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CONCEPTUAL LANDMARKS OF THE SYNTHESIS WORK

Starting with the rapid development of nanotechnology in the 1990s of the last century, a
variety of porous materials has been reported. A considerable interest has been triggered by the
discovery of macroporous Si more than three decades ago by Lehmann and Foll [1]. Nowadays, there
are several well studied self-ordered porous materials finding applications in many fields, e.g.: (i)
porous alumina introduced by Masuda and Fukuda in 1995 [2]; (ii) TiO2 nanotubes presented by
Macak and colleagues in 2007 [3]; and (iii) self-ordered porous I11-V semiconductor compounds [4—
8].

However, besides the versatility of porous alumina oxide for introducing self-ordering, its
applicability is limited as a porous template to be filled in by other materials, with subsequent its
removal due to the dielectric behavior leading to a passive role in the nanofabrication processes. In
comparison with porous alumina, the templates based on TiO2 nanotubes has attracted a lot of
attention in research and is considered a semiconductor nanoarchitecture with potential for a variety
of applications due to its unique structural, optical and electronic properties, non-toxicity, corrosion
resistance, accessibility, biocompatibility, high photocatalytic characteristics, photostability, etc.

Despite the fact that TiO: is considered a semiconductor material, its electrical conductivity
is relatively low. In connection with this, semiconductor porous structures with controlled
conductivity are of major interest. Porous materials from 111-V group are perfect candidates able to
fill this gap. An essential contribution to the controlled nanostructuring of these materials was made
by the groups of Prof. H. Foll, Prof. I. Tiginyanu, and Prof. P. Schmuki.

The authors of the Ref. [6] have focused their study on the formation of pores in IlI-V
semiconductor compounds, highlighting the main properties of crystallographic pores "crysto pores
(CO)" and current lines oriented pores "curro-pores (CLO)". The main characteristics of CO pores
are as follows: (i) triangular shape in cross-section; (ii) they tend to grow along the <111>B
crystallographic direction independent of the initial surface orientation; (iii) are obtained at low
current densities; (iv) they can intersect, leading to new three-dimensional ultra-porous architectures.
Among the inherent properties of CLO pores, the following can be mentioned: (i) round shape in
cross-section; (ii) their formation requires higher applied current densities; and last but not least (iii)
they cannot intersect, perhaps most importantly from the point of view of the self-ordering process.

As it was established by [9], the cross-sectional shape of pores, growth rate, etc. strongly
depend on the applied electrochemical parameters during anodization. Moreover, the shape of
nanopores can be tuned in n-GaP substrates with different crystallographic orientations by
anodization in HBr electrolyte, as it was demonstrated by [10] and [11] regarding rectangular and

triangular shapes.



As a result, the problem of engineering porous semiconductor compounds at the micro- and
nano-metric scale is of significant importance in the design of various electronic devices and systems.
In optoelectronics, semiconductor pores can be used to improve light-material interaction. By
growing pores of specific size and arrangement, it becomes possible to manipulate the behavior of
photons in the semiconductor material. This opens up opportunities for applications such as
photodetectors, solar cells, and light emitting devices.

Furthermore, pores in semiconductor compounds can also be used in energy storage and
conversion devices such as supercapacitors and fuel cells. The growth of well-defined and uniform
pores allows the effective increase in surface area, which in turn increases the efficiency of these
devices. A key aspect is the ability of semiconductor pores to control the flow of ions or molecules
through them. This property is particularly useful in microfluidic applications such as biosensors,
where selective transport of specific analytes is required. By carefully designing and controlling the
growth of these pores, it becomes possible to tailor their size, shape, and surface properties to achieve
desired functionalities.

Engineering of pores in semiconductor compounds by electrochemical methods offers
numerous advantages in device design. In addition, electrochemical methods allow the controlled
integration of other materials into porous semiconductor compounds, paving the way for the
development of hybrid or functionalized devices with potential applications in the fields of electronic,
photonic, optoelectronic and energy storage devices.

The aim of the synthesis work is to develop theoretical concepts and to develop
technological approaches for micro- and nano-engineering of porous semiconductor compounds and
metallic nanostructures by electrochemical methods for multifunctional applications.

Achieving the goal is conditioned by the achievement of the following specific objectives:

— ldentification of the technological conditions of the electrochemical etching to obtain
templates based on wide bandgap semiconductors;

— Elaboration of concepts with further experimental demonstration for the engineering of the
morphology of porous layers in semiconductor compounds by electrochemical etching;

— Comparative analysis of the nanostructuring of IlI-V (InP, GaAs, GaN) and II-VI
semiconductor compounds (CdSe, ZnSe, ZnxCd1xS);

— Investigation of the electrochemical pulse deposition of metal on porous semiconducting
layers for the identification of legalities and the development of the deposition mechanism;

— Development and optimization of electrochemical technologies for switching from porous
layers to arrays of nanowires with controlled alignment with respect to the surface of the

substrate;



— Properties investigation of the elaborated nanostructures in order to demonstrate their
applicability in micro- and nano-devices in electronics, optoelectronics, photonics,
ferromagnetism.

The research hypothesis consists in exploring the mechanisms of electrochemical etching of
semiconductor materials and electrochemical deposition of metals in porous semiconductor structures
in order to obtain porous semiconductors with controlled morphology and design and metal-
semiconductor nanocomposite materials for various applications.

Synthesis of research methodology and justification of the chosen research methods.
Electrochemical methods were used as basic techniques for the fabrication of semiconductor
nanostructures, including those functionalized with metals. It should be noted that electrochemical
etching in semiconductor materials is performed without lithographic means, the latter being used for
the manufacture of porous layers with pores parallel to the substrate surface.

The coating of porous layers, regardless of their morphology, with a monolayer of Au nanodots
was achieved by pulsed electrochemical deposition. Electrochemical methods are considered cost-
effective and accessible, being available at the National Center for Materials Study and Testing
(CNSTM) within the UTM.

The morphology and chemical composition study was carried out using scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). Kelvin probe force microscopy
(KPFM) was applied to the surface of HVPE-grown bulk GaN substrates to highlight non-uniform
doping during HVPE growth. Photoluminescence (PL) and cathodoluminescence (CL) contributed to
the study of the respective micro- and nanostructured samples.

Photoelectric characterization was used to study developed photodetectors based on ultra-thin
InP nanowalls and single GaAs nanowire, using the optical filters in the IR and UV region of the
spectrum placed after the Xe arc lamp. Contacting of the nanowires was performed by focused ion
beam (FIB), placing the GaAs nanowire on the Si/SiO> chip with pre-fabricated metal contacts, or by
means of laser beam lithography, the latter being an optimal method in terms of feasibility and
accessibility. The current-voltage characteristics were measured in order to demonstrate the formation
of the Schottky or ohmic contact.

Demonstration of retroreflection in porous InP and GaAs structures was performed by
experimentally measured scattering indicatrix under laser beam illumination with wavelengths of A =
531 nm of the Nd:LSB solid-state laser (LEMT, Belarus), laser diode ( BelOMA, Belarus) A = 654
nm and the solid-state Nd:YAG laser (Solar LS, Belarus A = 1064 nm).

The study of metal-semiconductor structures was carried out by means of several techniques:



(i) Topographic imaging of current mapping using point contact microscopy, through which
the formation of the Schottky contact at the interface of the monolayer of Au nanodots with the InP
substrate was demonstrated,

(i) Electrochemical impedance spectroscopy in 0.5 M Na,SO4 pH=6.5 electrolyte to identify
the impact of metal nanodot functionalization;

(iii) Contact angle measurements were performed to demonstrate the impact of electrochemical
nanostructuring and functionalization with metal nanodots on hydrophilic or hydrophobic properties;

(iv) Measurements of the volt-faradic characteristics to study the developed varicap based on
porous GaP/Pt nanotubes;

(v) Measurements of the magnetization curves of metallic nanostructures (Fe or NiFe)
deposited on GaAs nanowires were carried out by vibrating sample magnetometer (VSM) with
applied magnetic fields up to £3 T at room temperature for “in-plane” and ‘“out-of-plane”
configurations.

The detailed description of the used semiconductor substrates, investigated electrolytes and
the schematic representation of the technological set-up is reflected in the chapter 5 of the author's
monograph [12].

The novelty and scientific originality of the synthesis work consists in:

— Porous templates based on wide bandgap materials (GaN, ZnCdS) and micro-nano-structures
(Zn0O), perspective for applications in the visible range of the spectrum, were fabricated;

— Electrochemical technological approaches have been developed to control the pore direction
propagation in depth, resulting in 3D structures formed as a result of the transition from CLO to
CO pores, or due to non-uniform doping in HVPE grown GaN substrates, as well as parallel to
the surface of InP or ZnSe crystals by applying specially designed photolithographic masks;

— The "hopping electrodeposition™ mechanism was developed and demonstrated, which allows the
deposition of a monolayer of Au nanodots on porous semiconductor compounds, regardless of
morphology;

— For the first time, the "abnormal” retroreflection of light on ultra-porous layers based on InP and
GaAs semiconductor compounds was demonstrated;

— Optimization of the technological parameters of anodization allowed the fabrication of
semiconductor nanowire arrays by electrochemical etching of InP, GaAs and ZnTe semiconductor
crystals. The use of GaAs crystals with different crystallographic orientation allowed obtaining
networks of nanowires tilted (100), perpendicular (111)B and predominantly parallel (001) to the
substrate surface;

— For the first time, a cost-effective and original approach was proposed to estimate the electrical
conductivity in InP semiconductor nanostructures with different thicknesses, by pulsed

9



electrochemical metal deposition. The given approach has also been shown to be effective for
highlighting non-uniform doping during HVPE growth in GaN substrates. Complementarily, non-
uniform doping was also demonstrated by electrochemical etching of GaN (HVPE) substrates;

— Through contact angle analysis, it has been demonstrated that the engineering of semiconductor
surfaces by electrochemical methods (electrochemical etching and/or electrochemical deposition)
allows the controlled switching of hydrophilic/hydrophobic properties.

The main new scientific results that led to the development of the new research direction
""Controlled micro- and nano-engineering of porous semiconductor compounds and metallic
nanostructures by electrochemical methods™ are:

(i) the developed and experimentally demonstrated concept for engineering the morphology of porous

layers in semiconductor compounds by applying on the semiconductor surface the photolithographic

mask with a special configuration, followed by electrochemical etching;

(ii) elaborating the "hopping electrodeposition™ mechanism involving the formation of the Schottky

barrier at the Au nanodot/semiconductor interface, experimentally demonstrated by topographic

current mapping imaging using point contact microscopy;

(iii) the "hopping electrodeposition” mechanism that underpins the concept of experimental

demonstration of different electrical conductivity in semiconductor nanostructures with different

thicknesses;

(iv) the "hopping electrodeposition™ mechanism that experimentally demonstrates and highlights non-

uniform doping during HVPE growth of GaN substrates, additionally confirmed by electrochemical

etching through selective nanostructuring of regions with higher electrical conductivity;

(v) controlling the geometrical shape of the semiconductor pores and nanowires that allows to obtain

hybrid core-shell structures with triangular, square or round geometries by forming a thin metal layer

inside the pores or around the nanowires by means of the "hopping electrodeposition™ mechanism.

The theoretical significance of the synthesis work consists in the elaboration and
demonstration of:

(i) the "hopping electrodeposition” mechanism of Au nanodots on the surface of porous

semiconductor compounds;

(i) the concept for engineering the pore growth direction using photolithographic processes;

(iii) the development of the method for assessing the electrical conductivity in semiconductor

nanostructures with different thickness by the electrochemical deposition of gold,;

(iv) the correspondence of the proposed mathematical model with the experimental data of the

retroreflection phenomenon in ultra-porous InP and GaAs semiconductor compounds;

(v) investigation of hydrophilic/hydrophobic surface properties of porous semiconductor compounds;

10



(vi) demonstration of the possibility to control the contact angle and surface engineering of porous
semiconductor compounds by electrochemical etching or pulsed electrodeposition.
The applicative value of the work is emphasized by:

— The feasibility of developing multilayer structures on the basis of HVPE and MOCVD grown
GaN substrates for the design of Bragg reflectors or other photonic elements was demonstrated
by micro-reflectivity measurements accompanied by transfer matrix analyses and simulations by
calculating optical reflection spectra.

— Demonstration of the prospect of developing new focusing elements and beam splitters based on
GaP/Pt or ZnSe/Pt nanostructures for applications in the visible region of the spectrum.

— Development of the varicap device based on GaP/Pt nanostructures with a record gradient
variation of the capacitance density of 6x10-3 pF-V! per 1 um? of surface.

— Demonstration of the sensitivity of porous InP membranes functionalized with Au nanodots to Hz
and CO gases.

— Development of the IR photodetector based on an ultra-thin (10 nm) InP nanowall with
photoresponse R=1.3 A-W-! and detectivity D=1.28x10'° cm-Hz2.W-! at Pexc= 800 mW-cm™, as
well as of the GaAs photodetector (single nanowire) with R=100 mA-W* and D=1.2x10°
cm-HzY2.wW1,

— Fabrication of core-shell nanowire arrays based on GaAs-Fe or GaAs-NiFe with the possibility
of aligning them perpendicular/parallel to the substrate surface with a magnetic anisotropy of
coercivity and remanence ratio.

— Gold nanodot functionalization of ZnO or aero-GaN micro- and nano-structures promising as
platforms for the fabrication of 3D hybrid micro-nano-architectures.

The main scientific results submitted for defense:

— The "hopping electrodeposition™ mechanism for the self-assembly of Au nanodots in monolayers
is governed by the formation of the Schottky barrier at the interface of the semiconductor substrate
with Au nanodots with diameters around 20 nm, confirmed by means of topographic imaging and
current mapping measurements.

— Electrochemical methods allow the design and control of nanoscale porous structures in
semiconductor and metallic materials.

— Joining the porous semiconductors and metallic structures on a nanometric scale by
electrochemical methods allows the creation of hybrid materials with unique properties, having
significant implications in the development of advanced devices in the field of electronics,

optoelectronics and photonics.
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— The concepts of the integration of electrochemical etching with patterned photolithographic
masks containing opening holes provides an innovative approach for fabrication of porous
domains with separate entrances for fluid manipulation at the micro- and nanoscale.

— Choosing the optimal electrochemical parameters (applied voltage, nature of the electrolyte and
its concentration) offers the possibility of obtaining an enormous amount of semiconductor
nanowires (InP, ZnTe, GaAs) connected to the bulk semiconductor substrate.

— The anomalous retroreflection demonstrated in nanoporous InP and GaAs materials with mesh-
like morphology that strongly absorb in the visible range occurs in a narrow solid angle along
with a diffuse specular reflection for all angles of incidence.

— CLO pores are characteristic of both 111-V (except GaAs) and I1-VI semiconductor compounds,
while CO pores have only been observed in 111-V semiconductor compounds.

— The presence of only CO pores in the anodization process of GaAs crystals, offers additional
possibilities of aligning the nanowires obtained by electrochemical etching, by choosing the
crystallographic orientation of the bulk GaAs substrate.

The results reflected in the synthesis paper were partially obtained within the projects in
which the author was the project director: postdoctorat #21.00208.5007.15/PD (2021-2022); state
program #20.80009.5007.20 (2020-2023); institutional project #15.817.02.29A (2015-2019); STCU
#6222 (2017-2018); bilateral Belarus #9.80013.50.07.03A/BL (2019-2020); young researchers
#11.819.05.12A (2011-2012); the Alexander von Humboldt foundation fellowship at the University
of Hamburg, Germany (10.2011 — 01.2014) and at IFW Dresden, Germany (03.2018 — 05.2018).

The author's personal contribution

The work presents a systematization of the results of scientific research carried out directly
by the author, whose personal contribution consists in establishing of the research objectives,
justifying the methods of their implementation, performing basic experimental investigations (SEM,
EDX, AFM, contact angle), analysis of the obtained results, as well as the preparation of the papers
for publication. The major contribution in papers is highlighted as first author, last author, and
corresponding author. The scientific supervisor acad. lon Tighineanu participated in the discussion
and formulation of the research objectives, and analysis of the obtained results. The results regarding
the comparison of pore growth mechanisms in I11-V and II-VI semiconductor compounds were
discussed with Prof. H. F6ll and Dr. Sergiu Langa. The nanostructuring processes of the GaN crystals
grown by the HVPE or MOCVD method were carried out together with Dr. Fiodor Braniste,
responsible for the photoelectrochemical etching, in contrast to the electrochemical etching, carried
out by the author of the synthesis work. Experimental investigations of the retroreflection
phenomenon observed in porous InP and GaAs samples were carried out in collaboration with acad.
S. Gaponenko and Dr. S. Prislopski at the B. I. Stepanov Institute of Physics of the National Academy
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of Sciences of Belarus, theoretical calculations for modeling the experimental data obtained by the
author were performed by Dr. V. Sergentu. The measurement and interpretation of the PL and XRD
spectra was carried out in collaboration with mem. cor. ASM V. Ursachi. The growth of bulk ZnO,
ZnCdS crystals was carried out in collaboration with Dr. G. Colibaba within the State University of
Moldova. Some technological optimizations of the pulse electrochemical deposition process for the
formation of hybrid metal-semiconductor structures, as well as the elaboration of the top contact to
the structures composed from semiconductor templates with embedded metal nanotubes, were carried
out by Elena Monaico and contributed to the further development by the author of this synthesis work
on concrete applications such as photonic lenses and the varicap device. The basic technological and
characterization methods used in the work are part of the research infrastructure at the primary
research unit (NCMST, TUM) and were used personally by the author. Topographic current mapping
imaging, TEM, XRD, EIS were studied in collaboration with Prof. M. Enachescu, Dr. Célin Moise,
Dr. G. Mihai (CSSNT, UNSTPB, Romania). The investigation of the magnetic properties was carried
out at IFW Dresden (Germany) in collaboration with Prof. Dr. Habil. K. Nielsch.
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SUMMARY OF PUBLICATIONS
1. WIDE BANDGAP SEMICONDUCTOR NANOTEMPLATES (GaN,
ZnCdS, ZnO)

1.1 Electrochemical nanostructuring of gallium nitride (HVPE grown)

Due to gallium nitride’'s (GaN) excellent thermal and mechanical properties, chemical
stability, high electron mobility and high breakdown voltage, low thermal impedance - it has become
a perfect material for a wide range of applications in optoelectronics, high power devices and high
frequency. Nanostructuring of GaN, especially through the use of electrochemical etching (EE),
greatly expands the fields of applications such as platforms based on surface-enhanced Raman
scattering, energy storage, photocatalytic, water dissociation, hydrogen generation, photodetectors,
chemical and gas sensors, photonic engineering, waveguides and Bragg reflectors, etc.

