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Abstract: This study focuses on the wet chemical synthesis of AlyGaj_yAs nanostructures, high-
lighting how different deposition conditions affect the film morphology and material properties.
Electrochemical etching was used to texture GaAs substrates, enhancing mechanical adhesion and
chemical bonding. Various deposition regimes, including voltage switching, gradual voltage increase,
and pulsed voltage, were applied to explore their impact on the film growth mechanisms. SEM
analysis revealed distinct morphologies, EDX confirmed variations in aluminum content, Raman
spectroscopy detected structural disorders, and XRD analysis demonstrated peak position shifts. The
findings emphasize the versatility and cost-effectiveness of wet electrochemical methods for fabri-
cating high-quality Al,Gaj_As films with tailored properties, showing potential for optoelectronic
devices, high-efficiency solar cells, and other advanced semiconductor applications.
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1. Introduction

The rapid development of electronics and photonics continually drives the search
for new materials that offer precise control over their properties [1-3]. In this pursuit,
tandem heterostructures [4,5] have garnered significant attention due to their ability to
enhance device performance across various applications [6-8]. Among these materials,
heterostructures based on cadmium-telluride (CdTe) [9,10] semiconductors, cadmium oxide
(CdO) [11,12], and indium-gallium-selenide (InGaSe) [13,14] have been extensively studied
and documented in the literature for their unique electronic and optical properties.

Cadmium-telluride semiconductors, for example, are widely used in photovoltaic
cells due to their suitable bandgap for solar energy absorption and high conversion effi-
ciency [15,16]. Cadmium oxide is utilized in transparent conductive films for touch screens,
solar cells, and flat panel displays [17,18]. CuGalnSe has been chosen for thin-film solar
cell production due to its high absorption coefficient and tunable bandgap, allowing better
solar light capture than traditional silicon cells [19,20].

Despite their broad application and significant advantages, these materials’ mass
production and broader implementation face several critical challenges. The raw material
costs for these semiconductors often remain prohibitively high, limiting their use to niche
applications where performance outweighs cost considerations [21,22]. Moreover, the po-
tential and apparent toxicity of materials such as cadmium poses substantial environmental

Crystals 2024, 14, 633. https://doi.org/10.3390/ cryst14070633

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14070633
https://doi.org/10.3390/cryst14070633
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-4537-966X
https://orcid.org/0000-0003-0212-1255
https://orcid.org/0000-0003-0743-5915
https://orcid.org/0000-0003-4774-5977
https://orcid.org/0000-0001-6923-329X
https://orcid.org/0000-0001-6233-8195
https://orcid.org/0000-0003-2795-9361
https://doi.org/10.3390/cryst14070633
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14070633?type=check_update&version=2

Crystals 2024, 14, 633

2 0f 23

and health risks, leading to stringent regulations and a push for safer alternatives [23,24].
This is particularly relevant for cadmiume-telluride, where the toxicity of cadmium com-
pounds creates disposal and health issues during manufacturing and at the end of product
life [25,26].

Additionally, the complexity of synthesis technologies for these materials adds another
layer of challenge. Synthesis processes often require high precision, complex equipment,
and controlled environments to achieve the desired material quality and properties [27,28].
These factors contribute to higher production costs and technical barriers that further
impede their widespread adoption [29].

In contrast to these materials, developing ternary compounds based on gallium-
aluminum offers a more sustainable and less problematic solution [30,31]. These materials
offer similar advancements in electronic and photonic applications but with potentially
lower toxicity and more straightforward synthesis procedures [32,33]. The ability to control
the properties of AlyGaj_xAs by adjusting the aluminum content allows for precise tuning
of its electronic and optical characteristics, making it an attractive alternative for applications
ranging from high-efficiency photovoltaic cells to lasers and light-emitting diodes [34-36].
This versatility, combined with the more benign nature of the constituent materials, presents
compelling arguments for its expanded use in the semiconductor industry [37].

In the context of semiconductor materials and their applications, AlyGaj_xAs struc-
tures demonstrate clear advantages, making them particularly attractive for a range of
electronic and photonic applications. For example, AlyGa;_xAs alloys provide excellent
thermal stability [38] and good chemical resistance [39], which are critical for high-power
and high-frequency devices [40,41]. This stability ensures that materials maintain their
performance characteristics under various environmental conditions and over extended
operational periods, thereby enhancing the reliability and lifespan of devices [42,43].

The versatility of AlyGa;_xAs in device fabrication is another significant advan-
tage [44,45]. It can be utilized in various device structures, including heterojunction bipolar
transistors (HBTs) [46], high-electron-mobility transistors (HEMTs) [47], and complex mul-
tilayer structures for solar cells [48]. This versatility, combined with the ability to grow
high-quality films using methods such as molecular beam epitaxy (MBE) [49] and metal-
organic chemical vapor deposition (MOCVD) [50], enables the exploration of new device
architectures. However, the complexity and cost associated with these methods present
significant barriers, particularly in terms of investment in equipment, operational costs,
and the need for highly specialized technical expertise [51,52].

Electrochemical wet methods present a promising alternative to synthesizing these
heterostructures [53-56]. These methods are less expensive and less complex, making them
more accessible for a broader range of applications and research environments [57,58].
Unlike MBE and MOCVD, which require high vacuum conditions and complex control
systems, electrochemical methods can be conducted at room temperature and atmospheric
pressure, significantly reducing infrastructure and energy requirements [59-62].

One of the compelling advantages of electrochemical deposition is its versatility in
forming not only uniform films but also complex surface nanostructures [63-66]. This
capability arises from the ability to dynamically adjust deposition parameters such as
electrolyte composition, current density, and voltage, which influence the nucleation and
growth kinetics of the deposited material [67,68]. By manipulating these parameters,
nanostructured surfaces that enhance the functional properties of heterostructures [69,70]
are possible.

Nanostructured surfaces offer competitive advantages, especially optoelectronic and
photovoltaic applications [71,72]. For instance, nanostructures like quantum dots and
nanowires can be directly integrated into devices to improve light absorption and emission
properties [73,74]. In solar cells, the increased surface area provided by nanostructures
enhances light harvesting efficiency, leading to higher energy conversion efficiencies [75,76].
Similarly, nanostructures can modify the light emission profile in LEDs and laser diodes
and improve device extraction efficiency [77].
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Furthermore, the ability to form nanostructured surfaces using electrochemical meth-
ods can also lead to the development of new device architectures that are not feasible with
traditional flat-layer deposition methods [78]. For example, the development of graded
composition and bandgap profiles achieved through controlled electrochemical deposition
can be used to create multijunction solar cells with optimized bandgap profiles for efficient
solar energy conversion across the solar spectrum [79,80].

