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Oxidation of the n-GaAs Surface: Morphological and Kinetic Analysis
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We study the directed oxidation processes of the n-GaAs surface as a result of the electrochemical
treatment of a semiconductor in an aqueous-alcoholic solution of hydrochloric acid. The analysis of the volt-
ampere characteristics was carried out in order to study the process kinetics, this made it possible to estab-
lish the formation stages of the oxide film and islands. The surface morphology was estimated according to
the area characteristics, linear sizes, Solidity and Round islands. It was shown that the oxidation occurs by
the Stranski-Krastanov mechanism. The formation study of own oxides on the GaAs surface is extremely
important, because oxides can significantly impact the material properties. The native oxides of semicon-
ductors are an inactive film that reliably protects the surface from environmental action and when inter-
acting with aggressive substances. In addition, the native oxides of GaAs exhibit semiconductor properties
that allow to create oxide/GaAs heterostructures with heterojunctions for optoelectronic applications.
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1. INTRODUCTION

Electrochemical treatment of semiconductor and
metal surfaces is a widespread method of both scientific
research and industrial production [1, 2]. Porous layers
[3, 4], nanospots [5], nanoneedles [6], thin films [7], etc.
were formed due to this method. The method has also
gained special popularity for observing the growth de-
fects of semiconductors [8]. The best results can be ob-
tained for semiconductors of the A3B5 group and silicon
due to the well-established technology and the presence
of a large number of the selective herbalists [9].

GaAs electrochemical etching includes many stages,
which can be conditionally divided into two: oxidation
of surface atoms and dissolution of reaction products.
Therefore, most electrolytes include both oxidizing and
reducing agents. Hydrogen peroxide, bromine, water,
alcohol are used as an oxidizing agent [10]. Acids and
alkalis are used as a complex-forming agent [11]. Such
solutions can be used not only for electrochemical etch-
ing of the semiconductor in order to form the micro-
and macro-relief on its surface, but also for the directed
synthesis of oxide layers and crystallites [12].

GaAs electrochemical etching in acidic electrolyte so-
lutions is often accompanied by alternative processes,
namely oxidation of the semiconductor of the semicon-
ductor surface [13]. It is due to the deposition of reaction
products on the semiconductor sample surface. In this
regard, it is appropriate to talk about electrochemical
oxidation processes, i.e., the creation of an oxide film or
crystallites on the material surface as a result of oxida-
tive-renewable reactions. In this case, structures with
natural nanostructuring are quite often formed [14].

The formation of own oxide layers on the GaAs sur-
face can significantly affect the material properties
[15]. On the other side, own oxides can act as a passiv-
ating film, which prevents the material from breaking
down in natural and aggressive environments [16].
Furthermore, most gallium and arsenic oxides are
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semiconductors, which provides the possibility for syn-
thesizing the oxide/GaAs heterostructures as well as
creating the heterostructures [17].

The electrochemical etching/deposition method is
the most optimal for creating oxide layers and struc-
tures on the GaAs surface due to the existing undenia-
ble advantages. This method is quite simple, allowing
to synthesize both thin and thick films on surfaces of
different shapes. The method has a high performance
and low cost. If the technology is well-developed, the
method allows to synthesize structures with controlled
and predetermined properties. Along with this, it
should be noted that the properties of the synthesized
coatings are highly dependent on the treatment modes,
the surface state of the output material and the electro-
lyte composition. This requires additional studies of the
electrochemical treatment of materials, as well as the
characteristics of the synthesized coatings.

In this paper, we study the oxidation of the n-GaAs
surface, namely the process kinetics, the morphological
characteristics of oxide formations, and the growth
mechanism of the film and islands.

2. EXPERIMENT
2.1 Experiment Samples

The plates made of single-crystal gallium arsenide,
grown by the Czochralski method from under the boron
anhydride layer with angles of crystal growth from the
seed to a specified diameter at a temperature of 35-
90 °C were used for the experiment. The parameters of
the output crystal are shown in Table 1.

Samples with sizes 1x2x0.2 cm were cut by a string
cutting with diamond spraying. Such cutting leads to
mechanical damage to the sample surface, which is
characterized by the appearance of roughness and chips.
This can cause surface oxidation. In order to eliminate
these phenomena, the surface was ground, polished and
cleaned immediately before the experiment.
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Table 1 — Characteristics of GaAs samples used for experiment

Conductivity type n
Surface orientation (111)
Dopant Sb
Concentratipn of non-basic 351019
charge carriers, cm —3
Syngonia cubic
Structure type sphalerite
Constant lattice, nm 0.5653
Atomic density, cm —3 4.43x10%2
Structure of energy zones straight-zone
Width of prohibited zone, eV 1.43

(T=300K)

Connection nature Tonic-covalent

The samples were ground by an aqueous suspension
of micropowder M10.