The obtained porous GaN layers and reported in the literature are limited to 2 — 4 um in depth.
This is due to metal-organic chemical vapor deposition (MOCVD) growth technology on sapphire,
Si or SiC substrate. Apart from this, GaN epitaxial layers suffer from internal stresses and defects due
to the significant mismatch of crystal lattice parameters and thermal dilatation coefficients with the
substrate material.

Nowadays, there are three main technologies used to grow bulk GaN crystals: (i) hydride
vapor phase epitaxy (HVPE), (ii) sodium flux, and (iif) ammonothermal growth [13]. Among these
methods, HVPE growth appears to be the best choice, while ammonothermal growth is unsuitable for
mass production of GaN crystals, ensuring a low growth rate of up to several micrometers per hour.
Additionally, the properties of amonothermal GaN crystals are affected by the presence of impurities
and other defects, which prevent their use for device applications [14]. On the other hand, HVPE
technology offers a relatively high growth rate (500 pm-h') [13]. However, despite the important
advantages of HVPE technology, achieving uniform electrical conductivity in the material is still
difficult.

In the paper [15] it was demonstrated, that electrochemical etching allows to highlight three-
dimensional self-organized nanostructured architectures that were attributed to the spatial modulation
of electrical conductivity, generated during the HVPE growth of GaN substrates. In the study, n-GaN
crystals with a thickness of 300 pm, having the crystallographic orientation (0001) with unpolished
Ga face and polished N face, purchased from SAINT-GOBAIN Crystals, were used. Figure 1.1a,b
illustrates the AFM images of the surface topology recorded on the surface of the GaN HVPE
substrate where circular regions can be observed, forming concentric ring-like structures. To study
the electrical properties of the sample on the surface, Kelvin probe force microscopy (KPFM)

measurements were performed, also known as surface potential microscopy (Figure 1.1c).
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(a) Opm 5 10 ‘15 20 v 25

Figure 1.1. AFM images of the surface of a HVPE grown GaN substrate (a,b). (c) KPFM
image of the surface shown in (b). SEM images of the GaN sample subjected to
electrochemical etching: top view (d) and cross-sectional view (e) of the N surface.
Reproduced from [15]

After the electrochemical etching process, well-defined circular regions comprising
concentric topographical structures, sometimes with a quasi-hexagonal shape, are observed in the
image from Figure 1.1d. Since electrochemical etching techniques are very sensitive to local doping,
it has been suggested that the obtained topology is due to the spatial modulation of the electrical
conductivity over the entire surface and including the bulk of the HVPE grown GaN wafer. The
hypothesis was confirmed by a combined study involving different characterization techniques such
as AFM, KPFM, SEM and micro-CL [15]. It should be mentioned, that the electrochemical etching
allowed to investigate the uniformity of the doping of the HVPE grown GaN substrate in bulk, while
with KPFM only the surface can be investigated.

The configuration of the high-conductivity and low-conductivity layers, which alternate with
each other with a periodicity of 80-150 nm, is different in the vicinity of the N-terminated and Ga-
terminated faces of the GaN sample. The configuration is V-type, on the N face as is illustrated in
Figure 1.1e, but with the increasing the growth thickness of the GaN substrates, the sharp shape of
the V-type defects is attenuated, and parabolic shapes with much larger dimensions compared to the
N surface are observed [15]. The results of the more detailed investigation of electrical conductivity
modulation and lattice distortions in etched HVPE GaN substrates are presented in the paper [16].

In the paper [17], the capabilities of the electrochemical etching technology for the production
of multilayer porous structures in HVPE grown GaN substrates were demonstrated. Electrochemical
etching is nucleated at the surface of the sample with the formation of pores in the regions of the ring-

shaped structures with higher conductivity and is carried out through the development of pores in
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depth in the high-conductivity regions. It has been shown that the porosity of the layers in the
multilayer porous structure is controlled by several technological parameters. An important parameter
is the composition and the concentration of the electrolyte. Very low porosity layers are produced in
the high conductivity strips upon electrochemical etching in HCI electrolyte compared to HNOs
electrolyte at the same applied potential and duration of the anodization process. These structures
obtained from layers with alternating porosity, demonstrating alternating refractive index, are
promising for the design of Bragg reflectors, by cutting off the suitable regions from the multilayer
porous structures produced at optimized technological parameters [17].

The applied anodization potential is another technological parameter which impacts the
produced porosity. Therefore, regions with various porosities can be produced in depth of the sample
by changing the anodization potential during the electrochemical etching, as demonstrated in Figure
1.2a,b. A region with high porosity is formed near the surface of the sample during the first phase of
electrochemical etching under an applied anodization potential of 35 V (Figure 1.2b). Underneath, a
region with the porosity similar to that obtained at an applied potential of 25 V is produced during
anodization with an applied potential of 15 V (Figure 1.2b). One should note that the morphology of
region 1 is no longer composed of alternating porosity layers, as both high-conductivity and low-
conductivity stripes are porosified at the applied voltage of 35 V. Thus, a region with uniform porosity
is obtained [17].

Figure 1.2. (a,b) Cross-sectional SEM images taken at different magnifications of GaN HVPE
sample subjected to two-step electrochemical etching in 0.3M HNOs electrolyte for 2 min at
anodization potential of 35 V (region 1) and 15 V (region 2). Reproduced from [17]

According to the proposed model for the growth of GaN HVPE substrates [15], the growth
process of GaN by the HVPE technique is governed by the formation and subsequent growth of so-
called V-type defects or pits on the crystal surface, as illustrated in the schematic presentation in the
paper [15]. As previously mentioned, the morphology produced by anodization on both surfaces is
different, thus it is expected that by optimizing the technological parameters during the growth of
GaN HVPE substrates, the V-type defects will mostly be annihilated on the Ga-surface, representing
the growth surface. Later on, in the paper [18], different porous morphologies produced by deep

anodization of 300 um thick HVPE grown GaN substrates (MTI-corporation, USA) with respect to
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N or Ga face were reported. Porous structures in the form of pyramids were formed on the N face,
while homogeneous porous templates with pores oriented perpendicular to the wafer surface are
generated at a depth of up to 50 um on the Ga face, the thickness of the pore walls being controlled
by the value of the applied voltage. The systematic study of anodization in different electrolytes
demonstrated for the first time the possibility of porous structures obtaining in ecological electrolyte
based on NaCl with the preservation of the wurtzite crystalline phase of the material confirmed by
HR-STEM analysis [18].

1.2 Electrochemical nanostructuring of ZnxCdi1xS crystals

I1-VI semiconductors are prospective candidates for nanotemplates taking into account their
large bandgap, high electron mobility, transparency in the visible region of the spectrum, etc. ZnS is
a relatively large band gap I1-VI compound (Eg=3.6 eV at 300 K) and has prominent luminescence
proprieties that opens opportunities to use it in optoelectronics and photonics. However, electrical
parameters of this material are not as good as those of the other compounds of the same group. The
maximum concentration of free charge carriers in n-ZnS is less than 10'” cm™ due to the compensation
effect, and this material has extremely high contact resistance due to surface states [19,20]. On the
other hand, in case of CdS (Eg ~ 2.4 eV), it is easy to obtain the concentration of free charge carriers
up to 10%° cm=[19]. As a result, ZnCdS solid solution crystals are of great interest, because they may
have wider bandgap and good electrical parameters necessary for efficient electrochemical treatment.

For the study [12], ZnxCd1xS crystals with x=0.4; 0.5; and 0.67 were used, grown at the State
University of Moldova by Dr. Gleb Colibaba through chemical vapor transport (CVT), using HCI as
a transport agent [21,22]. The electrical resistance of ZnxCd1«xS crystals was decreased by thermal
treatment in Zn + Cd vapors [22].

For the first time, the anodization of Zno.4CdoS crystals in 5% HCI electrolyte at 16 V was
reported, the porous layer being composed from pores oriented along the current lines, with a diameter
of 30 nm and a wall thickness of 20 nm [23,24]. The bandgap value for the obtained compound with
the value x=0.4 is close to the bandgap value of ZnSe. The nanostructuring of ZnxCd;—«S crystals
with the value of x >0.5 is of increased interest due to the larger bandgap.

Porous layers up to 50 um thick were also successfully fabricated in ZnosCdosS substrates in
5% HCI electrolyte at the applied voltage of 40 V for 10 min (Figure 1.3a). It should be noted that
similar morphology was also obtained in the case of anodized CdS crystals (ZnxCdi1.xS samples with
x=0) at an applied potential of 12 V [22].

In the case of crystals with the value of x > 0.5, the electrical conductivity of the grown crystals
decreases monotonically. In connection with this, a much higher value of the applied potential is

required for the anodization process. Nanostructuring of the even wider bandgap materials Zno.sCdo.4S
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and Zno67Cdo.33S (Eg~3.3 eV) can only be achieved at extremely high voltages of 160 V and 180 V,

respectively, as the resistivity of the ZnxCd1.xS samples increases together with the Zn content.
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Figure 1.3. SEM images of ZnosCdosS porous layer anodized in 5% HCI aqueous electrolyte
(40 V) (a), Zno.sCdo.4S layers anodized in 5% HCI electrolyte (160 V) (b) and 0,3 M HNOs (70
V) (c). The insets illustrate a top view in (a) and enlarged image of the porous layer in (b).
Reproduced from [22]

According to the SEM images from Figure 1.3b, of the anodized ZnxCd1xS samples (x=0.6
and 0.67) at applied voltages higher than 100 V, the fabricated porous layers are non-uniform both in
the direction of pore propagation, as well as regarding the pore diameter values. The obtained
morphologies represent a sponge rather than an ordered porous layer with parallel pores.
Homogeneous porous layers (Figure 1.3c) were successfully fabricated by anodization of ZnoeCdo.4S
crystals in 0.3 M HNO3z aqueous electrolyte, which allowed to reduce the applied anodization
potential from 160 V to 70 V [22].

In order to investigate the influence of the electrolyte composition on the porous layer
formation process, the ZnosCdosS crystals were anodized in 5 % HCI and 0.3 M HNO3 electrolytes
[12,25]. The intentional change of the anodization potential from 40 V to 30 V during the formation
of the porous layer in ZnosCdosS crystal anodized in HCI electrolyte, leads to the change in the value
of the pore diameter and degree of porosity according to the SEM image from Figure 1.4a. The porous
layers obtained as a result of anodization in 0.3 M HNOs electrolyte (Figure 1.4b) are characterized
by a much more uniform nucleation and the parallel growth of pores to each other in the second layer,
in contrast to the HCI electrolyte [12].

The composition of the electrolyte also influences the rate of pore growth. For example, a
porous layer with a thickness of 50 um was obtained by electrochemical etching in HNO3 electrolyte
at an applied anodization potential of 30 V for 10 minutes, while only 20 um in thickness was obtained

at anodization with the same parameters in HCI electrolyte.
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Figure 1.4. Cross-sectional SEM images of ZnosCdosS multilayer porous structure obtained
by switching the applied voltage from 40 to 30 V during anodization in 5% HCI (a) and 0.3 M
HNOs (b) electrolyte. Reproduced from [12,25]

The systematized parameters of the ZnxCd1xS crystals are summarized in Table 1.1
Table 1.1. Systematized results of ZnxCd1xS crystals regarding the required applied voltage

for porous layers obtaining via anodization in 0.3 M HNOg3 electrolyte.

X 0 0.4 0.5 0.67
Material CdS Zno.4CdosS ZnosCdosS ZNo67Cdo.33S
Bandgap, eV 2.4 2.9 3.0 3.3
Applied anodization potential 70
in HNO3, V 12 16 40 >160 (HCI)

The investigation of the chemical composition after electrochemical etching in both
electrolytes, demonstrated the preservation of the stoichiometry of the samples. It should be noted
that the systematic study did not revealed evidence of the crystallographic pore formation in ZnCdS
crystals, similar to the situation as in the case of other semiconductor compounds from I1-VI group
(CdS, CdSe, ZnSe).

1.3 Electrochemical micro- and nano-structuring of ZnO crystals

During the last three decades it was demonstrated that electrochemical etching represents a
cost-effective and simple technology for nanostructuring of IllI-V and I1-VI semiconductor
compounds in a controlled fashion [26]. The electrochemical nanostructuring of ZnO is less studied
due to its low chemical stability. To fill this gap, a cost-effective approach via anodization on O-face
and Zn-face, for controlled micro- and nano-structuring of ZnO crystals, as well as the analysis of
their light emission spectra were investigated and presented in paper [27].

Electrochemical etching of the O-face or the Zn-face was carried out in a stirred 5% HCI
aqueous solution for 2 min, in potentiostatic mode, under different voltages, as was described in [27].
The morphologies of hexagonal pyramids obtained by electrochemical etching on the O-face of a
ZnO crystal are illustrated in Figure 1.5 for crystals treated at the applied potential of 5V (lower part)
and 10 V (upper part). The value of the applied potential strongly influences the dimensions of the
obtained micro- and nanostructures, the hexagonal pyramids becoming larger in diameter with the

increase of the anodization potential.
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The cathodoluminescence investigation demonstrated a strong dependence of the emission
properties on the dimensions of ZnO micro- and nanostructures. One can see that blue emission is
dominant from the area with small pyramids with a base of 1 — 5 pm (bottom of the image from

Figure 1.5b), while green emission predominates in areas with large pyramids (see top of the image
from Figure 1.5b).
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Figure 1.5. (a) SEM image of the morphology of an n-ZnO crystal anodized on the O-face in

5% HCI electrolyte for 2 min at the applied potential of 5 V (small pyramids) and 10 V (large
pyramids). (b) CL image of the small and large pyramids from image (a). (c) SEM image of n-

ZnO anodized on Zn-face at 10 V, showing formation of inverse pyramids. (d) PL spectra
measured at room temperature from O-face of ZnO crystal before anodization (curve 3) and
after anodization at 5 V (curve 1) and 10 V (curve 2). () The current-voltage curves measured
with a slope of 10 mV-s at the beginning of anodization of the ZnO crystal on the O-face in
different electrolytes. (f,g) Top-view SEM images of anodized ZnO crystal on O-face in HNOs3
(f) and K2Cr207 (e) electrolyte at applied potential of 8 V. Reproduced from [27,28]

The results of CL investigation are corroborated by the photoluminescence (PL) study
presented in Figure 1.5d, indicating a strong influence of the applied potential on the PL spectra of

the obtained microstructures. The PL spectra measured at room temperature in all three regions (bulk,
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and anodized at 5 V and 10 V) consist of two bands, one of which is situated at 3.3 eV, it being
associated with exciton recombination [29]. The second green luminescence broad band at 2.56 eV
is typical for ZnO crystals [29,30]. The PL spectra registered on the region with morphology
exhibiting small pyramids (curve 1, anodization at 5 V) is dominated by the near bandgap emission,
the green emission being quenched. On the other hand, the region with big pyramids (curve 2,
anodization at 10 V) shows relatively intensive green luminescence with weakened near bandgap
emission.

The obtained morphology is completely different in the case of anodization on Zn-face,
hexagonal pits (inverted pyramids) being reported, as is presented in Figure 1.5c. One should mention
that the formation of pyramidal structures and stepped hexagonal pits on O-face and Zn-face,
respectively, was also observed on ZnO and GaN thin films during wet chemical etching [31,32].
Apart from etching techniques, a novel asymmetric morphology exhibiting 1 um hexagonal pyramids
with a Zn-terminated bottom surface were obtained by means of microwave synthesis [33].

Another important study [28,34] was realized to elucidate the influence of the nature of used
electrolytes as well as of the applied potential during anodization process of ZnO crystals upon the
obtained morphology. Anodization of the O-face was carried out in three different aqueous solutions
with 5% HCI, 1M HNO3, and K2Cr.07 (1g K2Cr207:10 ml H2S04:100 ml H20) electrolytes. The
applied voltages were selected based on current-voltage curves presented in Figure 1.5e,
demonstrating similar dissolution behavior in HCIl and HNO:s.

All three electrolytes demonstrated different morphologies as a result of electrochemical
etching at the same applied potential. For the first time, the columnar morphology reaching a length
of 5 um instead of hexagonal pyramids (see Figure 1.5f), obtained in HNOs electrolyte was reported.
However, in spite of columnar morphology, the top part exhibits a pyramid-like shape. This
observation can serve as a basis for the statement that anodization in HNO3 electrolyte weakens the
dissolution along certain crystallographic directions, taking place along the current lines in
comparison with the anodic etching in HCI electrolyte. The morphology looks totally different after
anodization in K>Cr207 electrolyte, showing sponge-like morphology, as presented in Figure 1.5g.

In contrast to O-face, the results of anodization on Zn-face demonstrated no to strong
influence of the nature of electrolyte upon the obtained morphology demonstrating porous structure
like in Figure 1.5c. Beside this, the formation of hexagonal tunnels, their growth and dissolution at
the same time was observed.

With certain technological optimizations, the reported columnar morphology, obtained by
anodization of bulk semiconductor substrates, could serve as an alternative to other columnar arrays
obtained by much more expensive technologies [35-38], leading to contamination of nanostructures

during growth that affects their properties emission [39,40]. The electrochemical etching approach is
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more prospective, while it does not require a nucleation layer, high temperatures, carrier gas, etc.,
taking place not by growth, but by dissolution of the bulk material, so that the obtained nanostructures

possess the same chemical composition and doping level as the initial crystal.

