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The synthesis and characterization of heterostructure por-Ga;03/GaAs represent a crucial advancement in
nanomaterials, particularly in optoelectronic applications. Employing a two-stage electrochemical etching
methodology, this research has elucidated the precise conditions required to fabricate such a heterostructure. The
initial stage involves etching monocrystalline gallium arsenide (GaAs) using an aqueous nitric acid solution as the
electrolyte. This process is governed by the redox reactions at the crystal-electrolyte interface, where GaAs are
partially oxidized and selectively etched.

The second stage introduces ethanol into the electrolytic solution. This chemical addition serves a dual purpose:
Firstly, it modulates the electrochemical environment, allowing for controlling pore morphology in GaAs. Secondly,
it facilitates the etching of the resultant oxide layer, which predominantly consists of gallium oxide (Ga;03). The
formation of this oxide layer can be attributed to the oxidation of GaAs, driven by the electrochemical potentials and
resulting in the deposition of reaction by-products on the substrate surface.

The fabricated nanocomposite was comprehensively characterized using Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Analysis (EDX), and Raman Spectroscopy. SEM imaging revealed a range of agglomerated
nanostructures dispersed across the surface, with dimensions ranging from 8-25 um, 1-1.5 um, and 70—100 nm. These
observations suggest a hierarchical pore structure indicative of a complex etching mechanism modulated by the
electrolyte composition.

Raman spectroscopic analysis corroborated the presence of various phases in the heterostructure. Signals
corresponding to bulk GaAs, serving as the substrate, were distinguishable. In addition, peaks indicative of porous
GaAs and porous Ga;Os were observed. A cubic phase in the Ga;Os layer was particularly noteworthy, suggesting a
higher degree of crystallinity. Notably, the absence of Raman-active modes associated with internal stresses implies
that the fabricated heterostructure is of high quality.
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INTRODUCTION

The semiconductor f-Ga,Os3 has attracted the
attention of researchers due to its exceptional
properties: wide bandgap (~ 4.9 eV) [1], high
breakdown electric field (~ 8 MV-cm™) [2], good
radiation resistance [3], and compatibility of its
crystal lattice with other wide band gap
semiconductors [4, 5]. Various methods,
including epitaxial growth [6, 7], thermal
annealing [8, 9], and electrodeposition [10—-12],
are used to synthesize these semiconductors.
Their functional applications [13, 14] are the main
reason for interest in them.

Ga,0s is used to create high-precision lasers
for military applications [15, 16]. In particular, it
has been shown in [17] that the wide band gap of
beta-gallium oxide makes it an ideal material to
detect ultraviolet radiation. In addition, its
bandgap width leads to photon absorption edge at
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the blind sun regime’s boundary wavelength,
which can be used to track rocket trails, detect
flames, and monitor the environment.

Scientists’ efforts are focused on finding
substrates for oxide semiconductors. The main
problems in choosing substrates are poor
adhesion of oxide layers and their delamination,
mismatch of crystal lattices, which leads to
excessive stresses at the junction, and uneven
layer formation on the surface [18, 19]. In [20],
Ga,O3; was synthesised on sapphire and silicon
substrates by sublimation. The authors of [21]
demonstrated that gallium oxide can be
synthesised on diamond substrates. However, the
authors emphasised the problems of growing
high-quality Ga,Os/diamond heterostructures due
to the mismatch of crystal lattice parameters,
making direct growth impossible. In addition, the
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rough surface of diamond does not allow for a
seamless contact at their hetero-interface.

This work investigates the conditions for the
formation of nanostructured Ga,O; on
monocrystalline GaAs substrates using the
electrochemical etching method.

