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Abstract

We demonstrate that selective electrochemical etching is a reliable method for detecting
and observing the uneven concentration distribution of impurities in indium phosphide
crystals, which accompanies the growth of highly doped crystals using the Czochralski
method. Even though selective electrochemical etching, as a method of detecting defects
in the crystal lattice, has been discussed many times in the literature, it has not yet been
described for indium phosphide. In this work, we investigated etching in compositions of
various selective electrolytes for InP of n- and p-type conductivity with different surface
orientations. We present in detail the features of detecting the striped inhomogeneity
of impurity distribution. The mechanisms and peculiarities of the formation of oxide
crystallites on the surface of InP during electrochemical processing are presented, including
structures like flower-like and parquet crystallites. The formation of porous surfaces,
terraces, tracks, and crystallites is explained from the perspective of the defect-dislocation
mechanism.

Keywords: segregation stripes; impurity; growth bands; crystallites; surface; dislocations;
electrochemical etching; selective etchant

1. Introduction

The development of modern microelectronics requires researchers to create new mate-
rials with improved characteristics. At the same time, such materials must be characterized
by the reliability and stability of their properties. Significant progress has been achieved
using doping impurities in the growth of semiconductor crystals [1,2]. In particular, doping
technologies have improved the characteristics of LEDs and solar cells [3,4]. Doping is
crucial for tuning carrier injection properties at the metal/semiconductor interface [5].

An essential aspect of introducing doping impurities is the growth of crystals with
controlled and regulated characteristics. The type of impurity and its content determine
the type of conductivity, specific resistance, carrier concentration, mobility, etc. [6,7].

Among modern semiconductor materials, indium phosphide (InP) occupies a special
place thanks to a range of unique properties [8,9]. Indium phosphide is used in photonic
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integrated circuits, laser technology, and photonics [10-12]. The radiation resistance of
indium phosphide makes it a promising material for photovoltaics, particularly in space
solar cells [13,14]. It has also been reported that InP is used as a substrate for growing
epitaxial layers of nitrides [15,16].

The primary method for growing monocrystalline indium phosphide is the Czochral-
ski process [17]. In this process, engineers face the challenge of controlling defects, as
monocrystals with a high doping level tend to form many defects, including dislocation
loops and clusters, point defects, and surface-related defects [18,19]. Moreover, dislocations
serve as centers for powerful recombination carriers [20]. This can lead to severe degra-
dation effects in devices [21]. Despite the extensive research on the impact of doping on
the electrophysical and optical properties of semiconductors with various impurities, little
work has been dedicated to the distribution of impurities in the volume of the crystal, i.e.,
the internal macromorphology of crystalline semiconductors.

Since direct observation of semiconductor defects is quite challenging, selective chem-
ical or electrochemical etching is the most common and appropriate method for their
observation [22,23]. Under certain conditions and with specific electrolytes, etch pits are
observed on the crystal surface at the sites of defect concentration, which can be used to
assess the nature and concentration (density) of semiconductor defects [24,25].

In this work, we summarize the results of many years of research on the morphology
of indium phosphide and the influence of segregation phenomena on the processes of
electrochemical dissolution of InP. Our choice is motivated by observing segregation
phenomena through etch pits in semiconductors with different conductivity types and
surface orientations. We demonstrate that Scanning Electron Spectroscopy (SEM) is an
effective tool for studying the surface morphology of nanostructured semiconductor layers
and can also be efficiently applied in assessing the distribution of impurities and defects
within the crystal volume.

2. Materials and Methods

In this article, we summarize the results of more than fifteen years of research on
indium phosphide (InP). Individual experimental series were carried out in different
years and on samples from different batches; therefore, it would be inappropriate to
reproduce complete technological maps for each historical case. Instead, we present a
unified standardized methodology employed in the most recent series, which is applicable
for reproducing the key results. Specific deviations (e.g., etchant composition or control
mode) are indicated in the corresponding subsections of the results when discussing
particular samples.

2.1. Materials

For the experiment, we used sets of single-crystalline indium phosphide of n- and
p-type, doped to a carrier concentration of 2.3 x 10'® cm~3. The plates were cut from
identical ingots with dimensions of 2 x 10 x 20 mm (Table 1).

Table 1. Samples for the experiment.

Item Specifications
Conductivity type n-type p-type
Dopant S Zn
Carrier concentration 2.3 x 108 cm~3
Orientation (111), (100), (001)
Crystal lattice face-centered cubic (“zinc blende”)

Mobility (1.5-3.5) x 103 cm?/V-s (50-70) x 10°> cm?/V's
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Before the experiment, the plates were mechanically (with diamond paste) and chemi-
cally (with a polishing etchant) polished. After this, the plates were washed in distilled
water and degreased in an alcohol solution. The method of electrochemical etching in
solutions of selective etchants was chosen to study the correlations between segregation
phenomena and changes in the morphological indicators of indium phosphide.

Aqueous and aqueous—alcohol hydrofluoric, nitric, and hydrochloric acid solutions
were used as selective etchants. During the experiment, changes in the anodizing cur-
rent were recorded. Fluctuations in the current determined the stages of electrochemical
dissolution of the samples, and accordingly, the etching time was adjusted.