1.4 Comparative analysis of 111-V semiconductor compounds (InP, GaAs, GaN) and 11-
VI compounds (CdSe, ZnSe, ZnxCd1xS)

In the review paper [26], the systematization of the obtained results was carried out and it was
found that CLO pores are inherent to both I111-V (except for GaAs) and II-VI semiconductor
compounds, while CO pores have been reported just in 111-V semiconductor compounds [41,42].

Examples of CLO pores and CO pores produced in an InP anodized substrate are presented in
Figure 1.6a. It should be noted that self-organization of pores during their growth leads to hexagonal
packing of pores with the formation of highly ordered templates, as can be seen in the inset from

Figure 1.6a. The self-ordering of CLO pores can be explained by the schematic illustration from
Figure 1.6b [26].

T T o

Figure 1.6. (a) SEM image of anodized porous InP layers with the applied potential changing
from 7V to 1 V, resulting in the formation of CLO pores and CO pores, respectively. The
inset represents the top view of the hexagonal ordering of the porous layer. Schematic
representation of the development of the porous structure in 111-V (b) and 11-VI (c)
semiconductor compounds during anodization. (d) SEM image with experimental
demonstration of pore formation in n-CdSe according to the proposed model in (c).
Reproduced from [26]

In contrast to I11-V semiconductor compounds, the lack of crysto pores in 11-VI semiconductor
compounds denotes the not so high ordering of pores. In this case, the anodization starts at some
imperfections at the surface and the pores grow radially away from the root nuclei, as is illustrated in
Figure 1.5¢. During the development of the porous structure, when the condition is fulfilled that the
space between two neighboring pores is bigger than 2W, their branching takes place. The
experimental demonstration of this model by [2] is presented in Figure 1.6d based on anodized n-type
CdSe single crystals. When the radial porous domain meets another porous domain, the pores are

forced to change their direction of propagation, and after some time of anodization, a porous network
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with pores parallel to each other is obtained. The formation of arrays of parallel pores starting from
the nucleation layer by radial ramification was reported in other 11-VI semiconductor compounds,
e.g. ZnSe [43] and ZnxCd1xS solid solutions [22,44].

Let us discuss the issue of ZnO porosification. Due to the low chemical stability, the
electrochemical nanostructuring of ZnO has been less investigated. In papers [27,34] discussed in
chapter 1.3, was reported micro-and nano-structuring rather than pore formation in n-ZnO crystals.
As a result of anodization nano-micro-structures with pyramidal form on the O-face, and inverted
pyramids or tunnels on the Zn-face were obtained. The applied potential during anodization allows
one to tune the transverse dimensions of the produced structures. Up to now, porous layers with
parallel pores in ZnO were not reported in the literature. Notwithstanding this, a simple technological
approach of porous ZnSe matrix transformation into porous ZnO template via thermal annealing was
demonstrated [45].

The results of the comparative analysis of pore growth in I1-VI and I11-V semiconductor
compounds as a result of electrochemical etching are summarized in Table 1.2.

Table 1.2. Systematization of type of pores that can be obtained in semiconductor compounds

[26]
1-VI n-v
Type of
pores ZnO | ZnSe | CdSe | ZnxCdixS | InP | GaAs | GaP | GaN InAs
Crysto Yes, Yes, Yes, No
pores (CO) No No No No Low Yes Low | Low
volt. volt. | volt.
Determining S Lo Low
factor High ionicity degree Low ionicity degree bandgap
Curro pores Yes, Yes, Yes,
(CLO) No Yes Yes Yes High No High | High No
volt. volt. | volt.
Determining Not influenced by the ionicity degree High
factor bandgap
Frac'_[a_l No Yes No No No Yes No No No
Determining
factor Not identified

In recent years, considerable research activity has been focused on the fabrication of ordered
three-dimensional (3D) porous structures that possess electrical conductivity. In the paper [42], the
results of the formation of 3D structures, representing a smooth Bragg-like structure, fabricated by
modulation of the external current density (Figure 1.7a) were systematized. Unlike galvanostatic
anodization, in which the formation of parallel layers with different degrees of porosity takes place,
potentiostatic anodization of the InP substrate, with the consecutive application of voltages of 2 V, 4
V and 6 V (see the insert in Figure 1.7b), leads to the spatial nanostructuring of the material by
modulation of the porous layers. At the same time, the morphology changes considerably due to the
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induced self-organization of the pores governed by the transition from CO pores to CLO pores (Figure
1.7b).

An interesting finding was established during the successive anodization of ZnSe at applied
voltage 15 V followed by the anodization at 8 V. The experimental demonstration of porous layer
formation with two different pore diameters in the same plane is presented in Figure 1.7c. During the
first anodization of the n-ZnSe crystal at 15 V, a porous layer with 500 nm pore diameter and thick
skeleton walls is formed (see the upper porous layer in the inset of Figure 1.7c). As the applied voltage
is reduced to 8V, a new porous layer is created with pore diameters up to 50 nm and much thinner
pore walls compared to the previous anodization (see the lower porous layer in the inset of Figure
1.7c). At the same time, 50 nm pores are also formed in the skeleton walls of the first porous layer.
The observed successive nanostructuring of the same layer at two different length scales opens new
possibilities for the design and fabrication of device structures based on porous semiconductor

compounds.

Figure 1.7. SEM images of InP crystal anodized in 3.5 M NaCl electrolyte (a) in galvanostatic
regime at 100 mA-cm followed by consecutive anodization at low/high current densities (50
mA-cm2/500 mA-cm2) resulting in several porous layers in the same plane with different
degrees of porosity; (b) in potentiostatic regime at consecutively changed anodization
potential of 2 V, 4 V and 6 V with demonstration of modulation of the porous layer. (¢c) Top-
view SEM image and cross-section view in the inset, after successive anodization of ZnSe

crystals, leading to the perforation of the primary pore walls. Reproduced from [42]

1.5 Conclusions to Chapter 1

In this chapter, the results of wide bandgap semiconductor compounds nanostructuring via
electrochemical etching of: (i) HVPE grown GaN substrates; (ii) ZnxCdiS solid solutions; (iii) ZnO
crystals were systematized.

Different porous morphologies were produced by anodization of HVPE-grown GaN
substrates with respect to the N or Ga face. Complex pyramid-type porous structures are formed at a
depth of several tens of micrometers from the N face, while homogeneous porous templates with
pores oriented perpendicular to the wafer surface are generated at a depth of up to 50 um on Ga face.
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These characteristics are explained by the variations in electrical conductivity along the wafer
resulting from the growth mechanisms of the HVPE technology. The possibilities of producing
porous GaN structures in neutral NaCl electrolyte were demonstrated. HR-STEM analysis of porous
GaN structure demonstrates the preservation of the high quality wurtzite crystalline phase of the
material.

The selectivity of ZnO micro- and nano-structures obtaining with different shapes by
anodization on different surfaces of ZnO crystal was demonstrated. The obtained microstructures
have a pyramidal shape on the O-face, and inverted pyramids or tunnels were produced on Zn-face.
The obtained morphologies corroborate with previously reported results for wet chemical etching,
but we demonstrated additionally that the size of the formed microstructures can be controlled with
the applied potential during anodization, as well as by the selection of the used electrolyte for
anodization.

At the same time, ZnxCd;—S solid solution crystals with composition in the range of
0.4<x<0.6, which possess a wider bandgap that ZnSe, have been shown to be a promising material
for the fabrication of nanoporous templates with pore diameters up to 30 nm and 20 nm wall thickness
via electrochemical etching. The anodization of samples with the composition x>0.6 is limited by the
low electrical conductivity inherent in these materials.

From the comparative analysis, it was established that the absence of CO pores in I1-VI
semiconductor compounds and the possibility of their growth in 111-V semiconductor compounds is
explained by the degree of ionicity of the chemical bonds. The CLO pores grow in almost all
semiconductor compounds, except GaAs. However, in 11-VI semiconductor compounds, CLO pores
grow over a wide range of applied potential during electrochemical etching, while in -V
compounds they grow only at high values of the applied potential. The absence of CLO pores in GaAs
requires further investigation.

The absence of CO pores in 11-VI semiconductor compounds is confirmed by anodization on
ZnSe and ZnxCd1«S crystals, in which during consecutive anodization at high and low voltage values,
only layers with different degrees of porosity are formed, in contrast to the case of consecutive

anodization of InP substrates.

2. ENGINEERING OF POROUS SEMICONDUCTOR COMPOUNDS AND
METALLIC STRUCTURES BY ELECTROCHEMICAL METHODS

2.1 The technology of nanotemplates fabrication with parallel pores to the surface.
Cost-effective approach to control the direction of pore growth
To make use of industrial approaches of planar semiconductor technologies, it is important to

develop methods for the preparation of templates with pores oriented parallel to the top surface of the

25



substrate. These types of porous structures are of particular interest for the fabrication of two-
dimensional and three-dimensional photonic crystals, including metal-dielectric ones, because this
geometry allows a wide implementation of the structures due to the large surface area of the samples
compared to the traditional geometry, where the pores propagate perpendicularly to the surface.

A technological approach was elaborated and described in paper [46], for the fabrication of
porous structures with pores oriented parallel to the top surface of the n-InP or n-ZnSe substrate, as
is illustrated in Figure 2.1a, taking into account that CLO pores always grow in a direction
perpendicular to the equipotential lines inside the anodized sample, which means that the
crystallographic orientation of the substrate does not plays not any role for such kind pores.

According to this approach, some areas of the top surface of the substrate are covered with a
photoresist (PhR), while other areas are exposed to the electrolyte in the anodization process. In such
a case, the pores will initially grow from the surface exposed to the electrolyte in a direction
perpendicular to the surface. However, with the further propagation of pores, they will be deflected
in directions parallel to the top surface, and will grow under the regions covered by the photoresist.
An experimental demonstration of this approach is presented for n-InP in Figure 2.1b and for n-ZnSe
in Figure 2.1c,d.

Surface
exposed to
electrolyte

Surface
covered by
photoresist

(@)

surface resist

RASAEE2A

surface buried
layer pores

EEEERE R

Figure 2.1. (a) lllustration of the approach for the preparation of porous templates with pores
parallel to the top surface of the sample. SEM images of pores produced with the approach
from (a) in InP (b) and ZnSe (c,d) substrates. Reproduced from [26,46]. (€) SEM view of
anodized InP surface though rectangular photoresist mask, demonstrating the change of the
propagation direction of the pores. The red arrows indicate the direction of electrochemical
etching from the two photoresist edges. Reproduced from [28].

An interesting feature of porous structures obtained by this method is the fabrication of buried
porous layers, as illustrated in Figure 2.1b,c. The pores grow under a thin surface layer which remains
intact during the electrochemical treatment. The thickness of this surface layer is of the order of the
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surface depletion region (W), i.e. from several tens to several hundreds of nanometers, depending on
the conductivity of the anodized substrate. Figure 2.1c shows three layers present at the surface of the
produced structure: a resist layer is reminiscent on a part of the sample, a virgin ZnSe layer determined
by the depletion region as described above, and the porous structure buried under this surface layer.

The pore morphology becomes completely different, if the photoresist strips are replaced by
a PhR mask in the form of squares, a spectacular porous architecture is obtained [37]. In such a case,
the pores are forced to develop by the self-ordering process in the restricted space under the PhR. The
wonderful play of pores is conditioned by the feature that curro pores cannot intersect. If in the case
of using the PhR mask in the form of strips, the pores grow from both opposite sides, growing both
parallel to themselves and parallel to the surface, the changing of the shape of the mask introduces
major changes in the morphology because it invokes more sides from which the pores start to grow.
It is obvious that the pores at the corners will meet each other faster than the pores growing in the
middle of the PhR edge, and they will push each other keeping 2W between them (see Figure 2.1e)
[28].

Taking into consideration the fight of pores in the restricted space under the PhR leading to
fascinating morphologies depending on the shape and dimension of the used PhR mask, the recent
study demonstrated that the direction of pore propagation can be strongly influenced by the
introduction of holes in the PhR mask, as is illustrated in Figure 2.2 [28]. Let’s examine the situation
when nearly the whole surface of a semiconductor sample is covered by PhR except for a region
exposed to anodization (left side in Figure 2.2a) and an open window with round shape (1 um in
diameter) in the PhR. Because of anodization, the formed “primary pores” on the unprotected surface
will be deflected under the PhR and will propagate from the right to the left. At the same time, in the
open hole with round shape, “secondary pores” will start to grow in all directions, forming a porous
domain. These secondary pores will interact with the primary pores, changing their direction of
propagation to avoid the intersection of pores (see Figure 2.2a). It should be noted that the primary
pores are isolated by 2W-thick walls from the secondary pores, thus opening the possibility for
application of this structures in microfluidics [28]. The morphology becomes more complex when
several open holes are introduced in the PhR mask (see Figure 2.2b). This approach leads to the
formation of several porous domains, filling the space under the PhR mask, and making flow of
primary pores more difficult or even resulting in their annihilation [28].

The flexibility of this approach can amaze one even more. Unlike the case when the
anodization is performed from the four PhR edges (Figure 2.1e), or one PhR edge (Figure 2.2a,b),
with anodizing performed from two opposite PhR edges it is possible to influence the shape of the
porous domain formed through an open hole in the PhR mask (Figure 2.2c) [28]. Despite the round
shape of the hole (see Figure 2.2c the left side), applying a simple design of a PhR mask during the
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etching will lead to the formation of a porous domain with a more complex shape (see Figure 2.2c in
the middle). This phenomenon can be explained as follows: the pores propagating in both directions
to the mask edges from the open hole (white arrows) will meet the primary pores much earlier than
pores propagating laterally away (blue arrows). Once the pores from the porous domain meet with
the primary pores (yellow arrows), both pores will stop growing, leaving a double space charge region
between them. The growth of the laterally oriented pores (green and blue arrows) and the primary
pores will continue until all free space is filled, therefore resulting in an “eye-like” porous structure,
as is presented in the right part of Figure 2.2c. A simple combination of art with material science and
technology is a perfect visual aid for education in Nanoscience and Nanotechnology named NanoArt.
It can be concluded that anodization in combination with photolithographic means opens a new
avenue for controlling the self-organization of the pores leading to new topologies obtained by design.
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Figure 2.2. Schematic design (left) and (right) SEM image of anodized n-InP from one side
using PhR masks with one (a) and three (b) open holes in the PhR. (c) Schematic design of the
mask (left side), SEM image of anodized InP from two opposite PhR edges using PhR mask
with one open hole in the PhR leading to the “eye-like” porous structure (center part), and

NanoArt visualization of the SEM image (right side). Reproduced from [28]
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2.2 From the porous structures to arrays of nanowires, nanobelts and nanomembranes

Considerable research efforts have been focused in the last decade on one-dimensional (1-D)
nanostructures. Semiconductor nanowires with different compositions have been fabricated by a
variety of methods, including laser ablation, templated electrochemical deposition, chemical
transport, chemical vapor deposition, and solvothermal methods. However, nanowires obtained using
these techniques possess crystallographic defects due to impurities from electrolytes, precursors, and
various transport gases in the growth process.

All mentioned above technologies represent bottom-up approaches. An alternative and cost-
effective technology for the fabrication of low-dimensional nanostructures proves to be anodic
etching of bulk semiconductor crystals. By choosing the optimal electrochemical conditions, it is
possible to obtain a huge amount of semiconductor nanowires connected to the bulk substrate.
Usually, the wire formation procedure passes through the pore formation in the anodization process,
but it is relatively difficult to identify the time when the electropolishing process starts.

Li et al applied simple and cost-effective technology for obtaining triangular GaAs nanowires
through electrochemical etching of (100) GaAs surfaces in aqueous KOH solutions [47]. Nonetheless,
this was a hardly controlled process, the bundles of GaAs nanowires being formed only in some
regions of the surface and the orientation of the arrays was basically random. From the comparative
study of the anodization processes occurring at the (111)A and (111)B GaAs surfaces with a free
electron concentration of 2x10* cm™3 subjected to electrochemical etching in neutral NaCl and acidic
HNO3 based aqueous electrolytes, the GaAs nanowires obtaining in HNO3 electrolyte that are
oriented perpendicular to the sample surface was reported [48].

In order to clarify the orientation of the nanowires with respect to the substrate, a detailed
study was carried out in this work of the anodization of n-GaAs crystals with different
crystallographic orientations (111)B, (001) [49] and (100) [12,42]. Anodization of n-GaAs crystals
with (100) crystallographic orientation in 1 M HNO3 electrolyte for 15 min at 4 V results in the
formation of an array of nanowires oriented at an angle to the substrate surface, as shown in Figure
2.3a, while the anodization of (111)B and (001) crystals under the same technological conditions
leads to the formation of nanowire arrays oriented perpendicularly (Figure 2.3b) and respectively
predominantly parallel to the wafer surface (Figure 2.3c).

The mechanism of nanowire formation by electrochemical etching can be explained by the
images in Figure 2.3d,e that represent the top view of porous GaAs after successive anodization at an
applied potential from 4 V to 3 V of (111)B and (001) GaAs substrates, respectively. The process
was followed by sonication for 1 min for detaching the nanowires from the substrate, to disclose the
growth direction of pores. From Figure 2.3d, it can be seen that pores pose a triangular cross-sectional

shape due to the formation of CO pores, in contrast to a round cross-sectional shape inherent to CLO
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pores. Note that the formation of pores with the round shape in GaAs was not reported up until now.
With the increase in applied potential, the transverse dimensions of triangular pores increase, leading
to the overlapping of pores. As a result, the non-etched island having the same triangular shape

remains as an individual nanowire [49].

