating fast response/recovery times
with ultra-high response is of great importance for gas sensing applications. The sensors
fabricated in [49] demonstrated improved properties in the detection of ethanol vapour.
Sensors based on CuO nanowires with different layer morphologies have been used for
hydrogen and ammonia detection. Changing the surface morphology of the nanowires
has been shown to influence the magnitude of the electrical response [50]. In [51] copper
oxide II (CuO) nanowires were synthesized by thermal oxidation of copper foil (Figure 1)
and deposited on fluorine-doped tin oxide-coated glass substrates. The thermal oxidation
method has been shown to improve surface contact, which is promising for solar cell and
catalytic applications. The use of CuO nanowires as basic components of nanoelectrome-
chanical switches was presented in [52]. In [53], CuO nanowires demonstrated unique
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characteristics with respect to the electrocatalytic oxygen extraction reaction. Arrays of
CuO nanowires have been synthesized for use as the anode material in Li/Na-ion batter-
ies [54]. Copper oxide (CuO) nanowires are an effective material for catalysis [55], including
photocatalysis [56-58].

! . .
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SEM MAG: 8.69 kx SM: RESOLUTION CAC-Cadi Ayyad University

Figure 1. Scanning electron microscopy (SEM) image of CuO nanowires synthesized by thermal
oxidation of copper foil at 550 °C for 4 h with a heating rate of 15 °C/min. The image shows the
fragility and destruction of the nanowires at a relatively high heating rate [51].

In most cases, nanowires can be synthesized either in the supercritical liquid phase, in
the vapour phase, or by thermal oxidation. The morphology of CuO nanowires, for example,
can be controlled by changing the annealing temperature during thermal oxidation [59].
Nevertheless, ref. [60] shows that the growth mechanism of CuO nanowires, like other
metal oxides, has yet to be fully understood. In the fabrication of CuO nanowires by
thermal oxidation, even the initial thickness and configuration of the copper substrate have
an influence on the morphology of the resulting CuO nanowires and electrical contact
properties [61]. Geometric optimization of nanowire arrays, which is considered to be a
simple and important way to improve the characteristics of photoelectrocatalytic systems
based on copper oxide nanowires, has also not yet been implemented [62]. Different
variants to solve this problem have been proposed. For example, in [63] laser texturing
was proposed for nanowires synthesis to increase adhesion to the copper substrate before
thermal oxidation. In [64] to accelerate the growth of copper oxide II (CuO) nanowires
by thermal oxidation of copper surfaces, a pretreatment has been proposed to reduce the
grain size of the copper substrate and increase the surface roughness. The sputtered copper
surface (Figure 2), which had a fine grain structure and a significant roughness under
experimental conditions demonstrated the highest nanowire density as well as the growth
of quasi-one-dimensional oxide nanostructures at the lowest temperatures.
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Figure 2. SEM images after heat treatment of three surfaces: copper foil (a), vapour deposited copper (b),
and sputtered copper (c) [64].

3. Applications and Peculiarities of Synthesis of ZnO-Based Quasi-One-Dimensional
Nanostructures

Zinc oxide is a semiconductor compound, which, due to its piezo- and segnetoelectric
properties, has many practical and very promising applications [65-67]. Of particular
importance is the fabrication of structures based on nanoelements such as nanowires,
nanorods, nanofibres and nanofilms [68-72]. The Atomic force microscopy (AFM) images
of ZnO nanofilms are shown in Figure 3 [72]. Nanostructures based on zinc oxide are
used in opto- and microelectronics, as well as in microsystems technology. ZnO has
potential applications in the production of light-emitting diodes and lasers in the ultraviolet
spectrum, as well as in the manufacturing of solar cells, scintillators, piezoelectric devices
and others [73-77].