2.2. Electrochemical Cell and Electrodes

Electrochemical etching was performed in a three-electrode cell with a fluoroplastic
(PTFE) body, equipped with an interchangeable mask. The investigated InP sample served
as the working electrode, a platinum plate as the counter electrode, and an Ag/AgCl
electrode (3 M KCl) as the reference electrode, connected through a Luggin capillary
to minimize IR drop. All experiments were carried out at room temperature, without
thermostatting, in a quiescent electrolyte. For some series, mild stirring with a magnetic
stirrer in slow mode was used, which is explicitly noted where applicable in the description
of experimental conditions.

2.3. Etching Solutions

For anodic etching, aqueous and aqueous—alcohol (ethanol) solutions of HF, HNO3,
and HCl of analytical grade (Merck/Sigma-Aldrich, Darmstadt, Germany) were used. As a
solvent, double-distilled or deionized water (18.2 MQ)-cm, Milli-Q) was employed. Working
mixtures were prepared ex tempore immediately before each series of experiments, in
polypropylene vessels to avoid contamination. Concentrations were chosen within working
ranges that ensured stable anodic dissolution of InP without transition to electropolishing.
For p-type samples, HF-containing mixtures were predominantly used, as they allowed
reliable control of the dissolution rate, while for n-type samples, HNO3; /HCl in aqueous and
aqueous—alcohol media also proved effective. Optimization of the solution compositions
was based on the prior literature and on our own preliminary experiments. The exact
compositions for individual figures/samples are specified in the relevant subsections of
the results.

2.4. Control Modes, Voltage/Current, and I(t) Recording

In the later series of anodic etching experiments, both potentiostatic and galvanostatic
regimes were tested, with variation in initial conditions, holding times, and illumination
intensity.

In the potentiostatic regime, the samples were initially kept at 0 V for 30-60 s, after
which the potential was stepwise shifted into the working region (typically several volts
relative to Ag/AgCl) with a subsequent holding period from tens to hundreds of seconds.
In some cases, a slow linear voltage ramp (~0.05-0.2 V/s) was applied to follow the
characteristic transitions between passivation, active dissolution, and electropolishing.

In the galvanostatic regime, a constant current density from hundredths to units of
mA /cm? was maintained, while the voltage was recorded in time to capture the charac-
teristic stages of the process. In all cases, anodic current transients I(t) were continuously
monitored, typically comprising (i) an induction stage corresponding to the formation
and restructuring of the oxide film, (ii) a current jump associated with breakdown and
activation, and (iii) a quasi-steady dissolution stage. The etching duration was adjusted
based on the shape of I(t).
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For p-InP, continuous front illumination with white light (lamp or LED) was required
in most electrolytes, since without illumination, dissolution did not occur under the same
potentials. For n-InP, illumination was generally not necessary. The intensity and spectral
characteristics of the light source are indicated for each experimental series separately.

2.5. Post-Treatment of Samples

Upon completion of electrochemical processing, the samples were immediately re-
moved from the cell and thoroughly rinsed in several portions of deionized water to
remove electrolyte residues. In cases where a thin organic or oxide film might remain
on the surface, additional rinsing in alcohol (ethanol or isopropanol) was carried out to
facilitate the removal of adsorbed components and to prevent the re-deposition of salts.
Finally, the samples were dried with a stream of high-purity nitrogen to avoid water marks
and dried electrolyte spots. To prevent subsequent structural or compositional changes
(e.g., uncontrolled oxidation or the formation of artifact phases), the samples were stored
under dry conditions at room temperature.

2.6. Electron Microscopy

Surface morphology after electrochemical treatment was examined using scanning
electron microscopy (SEM) with a JEOL JSM-6490 instrument (JEOL Ltd., Tokyo, Japan)
equipped with a secondary electron detector (SEI). Typical operating parameters included
an accelerating voltage of 10 kV and a working distance (WD) of about 10 mm, which
provided an optimal balance between spatial resolution and signal intensity. Images were
acquired at different magnifications to assess both the overall appearance of etching figures
and local microstructural details. To minimize beam-induced artifacts and surface charging,
low probe currents and short exposures were used.

All experimental conditions are summarized in Table 2.

Table 2. Generalized parameter set (default conditions).

Block Parameter Standard/Range
Cell Material PTFE, three-electrode configuration
WE/CE/RE Working /counter / reference InP /Pt mesh/Ag/AgCl (3 M KCl), with Luggin capillary
Area A Exposed Circular under O-ring (several mm?); measured optically
Electrolytes Families HF, HNOj3, HCl in aqueous or aqueous-alcohol mixtures;
prepared fresh
Temperature Conditions Room temperature (without thermostatting)
Modes Control Potentiostatic (typical); galvanostatic (control series)
Y= _ 2 ;
Voltage /Current Working regions Several V vs. Ag/AgCl; ] —.0..01. a few mA /cm? (detailed for
specific figures)
Moni toring 19 Transient recorchng; stage.s: induction — activation —
quasi-steady
Mumination tvpe Continuous front illumination; without light, p-InP does not
p-typ dissolve in the same conditions
SEM Mode JEOL-6490, SEI, ~10 kV, WD ~10 mm
3. Results