MATERIALS AND RESEARCH METHODS

Samples for the experiment. Monocrystalline
semi-conductor gallium arsenide plates grown by
the Czochralski method were used to form Ga,Os
layers (Table). The type of the conductivity of
crystals  determines the dynamics and
mechanisms of digestion. Thus, it is well known
that A’B’ p-type semiconductors are etched
without the formation of a porous layer; their

surface has a textured morphology, while the
n-type conductivity of crystals allows the
formation of a dense ensemble of pores on the
surface [22, 23]. This is because the required local
concentration of holes can be created only if they
are not the leading carriers, i.e, in n-type
semiconductor crystals. Under similar conditions
of anodic polarisation, p-type semiconductors are
etched uniformly or with the formation of textures
on the surface. The set of plates with dimensions
of 10x20x2 mm was used. The plates were
polished on both sides to a mirror finish. Before
the experiment, the samples were purified and
degreased in acetone, ethyl alcohol, and deionized
water.

Table. Samples for the experiment

Item Specifications
Conductivity type N-type
Dopant Sb
Carrier concentration 2.3x10'% cm™
Orientation (111)
Crystal lattice face-centered cubic (“zinc blende”)
Lattice period 0.5653 nm

Atomic density

4.43%x10%2 cm>

Methods of synthesis of nanostructures.
Electrochemical etching in acid solutions was
chosen as the method for layer formation. This
method is simple and inexpensive, making it
attractive for producing semiconductors on a
production scale [24]. The advantages of this
method include the following electrochemical
digestion in acid solutions, which allows for the
high selectivity of electrochemical processes [25].
This is because the oxidation and reduction
processes at the electrodes occur with the
participation of electrons (there is no need to use
complex chemical reagents and technologies). In
addition, the electrochemical processes at the
electrolyte/semiconductor interface are
characterized by a slight change in potential when
the anodizing current changes. This makes it easy
to control the dissolution of the semiconductor
directly during digestion.

At the same time, the electrochemical etching
method has several disadvantages, including
exfoliation of the substance from the surface of
the anode, formation of pores in the structure of
the deposited film, and formation of an intensely
textured structure with the presence of needles,
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spikes, and whiskers on the surface. These can
lead to potential gradients in the electric field
[26, 27].

The applied potential causes a change in the
morphology of the semiconductor surface, so it is
possible to form a large number of unique
structures with given properties [28, 29].
Electrochemical treatment of the semiconductor
is characterized by the following processes:
surface polishing (etching of surface micro
defects); selective etching (formation of the
porous or textured layer as a result of pulling
atoms of material from the surface and entering
the electrolyte), electrochemical deposition
(formation on the surface of nano relief material
due to the deposition of reaction products or
oxidation of the crystal surface) [30]. These
processes are competitive, but it is possible to
implement them in parallel in one experiment
[31]. In this study, por-Ga,Os/GaAs
heterostructures were synthesized using a two-
step electrochemical etching method.

Device for experiment. The experiment was
performed in a three-electrode quartz electrolytic
cell (Fig. 1). The electrodes were the silver
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chloride reference electrode, platinum (cathode),
and gallium arsenide plate (anode). The anode and
cathode were parallel to each other and
perpendicular to the bottom of the cell at a
distance of 1 cm. Potentiostat MTech SPG-500S
was used to monitor changes in the anodizing
current. Based on the changes in the current

values, conclusions were made about the stages of
electrochemical etching. A Teflon stirrer was
used to remove bubbles from the sample surface.
The electrochemical cell blowing module was
also used. The experiment was carried out under
normal conditions and in daylight.

Potentiostat

Fig. 1.

Preparation of the GaAs surface for forming
Ga;0;. The experiment was carried out in two
stages. The purpose of the first step was to form
the textured (porous) layer on the surface of the
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monocrystalline gallium arsenide, which will
later be a ‘soft’ substrate for the formation of
gallium oxide. The aim of the second stage was
the synthesis of Ga>0s.
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Fig. 2. Diagram characterizing the change in the value of current density over time during electrochemical etching

of n-GaAs

The solution of nitric acid was used to
implement the first stage. The acid concentration
in the electrolyte, respectively, was
HNO; : H;O =1 : 4. The DC voltage mode
U 5V) was used. The processes of
electrochemical dissolution of the crystals were
recorded by removing the current. At this stage of
digestion, a gradual increase in current was
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observed, which characterized the active
electrochemical process of dissolving the
semiconductor wafer (Fig. 2, step 1). Starting at
9 min of etching, the current began to fall
intensely, indicating the completion of the
electrochemical etching process and passivation
of the sample surface with an oxide film. In this
mode, the samples were etched for 10 min. After
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that, the stage was completed. The solution was
de-energized.