Potential applications of ZnO nanowires in various types of solar cells have been inten-
sively studied [78-80]. Figure 4 shows the morphological characteristics and dimensions
of an ideal network of ZnO nanowires for optimal solar cell assembly [79]. Nanostruc-
tured zinc oxide has been used as a wide-band semiconductor in photoelectrochemical
cells [81,82]. One-dimensional nanocrystal arrays of ZnO are a promising material for
creating piezoelectric nanogenerators [83-85]. ZnO has photocatalytic efficiency and allows
the degradation of contaminants in both alkaline and acidic environments [86,87]. Specific
conductivity is an important factor in the photocatalysis process. Surface defects, especially
oxygen defects, directly affect the photocatalytic activity of metal oxide semiconductors.
Arrays of ZnO nanorods with high surface-to-volume ratios were shown in [88-90] to be
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promising photocatalysts for water purification both obtained by chemical bath deposition
and under hydrothermal synthesis conditions. A miniature fibre thermometer based on
ZnO nanorods embedded into the tip of a ZnO nanowire has been experimentally demon-
strated in [91]. Such a temperature sensor offers the advantages of compactness, stability
and ease of fabrication.
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Figure 3. Atomic force microscopy (AFM) images of ZnO nanofilms (a) image 3 x 3 pum?, (b) rough
profile, (c) 3D image, (d) Zoomed image 1 x 1 um?, (e) rough profile, (f) 3D image [72].
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Figure 4. Morphological characteristics and dimensions of an ideal network of ZnO nanowires
(ZnONW) for optimal solar cell assembly: ZnONW length ~200 nm, ZnONW diameter ~30 nm,
ZnONW spacing ~100 nm (left) and cross-section, XY plan (right): HTL—hole transport layer;
ITO—oxide layer consisting of a mixture of 90 wt% indium oxide In,O3 and 10 wt% tin oxide
SnO; [79].

As a quasi-one-dimensional oxide wide-band semiconductor nanomaterial, zinc oxide
nanowires, due to their high specific surface area and sufficient electrical conductivity,
are used in sensor devices for the detection of hydrogen sulphide [92], hydrogen [93,94],
ethanol [95-97], benzene and toluene [98]. Such devices gain distinct advantages over
commercially available sensors [99-102] and provide increased selectivity and reduced
energy consumption. Possible implementations of these structures include metal-oxide
layered materials that can be used as materials for electrical contacts. A sensitive charac-
teristic of ZnO nanowires in relation to the composition of the surrounding atmosphere
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is electrical conductivity. The most important properties of sensors such as sensitivity,
response time, and operating temperature are determined by both surface quality and
structure of ZnO nanowires [103-105]. Therefore, the improvement of this area of their
application, as well as others listed, directly depends on the development of methods for
creating zinc oxide nanostructures with controlled predetermined properties. That is, there
is a need for the controlled modification of the properties of quasi-one-dimensional zinc
oxide nanostructures for specific purposes.

In [106,107], the synthesis of ZnO nanowires and nanowhiskers by direct current
arc discharge between graphite cathode and graphite anode filled with ZnO in a pre-
vacuumed chamber was described. Zinc oxides of diverse morphologies (nanowires,
whiskers and particle agglomerates) has been synthesized on a silicon plate and a glass
substrate. A modified arc process for the synthesis of a hybrid composite based not only on
graphene and zinc oxide but also on copper was presented in [108]. The composite material,
which combines the synergistic properties of graphene with nanostructured metals or
semiconducting materials was obtained.

Arrays of ZnO nanorods/nanowires oriented vertically to the substrate have been
fabricated by a direct current electrochemical method [109,110], and it has been shown that
the morphology of ZnO is extremely sensitive to the synthesis conditions and is difficult
to control. The morphology control of synthesised ZnO nanostructures formed on metal
substrates has been discussed in [111,112]. It was shown that the performance properties
of such materials tend to improve with an increase in the dispersion and uniformity of the
oxide phase distribution on the metal surface. Field emission scanning electron microscopy
(FE-SEM) images of ZnO nanowires grown on ITO-coated unannealed and annealed glass
substrates are presented in Figure 5 [112]. In [113], ZnO nanowires were created by the
hydrothermal method and the need to control their morphology was conditioned. However,
studies focused on the morphology control of quasi-one-dimensional materials are not
numerous, so the consideration of this issue is still relevant.