3.1. Investigation of Etch Pits on the Surface of InP with Different Crystallographic Orientations

Figure 1 demonstrates the surface morphology of indium phosphide samples of
different crystallographic orientations during electrochemical etching in hydrochloric,
hydrofluoric, and nitric acid solutions using a 25% solution by weight of each etchant. The
samples were etched at a constant voltage of U = 3 V. It can be seen that in different acids,
InP crystals are etched with the formation of a unique microrelief. However, general trends
can be identified.
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n-InP (100)

n-InP (111) n-InP (001) p-InP (100)  acid

(ii)

Figure 1. Fragments of the surface morphology of indium phosphide after electrochemical treatment
in different etchant compositions (a-1) and a schematic representation of the (100), (111), and (001)
planes of the InP crystal lattice, respectively (i-iii).

Samples n-InP with a (100) surface orientation are etched with the formation of tiny
pores evenly distributed over the surface (Figure 1a—). Such pores are oriented along the
current and grow deep into the crystal in thin, mutually parallel channels. Depending on
the composition of the electrolyte, the diameter of such pores varies from 20 nm to 100 nm,
and the porosity can reach 80%. The pores are cylindrical, oriented along the direction of
the electric current, and extend deep into the crystal lattice, forming thin parallel channels.
The porosity level can reach 80%, indicating a significant alteration in the crystal structure.
The size and distribution of the pores change depending on the type of electrolyte used. In
hydrochloric acid, the pores are more uniform and diminutive, whereas in hydrofluoric
acid, they tend to be larger and more dispersed. A moderate pore size with a more rugged
surface texture is observed in nitric acid.

N-InP samples with a (111) surface orientation demonstrate the formation of massive
etch pits, tracks, and steps, indicating a more aggressive dissolution process (Figure 1d,e).
Electrochemical treatment often results in the formation of oxide crystallites on the surface,
especially noticeable in samples etched with hydrofluoric acid (Figure 1f). The most active
electrochemical dissolution processes were manifested precisely during the etching of
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n-InP with a (111) surface orientation. The surfaces oriented towards (111) exhibit the most
dynamic etching patterns with deep, irregular pits and pronounced crystalline features.

On the other hand, n-InP with a (001) orientation shows diverse morphological changes
depending on the etching solution. In hydrochloric acid, cracks with embedded crystallites
appear on the surface (Figure 1g). In hydrofluoric acid, extensive etching pits are formed
(Figure 1h), while in nitric acid, relatively smaller pores are observed (Figure 1i).

InP samples of p-type conductivity demonstrate less susceptibility to electrochemical
processing than n-type InP (Figure 1j,k). These samples show textured surfaces with either
dispersed textures or isolated small etching pits. This suggests a more restrained etching
process, likely due to the different electrical properties of p-type InP.

Opverall, the study emphasizes the significant influence of crystallographic orientation
on the etching behavior of InP. The (111) orientation is particularly prone to pronounced
etching effects, making it suitable for studying surface and volume defects through se-
lective electrochemical etching. These findings have implications for the fabrication of
semiconductor devices, where control over surface morphology at the nanoscale can impact
device performance.

3.2. Formation of Growth Defects in InP During Czochralski Method Growth

A layered heterogeneity in the distribution of defects is observed during the growth of
indium phosphide using the Czochralski method [26]. As demonstrated in Figure lef, this
manifests as concentric rings during the etching of n-InP (111) in selective etchants. These
rings result from the uneven distribution of impurities within the semiconductor volume
during crystallization.

To understand the processes of uneven impurity distribution in grown single crystal
ingots, let us briefly present the key points. The crucible has a melt-in contact with a seed
crystal. The seed crystal is slowly released, allowing atoms from the melt to attach. An
important aspect is that the seed crystal has a slightly lower temperature than the melt. As
a result of this process, temperature gradients arise that affect the growth boundary.

Excessive concentrations of impurities in some crystal regions can lead to the forma-
tion of their complexes, which can be considered a new system component. Thus, uneven
crystallization is observed during the growth of highly doped semiconductors using the
Czochralski method, which is facilitated by new degrees of freedom. In other words, it can
be asserted that phase transformations occurring at the boundary of areas with different
impurity concentrations lead to the appearance of coherent and incoherent boundaries. Co-
herent boundaries do not disturb the structure and monocrystallinity of the semiconductor
ingot. Incoherent boundaries, due to significant interphase differences, lead to the breaking
of bonds and the formation of an intercrystalline border. This is manifested as the striation
of the crystal structure.

Doping semiconductors with donor impurities to high concentrations leads to the
appearance of microdefects and dislocations. Moreover, impurity atoms cause intrinsic
point defects, among which are substitution atoms, interstitial atoms, vacancies, Frenkel
pairs, and others. The presence of a high concentration of point defects, in turn, leads to
twinning and dislocation clusters. This is manifested in segregation phenomena. In this
sense, the impurity concentration can be considered a function of crystal growth.