Figure 2.3. Cross-sectional SEM images of GaAs nanowires produced by anodization of n-
GaAs crystals with crystallographic orientation (100) (a), (111)B (b) and (001) (¢) in 1 M
HNO:3 electrolyte at applied voltage 4 V. (d,e) Top-view SEM images of the samples from (b)
and (c) after successive anodization at 4 V and 3 V followed by detaching the nanowires by
sonication. Reproduced: (a) from [28]; (b-€) from [49]

In the paper [50] it was demonstrated that pulsed electrochemical etching, proved to be
efficient for anodization of p-type ZnTe, resulting in the formation of 10 um long nanowires with the
diameter of 50 nm. As in the study of Zenia et al [51], an electrolyte based on HNO3:HCI:H20 with
the ratio 5:20:100 was used, but under the application of 0.3 s voltage pulses with the frequency of 1
Hz and amplitude of 5 V (the pause between pulses was of 1 s). The high quality of the produced
ZnTe nanowires was demonstrated by photoluminescence investigations since the emission intensity
and spectral distribution of PL are practically identical to those of the initial bulk material.

It is well known, that preparation of nanowires through described above approaches requires
at least half an hour of anodization duration. In the paper [52], it was demonstrated the possibility to
fabricate InP nanomembranes and nanowires using fast anodic etching of n-InP single crystalline
substrates. The term “fast anodic etching” was used because 2-pum long nanowires are obtained in just
3 s of anodization, which means that the rate of etching in depth direction is about 40 pm-min™.,

Applying anodization under 5 V potential to n-InP samples with the carrier density of 1x10%8
cm3, one can fabricate porous layers with pore diameter and wall thickness about 80 nm and 40 nm,
respectively (see Figure 2.4a). Increase in the applied potential up to 7 V gives rise to pronounced
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fluctuations in the pore diameter and leads to the formation of highly porous layers, the porous
skeleton being characterized by percolation, see Figure 2.4b. Further, by applying a high-voltage
pulse during the anodization it is possible to detach the obtained porous layer from the substrate, i.e.
to fabricate a highly porous membrane. To demonstrate the diversity of structures that can be obtained
by electrochemical etching, a conventional photolithography was used to open rectangular windows
with a breadth of 35 um in the photoresist covering the top surface of n-InP samples. In this way,
porous membranes with predefined width can be easily obtained. Moreover, applying a high-voltage
short pulse via photolithographically defined windows before the anodization process leads to the
formation of InP nanowalls and nanowires. It was established that the morphology depends drastically
upon the value of the applied voltage pulse. As one can see from Figure 2.4c, the etching results in
the formation of mosaic structures consisting of ultrathin semiconductor walls. At the same time, a
relatively large number of nanowires simultaneously form with diameters of about 50 nm (Figure
2.4¢). The formation of nanowires starts to predominate with further increase of the applied voltage.
Figure 2.4d illustrates a uniform network of parallel nanowires fabricated by applying pulse voltage
of 15 V.

=
Figure 2.4. SEM images of porous layers fabricated by anodization of n-InP crystals at

different applied voltages: () U=5V;(b)U=7V; (c)U=10V; (d) U=15V. (e) SEM image
of the InP mosaic architecture after anodization at 13 V demonstrating the formation of a

mixture of nanowires and nanobelts. (f) Enlarged SEM image from (e). Reproduced from [52]

Using this approach, a new type of nanostructures were identified in the InP mosaic
architecture produced using electrochemical etching, namely nanobelts, which are generated at an
anodization voltage of 13 V. InP nanobelts are formed simultaneously with nanowires and nanowalls
(Figure 2.4e), their width being equal to the diameter of the nanowires (about 50 nm), while the
thickness of the nanobelts is less than 10 nm, as suggested by their transparency in the SEM image
in Figure 2.4f. The SEM, TEM, EDX characterization of the InP-based nanostructures was described

in the paper [52]. The electrical and optical properties of nanobelts have been shown to be different
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from those of nanowires, the experimental demonstration of which is disclosed in [53] and chapter
2.4.

2.3 Development and demonstration of "*hopping electrodeposition' mechanism of
metal nanodots

Electrochemical deposition of metal nanodots proves to be one of the most effective
techniques, especially when the deposition is realized on semiconductor substrates or matrices that
possess electrical conductivity. The possibility of covering an extensive surface inherent in porous
GaP and InP structures with a self-assembled monolayer of Au nanodots by pulsed electrochemical
deposition was demonstrated [54].

The so-called "hopping electrodeposition” mechanism was proposed to explain the deposition
of a monolayer of gold nanodots on porous semiconductor structures. In the paper [54], pulsed
electrochemical deposition of gold was used and it was determined that after nucleation, each nanodot
grows up to a critical diameter of about 20 nm, which is determined by the height of the Schottky
barrier at the interface with the semiconductor substrate. This value corroborates with previously
published data for Pt electrodeposition on bulk n-InP wafers, being evidence that the height of the
Schottky barrier depends on the size of Pt nanodots [55]. As the diameter of the metal dots increases,
the surface barrier height increases rapidly up to the Mott—-Schottky threshold value of 1.1 eV which
is reached at the Au nanodot diameter about 23 nm. Subsequently, the formation of a new metal
nanoparticle is initiated, and the deposition process continues until the entire surface exposed to the
electrolyte is covered by a monolayer of self-assembled gold nanodots (see Figure 2.5a,b).

The schematic representation of "hopping electrodeposition” mechanism is presented in Figure
2.5¢c. At the initial phase of deposition, the process of nucleation of gold dots takes place along with
the gradual increase in their size. As the diameter of the nanoparticle reaches the threshold value, a
Schottky barrier appears, the barrier potential being oriented opposite to the applied cathodic voltage.
Thus, the modified local potential "stops™ electrodeposition in the region of this dot. To keep the
process going, the system initiates the nucleation of new dot. In other words, electrodeposition is a
jumping process: gold deposition "jumps” to other areas on the surface as soon as one or more dots
reach the threshold diameter. The “stopping” and “jumping” processes continue until the entire
surface exposed to the electrolyte is covered by a monolayer of self-assembled Au nanodots. It was
established that after the formation of the self-assembled monolayer the process of further
electrodeposition of gold is spatially non-uniform and leads to the deposition of large particles with
diameters of 100-300 nm. Subsequently, the "hopping electrodeposition” mechanism was used to
obtain the perforated gold nanomembranes [56].
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(C) Electrodepunerea prin salturi a Au

Figure 2.5. SEM images of porous GaP after electrochemical deposition of Au dots for 5s (a)
and 100 s (b) and schematic illustration of the “hopping electrodeposition” mechanism (c).

Reproduced from [54]

The type of the contact, i.e., ohmic or Schottky, can be estimated from the analysis of the
difference between the work function of the metal (pm) and the value of the electron affinity of InP
(xs)- One can expect the formation of a Schottky contact on an n-type material when @m — %s > 0.
Among metals (such as Mg, Zn, Al, Cr, Ni, Pt), Pt exhibits the highest value of om - s Which equals
1.3 eV, followed by Ni (0.81 eV) and Au (0.63 eV) [57,58].

In the paper [59], the topography imaging and Point Contact Microscopy (PCM)
measurements were performed to experimentally demonstrate the formation of the Schottky barrier
at the metal-semiconductor interface. A layer of Au nanoparticles with different thicknesses was
electroplated on the surface of a porous InP sample with pores parallel to the surface, obtained
according to the approach from Figure 2.1. The analysis of Current Mapping images from Figure 2.6
suggests the variation of the Au nanoparticle layer thickness over the substrate surface. The regions
with red color (high current densities) correspond to a monolayer of Au nanodots with the size of
around 20 nm. The regions with blue color in the Current Mapping images correspond to thicker Au
layers formed from larger Au particles, with the size around 100-300 nm deposited on the monolayer
of Au nanodots according to the previously discussed "hopping electrodeposition™ mechanism.

The formation of Schottky barriers is indicated by the analysis of -V curves from Figure 2.6.
Measurements in the point 3 from Figure 2.6 with high value of the current demonstrate an 1-V curve
typical for Schottky diodes, which confirms deposition of a monolayer of 20 nm Au nanodots. The
breakdown of the Schottky barrier at a voltage of 5 V at the cantilever tip leads to current flow in
these regions, which produces a red color in the current mapping image. The 1-V curves measured in
regions with a thicker metal layer (point 2) or at a larger metal particle of 200 nm (point 1) in Figure

2.6, suggests a much higher electrical resistance than the measurements on the monolayer of Au
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nanodots (point 3). We can assume that a more difficult current flow is caused by the insufficiency

of the 5 V voltage used for the investigation to break the Schottky barrier.

4 ? ) 2 [

Figure 2.6. Current—voltage curves (right) measured in indicated points on the topography
image (center) and current mapping image (left) of the porous InP sample with Au nanodots.

Scan size of 5xX5 pm. Reproduced from [59]

Later on, a comparative analysis of electrochemical impedance spectroscopy (EIS)
characterization was performed in porous GaN and GaP templates with and without metal
nanostructured layers deposited by pulsed electroplating. It is found that the EIS data of porous
electrodes without electroplating are best fitted with equivalent electrical circuit with both the charge
transfer and mass transfer components of the Faradaic impedance, while electroplating reduces the
importance of the mass transport component, i.e. of the Warburg impedance, associated with
diffusion, in favor of the charge transport phenomena [60].

2.4 Electrochemical etching and deposition as an efficient and accessible tool for

assessing the electrical conductivity in semiconductor nanostructures

Development of devices based on nanomaterials such as nanowires, nanotubes, membranes,
etc, requires a deep understanding of charge carrier dynamics and transport in these structures. To
understand these properties, the deposition of an electrical contacts at the nanoscale is required.
However, measurements can be influenced by artifacts generated by electrical contacts deposited on
individual nanoobjects.

An original and innovative method for estimating the electrical conductivity in 1D and 2D
semiconductor nanostructures by pulsed electrochemical deposition of metal nanodots is reflected in
the paper [53]. The essence of the estimation method according to the geometrical dimensions of the
nanostructure is the "hopping electrodeposition” mechanism [54], previously discussed in chapter
2.3. Figure 2.7a shows the SEM image of an n-InP nanowire and several nanobelts on bulk InP
substrate after pulsed electrochemical deposition for 120 s. It is clearly seen that after gold
electroplating the surface of the nanowire as well as the surface of the bulk substrate is covered by a
uniform monolayer of 20 nm gold nanodots and some 300 nm particles. This issue is better illustrated

in Figure 2.7b. More 300 nm Au particles are formed because the deposition time is longer than that
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required to deposit a single monolayer of 20 nm Au nanodots. In contrast to nanowires, the surface

of nanobelts remains intact, i.e. no electrochemical deposition occurs on them.

Figure 2.7. (a) SEM image of n-InP nanowire and nanobelts on bulk InP substrate after
pulsed electrochemical deposition for 120 s; (b) Magnified image of a few nanowires after
electrochemical deposition for 120 s; (c) SEM view of a nanowall and several nanowires after
electrochemical deposition for 300 s. The measured thickness of the nanostructures is:

nanowire — 50 nm; nanowall — 10 nm; nanobelts — a few nanometers. Reproduced from [53]

Figure 2.7c compares the electrodeposition of gold on InP nanowires and on a nanowall,
which by thickness represents an intermediate nanostructure between nanowires and nanobelts.
Comparing Au depositions on nanowires (SEM images in Figure 2.7b and Figure 2.7c), it can be
confirmed that less 300 nm Au nanoparticles are deposited on the monolayer of 20 nm Au nanodots
within 120 s (Figure 2.7 b), while the number of nanoparticles with a diameter of 300 nm deposited
on the nanowires increases significantly after deposition for 300 s (Figure 2.7c). Also, from Figure
2.7b can be seen that the density of 300 nm Au nanoparticles on the nanowires and on the bulk InP
substrate is almost the same, which suggests that the electrical conductivity of the nanowires is
comparable to that of the bulk n-InP semiconductor crystals. In contrast, the surface of the nanowall
in Figure 2.7c is only partially covered by Au nanodots, i.e., a monolayer of 20 nm Au nanodots is
not completely formed on the surface of the nanowall. This indicates that the conductivity of the
nanowalls has an intermediate value of electrical conductivity between InP nanowire and nanobelt
[53,61].

In the recent work [62], the electrochemical deposition of gold, governed by the “hopping
electrodeposition” mechanism, was also used to highlight the modulation of the electrical
conductivity in HVPE-grown GaN crystals. Previously, by means of electrochemical etching, three-
dimensional self-organized nanostructured architectures were revealed that were attributed to the
spatial modulation of the electrical conductivity, generated during the HVPE growth of GaN [15],
discussed in more detail in the chapter 1.1.

During the electrochemical deposition of gold, as in the case of the electrochemical etching,
the current flows through the electrical path with the lowest resistance. Thus, experimentally

optimizing the parameters of the electrochemical deposition, especially the value of the pulse voltage
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amplitude, it was demonstrated the predominant deposition of gold specifically on the regions with
higher electrical conductivity, forming concentric structures similar to those from Figure 2.8b. It
should be noted that the regions with different electrical conductivity can also be distinguished with
the electron microscope, observing different contrast in the SEM images as shown in Figure 2.8a.
The experimental demonstration that electrical conductivity modulation occurs not only on the
surface is presented in the cross-sectional study of GaN samples subjected to electrochemical etching
(Figure 2.8c) and pulsed electrochemical deposition (Figure 2.8d) [62].
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Figure 2.8. (a) Top-view SEM image (registered using a detector with backscattered electrons)

of the as-grown HVPE GaN free-standing substrate revealing alternating concentric rings
with different electrical conductivities. The dark regions exhibit higher conductivity. (b) Gold
nanodots electroplated for 100 s on the surface of the HVPE as-grown GaN substrate at 50 s
pulse width, 1 s pause between the pulses, and pulse amplitude - 15 V for 100 s of
electrodeposition. (c) Cross-sectional SEM view of HVPE GaN substrate after electrochemical
etching in 1 M HNOs at 25 V for 10 min. (d) The electrochemical deposition of Au nanodots
on freshly cleaved as-grown HVPE GaN substrate demonstrating the nonuniformity of doping
during the HVPE growth. Reproduced from [62]

As another way of deposition along certain lines has been demonstrated by combining the
electrochemical technologies, namely, in the first step, the formation of pores parallel to the surface
of the n-InP substrate takes place, buried under a thin layer on the surface, as described in the chapter
2.1, later on the Au nanodots are deposited by pulsed electrochemical deposition [62]. Since the
surface layer is depleted of charge carriers, its resistivity is high and metal deposition does not occur
on it. On the other hand, the thickness of the pore walls that are buried under this layer is twice as

high, being characterized by higher electrical conductivity. As a result, arrays of Au nanodots are
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deposited on these conductive regions during electroplating. The density of Au nanodots in the matrix
is controlled by the number of pulses applied during electroplating. The mechanism of Au deposition
along the lines is described in more detail in the paper [63].

2.5 Control of the hydrophobic/hydrophilic properties of sesmiconductor structures by

electrochemical techniques

Nowadays, hydro insulation is very important technological step intended to protect electrical
components embedded in consumer devices, such as computers, smartphones, smart watches,
medical examination devices and more. To protect the microchips from contact with water,
hydrophobic polymers such as polydimethylsiloxane (PDMS) are usually used, but they are
characterized by low thermal conductivity, leading to poor heat dissipation. The idea of IlI-V
semiconductor impermeability has been previously reported, involving the transfer of epitaxially
grown I11-V structures to flexible and impermeable substrates such as PDMS [64]. However, these
processes are complicated from the point of view of realization. In the following study, the GaAs and
InP semiconductor compounds were selected because they represent an important class of materials
for the high-frequency microelectronics and optoelectronics industry.

The anodization and electroplating of metals on the bulk or porous semiconductor layers have
a great impact upon the wetting properties of surfaces leading to pronounced hydrophilic or
hydrophobic behavior as was demonstrated in papers [28,65].

To establish how the deposition of metal influence the wetting properties of semiconductor
crystals surface (GaAs in our case), the contact angle of bulk GaAs substrates and bulk GaAs
decorated with deposited gold nanodots was investigated [65]. The measured contact angle of bulk
n-GaAs substrate is 80.4°. The electrochemical deposition of gold on bulk n-GaAs substrate with
pulse duration of 50 ps resulted in formation of thin layer consisting of closely packed 20 nm Au
nanodots. In this case, the measured contact angle decreased to 73.9° due to the small voids between
the deposited Au nanodots. The increase of the pulse duration up to 300 us during electrochemical
deposition leads to the formation of perforated Au membrane on the surface of GaAs semiconductor
substrate with the thickness about 100 nm [56]. The measured contact angle about 42.7° indicate the
hydrophilic properties of GaAs surface decorated by perforated gold membrane. The formation of
pores in deposited Au film was explained and demonstrated in the paper [56].

Introducing porosity on the semiconductor surface is another way to control the wetting
properties [65]. It was recently demonstrated that anodization on different (111)GaAs surfaces
resulting in different orientation of pores to the surface [48]. The measured contact angle on these
porous structures demonstrated the possibility of switching from hydrophobic (137.5°) to hydrophilic
(37.5°) behavior by controlling the degree of porosity as well as the alignment of the obtained pores

with respect to the sample surface [65].
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Even greater flexibility to control the contact angle can be achieved by functionalization of
the porous layer with a monolayer of Au nanodots via pulsed electrochemical deposition. The porous
layer decorated with 20 nm gold nanodots demonstrated an increase in the contact angle up to 117.6°,
compared to the porous GaAs layer (33.6°) or bulk (80.4°) [28].