Figure 5. Field-emission scanning electron microscopy (FE-SEM) images of ZnO nanowires grown
on ITO-coated glass substrates: (a,b) non annealed, (c,d) annealed. The inset images (a,c) show the
side views of the ZnO nanowires [112].

4. Synthesis of ZnO/CuO Heterostructures Based on Quasi-Dimensional Nanomaterials

Unlike metals, the appearance of charge carriers in semiconductors is defined by
many factors, among which the most important are the purity of the semiconductor and its
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temperature [114]. Controlling the conductivity in ZnO remains an important issue. Even
relatively small concentrations of intrinsic point defects and impurities can significantly
affect the electrical and optical properties. As shown in [115], understanding the role
of intrinsic point defects and unintentionally included shallow-donor impurities is the
key to controlling the conductivity in ZnO. In optoelectronics, some progress has been
made towards creating emitting p-n junctions based on ZnO nanowires by doping them.
There are reports of p-type doping in ZnO [116,117]. The properties of zinc oxide-based
materials can be improved by creating heterojunctions with other metal oxides. ZnO n-type
nanowires combined with crystalline or polymeric p-type semiconductors are used. For
instance, photocatalytic activity may be enhanced due to an increase in light absorption
in the active material, a shift in absorption into the visible region of the spectrum and
suppression of recombination of photoinduced charge carriers [118]. The synthesis of
materials with such improved characteristics is important for the development of solar
photovoltaics [119,120]. Copper oxide II (CuO), which is an indirect-gap semiconductor
with p-type conductivity, can be used as a second material for heterojunction formation.
As shown in [121], the formation of the ZnO/CuO p-n junction leads to an increase in
photocatalytic activity due to changes in the spectral characteristics of the formed materials
and more effective separation of the generated charge carriers. The self-cleaning activity
of the CuO/ZnO heterostructure during photocatalysis has been demonstrated in [122].
Increased photocatalytic activity is associated with efficient separation of charge carriers
due to the exploitation of the heterostructure [123].

Examples of the use of ZnO/CuO heterostructures and prospects for solar energy
are presented in [124-126]. Figure 6 shows an X-ray diffraction pattern of samples from
a CuO, ZnO and CuO/ZnO heterostructure synthesized by the microwave-assisted hy-
drothermal method [125]. In order to improve the efficiency of ZnO/CuO heterojunction
photocells instead of a thin layer in [127] the use of one-dimensional ZnO structures was
proposed, which provides an opportunity to increase the specific contact area of the hetero-
junction. In [128], a photodetector based on an array of axial n-ZnO/p-CuO heterostructure
nanowires was fabricated on a Si silicon substrate by sliding angle deposition. A UV-A
photodetector operating in the long-wave ultraviolet region from 320 to 400 nm showed
a high rectification ratio, low dark current and fast photoresponse [129]. In [130], high-
performance formaldehyde gas sensors based on ZnO/CuO heterostructure have been
developed and the detection mechanism has been investigated. It has been shown that
the performance of the ZnO sensor can be effectively improved by performing a hetero-
junction. Figure 7 shows high-resolution transmission electron microscopy images of the
ZnO/CuO heterostructure [130]. ZnO/CuO heterojunction has also shown good selectivity
for ethanol [131].

There is a probability that the ZnO/CuO interface is not chemically sharp. In such
cases, some of the observed properties can be attributed to unintentional doping rather
than heterojunction. It is assumed that CuO doping introduces an additional impurity level
into the bandgap zone of ZnO. Besides, the additional CuO phase leads to a decrease in the
height of the potential barriers at the surface and intergranular boundaries created due to
oxygen adsorption. In these conditions, the sensitivity of the sensors to such substances as
acetone vapor increases, especially under backlight conditions [132].