Segregation lines exhibit periodicity and are striated. The cyclicality of the crystal
growth rate can explain striation. The growth rate’s nonlinear character is due to disloca-
tions in the crystal volume and the uneven distribution of the doping impurity.

Segregation lines appear as continuous lines perpendicular to the growth direction of
the semiconductor grown from the melt (Figure 2). The accumulation of doping impurities,
caused by fluctuations in the microscopic growth rate, occurs due to an imbalance in
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convection through temperature fluctuations at the seed /melt interface [27]. In Figure 2,
one can observe etching figures on the surface of n-InP (111), which result from a selective
etchant (HF solution) on areas of excess impurity content and impurity-depleted zones.

Growth bands, which appear as areas with a high density of etch pits, are separated by
unetched areas (Figure 2(1)).

Figure 2. Segregation lines of impurities observed after etching n-InP (111) in a 25% HF solution.
Subfigures (a—d) correspond to different regions of the same sample, shown at varying magnifications,
in order to demonstrate both large-scale and fine-scale features of segregation. The yellow arrows
indicate the direction of crystal growth. Labels: (1) impurity-depleted areas; (2) the boundary between
the segregation line and depleted areas; (3) zones of excessive impurity content; (4) transitional zone;
(5) crystallites formed in the zone of excessive impurity content.

Segregation lines show an exciting feature. One edge has a clear boundary dividing
the zones of excess and depleted impurity content (Figure 2(2)). Then, there is a gradual
decrease in the number of etch pits (Figure 2(3)). Areas (4) in Figure 2 show the edge of the
segregation band, which is “blurred.” In these areas, the concentration of pores (etch pits) is
significantly lower due to the lower impurity concentration. Such observations indicate the
direction of crystal growth. The width of the zone with increased impurity concentration
is 100 nm, and the depleted zone is 120 um. Our work investigates the concentration
inhomogeneity of impurity distribution in more detail [28].

Consequently, we observe an increase in the concentration of inlet pores from the center
to the periphery of the sample, which also gives an idea of the direction of crystal growth
(in Figure 1, the direction of crystal growth is indicated by arrows). It should be noted that
growth bands can affect the crystal lattice parameters within the zone of excessive impurity
content but almost do not affect the change in lattice constants between bands [29,30]. Also,
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growth bands may appear due to the emergence of so-called “dislocation walls,” which
manifest as irregular lines running perpendicular to the growth front. Dislocation walls
arise due to the inhomogeneous accumulation of doping impurities along the growth front,
transitioning from one layer to another as the crystal grows [31,32].

Such a sectoral distribution into zones of excessive impurity content and, conversely,
impurity-depleted zones can, in turn, lead to the appearance of screw dislocations [33,34].
The semiconductor crystal around a screw dislocation represents a single atomic plane.
Spiral steps move around the dislocation as excess impurity atoms are adsorbed on the
surface. As a result, crystal growth is observed without the nucleation of new layers, i.e.,
the formation of a growth spiral (Figure 3). It can be seen that the height of the step is 5 um.
As a result of electrochemical etching, the steps delaminate into bands 1 pm wide. Their
surface becomes loose and porous.

% "

: L S b, :
HV mag WD spot det HFW
20.00 kV 4 000 x 10.2 mm 4.0 ETD 68.3 pm

Figure 3. Growth spirals of n-InP observed after etching in a selective electrolyte of 25% HNO3.
The yellow boxes and lines mark enlarged regions of the same spiral structure shown at higher
magnifications. The green line highlights the trajectory of a representative spiral step, illustrating its
curvature and periodicity.

Generally, the screw dislocation plays a crucial role in crystal growth from the melt [35].
As mentioned earlier, such a dislocation represents a single atomic plane that grows around
the dislocation axis due to the addition of atoms to an infinite source of kinks [36,37]. In
turn, the step is anchored at the point of dislocation emergence [38]. The step’s inner parts
rotate faster than the outer ones [39], causing the step to twist into a spiral.

During the cooling of the forming ingot from the melt, homogeneity of composition is
determined by convective processes. Horizontal temperature and impurity concentration
gradients cause significant axial and radial inhomogeneity. Moreover, the distribution of
impurities in the crystal can be inhomogeneous not only along but also across the axis of
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crystal growth, as demonstrated in Figure 4. In this case, changes in the lattice parameter
of the solid solution can cause elastic stresses [40,41].

o ] : \

e o = g '
10KV ¥1 000 10pm _ 03384 1'0'4‘1 SEl *

Figure 4. SEM image of cleavage in n-InP, demonstrating the formation of terraces after electro-
chemical processing of the crystal due to the etching of areas with increased impurity concentration.
The yellow boxes indicate enlarged regions shown at higher magnifications. The green lines mark
representative terrace steps, highlighting their curvature and periodicity.

Thus, temperature fluctuations in the crystallization zone significantly impact the
formation of growth bands. These temperature fluctuations arise due to two mechanisms.
Firstly, the crystal growth rate may vary across the crucible due to asymmetry in the
temperature field. Secondly, convective processes can also cause temperature fluctuations.