Synthesis of por-Ga:;0; To implement the
second stage of the experiment, ethanol was
added to the same solution. The ratio of
components in the solution
C,HsOH : HNOs : HO =1 : 1 : 4. The samples
were electrochemically etched using the same
technology for 3 min. The DC voltage mode at
U =10V was used. Current values were recorded
during etching. After 3 min of digestion, the
current stopped growing, which indicated the
completion of the active phase of the
electrochemical process (Fig. 2, step 2). The
electrolyte was de-energized. The samples were
kept in solution for another 2 min without
potential application. At the end of the
experiment, the samples were washed in
deionized water, dried under a stream of nitrogen,
and left in the air for 1 month to check the
chemical stability of the formed structure.

Research methods. As research methods, it
was used:

— to study the micro and macromorphology of
the surface of the synthesized heterostructure of
scanning electron microscopy (SEO-SEM Inspect
S50-B), the morphological parameters of
nanostructures were evaluated using the ImageJ
software product ImageJ;

— to study the component composition of the
surface energy dispersion analysis EDX;

— for the study of the phase state and
crystallinity of the obtained structures, as well as
the identification of nanostructure surface
materials, the Raman spectroscopy (RENISHAW
inVia Reflex microspectrometer, 532 nm laser,
2400 nm grating, 100-1000 cm range,
measurement time 10 s).

Before SEM, Raman, and EDX analyses, the
samples were meticulously cleaned in deionized
water to minimize organic or inorganic
contamination. The objective was to ensure that
the detected elements were intrinsic to the
electrochemical processes, not artifacts from
environmental exposure.

ImageJ and OriginPro software products were
used to analyze the morphological characteristics
of the surface.

RESULTS OF EXPERIMENTS AND
DISCUSSION

SEM analysis. In Fig. 3 the work
demonstrates the SEM image of the surface of the
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synthesized structure. Before SEM analysis, the
samples were subjected to a mild surface cleaning
using deionized water to remove possible organic
residues, ensuring a clean surface for high-
resolution imaging. One can see two areas with
dense crater pores and areas with textured
surfaces - in Fig. 3, they are marked (i) and (ii),
respectively. Analysis of this image shows that
the pores are more profound than the textured
layer. From this, we can conclude that the
textured layer was formed during the first
etching stage and is a passivating film. For
GaAs, such film is its oxides [32, 33]. During the
second etching stage, etching of the upper layer
is observed. The pores have a conical shape and
significant scatter in diameter, from 8 to 25
microns. The nuclei of such massive pores are
the defects of the crystal lattice, which are the
predominant sites of the formation of pits of
electrochemical etching.