In this paper, we investigate the impact of electrochemical deposition conditions,
including applied potential, duration, and the number of treatment cycles, on the charac-
teristics of deposited nanolayers. Specifically, we explore how these variables affect the
morphological, compositional, phase, and photoluminescent properties of Al,Ga;_xAs
heterostructures synthesized on textured GaAs substrates. This study aims to elucidate the
relationship between deposition parameters and the resulting material properties through
detailed analysis, thereby providing insights into optimizing electrochemical processes for
semiconductor device fabrication.

2. Materials and Methods

AliGaj_4As was formed on the surface of textured GaAs using wet electrochemical
deposition, and the surface texturing of GaAs was carried out by wet electrochemical etching.

2.1. Experimental Setup

A standard three-electrode electrochemical cell was used for the electrochemical
etching and deposition processes required to synthesize AlyGaj_xAs heterostructures
(Figure 1). The electrodes were arranged parallel to each other and perpendicular to the
bottom of the cell, maintaining a uniform distance of 1 cm between them. This arrangement
ensures a uniform electric field distribution in the electrolyte, promoting a consistent
deposition or etching process. A standard silver/silver chloride (Ag/AgCl) electrode was
used as the reference electrode, providing a stable reference potential for controlling and
monitoring the electrochemical reactions.

( Potentiostat ) ( Potentiostat )

comparison
cathode electrode

comparison
anode ) " . oq. (cathode

(a) Anodic etching (b) Cathodic etching

Figure 1. Experimental setup: (a) Anodic electrochemical etching mode; (b) Cathodic electrochemical
deposition mode.

2.1.1. Electrochemical Etching Configuration

During the electrochemical etching phase, the setup used a gallium arsenide (GaAs)
sample as the anode. The cathode consisted of platinum, a stable and inert counter-
electrode (Figure 1a). This configuration ensures that the etching process is focused on the
GaAs substrate, modifying its surface without contaminating the cathode. In this config-
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uration, etching is an anodic reaction, where the GaAs substrate is oxidized, selectively
removing material.

2.1.2. Electrochemical Deposition Configuration

The cell configuration was adjusted for the electrochemical deposition process. In this
mode, the platinum electrode served as the anode, and the textured GaAs sample acted as
the cathode (Figure 1b). This role change facilitates the deposition of the AlyGa;_xAs layer
on the GaAs substrate by attracting positively charged particles from the electrolyte to the
negatively charged substrate, thereby characterizing this process as a cathodic reaction.

2.1.3. Environmental Conditions

Given the materials’ photosensitivity, all experiments were conducted in the dark
to avoid any photochemical reactions or interference caused by light. The temperature
was maintained at room temperature, providing a stable thermal environment to prevent
changes in reaction kinetics or material properties induced by temperature fluctuations.

2.2. Samples for the Experiment

This study’s experimental substrates consisted of monocrystalline gallium arsenide
(GaAs) n-type wafers grown using the Czochralski method [81,82]. These substrates
were cut into 10 mm by 20 mm pieces with a thickness of approximately 0.5 mm. The
sample surfaces were oriented along the (111) plane. The samples were cut into ingots
measuring 1 mm x 2 mm X 0.2 mm. These mono-GaAs samples have the following
characteristics: conductivity type is n-type, doped with Sb, and have a carrier concen-
tration of 2.3 x 10'® cm 3. The orientation of the crystal is (111) with a face-centered
cubic crystal lattice, commonly known as the zinc blende structure. The atomic density
is 4.43 x 10?2 cm 3. The space group is F43m, and the band gap is 0.19 eV. The predicted
formation energy is —0.446 eV /atom, and the density is 5.05 g-cm 3. Figure 2 shows SEM,
EDX, Raman, and XRD analyses of the single-crystal GaAs. These measurements confirm
the single-crystalline quality and provide a comprehensive baseline characterization of
the substrate.
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Figure 2. Characterization of single-crystal GaAs substrates used in the study: (a) SEM image of the
unetched GaAs substrate showing a smooth, uniform surface indicative of single crystallinity;
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(b) EDX spectrum confirming the elemental composition of the GaAs substrate; (¢) Raman spectrum
showing the characteristic peaks of single-crystal GaAs; (d) XRD pattern of the GaAs substrate
confirming its single-crystalline nature with sharp, well-defined peaks; (e) schematic image and
crystal lattice parameters GaAs.

Before deposition, the samples underwent a series of cleaning and preparation steps.
Initially, they were mechanically polished using aluminum oxide powder to achieve a
smooth, defect-free surface. After polishing, they were thoroughly cleaned to remove
residual particles and contaminants. This cleaning involved rinsing the samples in a
solution of hydrochloric acid and hydrogen peroxide (HCl:H,O;) in a 3:1 volume ratio.

2.3. Formation of Textured GaAs Layer

To enhance the adhesion of the deposited Al,Ga;_xAs layer, the gallium arsenide
(GaAs) samples were subjected to an electrochemical etching process before deposition.
This etching created a textured layer on the GaAs substrates, promoting better mechanical
interlocking and chemical bonding with subsequent AlyGa;_,As layers.

The electrochemical etching was carried out by immersing the GaAs samples in
a solution of nitric acid (HNO3) and water (HO) in a 1:3 volume ratio. The etching
process was conducted under a controlled voltage of 5 volts for 3 min. This condition was
optimized to achieve uniform surface texturing without excessive etching or the formation
of porous layers.

The primary goal was to create a microscopically rough surface on the GaAs substrates.
This texturing significantly increases the surface area available for bonding, which is crucial
for the subsequent deposition of the AlyGa;_4As layer. The textured surface provides
numerous nucleation sites that facilitate uniform film growth and enhance the structural
integrity of the heterostructure.

Figure 3 shows the textured surface of the gallium arsenide (GaAs) layer subjected
to electrochemical etching in preparation for the subsequent deposition of Al,Ga;_xAs
films. While the etched surface may exhibit features that resemble polycrystallinity, this
results from the electrochemical etching process, which creates a textured surface to enhance
adhesion. The underlying substrate remains monocrystalline. The texturing process formed
rectangular, misoriented crystallites of varying sizes, heights, and degrees of inclination
across the surface. The crystallites exhibit a somewhat irregular arrangement, creating a
rough and uneven topography, ideal for enhancing mechanical interlocking and chemical
adhesion with the deposited layers.