3.3. Investigation of Etch Pits Along Dislocation Slip Lines

When etching the crystal in selective etchants, the formation of etch pits along slip
lines and dissolution channels, which form close to the etch pits, can be observed (Figure 5).
The diameter of the etch pits caused by this phenomenon is 100 nm. The length of the
dissolution channel can reach up to 10 um. In Figure 5¢, the formation of tracks between
pores with lengths ranging from 1 to 3 um can be seen. The tracks’ cross-section thickness
is between 100 and 200 nm. The aspect ratio ranges from 20 to 50.

Etch pits can form both on edge and screw dislocations. A dislocation is a source of
elastic mechanical stresses, causing the formation of elastic deformations around it. There-
fore, during the etching of InP in selective etchants, dislocations serve as the nucleation
sites for forming primary (germinal) pores. Moreover, a dislocation can interact with point
defects in the crystal volume, leading to an increased concentration of residual defects near
the dislocation axis (the so-called “Cottrell atmosphere”) [42—44].

Across multiple n-InP(111) fields, the line-like etch features organize into two domi-
nant in-plane families consistent with the (110) set on (111), producing obtuse intersections
around 135°. This geometry is clearly visible in Figure 6, where crossing tracks preserve
their directions after intersection. A third symmetry-equivalent family appears only weakly
under our etching conditions, leading to a “two-family” field that nevertheless maintains
the (111) crystallographic constraints. A quantitative orientation analysis (length-weighted
rose diagrams, acute-angle distributions, and a Rayleigh test for axial data) rejects isotropy
at high significance; complete statistics and raw angles are provided in the dataset (Zenodo,
https:/ /doi.org/10.5281/zenodo.16889714, accessed on 24 August 2025).
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Figure 5. Etch pits and dissolution channels along the line of an edge dislocation. Subfigure (a) shows
isolated circular etch pits formed at dislocation sites; (b) demonstrates extended linear arrangements
of etch pits across a wider field of view; (c) illustrates the development of dissolution channels that
elongate from initial pits; (d) presents a dense dislocation line decorated with pits and channels,
indicating a high local defect concentration.

Y  X5000 5um 0384 1040 SEI

Figure 6. SEM image of a porous surface of n-InP (111), showing the intersection of dissolution
channels and tracks at an angle of 135°. The yellow circles (1-3) highlight representative regions
where dissolution channels intersect. The yellow lines and angle markings indicate the measured
orientation of crossing tracks, with the characteristic intersection angle of 135°.
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3.4. Formation of Oxide Crystallites at Sites of Accumulation of Defects in the Crystal Lattice

Alternative electrochemical reactions can also accompany the process of electrochem-
ical etching. These primarily include electrochemical polishing of the surface due to the
etching of all surface irregularities. Furthermore, during etching, the surface can become
covered with a continuous inseparable film, resulting from chemical interactions of the
surface layers of indium phosphide with electrolyte ions. These films are typically oxide
compounds of the first or second element of the semiconductor [45]. Such oxides can
inhibit further dissolution of the crystal. In such a case, the etching process stops. Often, a
continuous film, due to lattice mismatch with the substrate material (the semiconductor
itself), can crack and split. This leads to the crystal’s re-etching at the film rupture sites. The
formation of a porous space on the film itself can also occur. As a result of such behavior,
the film becomes loose and is easily removed from the substrate.

The most important observation in this process is that the rupture of the film does not
occur at spontaneous locations but specifically in areas of excessive impurity concentration.
This is because such areas are supersaturated with dislocations. As a result, the formation of
orderly “parquet” type oxide crystallites can be observed on the crystal surface (Figure 7).

Figure 7. SEM image of oxide crystallites of the parquet type on the surface of n-InP (111), formed
during electrochemical etching. The yellow boxes indicate magnified regions of the same sample,
shown at higher resolution to illustrate details of the crystallite morphology. The yellow scale bars
and arrows mark the characteristic dimensions of crystallites, including their length (up to 110 um),
width (=3 pm), and height (=7 um).

The geometric dimensions of the crystallites are almost equal: length (100-130) pm;
width and height about 7 um. The distance between neighboring crystallites is 2 pm and
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between parquet blocks is 30-50 um. The crystallites have a porous structure. It can be
seen that the parquet blocks and crystallites easily align with each other. This indicates
that the crystallites formed due to the spreading of the oxide film, due to the action of
elastic stresses [46]. The longitudinal uniform shift of adjacent steps relative to each other
occurs due to the slippage of dislocation loops. The shift stops after the partial emergence
of the loop on the surface. Moreover, we often find surface outcrops of dislocation loops
co-located with impurity-enriched regions (segregation lines).

Often on the surface of n-InP (111) during electrochemical processing, in areas of excessive
impurity concentration, oxide crystallites of the flower type are formed (Figure 8a—). The
mechanism of this phenomenon is as follows. The rate of electrochemical deposition of
reaction products on the surface (i.e., the growth of crystallites) depends on the arrival of
atoms to the surface, as well as on the structure of the surface and processes occurring at the

electrolyte /semiconductor interface.