Diamond paste ASM 3/2 was used for mechanical
polishing. An aqueous solution made of a mixture of
hydrochloric and perchloric acids (HCI:HCIO4 = 1:1)
was used for the chemical polishing. The samples were
chemically treated for 5 min.

In order to clean and degrease the plate surfaces,
they were washed in isopropyl alcohol, acetone and
deionized water. Immediately after that, they were
placed in the electrolyte solution without contact with
air. Such thorough cleaning of semiconductor plates is
required to eliminate the impact of the surface state on
the course of the experiment.

2.2 Equipment

The experiment was carried out in a standard elec-
trolytic cell (Fig. 1). The anode and cathode were fixed
parallel to each other and perpendicular to the cell
bottom at a distance of 1 cm. The Teflon cell was filled
with an electrolyte solution. The cell was equipped with
a stirrer for mixing the electrolyte during electrochemi-
cal treatment of crystals, removal of bubbles from the
electrode surface and outflow of reaction products. The
mixing mode of the electrolyte was used only in the
first stages. The mixing mode was turned off for effi-
cient electrochemical oxidation of the sample surface. A
platinum plate was used as the cathode, and a semi-
conductor sample was used as the anode. A chlorine-
argentum comparison electrode was also used. The
MTech SPG-500S potentiostat was used to observe the
changes in the current values during the electrochemi-
cal treatment.

2.3 Experiment Method

The electrochemical etching method is character-
ized by the formation of adatoms, which consist of elec-
trolyte ions and atoms of the sample surface, having
broken bonds. Due to the application of an external
potential, these adatoms are pulled from the semicon-
ductor surface, which causes etching pits and a porous
texture to be formed.

The opposite of this method is the electrochemical
deposition method (in our case — oxidation), which is
characterized by the application of the reaction prod-
ucts (sediment) on the electrode surface by passing the
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current through the electrolyte solution saturated with
the reaction products. Thus, these two electrochemical
processes (etching and deposition) can flow simultane-
ously or cyclically, naturally changing each other. In
this case, it is important to choose the treatment
modes, on which the final result of the electrochemical
reaction will depend.

Potentiostat

/1N

anode comparison cathode
/ electrode \
() ()

Fig. 1 — Scheme of the electrolytic cell for n-GaAs oxidation

The electrochemical treatment of n-GaAs samples
was carried out in HCl:H20:C2H50H = 1:4:2 electrolyte
solution.

The initial anodizing voltage was Uo=1V. After
every minute, the anodizing voltage was increased by
1V to reach the value of Uena = 10 V. Then the system
was de-energized, the samples were kept in the same
electrolyte solution for another 1 min. After that, the
experiment was completed. All experiments were car-
ried out in daylight at a room temperature (20 °C).

2.4 Characterization

SEO-SEM Inspect S50-B scanning electron micro-
scope was used to study the nanostructure morphology.

The element analysis on the synthesized structure
surface was studied by the EDX AZtecOne spectrome-
ter with the X-MaxN20 detector.

The morphological characteristics were studied by
the Imaged software package.

In order to describe the kinetics of the electrochemi-
cal process, the method of potential dynamics anode
polarization was used, which is that the dependence of
the anode current density on the polarized anode po-
tential is registered during electrochemical treatment
of the sample. The dependence is observed by means of
the comparison electrode.

3. RESULTS

3.1 Volt-Ampere Characteristics of Electro-
chemical Reaction

Fig. 2 shows the diagram of the dependence of the
current density on the applied potential taken during
the electrochemical treatment of n-GaAs.
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Fig. 2 — Scheme of the electrolytic cell for n-GaAs oxidation

Site 1 characterizes the active state of the semicon-
ductor plate (anode). At this stage, etching of the GaAs
surface is observed due to the extraction of gallium and
arsenic atoms from the sample surface and their entry
into the electrolyte solution. That is, there is the pro-
cess of electrochemical dissolution of GaAs and ioniza-
tion of its surface. It should be noted that the low value
of the applied potential is sufficient for starting the
etching process. This is due to the primary eradication
of defective areas of the surface, which cause the area
around them to be tensioned and are the embryos of
etching pits. For initiating electrochemical etching of
the entire sample surface, it is necessary to apply a
much higher potential. Fig. 2 shows a plateau in the
interval of 2-4 V, which is due to insufficient voltage in
order to advance the etching front over the surface and
into the sample volume. When the minimum required
value of the anodizing voltage is reached, the active
phase of electrochemical dissolution of the GaAs be-
gins. This value depends on many factors and is select-
ed individually for each case. In our case, the voltage at
the beginning of active dissolution of the GaAs surface
is Uo=4V. The sample is actively dissolved, a gray
sediment is observed on the cathode, and the electro-
lyte becomes pink. This indicates active dissolution of
the entire surface (pore formation) and the entry of
significant amounts of arsenic and gallium into the
electrolyte. If the electrochemical reaction is stopped at
this stage, then it is likely to obtain porous non-oxide
layers of GaAs or the oxide concentration on the sur-
face will be minimal.