The surface also exhibits traces of cracking, which is particularly important in semi-
conductor fabrication. These cracks indicate the release of dislocations in the crystalline
structure. While cracking is generally considered detrimental, in this scenario, it may be
beneficial by reducing internal stresses within the substrate. Such stress relief is crucial
when additional layers are deposited onto the substrate. Minimizing stress between the
GaAs substrate and the Al,Ga;_xAs layers, these cracks help prevent the formation of new
dislocations and other defects during subsequent layer growth. The cracks indicate the
release of dislocations in the crystalline structure, a phenomenon commonly associated
with electrochemical etching. These surface features result from the texturing process
designed to enhance film adhesion and do not reflect the bulk crystalline nature of the
GaAs substrate, which remains monocrystalline.

The etching process enhances the mechanical adhesion between the deposited AlyGaj_y
As layer and the GaAs substrate by increasing the surface roughness. Microscopic-scale
bonding of the layers creates a more stable and durable heterostructure. Texturing helps
reduce the formation of interfacial defects, such as dislocations and voids, that can arise
from lattice mismatch or differences in thermal expansion between the GaAs substrate and
the AlyGaj_4As film. Minimizing these defects is crucial for improving the electronic and
optical properties of the heterostructure.
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Figure 3. SEM image of the textured GaAs surface.

2.4. Electrolyte for Electrochemical Deposition of Al,Gaj_,As

The electrochemical deposition of Al,Gaj_xAs nanocrystallites was conducted imme-
diately after the etching process to minimize oxidation of the etched surfaces. An aluminum
chloride (AICl3) solution was used as the electrolyte. Aluminum chloride was dissolved in
distilled water for a 1:1 molar concentration ratio. The solution preparation involved using
a magnetic stirrer to ensure complete dissolution and homogeneity of the mixture. Dissolu-
tion was conducted at room temperature, approximately 25 °C, for 30 min. Boric acid was
added as a buffering agent to stabilize the pH further and prevent any abrupt chemical
shifts during the deposition process. Approximately 0.05 M of boric acid was added to
the solution, providing a mildly acidic buffer to maintain a constant pH throughout the
electrochemical reaction. This addition is crucial as it prevents the hydrolysis of AlCl;,
which could otherwise lead to the formation of hydrochloric acid, potentially disrupting
the deposition process and affecting the quality of the deposited film. After preparation,
the solution was immediately used in the electrochemical cell, with all manipulations
performed in an inert atmosphere and the solution protected from direct light to avoid
photoinduced reactions.

2.5. Electrochemical Deposition of AlyGaj_,As

In the experimental setup for the first batch of samples (hereafter referred to as
Sample 1), a two-step voltage regime was used for the electrochemical deposition of
Al Gaj_xAs. The process began with an initial high voltage of 3 V maintained for 2 min,
followed by a subsequent lower voltage of 1 V maintained for 1 min. This sequence of
alternating high and low-voltage settings constituted a single deposition cycle. This cycle
was repeated thrice, resulting in a total processing time of 9 min. Each cycle, combining
high and low voltage phases, was designed to improve the deposition kinetics differently:
the high voltage phases aimed at aggressive aluminum incorporation, while the lower
voltage periods allowed material consolidation and ion diffusion.
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For the second batch of samples (hereafter referred to as Sample 2), a gradually
increasing voltage regime was employed to deposit AlyGaj_xAs. This method involved
continuous and smooth voltage increases over a total processing time of 9 min. The voltage
started at 0.5 V and was gradually increased at a rate of 0.5 V per minute, reaching a maximum
of 5 V by the end of the deposition period. The gradual voltage adjustment was intended to
promote uniform film growth, facilitating the formation of substantial crystallites.

For the third batch of samples (hereafter referred to as Sample 3), a pulsed voltage
regime was used to optimize the deposition process and control the morphology of the
deposited layer. Deposition was performed using a sequence of voltage pulses, where a
high voltage of 3 V was applied for 2 s, followed by a lower voltage of 1 V for 1 s. The total
processing time for deposition was set at 9 min. Since each cycle, consisting of high and
low voltage pulses, lasted 3 s, the experiment involved 180 cycles.

2.6. Characterization

Scanning electron microscopy (SEM) was applied for morphological analysis using
an SEO-SEM Inspect S50-B microscope (Sumy Plant of Electronic Microscopes, Sumy,
Ukraine) at 20 kV. The deposited layers were analyzed using energy-dispersive X-ray (EDX)
spectroscopy for compositional analysis and material identification. X-ray diffraction (XRD)
was conducted for structural analysis, utilizing a DRON-3M (Sumy State University, Sumy,
Ukraine) system with unfiltered Cu K« radiation in the 20 angle range of 10°-80° with
a step size of 0.01°. Raman measurements were performed at room temperature using a
RENISHAW inVia Reflex system (Renishaw plc, Wotton-under-Edge, United Kingdom).

3. Results
3.1. SEM Analysis and Electrochemical Deposition Mechanisms

The electrochemical deposition experiments’ results demonstrate that the voltage
levels, voltage application duration, and the number of deposition cycles significantly
influence the morphology of AlyGaj_xAs nanostructures on GaAs substrates. Each sam-
ple, subjected to different electrochemical conditions, exhibited distinct morphological
characteristics, indicating a strong interaction between the deposition parameters and the
resulting nanostructural formations (Figure 4).

3.1.1. Morphology of Sample 1 (Figure 4a,d)

Sample 1 shows an interconnected and somewhat chaotic network of thin needle-
like formations. The structure, characterized by an irregular arrangement resembling a
web, provides insight into the deposition conditions and mechanisms at play during the
formation of this sample. The sample predominantly consists of elongated thin structures
resembling needles, randomly oriented and interconnected, forming a network. The overall
morphology indicates a high degree of surface roughness with numerous peaks, valleys,
and a porous structure between the needle formations.

The formation mechanism of this morphology under the given electrochemical de-
position conditions can be explained by several key factors. The sample was subjected
to a two-step voltage regime: an initial high voltage of 3 V for 2 min and a lower 1V for
1 min. The high voltage phase likely induced a rapid deposition rate, resulting in the swift
formation of material on the substrate. At high voltages, the electrochemical reduction of
ions (such as AI** and Ga®*) occurs more aggressively, promoting a higher nucleation rate.
The subsequent lower voltage phase allows for less aggressive deposition, facilitating some
degree of consolidation while maintaining steady growth.