N/
0|0|0|0|0|0|0|0
0|0|0|0|0|0|0|0
0|0|0|00|0|0|C
0|0[0|0|0|0|0|0
00000000

(e) Flat surface

@
ole|e]e)

ole|e|®)
RREE
olo|e|e:
olo|o|e|e

0|0 |®2

@

(f) Porous surface

Figure 8. Flower-like crystallites on the surface of indium phosphide, formed in areas of excessive
impurity concentration (a—c), and schematic representation of a crystallite (d) on flat (e) and porous (f)
semiconductor surfaces at the semiconductor/electrolyte boundary. In panel (f), the numbers indicate
atomic coordination at the porous surface: (1) surface atoms with one broken bond, (2) surface atoms
with two broken bonds, and (3) surface atoms with three broken bonds. These sites act as preferential
nucleation centers for crystallite growth.

Figure 8e presents a cross-section and boundary of the semiconductor/electrolyte
with a flat (ideal) surface. Each surface atom of such a crystal has bonds with atoms in the
volume. Thus, the surface energy is low, and the formation of new nucleation centers for
crystallites is complicated due to the small number of broken bonds.

Dislocations that emerge on the crystal’s surface due to electrochemical etching are
active centers of chemical reactions. Figure 8f shows that the surface atoms, due to the
formation of pores, do not have all their “neighbors”; thus, the surface is characterized
by many broken bonds. This means that atomically rough and imperfect surfaces have a
higher rate of electrochemical deposition, i.e., a higher growth rate of oxide crystallites.
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Also, the inhomogeneous distribution of impurities and their excessive concentration
in segregation bands causes the appearance of a network of grain boundaries. Grain
boundaries consist of individual dislocations or agglomerations of dislocations, forming
so-called “dislocation walls.” Grain and subgrain boundaries are formed in ingots due
to thermal stress during crystal growth. Grain boundaries act as charge capture centers,
causing spatial inhomogeneity in charge transport, thereby impairing charge transfer.
These walls and grain boundaries are nucleation centers for oxide crystallites on the
crystal surface.

Thus, the study of defects in single crystals caused by impurity atoms is an essential
factor in controlling the transport characteristics of electronic and photonic devices. The
ability to manage defects by reducing or increasing their quantity could be the next step
in creating modern functional materials. Eliminating impurity defects and concentration
inhomogeneity in highly doped semiconductors is quite challenging. This necessitates fur-
ther research to improve material quality by optimizing growth parameters and managing
impurity defects. Efforts may be directed towards finding optimal conditions for thermal
annealing of the semiconductor ingot, which can significantly reduce strained states in the
semiconductor by creating new types of defects (stamping defects).

4. Discussion

In this chapter, we explore the mechanisms underlying defects” formation and evo-
lution in highly doped InP crystals, particularly during the Czochralski growth process
and subsequent electrochemical etching. The behaviors observed in these crystals are
multifaceted, governed by a complex interplay of factors that influence their structural
and electronic properties. We compare our findings with established theories and models
in crystal growth and materials science to better understand these phenomena. We draw
parallels where empirical evidence from our study supports these frameworks.

The mechanisms discussed herein—including phase segregation, dislocation dynam-
ics, and anisotropic etching—are not isolated events but interconnected processes that
collectively shape the crystal’s morphology and behavior. While these theories offer valu-
able insights, they should not be viewed as mutually exclusive or singularly definitive
explanations. Instead, they complement and reinforce each other, providing a more com-
prehensive picture of the self-organizing nature of defect formation in highly doped InP
crystals. Empirical data presented in the previous chapter serve as the foundation for this
discussion, offering direct or indirect confirmation of these mechanisms.

4.1. Mechanism 1: Phase Segregation During Czochralski Growth

Phase segregation in highly doped InP is governed by non-uniform dopant incor-
poration at the solid-liquid interface during Czochralski growth, where fluctuations in
growth rate and thermal gradients give rise to segregation lines and growth bands [47-51].
Similar segregation behavior has been documented across semiconductor systems; for
example, Abrosimov et al. reported SiGe crystals with banded impurity distributions
originating from differences in distribution coefficients [31]. Numerical studies of seeding
and melt transport further show that convective flows decisively shape dopant fields and,
hence, segregation patterns [27], in line with observations for highly doped InP where melt
dynamics control impurity profiles [52,53]. Magnetic-field-modified convection in liquid-
encapsulated Czochralski growth likewise produces dopant non-uniformities, highlighting
the sensitivity of segregation to melt hydrodynamics [54]. An additional pathway involves
dislocation-assisted diffusion: in Ge grown under low thermal gradients, dislocation arrays
were proposed as fast channels for impurity migration and local segregation [32], implying
that dislocation control can mitigate banding [55,56].
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Our data directly corroborate these literature trends. As shown above, selective
electrochemical etching on InP(111) resolves mesoscopic segregation bands as families of
line-like etch features that replicate the volumetric impurity morphology at the surface. The
orientation selectivity (dominant (110) with secondary (112), six-peak rose patterns) and
the characteristic intersection angles arise from the (111) crystallography and are consistent
with segregation-guided anisotropic kinetics. The frequent co-localization of etch pits,
terraces, and dissolution channels with these bands, together with the emergence of oxide
crystallites, supports a segregation—dislocation coupling, wherein dislocations act both
as sinks for impurities and as preferred sites for etch initiation—precisely the behavior
anticipated by the dislocation-mediated segregation picture [32,55,56].