Controlled vapor deposition [133], the co-precipitation method [134,135], the sol-gel
method [136,137], magnetron sputtering [138], thermal oxidation [139], the hydrothermal
method [140], and the solvothermal method [141] have been used to produce ZnO/CuO
heterojunctions. In [142], solar cell structures based on CuO/ZnO were produced by the
plasma electrolyte oxidation method. The produced heterostructures are characterized by
high optical absorption in the optical range due to the appropriate band gap width of CuO,
which provides strong absorption in the solar spectrum region [143].
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Figure 6. X-ray diffraction (XRD) pattern of samples from CuO, ZnO and CuO/ZnO heterostructure
synthesized by microwave-assisted hydrothermal method [125].
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02325m

Figure 7. High-resolution transmission electron microscopy image the ZnO/CuO heterostructure:
CuO particles are loaded on the surface of ZnO (a). A magnified view of the enclosed regions:
The interface between ZnO and CuO particles is represented by a red dotted line (b). Fast Fourier
transform (FFT) (c). Transmission electron microscopy image the ZnO/CuO heterostructure having a
diameter of 1.00-1.21 um and a height of 1.99-2.30 um (d) [130].

The application of active layers in the form of nanowires and nanorods, which in-
crease the transition area and improve the accumulation of charge carriers, is considered
a promising way to increase the efficiency of solar cells based on CuO/ZnO heterojunc-
tions [144]. In [145], it has been shown that bulk heterojunctions in ZnO/CuO-based solar
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cells can be formed using one-dimensional ZnO nano-objects, and no ordering of arrays
of such nano-objects is required. Zinc oxide has n-type conductivity, while the forma-
tion of a p-type conductivity layer is achieved by the deposition of copper oxide. CuO
fills the space between the one-dimensional zinc oxide objects, creating contact with the
current-carrying electrode.

The main methods for creating one-dimensional nanostructures are gas-phase deposi-
tion, in which nanocrystals grow by the vapour-liquid-crystal mechanism, liquid-phase
methods, and template synthesis. Gas-phase methods of physical or chemical deposition
are widely used for the synthesis of quasi-one-dimensional zinc oxide nanostructures.
In this method, not only the synthesis conditions but also the specific geometry, inter-
nal tooling and other parameters of the reactor used are factors that have a strong effect
on the morphology and properties of the grown ZnO nanostructures [146]. Among the
liquid-phase methods of producing ZnO nanostructures are hydrothermal, using water
as a solvent, solvothermal, based on the use of non-aqueous solvents, and the electrode-
position method. In general, the morphology of deposited ZnO nanostructures depends
on the thickness of the seed layer and the properties of the substrate used. That is, growth
mechanisms are influenced by many factors, so even small changes in synthesis conditions
may lead to significant modifications in the morphology and properties of the created
nanomaterials [147]. Thus, the development of reliable methods for the production of
nanomaterials and heterostructures remains a topical issue.

In [148-151] new method of pulse periodic laser irradiation has been developed and a
range of nanomaterials from nanoporous to layered based on ZnO nanowires have been
synthesized. It was defined that a non-stationary stress-strain state caused by laser-induced
vibrations is a condition for the intensification of mass transfer in the solid phase of metallic
materials to be treated. A significant increase (at least 200%-300% compared to plain
exposure to laser beam heating) in the diffusion coefficient in a metallic material was
described [152]. The use of this identified synergistic effect of heat exposure and laser-
induced vibrations made it possible to create semiconductor nanostructures on a metal
substrate, including a composite material consisting of zinc oxide nanowires and copper
oxide nanofilms. The formation of a crystalline structure of these semiconductors that
have different conductivity types determines the creation of n-ZnO/p-CuO anisotropic
heterojunction between them [38].

To create a ZnO/CuO heterostructure based on ZnO nanowires, pulsed-periodic laser
irradiation on the pre-etching surface of Cu-Zn alloy has been proposed. Dezincification by
etching created an alloy surface consisting of separate micrograin surfaces with high Cu
content and their surrounding grain boundaries. The laser irradiation was carried out with
a pulse frequency of 100 Hz; the laser power was 330 W and the diameter of the laser spot
on the surface of the samples was 16 mm [38]. After such pulsed-period exposure, ZnO
nanowires predominated in the grain boundary area, while the surface of each micrograin
was coated with a CuO nanofilm, forming a ZnO nanowire/CuO nanofilm composite
material.