In contrast to the random orientation of GaAs pores investigated above, the anodization of n-
InP substrates leads to the formation, underneath of top nucleation layer, of self-ordered hexagonally
packed pores with a diameter of 80 nm, oriented perpendicularly to the substrate surface [26]. The
removal of the top nucleation layer is a very important step, since it allows chemical dissolution of a
thin layer with branched pores, reaching the opened self-ordered perpendicular pores [57,66]. These
porous InP structures, after removal of the top nucleation layer, demonstrated an CA about 151.6°,
while bulk InP samples showed an CA of 95.7°, as can be seen in Figure 2.9a,b, with the real image

of the water drop shape in Figure 2.9c,d [28].
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Figure 2.9. CA measurements on the porous n-InP (a) and bulk (b) substrate. Real photo

images demonstrating pronounced hydrophobic properties for porous n-InP layer (c) in
contrast to bulk InP substrate (d). (e) Schematic representation of the water drop measured
on a porous n-InP layer filled with air on a bulk substrate. (f) Schematic representation and
measured CA on free-standing InP membrane, demonstrating the filling of the membrane

with water due to the open pores from both sides. Reproduced from [28]

In the case of detachment of the porous InP layer from the substrate, the CA decreases to 28°
in comparison with the same porous layer on the bulk substrate (see Figure 2.9f). To explain this
behavior, we will examine both cases. (i) The porous layer with a thickness of 100 um represents a
network of parallel tubes isolated from each other by pore walls. From the top, the pores are open
because of removal of the top nucleation layer, while from the bottom, the pores are closed by the

bulk InP substrate. Normally, the porous structures are filled by air, which is trapped in channels
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between the water drop and bulk substrate (see Figure 2.9¢e). (ii) When the porous layer is detached
from the substrate, we get a membrane with open channels from both sides. In this case we consider
that hydrophilic behavior is facilitated by the better conditions for water drop to flow inside due to
the open pores at the bottom surface (Figure 2.9f). Thus, it can be concluded that wetting properties
of semiconductor surfaces can be engineered by anodization or electrochemical deposition of metal

nanodots.

Conclusions to chapter 2

It was demonstrated that self-organization proved to be a powerful and cost-effective tool for
developing a new class of semiconductor-based nanotemplates for nanofabrication. Anodic etching
of semiconductor compounds under specific conditions enabled one to fabricate two-dimensional
single crystals of nanopores which seemed impossible without application of lithography.

Porosification of semiconductor compounds combined with the application of special masks
brought to light a variety of fascinating morphologies, including formation of networks of pores
oriented parallel to the top surface of the semiconductor substrate and of porous domains excluding
pore percolation between them.

Anodic etching of bulk crystalline substrates of n-InP via photolithographically defined
windows leads to the formation of nanomembranes and nanowires being promising for device
applications. Under potentiostatic etching conditions, the morphology of etched samples strongly
depends on the applied voltage. It was found that anodization at 5-7 V results in the formation of
highly porous layers with mechanically stable skeletons exhibiting percolation, which easily detach
from the substrate thus representing nanomembranes. At the same time the predominant formation of
nanowires was evidenced at further increase of the applied voltage up to 15 V.

The obtaining of semiconductor nanowires by anodization and on n-GaAs crystals in nitric
acid electrolyte, with the possibility of controlling the orientation of the nanowires with respect to the
substrate surface was demonstrated. As a result, tilted to the surface nanowires were obtained using
substrates with (100) crystallographic orientation, perpendicular to the surface nanowires for (111)B
orientation and predominantly parallel to the substrate surface nanowires formed in the case of
crystals with (001) orientation.

Electrochemical deposition of Au has proven to be an effective tool for evaluation of the
electrical conductivity of n-InP nanostructures, fabricated by electrochemical etching of
semiconductor crystals. The comparison of the electrochemical deposition of metals on nanowires
and on bulk InP wafers demonstrates that the electrical conductivity of nanowires is similar to that of
bulk crystals. At the same time, the comparison of pulsed electrodeposition of gold on nanowires and

on nanowalls demonstrates that the conductivity of nanowalls is much lower than that of nanowires.
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Since the electrodeposition of metals on the InP nanobelts does not occur, we conclude that there are
no charge carriers in the semiconductor nanobelts with a few nanometers thick. Electrochemical
etching or electrochemical deposition can be used as a cost-effective and accessible method to
highlight the doping fluctuations in GaN semiconductor crystals during HVPE growth.

The anodization and electroplating of metals on the bulk or porous semiconductor layers have
a great impact upon the wetting properties of surfaces leading to pronounced hydrophilic or
hydrophobic behavior. It was demonstrated that the morphology of pores, tilted or perpendicular to

the surface, play an important role in switching from the hydrophobic to hydrophilic properties.

3. RETROREFLECTION OF LIGHT IN POROUS SEMICONDUCTOR
COMPOUNDS (InP, GaAs). PHOTONIC NANOSTRUCTURES (GaN,
GaP, ZnSe)

3.1 Anomalous retroreflection demonstrated for porous n-InP layers

In the paper [67], anomalous retroreflection has been discovered in 2011 for a fishnet
nanoporous semiconductor material strongly absorbing in the visible range. Retroreflection occurs in
a narrow solid angle along with a diffusive specular reflection for all angles of incidence. Porous InP
samples were fabricated by anodization of n-InP:Si crystals with (100) and (111) crystallographic
orientations, with free charge carrier concentration of 3x10'® cm3, at different anodization voltages
applied (4 V — 8 V) resulting in porous layers with morphologies possessing different degrees of
porosity [67]. It should be noted that the crystallographic orientation does not strongly influence the
morphology, because the value of the anodization voltages used cause the growth of CLO pores.
Remarkable is a more pronounced retroreflection for samples having pore parameters of the mesh-
like morphology comparable to or smaller than the wavelengths for visible light, being a non-trivial
and unexpected behavior. From the set of eight samples, pronounced retroreflection of light was
observed on six of them [67].

From the analysis of the results of the scattering diagram (Figure 3.1la-c) for different
incidence angles and polarizations of the incident light for porous InP layer, it was established that at
an incidence angle close to normal (o = 60°...80°), retroreflection dominates over the specular
reflection. At grazing angle of incidence (0=15°-30°), retroreflection remains, and specular
reflectance for s-polarized light rises while falling for p-polarized light. The latter is expected from
the standard theory of light reflection. Notably, retroreflection is persistent in every case, showing
neither noticeable dependence on angle of incidence nor on s/p-type polarization of incident light
[67].
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Figure 3.1. (a—c) Scattering diagrams for s, p and mixed ps polarization of incident light for
porous n-InP sample for three values of incidence angle a. The incidence direction is indicated
by arrows. (d) Observation of retroreflection in daylight with a paper clip indicating
incidence direction and a bulk GaAs sample shown for comparison. The scattering diagrams
were measured at wavelength of 531 nm, where the real n and imaginary x parts of the

complex refractive index are n=3.8 and x=0.5. Reproduced from [67]

Among the disordered absorbent materials, porous Si should be mentioned. But none of the
tens of porous Si samples examined showed retroreflective behavior [68]. Thus, we suppose both a
specific mesh structure and strong absorption are significant in understanding retroreflection.

Later, in contrast to the case of anomalous retroreflection demonstration in spectral domain
of interband transitions with high values of the refractive index (n=3.8) and the absorption coefficient
(a=10°cm™1) [67], in the paper [69] it was continued the investigation of retroreflection and scattering
properties of fishnet nanoporous semiconductor InP not only in the spectral range of interband optical
transitions where multiple scattering is inhibited by strong absorption, but also in the infrared spectral
region where this material is transparent.

Remarkable is the systematic manifestation of retroreflection in scattering diagrams of every
sample for the wavelengths 531 nm and 654 nm (some representative diagrams are shown in Figure
3.2) where the optical absorption (interband) is high, a=1.3x10° cm™ and respectively 0=0.6x10° cm"
1. At the same time, retroreflective feature vanishes for 1.064 nm wavelength, where the absorption
is negligible according to Ref. [70]. The diffuse reflection for 1.064 nm shows an angular dependence
close to that typically observed in porous materials with low absorption, the reference diagrams being

presented in the paper [67].
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Figure 3.2. Scattering diagrams for two porous InP samples investigated at three laser
wavelengths. The red arrow line represents the direction of the incident laser beam.

Reproduced from [69]

Later, in the paper [71], the formation of longitudinal electromagnetic waves was suggested
as a possible reason for the observed phenomenon, considering two cases: s polarization with the
excitation of only transverse waves in the material ("bright modes™) and the case of polarization p,
which allows the excitation of both longitudinal and transverse waves in the medium (“dark modes"
and "bright modes™). In the paper, the concept of coherent scattering, the mathematical model, as well
as the results of theoretical calculations were described in detail [71].

A summary of experimental data obtained for a nanoporous InP sample is presented in Figure
3.3 to show the principal regularities of the observed ‘anomalous’ backscattering. In these
experiments, the fundamental (1064 nm) or the second (532 nm) harmonics of a Nd-based solid state
laser have been used corresponding to photon energy well below and well higher the InP bandgap

energy, respectively.
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Figure 3.3. Angular dependent scattering diagram of a nanoporous InP sample for different
angles of incident light (20° (a) and 40°(b,c)) for s- and p-polarization, and different
wavelengths corresponding to low (1064 nm) and high (532 nm) intrinsic interband

absorption in InP. Reproduced from [71]
Backscattering is more pronounced for p-polarized compared to s-polarized radiation
(according to Figure 3.3a,b), it shows an apparent tendency to increase when the angle of incidence
moves from normal to oblique incidence (compare the data for 20° and 40°) and vanishes for

wavelengths corresponding to low intrinsic absorption (1064 versus 532 nm, from Figure 3.3c) [71].

3.2 Retroreflection from porous GaAs layers. Comparison with porous InP samples
After a series of works regarding the experimental observation of retroreflection from porous

InP layers [67,69,71,72], the phenomenon was experimentally demonstrated also on porous GaAs
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layers [73,74]. At room temperature InP and GaAs have Eq=1.34 eV (corresponding to 925 nm) and
1.42 eV (corresponding to 873 nm), respectively. At A =532 nm optical parameters of solid GaAs
are n=4 si a=6x10* cm™, both values are very high and close to the parameters of InP. The high
absorption and refraction in both materials result from the direct interband optical transitions
because the photon energy is considerably higher than the bandgap energy. Porous GaAs layers
with different degrees of porosity were obtained by electrochemical etching of (100) GaAs crystals
with n=2x10* cm™ in the galvanostatic regime at current densities from 100 mA.cm? to 600
mA-cm in HCI or HNOjs electrolyte.

In Figure 3.4, a variety of scattering polar diagrams are presented for seven GaAs samples
with various degrees of porosity and morphologies, obtained by anodizing under different
conditions, indicated in more detail in Table 1 from Ref. [73]. Data for the original crystalline GaAs

(#1) are not presented because this sample showed typical mirror-like Fresnel reflection.
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Figure 3.4. Polar diagrams of scattering intensity versus detection angle for seven porous
GaAs samples. The direction of the incident beam is indicated by the green arrow (140°).
Samples #5 and #8 show the highest retroreflection intensity. Samples #2 and #4 show diffuse
reflectance due to scattering inhomogeneities due to low porosity, while the other samples

show a combination of these two cases. Reproduced from [73]

From the comparison of the results of samples anodized in HCI [#2 (100 mA-cm™), #3 (200
mA.-cm2), #4 (300 mA-cm2) with #5 (600 mA-cm)] and in NHO3 [#6 (100 mA-cm™2) with #8 (600
mA.-cm)] it can be seen that, for each of the two sets of samples, anodization current of 600 mA-cm
2 results in a pronounced enhancement of retroreflected (backscattered) light for samples #5 and #8.
Scattering diagrams similar to those on sample #8 were recorded in four of eight porous InP samples
previously examined [67,69].

In the paper [74], the angular dependence of the scattering intensity was studied in more detail
for porous GaAs samples (#5 and #8) with retroreflection behavior. Polarization of the scattered light
was considered as the critical parameter in evaluation of possible retroreflection mechanisms. In this
regard, the dependence of the backscattered light intensity versus the angle between polarizer
(incident beam) and analyzer (backscattered light) was measured. For the porous InP sample and the
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GaAs sample no. #8, which showed the most pronounced retroreflection feature, the parallel
arrangement of the polarizer and analyzer provides a backscattered light intensity several times higher
than in the crossed one. It means that the backscattered light has a high degree of linear polarization,
for GaAs being equal to 72% and for InP to 47% [74].

It is obvious that observation of high retroreflection of light and conservation of its linear
polarization for strongly absorbing nanoporous systems based on the two different 111-V
semiconductor materials cannot be accidental. These properties are considered as a signature of the
coherent backscattering phenomenon. Two modes of coherent scattering development are assumed.
(i) The first path is the development from the shortest possible loop paths in the porous skeleton. In
this case, one round-trip is sufficient. (ii) The second way is developing from the multiple scattering
which becomes possible owing to emergence of longitudinal electromagnetic waves, so-called “dark
modes” as was reported in the paper [71].

Subsequently, a mathematical model for calculation of the scattered radiation by a highly
absorbing porous medium with dark modes was proposed [75]. The contribution of the scattered light
from two areas with the same slope was taken into account. It was shown that the previously
discovered anomalous retroreflection phenomenon can be observed only in the case when in the
porous material the interface between the medium and the vacuum is maintained. Based on these
calculations, a new technology for obtaining highly porous materials with the preservation of the
interface between the medium and the vacuum was proposed, which involves the development of the
technology to obtain ultra-porous materials with the preservation of the interface between the
environment and the vacuum, for example the backside anodization of the sample. As a suitable
technological alternative could serve the approach of fabrication of pores parallel to the surface with
the involvement of photolithographic processes described in paragraph 2.1 and Ref. [28,46].
Accordingly, using this technology, the formation of the porous layer takes place under a thin layer

on the surface with a thickness of 20 nm - 60 nm.

3.3 Bragg reflectors based on GaN multilayer structures

The porous GaN layers with alternating porosity, based on anodized HVPE grown GaN
substrates elaborated in chapter 1.1, do not allow the fabrication of the multilayer porous structure in
a totally controlled way. Controlled fabrication of multilayer porous structures can be achieved in
MOCVD grown samples. Therefore, in the paper [76], technological conditions for MOCVD
epitaxial grown GaN layers with charge carrier concentration from 10*" cm™3 (undoped) up to 5x10*°
cm in alternating layers were developed. In this study the results were obtained on two types of
samples: the first sample marked as #1 consists of 5 layers of GaN with charge carrier concentration
of 5x10'® cm™3 and 5 layers of undoped GaN; the second sample marked as #2 consists of 5 GaN

layers with a charge carrier concentration of 1.2x10* c¢cm™ and 5 layers with a charge carrier
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concentration of 5x10' cm™3. The multilayer structures were grown on an undoped GaN substrate.
The thickness of the alternating high-conductivity/low-conductivity layers is 100 nm/50 nm, and the
undoped GaN substrate is 2 um thick. In order to identify the best technological conditions for the
selective porosification of GaN structures, several electrolytes were investigated, such as 0.1 M KOH,
0.3 M oxalic acid and 0.3 M HNOs. The best results were obtained using oxalic acid electrolyte,
where the doped layers are porosified during anodization, while the undoped layers, including the
undoped substrate, remained intact (Figure 3.5a).
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Figure 3.5. (a) Cross-sectional SEM image, (b) PL spectra measured at 10 K and (c) reflection
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spectra measured at 300 K of porous structure fabricated by electrochemical etching in 0.3 M
oxalic acid electrolyte at the anodization applied voltage of 5V on MOCVD grown GaN
sample (#2) consisting of 5 GaN layers with carrier concentration of 1.2x10%*° cm= and 5 GaN
layers with carrier concentration of 5x10'7 cm3. In the spectra (curve 1) before and (curve 2)

after anodization. Reproduced from [76]

The identified possibilities to control the morphology of porous layers by selecting the doping
level and electrochemical etching are important for the design of various photonic structures based
on porous multilayer GaN structures, for example Bragg reflectors.

The PL spectra of the sample #1 (lower carrier concentration) is totally dominated by the
emission related to the recombination of excitons with a predominant contribution from
recombination of neutral donor bound excitons D°X in both the initial and etched samples, which is
an indication of the preservation of the high quality of the GaN material after porosification. On the
other hand, the position of the DX peak is shifted from 3.480 eV to 3.473 eV upon porosification,
which is indicative of the relaxation of strains in the electrochemically etched sample. The same is
true for the sample #2 with higher carrier concentration (Figure 3.5b) [76]. However, this sample
contains an additional higher energy PL band at 3.493 eV which comes from the highly doped layers
due to the Burstein shift and it is governed by the band filling effects. But, the intensity of this band
is reduced in the electrochemically etched sample, due to the etching of the layers with higher carrier
concentration.
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The feasibility of the produced structures for the design of Bragg reflectors or other photonic
elements has been demonstrated by micro-reflectivity measurements accompanied by transfer matrix
analysis (Figure 3.5¢) and simulations by a method developed for calculation of optical reflection

spectra described in more detail in the paper [76].

3.4 Integrated lenses based on GaP-metal or ZnSe-metal nanostructures

Negative refractive index materials (NIMs) introduced by Veselago in 1968 [77], are artificial
materials that exhibit amazing optical properties and offer the possibility for fabrication of "perfect
lens” that can focus electromagnetic waves to a spot size much smaller than wavelength of
electromagnetic radiation (called superlensing effect). It should be noted that VVeselago's work did not
arouse the interest of researchers for a relatively long period of time. Decades later, thanks to the
development of nanotechnologies and small-sized materials, a great deal of interest and effort has
been focused on lens simulations based on metamaterials with different configurations and
compositions capable of operating especially in the visible region of the spectrum.

Sergentu and colleagues [78], proposed the assembly of NIMs from TiO nanotubes with inner
and outer surfaces coated with a thin metal layer. The high electrical resistance of TiO2 nanotubes
implies expensive and sophisticated deposition techniques for metallization, such as atomic layer
deposition (ALD) which ensures uniform deposition along the entire depth of the nanotubes.

On the other hand, porous templates based on I11-V and 11-VI semiconductor compounds can
be easily filled with metal nanotubes, nanowires or nanodots by pulsed electrochemical deposition
due to the high electrical conductivity of the pore walls [26,46,79]. For the development of photonic
lenses working in the visible region of the electromagnetic spectrum, materials possessing a wider
bandgap should be used, for example GaP and ZnSe [80].

In order to investigate the photonic properties of materials assembled from porous templates
with metallized pores, a simplified method was used which is based on the analysis of a parameter f
describing the difference from the point of view of light scattering properties between the investigated
material and a similar one with identical geometrical parameters but assembled from rods with the
refractive index n = —1:

f = max |Dm" — Dm|10>m>-10 (3.1)

where D" and Dm are the parameters determining the light scattering properties of the
material assembled from rods with n = —1 and the investigated material, respectively; m is the index
of the cylindrical function [78,81].