The initial high voltage setting causes a surge in deposition rate at the beginning
of each cycle, leading to the formation of rapidly extending thin structures, such as the
observed needles. These structures begin to form and extend from various nucleation sites,
rapidly growing due to the high availability of ions and the electric solid field promoting
ion migration and reduction.
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Figure 4. SEM images of surface morphology (a—c) and cross-section (d-f) of Al,Ga;_,As layers:
(a,d)—Sample 1; (b,e)—Sample 2; (c,f)—Sample 3.

Since deposition occurs at high voltage, not all areas receive the same amount of
deposited material due to variations in local electric fields, ion diffusion rates, and possibly
even local fluctuations in electrolyte concentration. This results in a rough and uneven
texture. The switch to lower voltage does not wholly halt growth. Still, it slows it down,
allowing existing structures to become somewhat sturdier without significantly altering
the overall morphology that has already formed. The interconnectedness of the needle
structures suggests that as they grow, they encounter each other and merge, forming
a network. This may be facilitated by solution movement or slight shifts in substrate
orientation during deposition, influencing how these structures meet and interconnect.

Overall, the morphology of Sample 1 reflects the dynamic interaction between rapid
nucleation and growth induced by high voltage, followed by consolidation and slower



Crystals 2024, 14, 633

9 of 23

growth at lower voltage. This sequence, repeated over three cycles, contributes to the de-
velopment of the chaotic needle network observed in the SEM images, typical for materials
deposited under conditions that promote rapid initial growth followed by stabilization.
This morphology is advantageous for applications requiring a large surface area, although
it may pose mechanical stability and uniformity challenges.

3.1.2. Morphology of Sample 2 (Figure 4b,e)

Sample 2 exhibits characteristic flower-like crystallites that are well-defined and evenly
distributed across the surface. This morphology indicates controlled growth conditions and
a well-managed deposition process. The structures resemble radial aggregates of crystalline
petals or leaves from central nucleation points. The crystallites are uniformly distributed
across the surface, suggesting a uniform ion flow and a stable electrochemical environment
during deposition. The background matrix, in which these crystallites are embedded, is
relatively smooth and devoid of the chaotic features seen in Sample 1, indicating controlled
growth without excessive rapid deposition.

The formation of these well-defined, flower-like crystallites can primarily be attributed
to the gradual voltage increase regime used during the deposition process. The process
began at a lower voltage, gradually increasing over the total deposition time of 9 min.
Starting at a low voltage ensures that the initial nucleation of crystallites occurs without
excessively rapid ion deposition, which could lead to less ordered structures.

As the voltage gradually increases, the deposition rate also increases, but in a con-
trolled manner. This allows the initially formed nuclei to grow outward radially, forming
the petals of the flower-like structures. The gradual voltage increase ensures that each
crystallite can systematically grow. Additionally, this regime controls the deposition rate
and helps maintain stable ion supersaturation near the growing crystallite surfaces. This
stability is crucial for the uniform growth of each crystallite.

The smooth increase in ion activity allows continuous material supply to the existing
nuclei, enhancing the growth in size rather than forming new nucleation centers. The
gradual voltage increase likely improves ion mobility across the substrate, ensuring that
ions can reach the outer edges of the growing crystallites, supporting the formation of
extended, petal-like structures.

Overall, the morphology of Sample 2, characterized by flower-like crystallites, is a
direct result of methodical and controlled deposition conditions provided by the grad-
ual voltage increase. This approach allows precise control over nucleation and growth
phases, forming well-defined symmetric crystalline structures. Such structures are benefi-
cial for applications requiring precise microstructural control and uniformity, typical for
optoelectronic devices with critical stable material properties [83,84].

3.1.3. Morphology of Sample 3 (Figure 4c,f)

Sample 3 exhibits a dense porous structure with a complex rough texture. This
morphology is distinct and indicates the specific influence of the deposition conditions,
particularly from the use of pulsed voltage regimes.

The morphology is characterized by a very dense matrix with numerous pores. The
overall structure appears compact but rough, with significant microporosity. The sample’s
surface is uneven and rough, with varying heights and depths along the sample. This type
of texture is typical for rapid material deposition followed by periodic relaxation, allowing
partial reorganization of the deposited material [85,86]. The formation of this complex
porous structure can largely be explained by the electrochemical deposition conditions,
particularly the pulsed voltage regime.

The deposition process utilized a pulsed voltage strategy, where high voltages alter-
nated with lower ones. This involved setting a high voltage of 3 V for 2 s and a lower
voltage of 1 V for 1 s. Such voltage pulsing promotes diverse ion deposition dynamics and
substrate interactions.
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During high-voltage pulses, the deposition rate significantly increases, leading to
rapid material accumulation on the substrate. This rapid deposition causes an irregular and
rough structure as the material has insufficient time to organize into a smoother structure.

Additionally, the pulsing nature of the voltage can cause fluctuations in local ion
concentrations, resulting in uneven growth rates across the film. During the low voltage
periods, the deposition rate slows, potentially allowing ions and atoms to migrate and fill
some gaps, but unevenly, thereby contributing to the porous texture.

Relaxation periods (low voltage phases) allow some reorganization and settling of
the deposited material, which can help create more stable junction points between grown
elements. However, these periods are too short to completely smooth out the irregularities
formed during the high-voltage phases, resulting in a dense but uneven texture.

Opverall, the morphology of Sample 3, with its dense, porous, and rugged structure, is
a direct consequence of the pulsed voltage regime used during electrochemical deposition.
The alternation of high and low voltages creates a dynamic deposition environment where
rapid growth phases alternate with short relaxation periods. This method promotes the
development of a morphology characterized by high surface area and internal porosity,
which can benefit applications requiring high reactivity or specific surface properties.
However, it may pose challenges for applications requiring smooth and uniform surfaces.

3.2. EDX Analysis

Table 1 shows the elemental composition of the surface of the investigated samples.
The EDX results indicate the presence of Al, Ga, and As, with varying aluminum content
across the samples. It is important to note that the GaAs substrate can influence these
results, especially at shallow penetration depths, characteristic of EDX analysis.

Table 1. Elemental composition of the AlyGaj_As surface, obtained using the EDX method, and the
ratio of components.