Figure 8 shows a photo of the setup that has been used to study the vibration character-
istics of the samples during the laser-induced formation of nanopores and nanowires [152].
Figure 9 shows a graph of the averaged over the sample surface vibration rate as a func-
tion of the sample vibration frequency during laser irradiation at a frequency of 100 Hz.
Figure 10 illustrates the vibration rate distribution over the sample at a frequency equal to
the laser irradiation frequency of 100 Hz. Figure 11 shows a scanning electron microscopy
image of ZnO nanowires formed on the surface of Cu-Zn alloy during laser irradiation of a
previously etched material [38]. It was established that the products of thermal oxidation
during pulse-periodic laser irradiation are different and depend on the initial surface com-
position. When laser exposure was performed on a non-etching material, ZnO nanowires
were formed on the porous metallic material. After surface dezincification, a composite
material consisting of a network of ZnO nanowires and a CuO nanofilm on the surface of
the metal material was formed by laser exposure.
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Figure 8. Photo of the setup used to study the vibration characteristics of the samples: 1—pulse-
periodic laser; 2—three-coordinate scanning laser vibrometer; 3—mirror of optical system; 4—two-
coordinate scanning laser vibrometer; 5—non-contact thermometer; 6—Cu-Zn alloy sample [152].
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Figure 9. Graph of the averaged over the sample surface vibration rate as a function of the sample
vibration frequency during laser irradiation at a frequency of 100 Hz [38].
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Figure 10. Re-established with PSV Presentation software, distribution of vibration rates over the
sample at a frequency equal to the laser irradiation frequency of 100 Hz over the time 0.625 ms [38].

Figure 11. SEM image of ZnO nanowires formed on the surface of Cu-Zn alloy in the process of laser
irradiation on the pre-etching material [38].

During experimental studies described in [153], the pulse frequency was adjusted in
the range of 10-2500 Hz. The beam power was 270-330 W and the diameter of the laser
spot was 20 mm. At a beam power of 270 W, the ZnO nanowires are faintly formed on
the mechanically grinded surface; when the power was increased to 330 W the density of
the nanowires increased considerably. However, in this case, shorter and wider nanowires
are formed. The synthesized nanowires are reinforced on a substrate and have a length
of ~0.5-3 um and a diameter of ~40-90 nm. It has been shown that ZnO predominated in
the boundary area, while CuO predominated on the remaining surface. X-ray diffraction
studies of copper-zinc alloy samples with an oxide semiconductor nanocomposite synthe-
sized on the surface were carried out. Analysis of X-ray diffraction patterns showed that
pulse-periodic laser irradiation leads to the formation of monoclinic CuO (a = 4.6853 A,
b =3.4257 A, c =5.1303 A, B = 99.549°) and wurtzite ZnO (a = 3.24982 A, b = 3.24982 A
¢ =5.20661 A) on the porous Cu-Zn alloy substrate (a = 4.256 A). Based on the specificity
of oxide and zinc crystal modifications, in [154] it was shown that epitaxial relations are
fulfilled for faces formed by vectors b and c. Since the mismatch of these crystal lattice
parameters is relatively small, a practically defect-free heterojunction can be created [155].

5. Discussion of the Presented Results

Semiconductor heterostructures are the basis for advanced electronic and optoelec-
tronic devices; they form the core of constructions of field-effect transistors, quantum
electronics devices, computing systems, lighting technology, and electronic equipment
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for communication and telecommunication systems. The combination of materials with
different conductivity types is an effective approach to creating such heterostructures. The
use of synergistic effects of heating and laser-induced vibrations has allowed a new ap-
proach to the formation of quasi-dimensional nanostructured metal oxides by laser-matter
interaction. A new method of synthesis was developed and a number of nanomaterials
ranging from nanoporous to layered metal-semiconductor based oxide-metal nanowires
were synthesized by pulse-periodic laser irradiation. As a result of laser irradiation with
a pulse duration in the micro- and millisecond range, the synthesis of ZnO nanowires on
the surface of Cu-Zn alloy was carried out. The conditions of ZnO/CuO heterostructure
formation under the laser-induced vibration were revealed and described in [38].