4.2. Mechanism 2: Dislocation Dynamics and Their Influence on Defect Formation

Dislocations—both screw and edge—act as elastic-strain centers that bias local impu-
rity distribution and seed characteristic surface morphologies in highly doped InP [57,58].
Their role as traps and glide sources, widely documented in semiconductors [59-64], is
consistent with our n-InP(111) observations: etch pits nucleate at defect sites and evolve
into tracks, terraces, and dissolution channels that trace the underlying defect network.
The Cottrell-atmosphere framework—impurity drift into dislocation stress fields [65-69]—
provides a microscopic basis for these patterns and aligns with our evidence of composi-
tionally modified surface within segregation bands and with the preferential initiation of
oxide crystallites along those bands [19,42,64,66,70,71].

The anisotropy of the resulting morphologies follows naturally from crystallogra-
phy and dislocation-induced stress. Modeling and experiments indicate that dislocation
fields promote direction-selective attack in InP [34,72-75]. In our case, length-weighted
orientation statistics reveal a characteristic multiplet of preferred in-plane directions on
(111), with primary alignment along (110) and secondary components near (112), while the
observed acute/obtuse intersections of track families are those expected for defect activity
on {111} planes.

Finally, the literature shows that controlling dislocation density and distribution dur-
ing growth mitigates defect-driven inhomogeneities [40,72,73]. This perspective dovetails
with our finding that (111) plates, while most sensitive for revealing segregation, are also
most responsive to the embedded dislocation network: moderating that network during
growth should suppress band-linked nucleation and reduce anisotropic channeling during
etching. In sum, our SEM results provide direct mesoscale confirmation that dislocation dy-
namics, together with their impurity atmospheres, govern the formation and orientation of
dissolution features in highly doped InP, coherently linking established mechanisms [57-75]
to the specific patterns measured in this work.

4.3. Mechanism 3: Electrochemical Etching and Anisotropic Surface Morphology

Electrochemical etching is a sensitive probe of defect structure in semiconductors,
with morphology governed by crystallographic orientation and defect chemistry [76,77].
The orientation dependence observed in InP—where (111), (100), and (001) faces produce
distinct etch figures—is consistent with established anisotropic etching behavior in related
materials systems [78-82]. As reviewed by Weyher et al., defect-selective etching exploits
differences in atomic bonding and surface stability across planes, yielding orientation-
specific rates and morphologies that can be used to map defect distributions and internal
structure [22,23]. Complementary work on wet etching in GaN, AIN, and SiC further
underscores the role of crystallography and shows how anisotropy can be leveraged to
delineate defective regions and improve surface quality [25]; conversely, chemical additives
and parameter tuning can moderate anisotropy when desired [24].
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Our results align directly with this framework. On InP(111), selective electrochemical
etching reveals line-like families of tracks and terraces that trace segregation-linked defect
networks. Length-weighted orientation statistics from SEM images yield a characteris-
tic multiplet of preferred in-plane directions with dominant alignment along (110) and
secondary components near (112); the intersection geometry of track families follows the
symmetry expected for defect activity on {111} planes. These patterns are strongest on
(111), which therefore serves as the most sensitive orientation for mesoscale visualization
of segregation-driven defect organization in highly doped InP, while (100)/(001) present
weaker or qualitatively different responses—again reflecting orientation-dependent surface
energetics and kinetics.

In sum, anisotropic electrochemical etching provides a mesoscale, orientation-selective
map of the defect landscape in InP that is fully consistent with the broader semiconductor
literature [83,84]. The method both complements growth- and device-centric approaches
and offers practical levers—via orientation choice and electrolyte design—for enhancing
defect visibility or, when needed, moderating anisotropy to facilitate uniform processing.

4.4. Mechanism 4: Screw Dislocation-Driven Spiral Growth and Step Formation

Screw dislocations act as continuously operating step sources, producing spiral step
patterns that govern surface evolution during growth and later during electrochemical
attack [85-90]. This classical mechanism—well established for diverse crystals and exem-
plified by spiral step propagation from screw outcrops in KDP [44]—is directly consistent
with our observations on highly doped InP: SEM images after selective electrochemical
etching reveal anchored step bundles and spiral/terrace motifs that radiate from disloca-
tion emergence sites and guide the formation of tracks and dissolution channels [91]. In
our system, these step fields also organize near segregation lines, indicating that screw
dislocations not only provide the kinematic source for step flow but also couple to impurity
gradients, thereby imprinting mesoscale patterns that the etch amplifies.

The coupling of screw dislocations with impurity atmospheres and local stress fields
explains the co-localization of oxide crystallites and the emergence of ordered (“parquet-
like”) surface textures upon etching: dislocations act as sinks/sources for impurities under
growth and processing conditions, biasing local chemistry and reactivity [40,92]. This
picture aligns with reports that screw-dislocation stress fields induce directionally selective
step propagation and dissolution, fixing preferred in-plane orientations and regularity of
the spiral/terrace architecture [35].