The deposition of the reaction products on the anode
begins along with this process. That is, at this time, the
GaAs surface can be overgrown with an oxide film. The
peak of the polarization curve (jmax= 182 mA/cm?) cor-
responds to the maximum dissolution rate of the semi-
conductor sample surface. The maximum value of the
current density corresponds to the value of the Flade
potential Vy [18]. Exceeding the value of V; will mean
that the oxidation rate of the GaAs surface becomes
higher than the dissolution rate.

Site 2 is characterized by a decrease in the current
density values and indicates the transition of the GaAs
(anode) surface from active to passive state. Surface
oxidation leads to the formation of an oxide film. This
layer prevents the entry of electrolyte ions to the GaAs
surface. Accordingly, there is a decrease in the anode
current values. As a rule, the electrochemical process
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should be stopped at this stage in order to obtain the
samples passivated by an oxide film.

The voltage range from Vj, to Vi, which corresponds
to site 3, characterizes the passive state of the anode.
At this stage of etching, the formation of an oxide film
on the GaAs surface is observed. This, in turn, leads to
a decrease in the rate value of the electrochemical reac-
tion. The oxidation/dissolution rate of the semiconduc-
tor surface depends mainly on the concentration of
particles and adatoms in the electrolyte, as well as the
rate of their entry to the sample surface and removal of
the reaction products. As can be seen from Fig. 2 at this
stage, the rate of the electrochemical reaction does not
depend on the potential values. It can be also seen that
the current density value I (residual current), which
corresponds to the potential Vb, is close to the initial
anodizing current.

In site 4, there is an increase in the current density
values. The kinetics of this process can be described as
follows. The sample surface passivated by the oxide
layer contains a large number of compounds, which are
well-soluble in the electrolyte. For GaAs, such a com-
pound is usually native oxide As20s3. If electrochemical
etching is stopped, we will see the formation of oxide
crystallites that densely cover the GaAs surface. If the
electrochemical reaction continues, there is a “break-
down” of the oxide film. Etching of the oxide film with
the formation of etching pits is observed in the break-
down places. This leads to an increase in the conductiv-
ity of the formed film and initiates the appearance of
more etching pits and the advancement of the etching
front into the sample depth.

3.2 SEM Analysis

Fig. 3 shows the surface morphology of gallium ar-
senide after electrochemical treatment. It can be seen
that there is an array of crystallites — islands, which
were formed during the electrochemical oxidation of
the GaAs. Islands are spherical formations separated
by grooves. Detailed observation allows to conclude
that the grooves were formed at the late stages of etch-
ing as a result of cracking of the oxide film.

It can be also seen that the spherical crystallites
have etched sites in the center. That is, the dissolution
of the oxide film occurred by the breakdown mecha-
nism, as described above.

It should be noted that mixing of the electrolyte,
which was applied at the first stage of electrochemical
treatment, leads to the formation of a dense film with
the formation of a spheroidal structure.

When stirring the electrolyte, the outflow of the re-
action products from the sample surface is faster than
in the absence of stirring. This allows to “smooth” the
surface and to form the uniform oxide layers with small
protrusions (pseudospheres).

When the applied potential is increased and mixing
is stopped, electrolyte anions are concentrated near the
crystal surface, forming a Helmholtz-Gui transition
layer at the semiconductor/electrolyte boundary. This
causes the surface to be re-etched in places of inhomo-
geneities, protrusions and defects. Taking into account
the fact that after the oxidation the GaAs surface was a
set of spherical crystallites, it is logical to assume that
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Fig. 3 — Morphology of the GaAs surface with the formed oxide
layer after electrochemical treatment
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Fig. 4 — Etching model of spherical oxide crystallites on the
GaAs surface. The red sites show the concentration places of
micro-stresses that initiate the breakdown of the oxide film

protrusions will be the highest sphere points. They
have more energy due to the concentration of micro-
stresses near the surface. This process model is shown
in Fig. 4. The breakdown of the oxide film occurs as
well as the formation of etching pits is observed in
these sites (yellow sites in Fig. 3, red sites in Fig. 4).