Sample Al (%) Ga (%) As (%) O (%) GalAs Al/Ga (Al + Ga)/As
Sample 1 12.19 42.76 41.81 3.24 1.02 0.29 1.31
Sample 2 17.00 39.67 40.32 3.01 0.98 0.43 1.41
Sample 3 27.46 36.16 34.49 1.89 1.05 0.76 1.84

Careful sample preparation and analysis were conducted to minimize the impact of
the GaAs substrate. The EDX measurements focused on areas with distinct morphological
features attributable to the deposited Al,Gaj_xAs layers. However, some Ga signals
from the substrate are inevitable due to the thinness of the deposited layers. Despite this,
the relative changes in Al content across the samples provide valuable insights into the
deposition process and the resulting film composition.

Sample 1 had a composition of 12.19% aluminum, 42.76% gallium, 41.81% arsenic, and
3.24% oxygen. The Ga/ As ratio of approximately 1.02 indicates an almost stoichiometric bal-
ance between gallium and arsenic, suggesting efficient material utilization. The Al/Ga ratio
0.29 highlights a lower aluminum incorporation level than gallium. This is corroborated by
the observed needle-like chaotic morphology typically associated with rapid deposition at
high voltages followed by consolidation at lower voltages. This voltage-switching regime
led to swift ion deposition, forming a dense network of gallium-rich structures, as the
shorter high-voltage phases were insufficient for significant aluminum incorporation.

Sample 2, formed under the gradual voltage increase regime, showed 17.00% alu-
minum, 39.67% gallium, 40.32% arsenic, and 3.01% oxygen. The slightly lower Ga/As
ratio of 0.98 compared to Sample 1 reflects a minor deviation from stoichiometry, possibly
due to a more controlled environment allowing for more uniform crystal growth. The
Al/Ga ratio of 0.43 is higher than that of Sample 1, indicating more effective aluminum
incorporation throughout the deposition process. This is visually confirmed by the forma-
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tion of well-defined flower-like crystallites, suggesting that the gradual voltage increase
promoted a stable ion flow and deposition rate conducive to structured and symmetrical
crystalline forms.

Sample 3, fabricated under the pulsed voltage regime, had an elemental composition
of 27.46% aluminum, 36.16% gallium, 34.49% arsenic, and 1.89% oxygen. This sample
demonstrated the highest Al/Ga ratio of 0.76 among the three and a Ga/As ratio of 1.05,
indicating an excess of metal cations relative to arsenic. This high aluminum content and
corresponding dense, porous morphology with a rough texture can be attributed to the
dynamic deposition environment created by the pulsed voltages. High-voltage pulses
likely increased the aluminum deposition rate, while short relaxation periods allowed some
restructuring, although insufficient to smooth the rapidly deposited layers.

While EDX analysis provides valuable insights into the elemental composition of the
sample surfaces, it is essential to note its limitations. EDX only shows the percentage
ratio of elements on the surface of the samples and does not allow for determining the
specific compounds or their distribution within the material. We further applied XRD and
Raman analyses to address these limitations and verify the presence and composition of
Al Gaj_xAs. These techniques provide more comprehensive information on the structure
and crystallinity of the samples, helping to confirm the formation of the Al,Ga;_As alloy
and the absence of pure aluminum or other aluminum compounds.

3.3. XRD Analysis

The X-ray diffraction (XRD) spectra of the Al,Ga;_xAs samples reveal the impact of
deposition conditions on the crystalline structure and composition, which have significant
implications for the material’s final properties (Figure 5, Tables 2 and 3). Each sample ex-
hibits characteristic peaks corresponding to specific crystallographic planes, systematically
shifting with changes in aluminum concentration in the samples.
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Figure 5. XRD spectra of AlyGa;_xAs samples with overlaid reference spectra AlAs and GaAs from

the Crystallography Open Database (COD) visualized using the VESTA program.
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Table 2. Positions of XRD peaks of Al,Gaj_4As samples.

Plane Sample 1 Sample 2 Sample 3
(111) 27.11 27.41 27.71
(220) 46.04 45.94 46.24
(311) 55.15 55.46 55.86
(400) 64.37 64.67 65.07
(331) 72.98 73.39 73.78

Table 3. FWHM and intensity for the (111) plane peak and crystallite size.

Sample Height, c.u. FWHM, 20 d, nm
Sample 1 94.44108 2.53992 3.22
Sample 2 103.73995 1.72447 4.74
Sample 3 114.48265 1.50121 5.45

Sample 1, processed under voltage switching conditions, displayed XRD peaks at
20 =27.11°,46.04°, 55.15°, 64.37°, and 72.98°, corresponding to the (111), (220), (311), (400),
and (331) planes, respectively. These relatively broad peaks indicate reduced crystallinity
and increased lattice defect presence. Broader peaks may result from aggressive etching
before deposition, potentially causing non-stoichiometric gallium re-inclusion and affecting
lattice order. Minimal shifts in these peak positions indicate that the lattice parameters
remain relatively close to those of GaAs [87], consistent with the lower aluminum content
in this sample. For instance, the (111) peak at 27.11°, the (220) peak at 46.04°, and the
(400) peak at 64.37° show only minor deviations from the expected positions for GaAs,
underscoring the minimal lattice distortion due to aluminum incorporation. The relatively
broad FWHM observed in Sample 1 suggests significant strain or lattice defects, aligning
with the discussion of aggressive etching and less controlled element re-inclusion during the
voltage-switching deposition process. The intensity is the lowest among the three samples,
further corroborating the notion of reduced crystallinity and increased defect density.

In contrast, Sample 2 showed sharper peaks on the same planes, reflecting a higher
degree of crystallinity and reduced defect density. This sample, subjected to gradual voltage
increase, likely provided a more controlled environment for aluminum integration into the
gallium arsenide matrix. The inclusion of aluminum, with a smaller atomic radius than
gallium, slightly contracted the lattice. This is evidenced by minor shifts toward higher
angles, such as the (111) plane shifting to 27.41° and the (400) plane to 64.67°, indicating a
more compact lattice structure due to the increased aluminum content. Sample 2 displays
sharper peaks with a smaller FWHM than Sample 1, indicating improved crystallinity.
This is likely the result of a more controlled growth environment facilitated by the gradual
voltage increase during deposition. Higher peak intensity indicates better orientation and
larger coherent scattering domains, corresponding to fewer defects and disruptions in the
crystal lattice.