The possibility of synthesis of ZnO/CuO nanocomposite material by surface etching
of copper-zinc substrate has been determined. Scanning electron microscopic and X-ray
studies of samples after pulsed-periodic laser irradiation were performed. The method of X-
ray diffraction, based on the ability of X-rays to reflect from the planes of the crystal lattice of
the material, can determine in polycrystalline objects: the size of areas of coherent scattering;
lattice parameters of the different fractions; the presence of chemical compounds. X-ray
diffraction pattern analysis showed that oxidation during pulse-periodic laser treatment
led to the formation of oxides on the surface of the becoming porous Cu-Zn alloy substrate:
monoclinic CuO and wurtzite ZnO. It was found that there were differences in the structure
of the surface layers of non-etching and dezincified after oxidation in the process of laser
exposure. The products of oxidation in the process of pulse-periodic laser treatment
depended on the initial surface composition. The laser irradiation of the non-etching
material resulted in the formation of ZnO nanowires on the surface of the metallic material.
On an unzincified surface, a network of ZnO nanowires and a CuO nanofilm on the surface
of the metallic material was formed by laser irradiation [153].

By varying the processing regimes and the percentage of copper and zinc components
in the initial brass, for example, by reducing the zinc content, integration of 1D /1D nanoma-
terials such as ZnO and CuO nanowires on an electrically conductive metallic material can
be implemented. Integrated 1D/1D heterostructures can be used to create a wide range of
functional devices such as light-emitting diodes, rectifier transistors and diodes [156]. The
difficulty is that such nanowires synthesized by pulse-periodic laser irradiation typically
have random directions on the metal substrate. Their direction and spatial location are still
difficult to control, and regimes for oriented structuring of highly ordered nanowires are
not yet feasible.

Reliable methods for the synthesis of high-quality oxide heterostructures are still under
development, the simplest fabrication method is the mechanical transfer of one 2D crystal to
another using step-by-step manipulation. In [157], a method of creating 2D heterostructures
is proposed where an oxide layer on a polished metal surface is deposited under controlled
conditions and transferred to another substrate simply by pressing it against the target surface.
Two-dimensional metal oxides that can be exfoliated are synthesized by direct oxidation of
their elemental metals. The transfer technique can easily be extended to create various 2D
heterostructures and devices [158]. Under elastic strain conditions [38,150-152] at which the
sample is subjected, it is possible to implement regimes of mechanical exfoliation of thin
layers of formed layered ZnO/CuQO heterostructures from the surface of metallic material,
which allows to create a 2D /2D heterostructure. It should be noted that in the area of grain
boundaries, a ZnO/CuO layer is formed in which there are fractured ZnO nanowires; this
layer is intensively exfoliated and chipped, revealing the unoxidized surface of Cu-Zn alloy
grains [153]. As the energy or power density of the laser exposure increases, the formation
time of the exfoliated layer decreases and its thickness decreases.

For new applications of electronic devices, oxide nanowires and 2D materials can
also be integrated, where integration during heterostructure synthesis is the most efficient
approach to combine these nanomaterials. The synthesis of an array of one-dimensional
ZnO nanostructures is possible in the beginning, then the deposition of Cu nanosheet,
which is subsequently oxidized to form 2D and 3D ZnO/CuO hetero-interfaces [144]. The
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rectifying behaviour of the n-ZnO/p-CuO transition can be useful in photoconductive and
photoactive devices, while the unipolar transport of 1D/1D thin p-CuO/n-ZnO films is
useful for optical switching.