Fig. 3. SEM image of por-Ga,Os/por-GaAs/mono-
GaAs surface

Fig. 4 shows the surface fragment, which
shows the massive pore. One can see that its walls
are loose and consist of tiny pores of two types.
The first type of pore is located near the surface.
These pores have a cross-sectional diameter
1-1.4 um (Fig. 5 a). The second type of pore (2)
can be observed near the bottom of the massive
pore. Such pores have diameters in the range
100-200 nm (Fig. 5 a). That is, the formation of
meso- and macropores is observed. The thickness
of the interpore walls is 70—-100 nm. These pores
are densely packed and form a dense spongy
structure. The porosity of the structure is 65 %
(Fig. 5 b).
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EDX mapping analysis. The component
composition analysis of the samples obtained via
EDX mapping indicates the presence of Ga, As,
O, and C atoms on the crystal surface (Fig. 6).
Oxygen appears on the surface as a result of
oxidation of surface-unbound particles mainly
during the etching process in the electrolyte.
However, since the samples were exposed to air
for an extended period post-synthesis (1 month),
further oxidation in the air cannot be completely
ruled out. The detected carbon could arise from
two possible sources: the ethanol in the electrolyte
solution or airborne contamination during post-
synthetic exposure. Although carbon is present on
the surface, its localized distribution and the
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nature of its presence suggest its unlikely
significant impact on the overall electronic
properties of the material. This is particularly due
to its heterogeneous fact and the possible
localized nature of its interaction with the
material. For a more detailed understanding of the
impact of carbon on electronic properties,
additional characterization methods focused on
studying the electronic  structure  are
recommended.

Raman spectroscopy analysis. Research on
Raman scattering of light shows the presence of
peaks in the low-frequency region of the band
(Fig. 7). The most intense spectrum at 191 cm™
corresponds to the Ga,O; spectrum. The shift
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towards the low-frequency region of the spectrum
relative to the typical Ga,O; peak at 201 cm™
[34, 35] indicates the presence of nanoparticles,
as shown in the works [36, 37]. This is also
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confirmed by studies that observed small red and
blue shifts in the combination scattering peaks
due to internal deformation of nanowires [38].
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Fig. 6. EDX mapping analysis of por-Ga;Os/por-GaAs/mono-GaAs
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Fig. 7. Raman spectra of heterostructure por-Ga,Os/por-GaAs/mono-GaAs

This is also consistent with the results of
scanning electron spectroscopy, demonstrated in
Fig. 4. The half-width of this peak is 4 cm™'. In
work [39], it is shown that this may indicate the
excellent crystallinity of the obtained films.

The peak at 268 cm ™' occurs due to scattering
from the TO phonon, while the peak at 288 cm™
occurs due to scattering from the LO phonon. The
LO peak demonstrates a minimal full width at half
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maximum (FWHM), approximately 3 cm™'. Peak
positions correspond very well to the positions of
TO and LO peaks measured in bulk (111) GaAs
[40].

The measured values for the peak positions
and FWHM indicate that the synthesized
structures have good structural quality. This may
also indicate the almost absence of stresses, which
are usually present in bulk crystals due to the
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presence of defects. Thus, in works [37-39, 41],
it is shown that the presence of defects and
stresses leads to a shift toward the red part of the
spectrum, while the presence of nanoparticles
may lead to a shift towards the blue part of the
spectrum [39, 42], which corresponds well to our
assumptions. Peaks located to the left of the
Gay0s peak (191 cm™') may arise due to As-As
vibrations.

Although other types of oxides have been
reported multiple times that form on the surface
of GaAs due to electrochemical treatment, peaks
from their presence have not been detected
[43, 44]. This is likely due to the instability of
other native oxides, such as As,Os, especially in
the aggressive environment of the electrolyte

porous layers of Ga,Os on substrates of
monocrystalline gallium arsenide. The structure
was constructed by electrochemical etching. The
results of scanning electron microscopy showed
the formation of massive pores in crater with
diameter of 8-25 pum, the surface of which is loose
and contains macropores 1-1.4 pm and pores of
nanometre size 100200 nm. The structure has a
high porosity index of about 65 %. The results of
the study of Raman scattering show that the
porous layer of Ga»O3 has good quality, does not
contain stresses and is in the crystalline phase.
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the synthesis of the heterostructure consisting of
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rerepocTpykrypu por-Ga;Os/por-GaAs/mono-GaAs
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Cunmes i xapakmepucmuxa 2cemepocmpykmypu por-Ga;03/GaAs sensoms eupiuaivHuii npozpec y 2anysi
Hanomamepianis, 0CoOIUBO 8 ONMOENEKIMPOHHUX 3ACMOCYBAHHAX. BUKOpUCmogyouu memooonozito 0860Cmaodilinozo
CNeKMPOXIMIYHO20 MPAGNEHHS, Ye OOCIHIONCEeHHS 3 ACYS8AN0 MOYHI YMOGU, HEOOXIOHI OISl GUSOMOGNICHHS MAKOl
eemepocmpykmypu. Tlovamrosuii eman GKIOYAE MPABNIEHH MOHOKpUcmaniunozo apcenioy eanito (GaAs) 3
BUKOPUCMAHHAM 8600HO20 PO3UUHY A30MHOI KUCIOMU AK enekmpoaimy. Lleti npoyec pe2ynoemvbcsa 0KUCHO-8I0HOGHUMU
pearyismu Ha medici Kpucman-enekmpoaim, oe GaAs 4acmrko8o OKUCHIOEMbCS MA BUOIPKOBO MPAGUINBCSL.