Sample 3 exhibited the most significant changes, with the sharpest and most well-
defined peaks, indicating the highest crystallinity and homogeneity among the three
samples. Processed using the pulsed voltage regime, this sample contained the highest
aluminum level, reflected in substantial shifts of peak positions toward higher angles. For
example, the (111) plane is observed at 27.71°, and the (400) plane at 65.07°. These shifts
directly result from aluminum’s impact on reducing the lattice constant, enhancing the
material’s overall electronic and optical properties. Sample 3 shows the sharpest peak and
narrowest FWHM, indicating the highest level of crystallinity and uniformity among the
three samples. The highest peak intensity observed here confirms the presence of highly
oriented crystallites and minimal structural defects. This aligns with effective aluminum
incorporation and stable crystal formation under optimized pulsed voltage conditions,
resulting in a highly ordered structure.
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Systematic peak angle increases from Sample 1 to Sample 3 correlate with increasing
aluminum content. As aluminum replaces gallium in the crystal lattice, the overall unit cell
slightly contracts due to aluminum’s smaller size. This contraction shifts the diffraction
angles observed in XRD analysis, providing a clear linkage between composition, crystalline
structure, and the electrochemical conditions under which these materials were synthesized.

In summary, the XRD analysis demonstrates changes in crystallinity and lattice de-
fects and vividly illustrates the impact of aluminum concentration on XRD peak shifts
in various crystallographic planes. These observations are crucial for understanding the
structure—property relationships essential for optimizing semiconductor device perfor-
mance. The gradual improvement in FWHM and intensity from Sample 1 to Sample 3
clearly shows how electrochemical deposition parameters critically affect the crystalline
quality of AlyGaj_xAs. These enhancements correspond to the increasing aluminum con-
tent and optimized deposition conditions, improving structural order and potentially
enhancing the material’s electronic and optical properties. Notably, there are no peaks at
38.47°,44.74°, 65.12°, or 78.21° (ICDD PDF 04-0787), which would indicate the presence
of pure aluminum. The absence of these peaks and the observed shift in the (111) peak
position confirms that aluminum is incorporated into the GaAs lattice, forming a genuine
A Gaj_xAs alloy rather than existing as separate entities within the GaAs matrix. The
correlation between sharper, more intense peaks and higher aluminum content highlights
the effectiveness of controlled electrochemical conditions in achieving desired material
characteristics for semiconductor applications.

3.4. Raman Analysis

Figure 6 and Table 4 present the Raman scattering spectra for the AlxGal-xAs samples
synthesized under different electrochemical conditions.
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Figure 6. Raman spectra of AlyGaj_,As samples.

Sample 1 showed broader peaks than the other two, indicating increased structural
disorder. The Raman spectrum for this sample exhibited typical phonon modes of GaAs at
268 cm ! for the transverse optical (TO) mode and 292 cm ™! for the longitudinal optical
(LO) mode, with a noticeable shift towards broader peaks, suggesting a less homogeneous
crystalline structure [88]. Additionally, the presence of peaks related to AlAs at 360 cm !
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(TO) and 378 cm~! (LO) indicates some degree of aluminum incorporation, although these
peaks were less sharp, indicating compositional variability of the alloy [89]. A weak peak
at 112 cm™!, likely reflecting vibrational modes associated with defects, and a second
harmonic peak at 560 cm~!, indicating two LO phonon interactions, were also notable.

Table 4. The positions of Raman scattering peaks.

Peak Position (cm—1)

Sample
Sample 1 Sample 2 Sample 3

TO (GaAs) 268 270 272
LO (GaAs) 292 294 296
TO (AlAs) 360 362 364
LO (AlAs) 378 380 382
2LO (GaAs) 560 564 568
Low Frequency 112 110 110

Sample 2 showed significant improvement in peak sharpness and symmetry. This
spectrum displayed sharper and more isolated phonon mode peaks at slightly shifted
positions: TO and LO modes of GaAs at 270 cm~! and 294 cm !, and TO and LO modes of
AlAs at 362 cm ! and 380 cm . These shifts towards the frequencies of AlAs suggest a
more uniform and stoichiometric incorporation of aluminum. Narrower peaks indicated
reduced lattice strain and improved crystalline quality, confirmed by the reduced intensity
of additional peaks at 110 ecm~! and 564 cm™1, indicating fewer defects.

Sample 3 exhibited the highest quality Raman spectrum. Phonon mode peaks for both
GaAs and AlAs were the sharpest and most symmetrical, with TO and LO modes appearing
at 272 cm~! and 296 cm ! for GaAs, and 364 cm~! and 382 cm ! for AlAs, respectively.
These peaks showed minimal broadening and were most distinctly shifted towards the
AlAs end, confirming a higher aluminum content and an extremely homogeneous alloy
composition. The additional peaks at 110 cm~! and 568 cm ! were minimally noticeable,
emphasizing the excellent crystalline structure and reduced defect density.

The Raman spectra of our samples exhibit both GaAs-like and AlAs-like phonon
modes, consistent with the expected behavior of an alloy Al,Ga;_As. Notably, no Raman
peaks would be attributable to pure aluminum or its oxides. Pure aluminum, being a
metal, does not exhibit Raman active modes under typical conditions, and the absence of
peaks corresponding to aluminum oxides further confirms that aluminum is incorporated
into the GaAs lattice rather than existing as separate phases. This observation, along with
the characteristic dual-mode behavior of GaAs-like and AlAs-like peaks, corroborates the
successful formation of Al,Ga;_,As alloys.

From the comprehensive analysis of the AlyGa;_xAs samples using Raman spectroscopy
and other characterization methods, several critical observations and conclusions can be
drawn, which are crucial for understanding the material properties and potential applications.

The trend from Sample 1 to Sample 3 demonstrates a clear improvement in material
quality. This is evidenced by progressively sharper and more distinct Raman scattering
peaks, indicating fewer crystalline defects and more excellent compositional uniformity
of the alloy. These properties are essential for applications requiring high optical and
electronic quality, such as optoelectronic devices and high-efficiency solar cells.

Variations in deposition conditions directly affect the crystalline structure and alloy
composition. Sample 3, prepared using the shortest high-voltage pulses and the most cycles,
shows the highest crystallinity and the most significant shifts in peak positions towards that
characteristic of AlAs. This indicates a higher aluminum content and suggests that control
over deposition parameters can be finely tuned to achieve the desired material properties.