In the paper [79], the results of calculation demonstrated good focusing properties of planar
photonic lenses assembled from Ag metallized porous GaP slabs, especially at long wavelengths,
including the far infrared spectral range. The calculations were performed for templates with different

pore diameters (250 nm and 500 nm) packed in a triangular lattice with the lattice parameter of 500
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nm. The metallization with Ag was chosen because the plasmonic frequency is in the near UV spectral
range. The simulation results demonstrated much better focusing properties for the lens based on the
metallized GaP porous template with close packing of pores, i.e., for the pore diameter equal to the
lattice parameter.

New focusing elements and beam splitters based on porous metallized ZnSe structures for
applications in the visible region of the spectrum was demonstrated and reported [46]. It has been
reported that the focusing properties of a planar photonic lens assembled from clusters of metallized
ZnSe nanotubes with 40 nm inner diameter and 20 nm wall thickness with a design illustrated in
Figure 3.6b are better than those of a fabricated planar lens of a porous ZnSe slab with regular pore
arrangement of 40 nm diameter and 40 nm wall thickness in Figure 3.6a, both pores and nanotubes
being metallized with a 6 nm thick Ag film.
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Figure 3.6. Electric field intensity maps of cross-sectional views of the 2D source—image
system at the photon energy of 1.48 eV for a triangular lattice planar lens consisting of (a)
metallized ZnSe pores with 40 nm pore diameter; (b) the slab assembled from clusters of
metallized ZnSe nanotubes with 40 nm inner diameter. (c,d) Same as pore arrangement
configurations and metallized ZnSe nanotubes in (a,b) but with the following parameters:
photon energy of 1.45 eV and inner diameter of 22 nm. Reproduced from [26]

The photonic properties of porous structures and metallized nanotubes were found to be
determined both by the arrangement of the nanopores or nanotubes, as well as by their geometrical
dimensions and the used semiconductor material. By decreasing the pore diameter or inner diameter
of the nanotubes by a factor of two, the function of the photonic slab can be changed from a focusing
lens (Figure 3.6a,b) to a beam splitter (Figure 3.6¢,d).

The obtained results were compared with the results of flat lenses based on TiO, nanotubes

[80], demonstrating a similar focusing of porous ZnSe flat lens with the triangular arrangement of
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pores, but the focus is at a larger distance from the lens, while the sample with clusters of titania
nanotubes arranged in a superlattice demonstrates clear superlensing effect.

It should be mentioned that the shape of the pores in the elaborated semiconductor templates
within the given theme can be adjusted from circular to triangular or square, using substrates with
different crystallographic orientations, subjected to anodization in different electrolytes as reported
in more details in recent work [28]. The high conductivity of the porous skeleton provides perfect
conditions for a uniform metal deposition on the internal surface of porous template, regardless of the
geometric shape of pores, the deposited metal nanotubes taking over the geometrical shape of pores,
as demonstrated in the paper [79,82]. Moreover, in order to avoid the need for cleavage of porous
layer, the technological method for the preparation of templates with pores oriented parallel to the
upper surface of the substrate was developed, as described in chapter 2.1 and papers [26,46], with the
possibility of engineering the morphology of pores from the point of view of their propagation
direction [28].

3.5 Conclusions to chapter 3

The observed retroreflection phenomenon for light scattered by nanoporous GaAs and InP
sample is realized in the case of high values of the absorption and refractive indices of material. The
observed retroreflection can be taken into account in optical circuits based on InP and GaAs. Under
certain conditions, retroreflection can be used in optoelectronic components to improve the efficiency
of light extraction.

A pronounced linear polarization coinciding with that of the incident radiation was observed
which is indicative of the coherent backscattering implying generation of longitudinal
electromagnetic waves at interfaces. The angular scattering diagram is generally asymmetric which
is explained by contribution from incoherent scattering from an anisotropic medium with losses at
oblique incidence of radiation.

The possibilities to produce multilayer porous structures in both HVPE and MOCVD-grown
GaN by means of electrochemical etching were demonstrated. While multilayer porous structure is
obtained in HVPE-grown GaN due to uncontrolled self-modulation of doping during the crystal
growth, multilayer porous structures with a controlled spatial design can be fabricated in MOCVD
grown GaN.

The optimization of technological conditions of electrochemical etching in oxalic acid and
KOH electrolytes allowed one to obtain good-quality multilayer porous structures suitable for
applications in distributed Bragg reflectors. The feasibility of the produced structures for the design
of Bragg reflectors or other photonic elements has been demonstrated by micro-reflectivity
measurements accompanied by transfer matrix analysis and simulations by a method developed for

calculation of optical reflection spectra.
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The importance of hybrid structures based on semiconductor nanotemplates with metal
nanotubes grown inside the pores for photonic applications was demonstrated by photonic property
calculations. On the basis of GaP/Pt or ZnSe/Pt the prospects for the development of beam splitters

and focusing elements with a clear superlensing effect have been demonstrated.

4. APPLICATIONS OF ELABORATED SEMICONDUCTOR
NANOSTRUCTURES

4.1 Varicap device based on GaP-metal nanocomposites

In the work [79], the formation of a semiconductor-metal Schottky barrier junction with a
huge internal contact area involving an enormous capacitance was reported, subsequently exploited
in a variable capacitance device based on two-dimensional metal-semiconductor arrays, fabricated by
pulsed electrochemical deposition of platinum on the pore walls inside the GaP template with parallel
pores [82].

In the process of developing the variable capacitance device, two important aspects were taken
into account, namely: (i) ensuring the high value of the Schottky barrier (about 1.1-1.3 eV for Pt-
GaP) and (ii) the correct choice of the width of the walls of porous skeleton, to ensure the overlap of
the two depletion regions in the walls of skeleton, starting from a certain applied potential. Therefore,
the width of a pore wall cannot be less than two charge-depleted regions with no applied potential.
The thickness of the porous GaP layer was 70 pum in the 500 um thick substrate.

The Schottky contact was formed on the inner surface and subsequently on the top surface of
the GaP pores by successive pulsed electrochemical deposition of Pt. Successive electrochemical
deposition means that after the formation of Pt nanotubes on the internal surface of pores by applying
pulses with duration of 100 ps and a pause between pulses of 1 s (region 2 in Figure 4.1a), the pause
between pulses was reduced to 10 ms with the aim to not allow the penetration of metal ions inside
the porous layer [66]. In this regime, the deposition at the interface of the porous layer and the
electrolyte was ensured, thus interconnecting each Pt nanotube with a thin Pt film deposited on the
surface (region 3 in Figure 4.1a). The ohmic contact on the back side of the sample was made by
deposition of indium (region 4 in Figure 4.1a).

The measured current-voltage and capacitance-voltage characteristics of the elaborated device
are presented in Figure 4.1b and Figure 4.1c, respectively. From the capacitance-voltage
characteristic, it can be seen that the capacitance starts to decrease sharply from 12 to 2 nF under the
applied negative potential in the range from 0.5 to 4 V, indicating that the device reaches a capacitance

density variation of about 6x107 pF-V! per 1 um? [79,80].
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Figure 4.1. (a) Schematic representation of the device with variable capacity: 1 - GaP
substrate; 2 — porous GaP template with Pt nanotubes; 3 — Pt Schottky contact deposited
inside the pores and on the top surface of the template; 4 - ohmic contact. (b) Current-voltage
characteristics. (c) Capacitance-voltage characteristic. Reproduced: (a) from [80], (b,c) from
[79]

This value is much higher compared to other variable capacitance devices based on planar p-
n junction or two-dimensional metal film deposited on the semiconductor surface. Recently, with the
aim of further increase of the effective capacity, the technological approach of pulsed electrochemical
deposition in porous GaP template with the depth of 300 um [83] compared to 70 um [79] has been
proposed and optimized. Optimization of electrodeposition parameters demonstrated that uniform
deposition of Pt nanotubes inside 300 um long GaP pores occurs at 100 s pulse duration and 3 s

pause between pulses during the 15 hours.

4.2 Photodetectors, gas sensors based on InP and GaAs nanostructures

The porous semiconductor compounds from 111-V group developed in this work, especially
InP and GaAs have been shown to be attractive for optoelectronic applications as photodetectors
[83,84], due to their much more advanced properties than Si. Apart from this, due to the large internal
surface area, porous semiconductors are of interest for the development of gas sensors [85].

In the paper [85], porous InP membranes with controlled morphology have been fabricated
by electrochemical etching of n-InP substrates in NaCl electrolyte, being subsequently functionalized
with Au nanodots by electroplating in pulsed voltage regime. The photoluminescence and
photoelectric characterization of the fabricated membranes demonstrated the preservation of the high
crystalline quality of the porous template, the effective passivation of the porous surface, and light
trapping inside the porous network. Exposure of the huge internal surface of the porous template to
hydrogen environment leads to further passivation of the porous surface. It was also shown that the
interaction of gas molecules with the porous surface is also influenced by Au nanodots deposited
inside the pores, the Au dots possessing high catalytic activity during the interaction with H, and CO
gases, thus enhancing the response and reduce the response time (5 s). It was established that these
properties strongly depend on the morphology of deposited gold, which is controlled by the deposition

time (10 min or 30 min) and the concentration of free charge carriers in the porous semiconductor
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template, especially for n=1x10'® cm=3. The improvement of the sensory properties upon deposition
for 30 min is explained by interconnection of Au nanodots, forming Au nanotubes inside the InP
pores according to the "hopping electrodeposition™ mechanism [54].

The integration of semiconductor nanostructures into electronic and optoelectronic devices,
become a challenge from the point of view of electrical contact elaboration. In the paper [84], the
applicability of an ultra-thin InP nanowall (Figure 2.4c and Figure 2.7c), with lateral dimensions of
several micrometers and thickness of 10 nm, as a photodetector in the IR region was demonstrated.
In contrast to the case examined above, in which porous InP membranes were used, the contacts being
made with the Ag paste, the InP nanowall was contacted by means of focused ion beam (FIB) using
Pt as contact metal. From the photocurrent dependence in the dark and illumination at the applied
voltage of 10 V under the excitation power of 800 mW-cm the parameters of the photodetector based
on the ultra-thin InP nanowall were calculated: the photoresponse R=1.3 A-W? and detectivity
D=1.28-10%° cm-HzY2-W.

Later, the applicability of GaAs nanowires developed in chapter 2.2 (Figure 2.3b) as a
photodetector in the IR region of the spectrum was demonstrated [83]. Moreover, the feasibility of
three methods for contacting the individual GaAs nanowire was studied.

The first one is fabrication using the FIB. In this case, the measured 1-V characteristic of the
elaborated photodetector demonstrated formation of Schottky contact due to the use of Pt, requiring
an applied voltage with amplitude about 8 V for fabricated device. It is worth to mention that the
fabrication of contacts with FIB it is very expensive while require a lot of work-hours in clean room
and expensive equipment. The second approach is based on contacts fabrication via Laser Beam
Lithography. Used equipment in this case is not so expensive. The possibilities to choose the
deposited material in magnetron sputtering (e.g. Cr/Au) give the advantage to obtain ohmic contact
resulting in linear dependence of photodetector, being possible to operate at a voltage of 5 V, reaching
a photoresponse of 100 mA-W-! and D=1.2-10° cm-HzY?-W-L. The investigation of the parameters as
a function of the diameter of GaAs nanowires with an optimized contact design was studied in another
PhD thesis [86], the results being published in the paper [48].

As another approach, representing a low-cost fabrication, could serve the deposition of
nanowires on Si/SiO> chips with prefabricated contacts on the surface of the substrate. Despite the
accessibility and the low cost of this method, it should be mentioned that the photodetector
manufactured by this approach demonstrated a degradation over the time after 3 months. We assume
that the cause is the formation of unstable contact, the nanowire is just placed on the contact and any
mechanical action, electrical stress, and temperature gradient can affect the integrity of the contact

between the nanowire and the contact pad. So, this method could be recommended just for rapid
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investigation of electrical properties of fabricated nanowires with further deposition of contacts by

Laser Beam Lithography or FIB [83].

4.3 GaAs-Fe and GaAs-NiFe core-shell nanowire arrays fabricated by electrochemical
methods

In this paragraph, the systematic results of the deposition of Fe [49] and NiFe layers [87,88]
with Ni contents of 65%, 80% and 100%, both on planar GaAs substrates and on nanowire arrays
fabricated by anodization of n-GaAs substrates with (111)B and (001) crystallographic orientation
will be discussed. The optimization of Ni deposition process in porous InP layers was also carried out
[57].

Figure 4.2a shows hysteresis loops measured using a vibrating sample magnetometer (VSM)
in an in-plane configuration on a nanowires array fabricated on GaAs (111)B substrate, the

anodization procedure being described in more detail in chapter 2.2 and Ref. [49].
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Figure 4.2. Hysteresis loops measured in *'in-plane™ (a,c) and "out-of-plane’ (b,c)
configurations on a nanowires array fabricated on GaAs (111)B substrates (a,b) and (001) in
(c) compared with measured planar substrates coated with a Fe film. (d,e) Schematic
representation and experimental demonstration of nanowires formation with different

geometric shape and resulting metal coating. Reproduced: (a-c) from [49], (d,e) from [42]
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In such a case, the magnetic field is applied perpendicular to the nanowire array. The
hysteresis loops measured on the substrate covered by a polycrystalline Fe film are shown for
comparison. One can see that the coercivity of nanowires after Fe deposition for 10 s is nearly the
same as that of the substrate after Fe deposition for 20 s, and it increases from 62 to 284 Oe when
increasing the Fe deposition time from 10 to 20 s. The remanence ratio M//Ms = RR (squareness) also
increases from 0.35 to 0.70 with the increase in the deposition time.

Similarly to the case of in-plane magnetization, for the out-of-plane magnetization, the
coercivity of nanowires after Fe deposition for 10 s is nearly the same as that of the substrate after 20
s Fe deposition, and it increases from 46 to 260 Oe when increasing the Fe deposition time from 10
to 20 s (Figure 4.2b). The remanence ratio also increases from 0.22 to 0.68 with an increase in the
deposition time.

For the nanowires array prepared on (001) GaAs, i.e., for those oriented parallel to the wafer
surface, all of the magnetic parameters (the saturation moment, the coercivity, and the remanence)
are higher in the out-of-pale configuration, i.e., when the magnetic field is perpendicular to the
nanowire array, compared to the case of in-plane magnetization (Figure 4.2c). If one compares the
magnetic characteristics of the nanowires array with those of the magnetic film on planar substrate,
one can see that they do not differ significantly for the in-plane configuration, but the magnetic
characteristics of the nanowires array are much higher than those of the film on the substrate for the
out-of-plane configuration. In particular, the remanence ratio is two times higher, and the coercive
force is three times higher [49].

In the paper [87], was performed a comparative analysis of the magnetic properties for in-
plane configuration, in terms of saturation and remanence moment, squareness ratio and coercivity,
for GaAs/Ni core-shell structures with different contents by Ni. Research has been focused on
nanowires obtained by anodizing GaAs (111)B substrate because the nanowires have a triangular
geometric shape compared to circular nanowires obtained by anodization of GaAs substrates with
(001) orientation according to Figure 4.2d,e [42].

It was established that both the magnetic moment and the coercive force are much larger for
nanowire arrays than for planar substrates with similar coating thicknesses (Figure 4.3a). The coatings
of Nio.esFeo.ss alloys on GaAs nanowires (Figure 4.3b) are more sensitive to the deposition time as
compared with permalloy coatings. However, the magnetic parameters have close values for coatings
after 60 s deposition. The magnetic parameters (the magnetic moment and the coercive force) of Ni
coatings on GaAs nanowire arrays are also not very much different from those of Nio.e5Feo.35 coatings
after the same deposition of 60 s (Figure 4.3c). However, the remanence ratio M/Ms (squareness) is

lower for the Ni coating as compared to the Nio.esFeo.3s and permalloy coatings [87].
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Systematized data of magnetic parameters for planar GaAs substrates and nanowires with
metal coating are elucidated in tables from the paper [49] for GaAs-Fe, [87] for GaAs-NiFe with
different Ni content, as well as for the comparative systematization of coatings of Fe and NiFe in the
paper [88]. It was established that the magnetic parameters are better for NiFe and Fe coated
nanowires as compared to coated planar structures. The coercivity is larger than 170 Oe for both
magnetic field configurations on GaAs nanowires coated with NiFe for 60 s in the potentiostatic
mode, while the remanence ratio is around 0.7 for both configurations. The same remanence ratio of
around 0.7 is measured for both magnetic field configurations on GaAs nanowires prepared on (111)B
GaAs substrates and coated with Fe for 20 s in the galvanostatic mode, while the coercivity is by a
factor of around 3 larger than that measured on planar structures with the same coating. The largest
value of coercivity (around 500 Oe) was reached on GaAs nanowires prepared on (001) GaAs
substrates, when measured with out-of-plane magnetic field configuration, i.e. with the magnetic field
perpendicular to the nanowires axis. However, the remanence ratio is around 0.5 for this case, which

is less than 0.7 measured for NiFe and Fe coatings on nanowires prepared on (111)B GaAs substrates.
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Figure 4.3. Hysteresis loops measured on GaAs (111)B substrates: (a) coated with permalloy
(Nio.soFeo.20) planar substrates and anodized (nanowires) GaAs substrates; (b,c) GaAs

nanowire arrays coated with NiossFeoss (b) and Ni (c). Reproduced from [87]
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In the paper [57], another possibility of depositing Ni nanodots inside porous InP templates
was demonstrated. In this case, metal nanodots are deposited on the inner walls of the pores, the
diameter of the pores being controlled in the range of 80 nm — 500 nm, and the thickness of the walls,
i.e. the distance between the pores from 100 nm — 700 nm, by choosing InP semiconductor substrates
with the free carrier concentration of 2x10% cm™ or 2x10'” cm=. The given approach offers greater
possibilities from the point of view of choosing the spatial distribution of metal nanodots, especially
due to the approaches developed in chapter 2.1 that allow the fabrication of pores parallel to the
surface [46] and controlling their growth direction [28].