Ha opyzomy emani 6 enekmponimuunuii po3uun 6600Umsbcs emanon. L{a ximiuna 006asxa 6UKoHye nooeitiiy ponv.
no-nepuie, 60HA MOOYIIOE e1eKMPOXiMiuHe cepedoguiye, MAaKUM YUHOM 003601104 U KOHMPOIIOBAMU MOPEON02ii0 Nop
y Gads. Ilo-Opyee, ye nonezuiye mpasieHHs OMpUMAHO20 OKCUOHO20 Wapy, AKULL NePeadtCHO CKIAOAEMbC 3 OKCUAY
eanito (Gax03). Ymeopenusa ybo2o OKCUOHO20 WAPYy MOXCHA NOACHUMU OKucHeHHAM GaAs, wo uUKIUKAEMbCA
eeKMpOXIMIUHUMU NOMeHYianamu ma npu3eooums 00 0CAON*CeHHA NOOIYHUX NPOOYKmMie peakyii Ha NOepxXHi
niOKAAOKU.

Buuepnuy xapaxmepucmuky 6uzomoenenozo HaHOKOMno3umy 0Y10 BUKOHAHO 3 GUKOPUCMAHHAM CKAHYIOUOI
enexmponnoi mikpockonii (SEM), enepeemuuno-oucnepciiinoco penmeeniécokozo ananizy (EDX) i pamaniscoxol
cnexmpockonii. SEM 300padicenns 6ussuio psio aziomeposanux HaHOCMpPYyKmyp, pO3CISHUX HO NOBEPXHI, 3 pOZMIpaMU
6 dianasoni 6i0 8-25, 1-1.5 mxm i 70—-100 um. Li cnocmepesicenns cgiouams npo i€papxiuny cmpyKkmypy nop, ujo
BKA3YE HA CKAAOHUL MEXAHI3M MPABNEHHS, AKUU MOOYIIOEMbCS CKAAOOM eNeKMPONiny.

Pamaniscoxuil cnekmpockoniyHuil ananiz niomeepous HassHicms pizuux gasz y eemepocmpyxkmypi. Cuenanu, uwjo
sionosioaroms 00 ‘emromy GaAs, axuil caysxcums niokiaokoro, oyau yimxo nomimui. Kpiv moeo, cnocmepieanucs nixu,
wo exkasyroms Ha nopucmuii GaAs i nopucmuii Ga>03. Hassnicme xyoiunoi ¢hazu 6 wapi Ga>03 3aciyzo8ye ocodaugoi
yeazu, wjo cei0YUms nPo UULI CIYNiHb Kpucmaniynocmi. Bascnugo, wo giocymuicms Pamaniscokux akmugHux moo,
N08 A3aHUX i3 6HYMPIWHIMU HANPY2AMU, O3HAYAE, WO BUSOMOBILEHA 2eMePOCMPYKMYPa MA€E BUCOKY AKICHb.

Knrouosi cnosa: Ga;0s, GaAs, enexmpoximiune mpasients, oOKCUOY8AHHS, NOPU, 2emepoCmpyKmypu
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