Raman scattering spectra indicate changes in the stoichiometry of the samples. The
shift towards AlAs phonon modes in Sample 3, in particular, reflects a higher aluminum
content. This is beneficial for tailoring the bandgap of the material, a critical factor for
semiconductor devices where bandgap engineering is necessary for specific applications.
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4. Discussion

Film growth during deposition processes typically occurs through three primary
mechanisms, each driven by the interaction between surface energies, adatom mobility, and
film-substrate interactions [90]. Understanding these mechanisms is crucial for controlling
deposited films” morphological and structural properties (Figure 7, Table 5).

a)
b)
00 ©00 ©000e
c) —
Stranski—Krastanov (Layer-plus-Island) Growth
Figure 7. Schematic representation of film growth mechanisms: (a) WeberVollmer—Weber (Island)
Growth; (b) Frank—van der Merwe (Layer-by-Layer) Growth; (c) Stranski—Krastanov (Layer-plus-
Island) Growth.
Table 5. Film Growth Mechanisms.
Characteristic Frank-van der Merwe Vollmer-Weber (Island) Stranski-Krastanov
(Layer-by-Layer) Growth Growth (Layer-Plus-Island) Growth
o Complete monolayers form  Atoms/molecules form small Initial formation of
Description ) monolayers, followed by
before the next layer starts. clusters or islands. .
island growth.
Monolayer Formation Yes No Yes (initially)
Film Surface Smooth and continuous Rough and discontinuous Initially smooth, then
becomes rougher
Surface Roughness Minimal High Intermediate
Adsorbate-Substrate Strong Weak Intermediate

Interaction

The Frank-van der Merwe (layer-by-layer) growth mode arises when the adhesion
between the film and the substrate is stronger than the cohesion within the film itself [91].
Consequently, atoms depositing on the substrate tend to spread out and form a wetting
layer, leading to film growth layer by layer. This mode is characteristic of material systems
with minimal lattice mismatch and good chemical compatibility between the film and
substrate [92].

In contrast, the Vollmer-Weber (island growth) mode occurs when the cohesion within
the film is stronger than the adhesion to the substrate [93]. This leads to the formation
of discrete material islands on the substrate, which may coalesce as the film thickness
increases. This model is standard in systems with a significant lattice mismatch or poor
wetting between the film and substrate [94].



Crystals 2024, 14, 633

16 of 23

The Stranski—Krastanov growth mode is a hybrid of the first two. It starts with initial
layer-by-layer growth, forming a wetting layer, followed by island formation as the film
thickness increases [95,96]. This mode often occurs when the film initially wets the substrate
but later experiences strain due to differences in lattice parameters or thermal expansion
coefficients. This leads to island formation after reaching a critical thickness [97].

In a typical scenario, given the similar lattice constants of GaAs, Al,Ga;_xAs, and
AlAs [98,99], one would expect the film growth to primarily occur via the Frank—van der
Merwe mode, resulting in smooth films through layer-by-layer deposition, facilitated by
minimal lattice mismatch. However, introducing a textured surface significantly altered

this expectation (Table 6).

Table 6. Film Growth Characteristics of AlyGaj_xAs Under Different Deposition Conditions.

Characteristic

Sample 1

Sample 2

Sample 3

Deposition Conditions

Two-step voltage regime: 3 V
for 2 min, 1V for 1 min.

Gradually increasing voltage:
0.5V to5V over 9 min.

Pulsating voltage regime: 3 V
for2s,1Vforls.

Morphology Description

Highly interconnected,
chaotic network of delicate
needle formations.

Flower-like crystallites are
evenly distributed and have a
smooth background matrix.

Dense porous structure with
complex rough texture,
underlying continuous layer.

Nucleation and Growth

Rapid nucleation and growth
at high voltage, followed by

Slow, systematic nucleation at
low voltage, followed by

Rapid deposition during
high-voltage pulses and

Dynamics consolidation at controlled growth as partial reorganization during
lower voltage. voltage increases. low-voltage phases.
Surface Roughness High Moderate to low High
Present, with a highly Minimal, with well-defined Significant, with a dense and

Porosity

interconnected structure.

microporous structure.

crystalline structures.

Substrate Texturing Effect

Numerous nucleation sites
with high mechanical stability,
contributing to rough and
porous structure.

Uniform distribution of
nucleation sites, leading to
symmetrical growth.

Enhanced nucleation points,
leading to chaotic structure.

Growth Mechanism

Stranski—Krastanov
(Layer-plus-Island) Growth
with Porosity Formation

Stranski—Krastanov
(Layer-plus-Island) Growth

Vollmer-Weber (Island)
Growth

Texturing the GaAs substrates before depositing AlyGa;_4As layers significantly
impacted the growth mechanisms and resulting film morphology observed in the three
samples. Numerous nucleation centers were introduced by electrochemically etching the
GaAs surface to create a microscopically rough texture. This texturing aimed to enhance
the mechanical adhesion and chemical bonding between the GaAs substrate and the
Al Gaj_xAs layers, which is crucial for ensuring structural integrity and minimizing
defects caused by lattice mismatch or thermal expansion differences.

For Sample 1, processed under a voltage-switching regime, the numerous nucle-
ation centers created by texturing facilitated the initial rapid deposition of material at
high voltages. This led to forming a highly interconnected network of thin, needle-like
structures. The chaotic and dense morphology observed resulted from these conditions,
promoting rapid nucleation and growth followed by some consolidation at lower volt-
ages without smoothing the roughness. This growth mechanism aligns primarily with the
Vollmer-Weber mode, characterized by island growth. The rapid deposition in high-voltage
conditions conducive to the voltage-switching regime resulted in discrete nucleation centers
that quickly expanded. The substrate texturing provided numerous such sites, leading
to a chaotic and interconnected network of needle-like structures. While this mechanism
typically suggests poor film cohesion due to island growth before coalescence, the texturing
helps create more adhesion points, potentially improving the film’s mechanical stability.
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For Sample 2, processed using the gradual voltage increase regime, the texturing of
the GaAs substrate played a crucial role in creating a controlled and uniform distribution
of nucleation centers. The flower-like crystallites observed in the SEM image of this sample
indicate a well-regulated growth process. Starting with a low initial voltage that gradually
increased, the deposition conditions allowed slow, systematic nucleation and growth. The
result was the formation of radially symmetric crystalline aggregates. This morphology,
characterized by radial growth from central nucleation points, aligns with the Stranski—
Krastanov growth mechanism. The initial low voltage promoted the formation of smooth,
continuous layers. As the voltage gradually increased, the deposition rate also increased in
a controlled manner, promoting island growth on the initial layers. The textured substrate
ensured uniform growth of these islands, resulting in the observed flower-like structures.
This methodical voltage increase allowed each crystallite to expand systematically, resulting
in well-defined and symmetric crystalline structures.