Overall, our electrochemical-etch/SEM evidence shows that screw dislocations are the
organizing centers that convert latent growth memory (step sources and impurity contrast)
into the observed anisotropic relief—spirals, terraces, and channels—thus coherently link-
ing the spiral-growth framework [85-91] with the InP morphologies uncovered in this work
and with the stress/impurity-mediated ordering emphasized in prior studies [35,40,92].

4.5. Concluding Discussion: The Complex Nature of Defect Formation and Self-Organization in
Highly Doped InP Crystals

The results presented here depict defect formation in highly doped InP as an intrinsi-
cally coupled, self-organizing process, where phase segregation during Czochralski growth,
dislocation dynamics, and anisotropic surface kinetics act in concert. As shown above,
segregation bands originating from melt transport and interfacial partitioning are modu-
lated by dislocation networks, which concentrate impurities and imprint step /terrace fields
on the crystal. During electrochemical processing, these latent contrasts are selectively
amplified, yielding the patterned morphologies documented in our analysis.

Within this framework, electrochemical selective etching offers a distinctive method-
ological advantage for mesoscale, orientation-resolved visualization of segregation features



Technologies 2025, 13, 395

16 of 21

on bulk-grown crystals. In contrast to bottom-up CVD nanowire approaches, where de-
fect statistics are inferred indirectly from nanowire morphology or TEM analyses [93,94],
or to device-level surface modulation via metal-oxide nanoparticle decoration [95], the
electrochemical route provides a direct, spatially resolved map of segregation-linked de-
fect organization over comparatively large areas, which is valuable both for mechanistic
studies and quality control. At the same time, these techniques are complementary: growth-
based and nanoscale probes supply the atomic-scale detail that our mesoscale mapping
contextualizes.

A broader bibliometric perspective corroborates this complementarity: while electro-
chemical deposition has historically dominated applications in catalysis, energy storage,
and biosensing, electrochemical etching has been central to defect visualization, porous
architectures, and photonic functionalities [96-98]. Our findings therefore situate InP elec-
trochemical etching squarely within this landscape, emphasizing its role in defect science
and its synergy with state-of-the-art fabrication and characterization methods.

In sum, the defect patterns observed in highly doped InP arise from the inter-
play of growth dynamics, impurity partitioning, and dislocation-mediated fields, later
expressed through anisotropic dissolution. Recognizing and exploiting this coupling—
via crystallographic orientation, electrolyte design, and integration with complementary
growth/characterization methods—provides a clear pathway to control and mitigate defect
organization in InP and related semiconductor systems.

In conclusion, this study reaffirms the complex nature of crystal growth in highly
doped InP and the importance of considering the myriad factors contributing to defect
formation. The self-organizing behavior observed in these crystals highlights the sophis-
tication of the processes at play and calls for further research to unravel the intricate
mechanisms that drive the formation of defects and influence the material properties
of semiconductors.

5. Limitations and Future Research

This study has an integrative character and focuses primarily on correlating the mor-
phological features revealed by selective electrochemical etching with the defect structure
of highly doped InP verified by SEM. The experimental framework was limited to repre-
sentative etching regimes, specific dopants (S for n-type, Zn for p-type) at a high carrier
concentration, and three crystallographic orientations. Complementary diffraction tech-
niques such as SAED in HR-TEM were not performed. These restrictions, together with
the potential influence of oxide formation and etching anisotropy, highlight the need for
further cross-validation with independent methods.

Future investigations should expand the parameter space of etching regimes and
doping types, apply advanced structural probes (HR-TEM/SAED, HRXRD, EBSD), and
systematically benchmark the sensitivity of electrochemical etching against alternative
defect characterization techniques such as SIMS, Raman, or EBIC. Particular attention
should be paid to the quantitative calibration of etching features with dislocation density
and impurity distribution. Addressing these directions would transform electrochemical
etching from a predominantly qualitative descriptor into a standardized, quantitatively
validated methodology for quality control of InP crystals.

6. Conclusions

Observing growth steps and segregation lines in highly doped InP crystals is a chal-
lenging task that requires a combination of complementary techniques. Our study demon-
strates that electrochemical selective etching, when combined with scanning electron
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microscopy, provides an effective means to detect structural segregation phenomena at the
submicron scale.

The results show that p-type InP crystals exhibit only weakly pronounced or difficult-
to-detect impurity inhomogeneities, whereas (111)-oriented plates prove to be the most
suitable for revealing segregation bands through the appearance of etch pits at defect
accumulation sites. The uneven distribution of dopants, arising from non-stationary growth
conditions, significantly affects the structural and electronic properties of the semiconductor.
Moreover, edge and screw dislocations strongly influence the observed morphology, giving
rise to growth spirals, dissolution channels, and terraces.

Electrochemical treatment also induces the formation of oxide crystallites, including
flower-like and parquet-type structures, particularly in regions of excessive impurity con-
centration along segregation lines. These phenomena highlight the role of dislocations and
local impurity gradients in driving surface modification during etching.

Overall, the study confirms that the concentration distribution of impurities reflects
the interplay of growth parameters and structural defects, offering a valuable tool for
investigating segregation phenomena and for controlling the quality of InP single crystals
used in semiconductor applications.
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