The extension of the field of application of laser irradiation as an advanced method of
nanostructure formation makes it necessary to study in detail and comprehensively new
possibilities of structure formation with improved physical properties. Specific features for
the creation of arrays of quasi-dimensional ZnO nanostructures with different micromor-
phology on metal substrates are determined. Morphological characteristics are critical for
many applications, so controlling these parameters by changing the synthesis conditions is
an important task. This task can be solved by adaptation of the laser beam shape and redis-
tribution of energy and power density by using appropriate optical systems. For example,
the use of special optical systems based on diffractive optical elements [159,160] makes it
possible to locally process the target areas with a pre-determined intensity [161,162]. The
described approach opens new perspectives for the formation of oxide nanostructures to
be used in heterogeneous electronics devices, optoelectronics, sensors, portable energy
sources and other practical applications.

6. Conclusions

The application of nanostructured metal oxides enables increased functionality and
decreased power consumption of sensor devices and microsystems, micro- and optoelec-
tronic systems under development while reducing the mass and size of components. For
this reason, such materials are of great interest, for studies as well as for a wide range of
applications, and are being actively researched and developed. Much attention has been
paid to the application of synthesized quasi-one-dimensional metal oxide nanostructures,
including copper and zinc oxides.

The main obstacle to the wide practical application of existing physical and chemical
methods for the synthesis of quasi-one-dimensional oxides is that the morphology of the
deposited nanostructures depends on the thickness of the seed layer and the properties
of the substrate used. Growth mechanisms are influenced by many factors, so even small
changes in synthesis conditions may lead to significant modifications in the morphology
and properties of the created nanomaterials. Therefore, the development of reliable methods
for producing nanomaterials and heterostructures remains a topical issue.

Copper oxide nanowires have become important in optoelectronic devices and energy
conversion systems. Techniques for growing copper oxide nanowires include wet-chemical,
solution-based, electrochemical and hydrothermal. Thermal and plasma oxidation methods
are also used. Despite the fact that the desired improved properties have been achieved,
materials containing copper oxide nanowires cannot yet be produced in large quantities, for
wider use. It is, therefore, necessary to continue searching for the most efficient synthesis
processes that provide not only high quality and improved properties of such materials but
also higher productivity.

Possible implementations of the quasi-one-dimensional structures include metal-oxide
layered materials that can be used as materials for electrical contacts. The performance
properties of such materials tend to improve with an increase in the dispersion and unifor-
mity of the oxide phase distribution on the metal surface. However, the morphology of the
arrays of quasi-one-dimensional materials that are synthesised on the substrate, including
ZnO nanowires, is extremely sensitive to the synthesis conditions and is difficult to control,
and only a few studies are devoted to this specific topic. Therefore, the consideration of
this issue is still relevant.

By creating heterojunctions with other metal oxides, the properties of zinc oxide-based
materials can be improved. Copper oxide (CuO), which is an indirect-gap semiconductor
with p-type conductivity, can be used for heterojunction formation. Bulk heterojunctions in
ZnO/CuO-based devices can be formed using one-dimensional ZnO nano-objects, and no
ordering of arrays of such nano-objects is required. The formation of a p-type conductivity
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layer is achieved by the deposition of copper oxide, which fills the space between the
one-dimensional zinc oxide objects, creating contact with the current-carrying electrode.

The use of synergistic effects of heating and laser-induced vibrations has allowed the
creation of a new approach for the formation of quasi-dimensional nanostructured metal
oxides by laser-matter interaction. The condition that allows intensified mass transfer
has been identified as the non-stationary stress-strain state caused by laser-induced vibra-
tions. The knowledge of this synergetic effect—a newly identified physical effect allows
significant progress in developing a novel approach for the creation of nanostructures and
heterostructures of materials.

Morphological characteristics are critical for many applications, so controlling these
parameters by changing the synthesis conditions is an important task. This task is solved by
the adaptation of the laser beam shape and the redistribution of energy and power density
by using appropriate optical systems. The presented approach opens new perspectives
for the formation of oxide nanostructures to be used in heterogeneous electronics devices,
optoelectronics, sensors, portable energy sources and other practical applications.
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