For Sample 3, processed using the pulsed voltage regime, the resulting morphology
featured a dense porous structure with a complex rough texture. The continuous layer
observed in the SEM image, along with the presence of numerous pores, indicates that
the growth mechanism involved forming an initial layer followed by the development
of porosity due to the pulsed voltage conditions. The alternating phases of high and
low voltage created a dynamic deposition environment, where rapid material deposition
during high-voltage pulses was followed by partial reorganization and relaxation during
low-voltage periods. This formed a continuous layer interspersed with pores, indicating
a Stranski-Krastanov growth mechanism modified by subsequent etching or porosity
development. High-voltage pulses promoted rapid nucleation and growth, while low-
voltage phases allowed some reorganization, creating a rough and uneven surface. The
GaAs substrate texturing provided numerous nucleation centers, enhancing adhesion
and mechanical stability. However, the pulsed voltage regime led to a high degree of
microporosity in the continuous layer, which can benefit applications requiring a large
surface area and specific surface properties.

These observations highlight the versatility of wet electrochemical methods for form-
ing AlyGaj_4As films. Compared to more expensive and complex techniques, electro-
chemical deposition offers a range of morphologies and scales, depending on the specific
deposition conditions. While these methods may lack the control of others, they allow for
varying structural configurations, which is crucial for tuning the electronic and optical
properties through the aluminum content (parameter x).

Adjusting x from 0 to 1 allows precise tuning of the material properties. Lower
aluminum content results in properties closer to GaAs, while higher content alters the lattice
constant, affecting the bandgap and other vital properties. This tunability is essential for
optimizing AlyGaj_xAs for applications such as optoelectronic devices and high-efficiency
solar cells.

Overall, the observed growth mechanisms illustrate the significant impact of substrate
preparation and deposition parameters on the morphology and quality of the semiconduc-
tor film. By manipulating these parameters, manufacturers can tailor film properties to
specific applications. Whether promoting smooth films or creating textured surfaces, the
choice of growth mechanism directly influences the material’s performance and suitability.

Nanostructured layers offer significant advantages over planar structures due to
their increased surface area and unique morphological characteristics [100,101], enhancing
performance in applications such as catalysis, sensor technology, energy storage, and
optoelectronic devices [102-105]. Increased surface area is crucial for applications requiring
high reactivity or sensitivity, such as catalysis and sensors. In energy storage and conversion,
nanostructured layers facilitate faster ion transport and better interaction, improving
efficiency. In optoelectronic devices, rough surfaces and complex structures manipulate
light more effectively, enhancing performance.

The electrochemical method, combining substrate texturing and various voltage
regimes, enhances adhesion and allows precise control over growth mechanisms, resulting
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in better interface quality and fewer defects. These methods are versatile, adaptable to
various materials and compositions, and scalable, making them suitable for industrial ap-
plications. Electrochemical deposition is cost-effective compared to molecular beam epitaxy
or vapor phase deposition methods. It does not require high vacuum or temperatures,
making it ideal for large-scale production.

Despite the thorough analysis and important observations presented in this study,
some limitations should be acknowledged. Although the Raman and XRD spectra demon-
strate the formation of the Al,Ga;_yAs compound, there are still insufficient data to
definitively confirm the absence of pure Al and a potential mixture of Al and GaAs. For
a detailed and deep understanding of the chemical composition and structural proper-
ties, it is necessary to conduct additional research such as high-resolution transmission
electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), and advanced
photoluminescence (PL) spectroscopy. These techniques will allow us to further investi-
gate the distribution and bonding states of aluminum in the samples, providing a more
comprehensive understanding of the material’s properties.

We are grateful to the reviewer for bringing this limitation to our attention, as it
prompts us to conduct further research and reflection. Addressing these limitations in
future studies will enhance the robustness and credibility of our findings, ensuring a
thorough characterization of the AlyGa;_xAs compounds and their potential applications.

Future research should focus on optimizing electrochemical deposition parameters to
refine further control over the morphology and properties of AlyGa;_yxAs nanostructures.
This includes exploring a more comprehensive range of voltage regimes, electrolyte com-
positions, and substrate texturing methods to achieve more precise tuning of aluminum
content (parameter x) and its impact on electronic and optical properties.

Additionally, optical measurements are essential for a deeper understanding of the
films’ properties. We plan to include comprehensive optical characterization in our sub-
sequent investigations to elucidate the optical behavior of Al,Gaj_yxAs nanostructures.
This will provide critical insights into their potential applications in optoelectronics and
other fields.

Moreover, investigating the scalability of these methods for industrial applications
and their integration with other fabrication techniques could enhance their practicality
for advanced semiconductor device manufacturing, paving the way for innovations in
optoelectronics, energy conversion, and sensor technologies.

5. Conclusions

This study demonstrates the effectiveness of wet chemical synthesis for depositing
AlyGaj_xAs nanostructures, highlighting how substrate preparation and deposition pa-
rameters significantly influence film morphology and material properties. We enhanced
mechanical adhesion and chemical bonding by employing electrochemical etching to
texture GaAs substrates, creating numerous nucleation centers that facilitated various
growth mechanisms.

The study shows that deposition conditions critically affect sample characteristics. For
example, voltage-switching regimes resulted in chaotic networks of needle-like structures,
indicative of the Vollmer—Weber growth mechanism. Gradually increasing voltage regimes
created well-defined flower-like crystallites, corresponding to the Stranski-Krastanov
growth mechanism. Pulsed voltage regimes led to dense porous structures with continuous
layers, demonstrating hybrid Stranski-Krastanov growth with additional porosity.

SEM analysis confirmed the distinct morphologies, while EDX results showed vary-
ing aluminum content reflecting changes in deposition conditions. Raman spectroscopy
revealed structural disorder in samples with broader peaks and higher defect density. XRD
analysis showed shifts in crystallographic peak positions corresponding to different alu-
minum concentrations and deposition conditions. These findings underscore the versatility
of electrochemical deposition in film properties.
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Our results highlight the potential of wet electrochemical methods to achieve a wide
range of morphologies and compositions. Although this study focused on three specific
conditions, the method allows numerous variations in processing regimes, offering a
competitive advantage in tailoring Al,Ga;_,As films for various applications. The ability
to precisely tune the aluminum content (parameter x) from 0 to 1 provides exact control over
the electronic and optical properties necessary for optimizing materials for optoelectronic
devices, high-efficiency solar cells, and other advanced semiconductor applications.

Opverall, this work emphasizes the significant impact of deposition conditions on film
characteristics and establishes wet electrochemical methods as a versatile and cost-effective
approach for fabricating high-quality AlyGaj_As films with customized properties.
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