Fig. 5 shows the diagrams of crystallite size distri-
bution (the length and width of each island were esti-
mated). We can see that the distribution is normal.
Most crystallites have a size in the range of 1 to 5 pm.
The proportion of supermassive crystallites (which in
at least one direction have a size of more than 9 um)
does not exceed 0.1 %.

The crystallite shape is characterized by the Solidi-
ty and Round values.

Solidity characterizes the ratio of the area of the
crystallite to the area of the convex hull:

S=Ar/Ar, 3.1)

where Ar is the total area of the crystallite, Arc is the
area of the convex hull of the crystallite.

Round is defined as the ratio of the area to the
square of the major axis:

_ 4Ar
xl?

max

R , (3.2)
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Fig. 5 — Crystallite distribution in width (a) and in length (b)

where Imax 1s the major axis of the pore.

The roundness values, R =1 and S = 1, indicate that
the crystallite cross-section is an ideal circle. The closer
the Round value to 0, the more elongated the cross-
section will be, as well as the crystallite boundaries will
be deformed at S — 0.

Fig. 6 shows the crystallite distribution according to
the characteristics of Solidity (a) and Round (b).

Analysis of Fig. 6 allows to conclude that the crys-
tallites are mainly ellipsoidal, close to round. The range
of Round values [0.7-0.9] includes 34 % of surface crys-
tallites. 17 % of the particles have an almost perfect
circle shape. Crystallites mostly have smooth bounda-
ries. Thus, the calculation of the Solidity characteristic
showed that 76 % of the crystallites are into the range
of [0.87-1].

Fig. 7 shows the dependence between the character-
istics of Round and Solidity. The array of values is in
the upper right angle. This indicates that the more
rounded the crystallite shape, the smoother its bounda-
ries. On the other hand, the average value of the Solidi-
ty characteristic (S = 0.89) exceeds the average value of
the Round one (R = 0.70).

4. DISCUSSION

The detailed analysis of the morphological charac-
teristics is interesting in terms of the mechanisms of
the crystallite formation. Ellipsoid crystallites with
smooth boundaries indicate the earlier correct assump-
tion that a dense oxide film, which later “spread” on the
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Fig. 7—Diagram showing the dependence between the mor-
phological characteristics of Round and Solidity of oxide crys-
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GaAs surface, was formed at the initial oxidation stag-
es. This phenomenon is often caused by a mismatch
between the crystal lattices of the oxide and the output
semiconductor.

Table 2 summarizes the data on the maximum,
minimum and mean values of the estimated morpho-
logical characteristics, namely the width, length, area
of crystallites, their roundness (Round) and Solidity. It
can be seen a significant spread between the maximum
and minimum values of the linear sizes of crystallites.
This characterizes the crystallite formation process as
directed, i.e., there should be places of predominant
cracking of the film, which are surface defects of the
substrate (GaAs), dislocations and the growth degree of
the oxide film. This is also indicated by comparing the
minimum and maximum values of roundness. Here it
can be also seen a significant spread with AR =0.72.
The value of the crystallite area has a left-sided asym-
metry (the average value is closer to the minimum
one). This indicates that the film rupture process at the
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stage of stopping the electrochemical reaction has not
yet been completed. Upon further etching of the sam-
ple, the formation of even more small crystallites was
observed.

That is, the GaAs surface is oxidized by the Stran-
ski-Krastanov mechanism or the layer-plus-island
growth (Fig. 8) [19, 20].

Table 2 - Maximum, minimum and average values of the
morphological characteristics of oxide crystallites on the n-
GaAs surface

Morphologlcgl Max Min Average
characteristic
Height, pm 11.63 0.11 3.88
Width, pm 12.9 0.12 3.46
Area, pm? 3.59 1 1.49
Solidity 1 0.70 0.89
Round 1 0.28 0.70
Bulk-GaAs Growth wetting layer Wetting layer

1 2 3

Coherent island
formation

Elastic deformation of
the wetting layer

Pore opening by
breakdown mechanism

Layer-plus-island growth

Fig. 8 — Electrochemical oxidation mechanism of the n-GaA
surface

According to this mechanism, an oxide film, the so-
called wetting layer, is first formed on the GaAs sur-
face. Stresses arise due to the mismatch between the
lattice constants of the oxide layer and the semiconduc-
tor substrate in the wetting layer. Next, the wetting
layer is deformed so that its lattice constant corre-
sponds to that of GaAs. The local curvature of the de-
formed sites leads to the cracking of the film and the
formation of islands — oxide crystallites.