4.4 Gold coated microstructures as a platform for the preparation of semiconductor-

based hybrid 3D micro-nano-architectures

Recently, an improvement in the photocatalytic performances of a newly developed material,
called aero-Ga>0s, due to functionalization with noble metals has been demonstrated [89]. In their
study [89], the authors used an approach based on a template composed of a network of ZnO
microtetrapods. The technological process consisted of four technological stages. In the first step,
gold sputtering was performed on ZnO microtetrapods. In the second step, a GaN layer was deposited
by HVPE over the Au-functionalized ZnO microtetrapods. During the HVPE growth of GaN, the
simultaneous dissolution of ZnO occurred, which resulted in the formation of GaN microtubes,
decorated with Au on the internal surface. In the third step, another functionalization with Au by
sputtering was carried out, already on the external surface of the GaN microtubes. Finally, the
GaN/Au microtubes were subjected to heat treatment in air to transform into aero-Ga,Os/Au.
However, it should be noted that it is impossible to achieve uniform deposition by sputtering along
the depth of the template. In addition, this technological process is quite complex.

Due to the fact that gallium oxide possesses high electrical resistivity, functionalization with
noble metals by electrochemical deposition is challenging. Further, a feasible and cost-effective
approach was demonstrated that allows uniform functionalization of Ga>Os nanowire arrays with Au
nanodots by electrochemical methods [66]. The technological flow of the process consists of two
stages: (i) electrochemical deposition of Au nanodots (U=-16 V, ton=100 ps, tor=1 s for 300 s) on a
semiconductor nanowires array produced by anodization of the n-GaAs (111)B substrates (as
described in chapter 2.2, Figure 2.3b); (ii) followed by the oxidation of Au-functionalized
semiconductor nanowires by heat treatment in air at 800 °C for one hour.

The deposition of Au nanodots on ZnO microtetrapod networks with controlled density both
will result in hybrid structures that can be further used as catalyst nucleation points for the growth of
semiconductor nanowires with needed composition. Considering that the preferential direction of
nanowires growth is perpendicular to the used substrate, it is expected that their growth in radial

directions of the tetrapod arms will result in the fabrication of more complex micro-nano-structure
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assemblies with controlled design and morphology, for various applications. However, the ZnO
tetrapods grown by the flame transport method are considered to possess high electrical resistance
[90].

In recent paper [91], by applying pulsed electrochemical deposition at 50 ps pulse length, it
was experimentally demonstrated that ZnO tetrapods possess sufficient conductivity for uniform
functionalization with Au nanodots. It was established that the density of the deposited Au nanodots
is different for different microtetrapods in the same sample. The deposition of very rarely Au
nanodots on microtetrapod 1 in Figure 4.4a indicates its high electrical resistivity, as previously
observed [90,92,93], while the deposition of Au nanodots on microtetrapod 2 suggests moderate
electrical conductivity. The image in Figure 4.4b demonstrates that the conductivity of ZnO
microtetrapods can even reach a value high enough for the deposition of a monolayer of Au nanodots,
as observed for microtetrapod 3. The image in Figure 4.4b demonstrates that the conductivity of ZnO
microtetrapods can even reach a value high enough to deposit a monolayer of self-assembled Au
nanodots, as observed for microtetrapod 3. These observations suggest that additional investigations
are necessary to elaborate technological conditions enabling to produce ZnO microtetrapods networks
with controlled electrical conductivity, which could be suitable for the production of complex micro-
nano-structure assemblies with controlled design by means of VLS growth of semiconductor

nanowires with various chemical composition on the surface of ZnO microtetrapods arms.

It

Figure 4.4. (a,b) SEM images of ZnO microtetrapods covered with Au nanodots taken on
different regions of a pressed pellet from (c). (c) Photo image of a water droplet on the surface
of ZnO tetrapods before heat treatment, indicating an CA=144°. SEM images of the hollow
GaN tetrapod from aero-GaN sample before (d) and after pulsed electrochemical deposition
(e). Electrodeposition parameters: ton=50 us; tofi=1 s; U= -15 V, tdep=120 s. Reproduced: (a,b)
from [91], (c) from [94], (d,e) from [62]
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It should be noted that the pressed ZnO pellets with a density of 1 g-cm™ demonstrated
hydrophobic properties (Figure 4.4c), being unsuitable for electrochemical deposition that involves
the penetration of the electrolyte inside the ultra-porous 3D architecture. In recent work [94], the
possibility of controlling the hydrophobic/hydrophilic properties of ZnO microtetrapod networks by
means of thermal treatment (TT) was demonstrated. ZnO microtetrapod networks produced by flame
transport synthesis were found to be hydrophobic but became super-hydrophilic upon annealing at
950 °C for 1 h in air. From the beginning, TT was only intended to ensure the welding of the arms of
ZnO microtetrapods after pressing into pellets, providing higher mechanical stability.

Functionalization with Au nanodots by electrodeposition has also been shown to be feasible
on ultra-porous 3D nanoarchitectures composed of micro-nano-tetrapods of aero-GaN [62]. The SEM
image of a hollow GaN microtetrapod, extracted from aero-GaN material, is presented in Figure 4.4d.
Pulsed electrodeposition of Au on such a microtetrapod with a pulse length of 50 ps resulted in its
coating with Au nanodots, as shown in Figure 4.4e. In this work, pulsed electrodeposition was used
to estimate the electrical conductivity (proposed and demonstrated approach in chapter 2.4) of aero-
GaN microtetrapods, a higher density of Au nanodots being observed, specifically in the region where
the arms of the microtetrapods intersect, which indicates a higher electrical conductivity of this region
compared to the conductivity of the microtetrapod arms.

Table 4.1. Systematized results of porous I11-V and 11-VI semiconductor compounds with

engineered morphology elaborated in this work by electrochemical methods [42]

Semicond Eg, Concentration | Pore diameter, required applied voltage, other Typical Ref.
uctor (eV) of charge details. electrolyte
compound carriers, (cm?)
GaAs 1.42 2x10%8 100 - 400 nm triangular shape nanowires HNO; [48,49]
(111)B, (111) | oriented perpendicular, tilted or parallel to
and (001) the substrate surface, 4 V.
InP 1.34 1,3x10%® Pores parallel to the substrate surface NaCl [46]
1,3x10%8 Morphologies by design with NaCl [28,42]
photolithographic processes.
1,7-3x10%8 100-150 nm; 3D porous structures at 100 — NaCl, HCI | [28,42]
350 mA cm, or successive applied potential
of2V-4V-6V.
1,3x10% Nanowires - 50 nm; 10 nm thick nanowalls; HCI [52]
nanobelts with thickness about several nm at
15 V for 3 seconds.
2x10Y Self-ordered porous layers with 200 nm pore | NaCl [57]
diameter at 20 V.
GaP 2.26 2-8x10Y Pores with circular shape and 300-500 nm H2S04 [79]
diameter, 25 V.
2-8x10Y Pores with rectangular shape and 100 nm HBr [28]
(100) diameter, 15 V.
3x10Y Pores with triangular shape and 100 nm HBr [28]
(111) diameter, 15 V.
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GaN 3.4 MOCVD Multilayer porous structures, 50-100 nm, 15 | HNOs [17]
2,5x108 -25V
HVPE Porous concentric pyramidal structures, <50 | HNO3 [15]
nm, 25 V.
HVPE Uniform pores, 50 nm at 70 V on Ga-face; 10 | HNOs, [18]
> 5x10% nm at 15 V on N-face. HCI, NaCl
HVPE Multilayer porous structures, 25 V. HNO; [76]
> 5x10Y
ZnSe 2.7 3.0x10Y Pores, 100 nm at 9 V; K:Cro07:H, | [28]
2.1x10'8 pores, 40 nm at 6 V. S04:H-0
ZnTe 2.3 3x10%8 p-type, nanowires, 50 nm, applied voltage in | HNO3:HCI: | [50]
pulse, 5 V. H.O
Zn0O 3.37 3x10'® Pyramids on the O-face, 1-5 um at 5 V; or HCI [27,28]
10-50 wm at 10 V, inverted pyramids or
tunnels on Zn-face.
3x10'® Columnar morphology on O-face. HNO; [28]
ZnCdS 30 nm-120 nm; wide bandgap template
2.9 Zno4CdosS — 16 V; HCI, HNOs | [22,24,
3.0 2x10%8 ZnosCdosS — 40 V; 25]
3.3 Zno,e7Cdo_338 —70 V.

4.5 Conclusions to chapter 4

Fabrication of two-dimensional metal-semiconductor arrays with Pt nanotubes in porous GaP
template has been shown to be feasible for the development of variable capacitance devices with
improved capacitance density variation up to 6x10°3 pF-V! per square micrometer under a small
change in voltage (up to — 4 V).

The developed nanostructures based on ultrathin InP nanowall or GaAs nanowire were used
for elaboration of IR photodetectors that demonstrated a photoresponse R=1.3 A-W-! and detectivity
D=1.28-10% cm-HzY2.W or, respectively, R=100 mA-W and D=1.2-10° cm-Hz*2.W! at the optical
excitation power of 800 mwW-cm.

GaAs-Fe or GaAs-NiFe core-shell nanowire arrays together with the possibility of aligning
the nanowires perpendicular or parallel to the substrate surface demonstrated magnetic anisotropy of
coercivity and remanence ratio.

A two-step technological approach for Ga,Oz nanowire arrays functionalization with Au
nanodots by pulsed electrochemical deposition has been proposed and demonstrated, with the high
electrical resistance of the nanowire arrays being one of the critical factors in this process. The first
technological step consists in the deposition of Au nanodots on GaAs nanowires, and the second step
involves thermal treatment, during which the oxidation of GaAs nanowires takes place. Thus,
additional technological steps of sensitization and activation of the gallium oxide surface were
avoided, which could lead to contamination and the formation of unwanted residues.
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GENERAL CONCLUSIONS AND RECOMMENDATIONS

1. Semiconductor templates based on wide bandgap materials, promising for applications in the
visible range of the spectrum, have been fabricated by electrochemical etching of GaN (HVPE)
or ZnCdS crystals possessing a deepness of porous layer of 70 pum, in contrast to 2 — 4 um for
MOCVD grown GaN layers. It has been demonstrated the obtaining by electrochemical etching
of multilayer porous structures based on GaN grown by the HVPE method, due to the
uncontrolled self-modulation of doping during the growth of the substrates. On the other hand,
the fabrication of multilayer porous structures with a controlled spatial design was achieved by
anodization of MOCVD grown GaN, with two different electrical conductivities of layers. The
feasibility of the produced structures for the design of Bragg reflectors was demonstrated by
optical micro-reflection measurements. By anodization of ZnO crystals, the selectivity of ZnO
micro-nano-structures obtaining with different shapes was demonstrated. Pyramidal
microstructures were obtained on the O face, and inverted pyramids were produced on the Zn
face. It was shown that the dimensions of microstructures can be controlled by varying the applied
potential during anodization, thus demonstrating a strong influence on the photoluminescence
spectra of the obtained microstructures. It was found that the photoluminescence spectra recorded
on the region with morphology in the form of small pyramids (obtained at 5 V) is dominated by
emission with the photon energy of 3.3 eV, close to the value of the band gap, the green emission
at 2.56 eV being attenuated compared to the emission from large pyramids (10 V), which show
relatively intense green luminescence. The possibility of control with the morphology obtained
by using different electrolytes in the anodization process was demonstrated, and columnar
morphologies were produced for the first time by electrochemical methods in HNO3 electrolyte.
The results were discussed in paragraphs 1.1; 1.2; 1.3; 1.4; 3.3 and were published in papers
[12,15-18,22-28,34,76].

2. The successful combination of electrochemical etching and pulsed electrodeposition led to the
solution of an important technological problem, namely, the possibility of non-lithographic
fabrication of two-dimensional periodic metal-dielectric structures for micro-opto-electronic and
photonic applications, an important precondition for this achievement being the development of
the so-called "hopping electrodeposition” mechanism of Au nanodots, described in paragraph 2.3
[54]. The prospect of developing new focusing elements and beam splitters based on GaP/Pt or
ZnSe/Pt nanostructures, for applications in the visible region of the spectrum, was demonstrated.
The photonic properties of porous structures metallized with nanotubes were found to be
determined by both the spatial distribution of the nanopores or nanotubes and their geometrical
dimensions, as well as the composition of the semiconductor material used. By decreasing the

pore diameter or inner diameter of the nanotubes by a factor of two, the purpose of the photonic
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slab can be changed from a focusing lens to a beam splitter. Another important compartment of
semiconductor compound engineering for nano-micro-electronics was demonstrated by the
development of varicap device based on GaP/Pt nanostructures with a record capacitance density
variation of 6x107 pF-V! per 1 pm? of surface area. The results were discussed in paragraphs
2.3; 3.4 and 4.1 and were published in papers [26,46,54,59,60,79,80,82,83].

In premiere, the "abnormal” retroreflection of light from ultra-porous layers based on InP and
GaAs semiconductor compounds was demonstrated. As a result, the following regularities were
established: (i) Only ordinary transverse waves (“bright modes™) and their associated
backscattered radiation can be excited with an incident s-polarized wave. Absorption strongly
modifies the scattering indicatrix, suppressing scattered radiation at small incidence/scattering
angles. (ii) Ultrashort modes ("dark modes") and ordinary transverse waves ("bright modes"), as
well as their associated backscattered radiation, can be excited with an incident p-polarized wave.
The contribution from "dark modes”, which is practically independent of absorption, is
predominant at high incidence/scattering angles. The results were discussed in paragraphs 3.1;
3.2 and were published in papers [67,69,71-74].

Using the developed "hopping electrodeposition” model, a cost-effective and original approach
for assessing the electrical conductivity in InP semiconductor nanostructures with different
thicknesses, such as those fabricated by electrochemical etching of n-InP crystals with free carrier
concentration of 1.3x10'® cm3, discussed in paragraph 2.4, was proposed. This statement is
confirmed by the results of Au nanodots electrodeposition concomitantly on 10 nm thick nanowall
nanostructures, nanowires with 50 nm diameter and 2 nm thick InP nanobelts, as well as on bulk
n-InP substrate. Comparison of the electrodeposition of 20 nm diameter Au nanodots on InP
nanowires and on bulk InP suggests that the electrical conductivity of nanowires is similar to that
of bulk crystals. At the same time, the comparison of the electrochemical coating of Au nanodots
on nanowires and nanowalls indicates a much lower conductivity of nanowalls compared to that
of nanowires, and the absence of deposition of Au nanodots on InP nanobelts demonstrates that
there are no free charge carriers in nanobelts with a thickness of several nanometers. The given
approach has also been shown to be effective for highlighting non-uniform doping during HVPE
growth in GaN substrates. Complementarily, non-uniform doping was also demonstrated by
electrochemical etching of GaN (HVPE) substrates. The developed "hopping electrodeposition”
model was used for Au nanodot functionalization of promising ZnO or aero-GaN micro- and
nano-structures as platforms for the fabrication of 3D hybrid micro-nano-architectures. The
results were discussed in paragraphs 2.3; 2.4 and 4.4 and were published in papers
[53,54,61,62,66,91,94].
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5.

It has been shown that combining possibilities to produce two types of pores (CLO and CO) with
generating porous arrays by design significantly enlarges the variety of produced porous
morphologies and topologies. As a result, possibilities to control the physical properties of
semiconductor porous structures, such as optical, vibrational, photonic and luminescence
properties, are widened, therefore opening new prospects for practical applications. The
systematized results demonstrated that rectangular, triangular, and circular shape of pores, as well
as nanowires with controlled sizes can be produced by adjusting the crystallographic orientation
of the substrate and the technological conditions of anodization (paragraph 2.2). The optimization
of technological parameters of anodization allowed the fabrication of semiconductor nanowire
arrays by electrochemical etching of InP, GaAs and ZnTe semiconductor crystals. The use of
GaAs crystals with different crystallographic orientation allowed to obtain nanowire arrays tilted
(100), perpendicular (111)B and predominantly parallel (001) to the substrate surface by
electrochemical etching at applied voltage 4 V in nitric acid with a concentration of 1M for 30
min. The feasibility of applying the developed nanostructures as photodetectors in IR region was
demonstrated based on an ultra-thin (10 nm) InP nanowall, which demonstrated a photoresponse
R=1.3 AW and detectivity D=1.28x10'° cm-Hz"2.-W-!, as well as GaAs photodetector (single
nanowire) with values R=100 mA-W and D=1.2x10° cm-Hz"2-W at optical excitation power
Pexc=800 mW-cm™. The results were discussed in paragraphs 2.2; 4.2 and were published in
papers [12,28,42,49,50,52,83,84].

An important compartment of semiconductor compound engineering has been demonstrated
which consists in the development of electrochemical technological approaches to controll the
direction of pore propagation both in depth, being produced 3D structures as a result of the
transition from CLO to CO pores, or due to non-uniform doping in GaN HVPE grown substrates,
as well as parallel to the surface of InP or ZnSe crystals by applying photolithographic masks.
Using the properties of CLO pores to not intersect during growth, combined with the formation
of pore networks propagating in planes parallel to substrate surface, were obtained morphologies
by-design determined by the shape of photolithographic mask used, which open new perspectives
for microfluidic applications (paragraph 2.1). An additional tool for such applications is the
possibility to control the hydrophilic or hydrophobic properties of the produced structures,
discussed in paragraph 2.5. It has been demonstrated by contact angle analysis that the
engineering of semiconductor surfaces by electrochemical methods (etching and/or
electrochemical deposition) allows the controlled change of hydrophilic/hydrophobic properties.
It was demonstrated that the morphology of GaAs pores, tilted or perpendicular to the surface,
plays an important role in the transition from hydrophobic to hydrophilic properties,

demonstrating contact angles of 137.5° and 37.5° respectively. Even greater flexibility of contact
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angle control was demonstrated by functionalization of porous layer with a monolayer of Au
nanodots. The results were discussed in paragraphs 2.1; 2.5 and were published in papers
[28,37,42,46,65].

7. It has been demonstrated that the elaborated "hopping electrodeposition™ mechanism provides an
efficient platform for functionalization and modification of nanostructured surfaces, which
enables precise control over the process parameters. It has been shown that using pulses can avoid
some of the adverse effects associated with continuous deposition, such as formation of
nonuniform layers, diffusion-limited phenomena, and supersaturation. It has been demonstrated
the possibility of gold nanodots deposition with controlled density on various nano-micro-
structured semiconductor substrates such as: (i) hollow GaN microtetrapods arrays from aero-
GaN, (ii) porous microdomains with a controlled design produced by anodization of InP
substrates and (iii) complex microdomains composed of strips with alternating electrical
conduction based on HVPE grown GaN substrates. The self-assembled gold nanodots can serve
as catalyst nucleation sites for growth of nanowires with different chemical compositions to form
complex 3D hybrid micro-nano-architectures, promising for photocatalytic applications. The
results were discussed in paragraphs 2.3; 4.4 and were published in papers [54,62,66,90,91,94].

8. It was demonstrated the possibility of core-shell nanowires networks fabrication based on GaAs-
Fe or GaAs-NiFe, with the possibility of aligning perpendicularly or parallel to the substrate
surface, which revealed a magnetic anisotropy of coercivity and remanence ratio. The magnetic
parameters for both Fe and NiFe coatings were found to be more advantageous for coaxial core-
shell structures compared to planar structures. At the same time, these parameters are higher for
the configuration with the magnetic field oriented in the radial direction of the coaxial core-shell
structures compared to the orientation along the axis of the nanowires. It was determined that by
controlling the deposition duration, resulting in a larger thickness of the Fe coating on GaAs
nanowire arrays, is assured an increase in coercivity and remanence ratio from 62 to 284 Oe and
from 0.35 to 0.70 respectively. Controlling with geometrical shape of pores or semiconductor
nanowires, which are used as templates for the deposition of metals with magnetic properties by
means of the "hopping electrodeposition” mechanism, allows obtaining hybrid core-shell
structures with triangular, square or round geometries, by forming a thin metal layer inside the
pores or around the nanowires. The results were discussed in paragraphs 2.2; 4.3 and were
published in papers [28,42,49,57,63,87,88].

The results of synthesis work are obtained after the defense of the PhD thesis in 2009, but they
are compared with the results on the subject from the last 30 years. As a result of analysis carried out

and obtained conclusions, the following recommendations are proposed:
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1.

It remains to be understood why no CO pores are generated in 11-VI semiconductor compounds
and solid solutions, possessing the same sphalerite crystal structure as I11-VV semiconductor
compounds. In fact, this problem was analyzed only from the consideration of the percentage
value of the degree of ionicity in the chemical bonds. The reason why CLO pores do not grow in
GaAs crystals should also be elucidated.

Despite the fact that FL mask-assisted electrochemical etching is a cost-effective and versatile
tool for the preparation of porous structures with specific morphologies, its exploration is still in
the primary phase. The results obtained in paragraph 2.1 demonstrated that the design of the
porous morphology depends on several factors, namely: from how many and which edge of the
FL mask is anodized; size and location of open holes in FL mask, etc. It is proposed to develop a
mathematical model for simulation with visualization of anodization results through FL mask
with a special design, which, reaching a desired morphology as a result of the simulation, can be
repeated experimentally. The following laws and parameters can be recommended as boundary
conditions for the simulation: (i) pores can be formed in the space under the specially designed
FL mask; (ii) in CLO pore formation regime, which assumes that the pores cannot intersect each
other; (iii) once the thickness of 60 nm is reached, the pores change their propagation direction in
the free (non-etched) semiconductor space but in the same plane (these concrete values depend
on the conductivity of the material). In the case of the meeting of two neighboring pores tip-to-
tip, they will stop growing, leaving a space of 60 nm between them. (iv) the growth rate for all
pores is constant, regardless of the number of edges of the FL mask.

Since electrochemical etching is carried out by breaking the chemical bonds between atoms due
to the extraction of electrons, it is recommended to carry out the anodization process by combining
it with surface charge lithography, which involves the additional introduction of negative charges
on the surface that stop the material dissolution process, being previously demonstrated on
MOCVD grown GaN substrates. Thus, supplying the surface with excess free charges in a
controlled manner will allow to expand the possibility of engineering porous semiconductor

compounds.
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“Telecommunications, Electronics and Informatics” ICTEI 2012. Chisinau, Republic of
Moldova, 17—20 May 2012. pp. 240 — 245. http://repository.utm.md/handle/5014/7315
TIGINYANU, I, MONAICO, E., POPA, V. Electrochemistry-based maskless nanofabrication.
In: Proceedings of the CAS 2012; October 2012; Vol. 1, pp. 21-26. 15-17 October, Sinaia,
Romania. Doi: 10.1109/SMICND.2012.6400703

MONAICO, E., URSAKI, V., ZALAMAI, V., MASNIK, A., SYRBU, N., BURLACU, A.
Electrochemical nanostructuring of CulnS; bulk crystals. In: 7" International Conference on
Microelectronics and Computer Science, Chisinau, Republic of Moldova, September 22-24,
2011, pp. 139-143. Disponibil: http://repository.utm.md/handle/5014/6309

MONAICO, E., TIGINYANU, I., KOLIBABA, G., NEDEOGLO, D., COJOCARU, A., FOLL,
H. Development of conductive nanotemplates on ZnSe. In: Nanotechnologies and Biomedical
Engineering, Ed. 1, 7-8 iulie 2011, Chisindu. Technical University of Moldova, 2011, Editia 1,
pp. 39-42. ISBN 978-9975-66-239-0. https://ibn.idsi.md/vizualizare_articol/80288
TIGINYANU, I.M., MONAICO, E., BADINTER, E., IOISHER, A., ENACHI, M. Dielectric
and metallo-dielectric 2D quasi-periodic nanomaterials for photonic and electronic applications.
(Invited paper) In: 10" Expert Evaluation & Control of Compound Semiconductor Materials &
Technologies (EXMATEC), May 19-21, 2010, Darmstadt/Seeheim, Germany. Pp. 173 — 176.

74


https://ibn.idsi.md/en/vizualizare_articol/55278
https://doi.org/10.1142/9789813224537_0006
http://repository.utm.md/handle/5014/697
https://ibn.idsi.md/ro/vizualizare_articol/75603
https://ibn.idsi.md/ro/vizualizare_articol/79319
https://ibn.idsi.md/vizualizare_articol/79499
https://cyseni.com/wp-content/archives/proceedings/Proceedings_of_CYSENI_2013.pdf
http://repository.utm.md/handle/5014/7315
https://doi.org/10.1109/SMICND.2012.6400703
http://repository.utm.md/handle/5014/6309
https://ibn.idsi.md/vizualizare_articol/80288

3.3. in the works of scientific events included in the Register of materials published on the

basis of scientific events organized in Republic of Moldova

61. LANGA, S., MONAICO, E., FOLL, H., TIGINYANU, I. Porous morphologies in Si, 111-V and
I1-VI compounds: a comparative study. In: Microelectronics and Computer Science: The 6th
International Conference, Ed. 6, 1-3 octombrie 2009, Chisinau. Balti, Republica Moldova. Editia
6, pp. 175-179. ISBN 978-9975-45-122-2. https://ibn.idsi.md/vizualizare_articol/184635

62. TIGINYANU, I, MONAICO, E., URSAKI, V., KOLIBABA, G., NEDEOGLO, D.,
LEPORDA, N. Electrochemically nanostructured ZnSe for photonic and optoelectronic
applications. In: Microelectronics and Computer Science: The 6th International Conference, Ed.
6, 1-3 octombrie 2009, Chisinau. Balti, Republica Moldova. Editia 6, pp. 146-149. ISBN 978-
9975-45-122-2. https://ibn.idsi.md/vizualizare_articol/184614

63. MONAICO, E., COSEAC, V., URSAKI, V., SYRBU, N., TIGINYANU, I. Photoluminescence
of ZnTe nanowires prepared by electrochemical etching of bulk ZnTe. In: Microelectronics and
Computer Science: The 6th International Conference, Ed. 6, 1-3 octombrie 2009, Chisinau. Balti,
Republica  Moldova.  Editia 6,  pp. 150-153.  ISBN  978-9975-45-122-2.
https://ibn.idsi.md/vizualizare articol/184615

64. SPRINCEAN, V., COJOCARU, A., MONAICO, E., TIGINYANU, I., FOLL, H. Comparison
of morphologies of porous InP layers obtained in different electrolytes. In: Microelectronics and
Computer Science: The 6th International Conference, Ed. 6, 1-3 octombrie 2009, Chisinau. Balti,
Republica  Moldova.  Editia 6,  pp. 179-181. ISBN  978-9975-45-122-2.
https://ibn.idsi.md/vizualizare articol/184637

4. Patents and other intellectual property objects
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MORARI, V., MONAICO, E.V., LEISTNER, K., TIGHINEANU, I., NIELSCH, K. Porous
GaAs layers and nanostructures decorated with magnetic materials. In: Energy Efficient
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PRISLOPSKI, S., NAUMENKO, E., TIGINYANU, I., GHIMPU, L., MONAICO, E., SIRBU,
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ADNOTARE
Monaico Eduard Vladimir, Micro- si nano-ingineria compusilor semiconductori si a
structurilor metalice in baza tehnologiilor electrochimice. Specialitatea 134.01 — Fizica si
tehnologia materialelor. Lucrarea de sinteza pentru titlul de doctor habilitat in stiinte fizice
(in baza lucrarilor stiintifice publicate), Chisinau 2024.

Structura lucrarii de sinteza: reperele conceptuale ale cercetarii, continutul publicatiilor
expuse in 4 capitole, concluzii generale si recomandari. Lucrarea cuprinde 94 referinte bibliografice,
84 pagini, 26 figuri si 3 tabele. In baza rezultatelor obtinute au fost publicate 103 lucriri stiintifice,
inclusiv 41 articole stiintifice din bazele de date Web of Science si SCOPUS.

Cuvinte-cheie: structuri poroase, dirijarea directiei de crestere a porilor, electrodepunere in
salturi, dispozitiv varicap, retroreflexie anormald, fotodetector IR, lentile fotonice integrate,
anizotropie magnetica, structuri hibride miez-invelis, proprietati hidrofile/hidrofobe.

Scopul lucrarii de sinteza: elaborarea conceptelor teoretice si elaborarea abordarilor
tehnologice pentru micro- si nano-ingineria compusilor semiconductori porosi si a nanostructurilor
metalice prin metode electrochimice pentru aplicatii multifunctionale.

Obiective cercetirii: obtinerea templatelor semiconductoare cu banda interzisa larga; analiza
comparativa a nanostructurarii compusilor semiconductori III-V (InP, GaAs, GaN) si compusilor II-
VI (CdSe, ZnSe, ZnxCd1xS); elaborarea mecanismului de depunere; dezvoltarea si optimizarea
tehnologiilor electrochimice de trecere de la straturi poroase la retele de nanofire; cercetarea
proprietatilor nanostructurilor elaborate cu scopul de a demonstra aplicabilitatea in micro- si nano-
dispozitive in electronicd, optoelectronica, fotonica, feromagnetism.

Noutatea si originalitatea stiintifica: dezvoltarea abordarilor tehnologice electrochimice ce
permit de a dirija cu directia porilor atit in adancime, cat si pori paraleli cu suprafata cristalelor; a
fost elaborat si demonstrat mecanismul ,.electrodepunerii in salturi” ce duce la depunerea unui
monostrat de nanopuncte de Au pe compusi semiconductori porosi; in premierd a fost demonstrata
retroreflexia ,,anormald” a luminii de pe straturile ultra-poroase in baza compusilor semiconductori
de InP si GaAs, observatd si cu ochiul liber; in premiera a fost propusa o abordare cost-eficienta si
diferitd, prin depunerea electrochimica a metalului in impulsuri; a fost demonstrat cd ingineria
suprafetelor semiconductoare prin metode electrochimice (corodare si/sau depunere electrochimica)
permite de a schimba in mod dirijat proprietatile hidrofile/hidrofobe.

Rezultatele stiintifice principale noi sunt: (i) conceptul elaborat si demonstrat experimental
pentru ingineria morfologiei straturilor poroase In compusi semiconductori prin aplicarea pe suprafata
semiconductorului a mastilor fotolitografice cu o configuratie speciald, urmatd de corodarea
electrochimica; (i1) mecanismul de ,.electrodepunere 1n salturi” elaborat a stat la baza conceptului de
grosime diferitd si utilizat pentru demonstrarea experimentald cu evidentierea doparii neuniforme in
timpul cresteriit HVPE a substraturilor de GaN; (ii1) dirijarea formei geometrice a porilor sau a
nanofirelor semiconductoare permite de a obtine structuri hibride miez-invelis cu geometrii
triunghiulare, patrate sau rotunde prin depunerea unui strat subtire de metal cu ajutorul depunerii
electrochimice Tn impulsuri in interiorul porilor sau n jurul nanofirelor.

Semnificatia teoreticA constd in elaborarea si demonstrarea: mecanismului de
,electrodepunere in salturi”; conceptului ingineriei directiei de crestere a porilor prin folosirea
proceselor fotolitografice.

Valoarea aplicativa este accentuata prin: demonstrarea perspectivelor pentru elaborare de
noi elemente de focalizare si separatoare de fascicule In baza nanostructurilor GaP/Pt sau ZnSe/Pt
pentru aplicatii in regiunea vizibila a spectrului, reflectoare Bragg; elaborarea dispozitivelor: varicap,
senzor de gaz, fotodetectori de radiatie IR.

Implementarea rezultatelor stiintifice. Rezultatele obtinute au fost prezentate la saloane
internationale de inventica fiind apreciate cu diplome si medalii de aur, argint si bronz. Rezultatele
au fost implementate in procesul didactic la Facultatea CIM, departamentul MIB la predarea
cursurilor ,,Dispozitive nanoelectronice” ciclul 2, ,,Dispozitive micronanoelectronice” ciclul 1.
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ANNOTATION

Monaico Eduard Vladimir, Micro- and nano-engineering of semiconductor compounds

and metal nanostructures based on electrochemical technologies. Specialty 134.01 Physics and
Materials Technology. Synthesis work for the degree of doctor habilitat in Physics (based on
published works), Chisinau, 2024.

The structure of the synthesis work: the conceptual benchmarks of the research, the content of the
publications presented in 4 chapters, general conclusions and recommendations. The work includes
94 bibliographic references, 84 pages, 26 figures and 3 tables. Based on the obtained results, 103
scientific papers were published, including 41 scientific articles from the Web of Science and
SCOPUS databases.
Keywords: porous structures, pore growth direction, jumping electrodeposition, varicap device,
anomalous retroreflection, IR photodetector, integrated photonic lenses, magnetic anisotropy, core-
shell hybrid structures, hydrophilic/hydrophobic properties.
The goal of the study: the development of theoretical concepts and the development of technological
approaches for the micro- and nano-engineering of porous semiconductor compounds and metallic
nanostructures by electrochemical methods for multifunctional applications.
Research objectives: obtaining of the wide bandgap semiconductor templates; comparative analysis
of the nanostructuring of I11-V semiconductor compounds (InP, GaAs, GaN) and I1-VI compounds
(CdSe, ZnSe, ZnxCd1xS); the development of the electrodeposition mechanism; development and
optimization of electrochemical technologies for transition from porous layers to nanowire networks;
investigation of the developed nanostructures properties with the aim of demonstrating their
applicability in micro- and nano-devices for electronics, optoelectronics, photonics, ferromagnetism.
Scientific novelty and originality: the development of electrochemical technological approaches
that allow controlling the direction of pores growth, both in depth and parallel to the surface of the
crystals; the "jumping electrodeposition” mechanism leading to the deposition of a monolayer of Au
nanodots on porous semiconductor compounds was developed and demonstrated; for the first time
was demonstrated the "abnormal” retroreflection of light from ultra-porous layers based on InP and
GaAs semiconductor compounds, also observed with the naked eye; for the first time, a cost-effective
and original approach was proposed to estimate the electrical conductivity in InP semiconductor
nanostructures with different thicknesses, via pulsed electrochemical deposition of metal; it has been
demonstrated that the engineering of semiconductor surfaces by electrochemical methods
(electrochemical etching and/or pulsed electrochemical deposition) allows to change the
hydrophilic/hydrophobic properties in a controlled fashion.
The main new scientific results are: (i) the developed and experimentally demonstrated concept for
the morphology engineering of porous layers in semiconductor compounds by applying on the surface
of the semiconductor photolithographic masks with a special configuration, followed by
electrochemical etching; (ii) the elaborated "hopping electrodeposition™ mechanism served as the
basis of the concept of experimental demonstration of different electrical conductivity in
semiconductor nanostructures with different thickness and used for experimental demonstration
highlighting non-uniform doping during HVPE growth of GaN substrates; (iii) controlling the
geometric shape of the semiconductor pores or nanowires allows one to obtain core-shell hybrid
structures with triangular, square or round geometries by depositing a thin metal layer by means of
pulsed electrochemical deposition inside the pores or around the nanowires.
The theoretical significance lies in the development and demonstration of. the "hopping
electrodeposition” mechanism; the concept of engineering the direction of pore growth using
photolithographic processes.
The applicative value is emphasized by: demonstration of the perspectives for the development of
new focusing elements and beam splitters based on GaP/Pt or ZnSe/Pt nanostructures for applications
in the visible region of the spectrum, Bragg reflectors; device development: varicap, gas sensor, IR
radiation photodetectors.
Implementation of scientific results. The obtained results were presented at international invention
salons, being appreciated with gold, silver and bronze diplomas and medals. The results were
implemented in the didactic process at the Faculty CIM, the MIB department at courses
"Nanoelectronic Devices" master level, "Micronanoelectronic Devices" licentiate level.
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