Further etching of the etching pits on the island
tops is not related to the Stranski-Krastanov mecha-
nism but is due to the oxide breakdown because of the
application of a very high potential and considerable
time of the electrochemical reaction.

5. CONCLUSIONS

Directed oxidation of the n-GaAs surface was car-
ried out by electrochemical deposition in an aqueous-
alcoholic hydrochloric acid solution. The study of the
polarization curves allowed to establish the process
kinetics and to describe the growth stages of the oxide
layers. Thus, it was shown:

e at small potential values, the gallium arsenide
surface is etched, as a result of which the electro-
lyte is saturated with gallium and arsenic atoms;

e when the Flade potential is reached, the current
density has the highest value, which indicates the
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high activity of the electrochemical process, this
stage is characterized by simultaneous etching of
the surface and deposition of the oxide layer;

e after the formation of a dense oxide layer on GaAs,
there is a decrease in the current density values
due to surface passivation, at this stage the oxide
film begins to spread with the formation of spheri-
cal islands;

e if the electrochemical reaction continues, there is
the breakdown of the oxide layer on the island tops
with the formation of the etching pits;

e the breakdown of the oxide with the formation of
the etching pits on the tops is due to the concentra-
tion of micro-stresses in these places.

The study of the morphological characteristics of
the formed structures showed that, after electrochemi-
cal treatment, a system of densely packed oxide crystal-
lites — islands — was formed on the n-GaAs surface:

e the crystallites mainly have a size in the range
from 1 to 5 um, the average value of the area is
1.49 pm?2, which indicates the left asymmetry of
the distribution;

e  Solidity (ratio of the area of the crystallite to the
area of the convex hull) and Round islands (the ra-
tio of the area to the square of the larger axis) were
studied, and according to the results, the crystal-
lites are ellipsoidal with smooth boundaries.

The conducted studies allow to conclude that the
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Beposinevruii deporcasrut nedazoiurull yrnigepcumem, 8y, Illmioma 4, Beposkcvk, Yrpaina

Mu mocsmimRyemMo IIpollec HAIPABJIEHOTO OKCHUIyBaHHSA mMoBepxHI n-GaAs, Kl BIIOYBAOTLCA B Pe3yJib-
TaTl eJeKTPOXIMIYHOI 0OpOOKYM HAIMIBIIPOBIIHUKA B BOJHO-CIIMPTOBOMY PO3UMHI COJISTHOI KHCJIOTH. AHAII3
BOJIBT-aMIIEPHUX XaPAKTEPUCTUK IIPOBEJEHO 3 METOK0 JOCIIIPKeHHS KiHeTHKHU IIPOIECy, 1Ie JAaJI0 3MOTY BCTa-
HOBHUTH €TAIM YTBOPEHHS OKCHIHOI IUIIBKH Ta OCTPIBIB. MopdoJoria moBepxHi OIliHeHa 34 XapaKTePUCTH-
KaMH ILIOINL, JIHIMHUX poaMipis, miibsHocT (Solidity) Ta okpyriocti (Round) ocrpisiis. ITokasano, mo oxcu-
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OXIDATION OF THE N-GAAS SURFACE: MORPHOLOGICAL ... JJ. NANO- ELECTRON. PHYS. 14, 03033 (2022)

IyBaHHsS BinOyBaeTbea 3a mexaHiamoMm Crpancbroro-Kpacramora. Hocmimkenns gopMyBaHHS BIIACHUX OK-
cumiB Ha mmoBepxHi GaAs € BKpall BayJIMBUM, ayKe, OKCUIM MOKYTh 1CTOTHO BILIMBATH Ha BJIACTHBOCTI Ma-
Tepiasy. BiacHl okcuay HAIIBIPOBIIHUKIB € ITACHBYIOUOIO ILUIIBKOIO, KA HAMINHO 3aXHUINAe MOBEPXHIO Bif
il HABKOJIMIITHBOTO CEPEIOBUINA Ta IIPK B3a€MOJIl 3 arPeCHBHUME pedoBrHaMu. KpiM Toro, BiIacHl oKcuau
GaAs TpOSIBJIAIOTh HAMIBIIPOBIIHWKOBI BJIACTHBOCTI, IO J03BOJISIE CTBOPIOBATU TeTEPOCTPYKTYPU OKCHY/
GaAs 3 reTeporepexo[aMu JIJIst OIITOEJIEKTPOHHUX 3aCTOCYBAHb.

Knrouoesi ciora: GaAs, Orcunysanns, Oname-norenmian, [insaicts, [kpyraicrs, Mexanism Crpancbko-
ro-Kpacranosa, MexaHi3M HOIIapoBOro-ILIOC-0CTPIBKOBOTO 3POCTAHHS.
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