Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2024 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2024, 1. 22, Ne 4, cc. 1025-1037 HaznpykoBaHo B YKpaiHi.
https://doi.org/10.15407/nnn.22.04.1025

PACSnumbers: 81.15.Pq, 81.16.Be, 81.65.Cf, 82.45.Mp, 82.45.Qr, 82.45.Yz, 82.47.Wx

Investigation of the Dynamics of Electrochemical Dissolution
of n-InP(111) in Various Electrolyte Compositions
and Determination of Optimal Etching Conditions

Yana Sychikova', Sergii Kovachov', Ihor Bohdanov', Ivan Kosogov?,
Daria Drozhcha’, Zhakyp T. Karipbayev?, and Anatoli I. Popov®

!Berdyansk State Pedagogical University,

4, Schmidta Str.,

71100 Berdyansk, Ukraine
2L. N. Gumilyov Eurasian National University,
2, Satpayev Str.,

KZ-010008, Kazakhstan
3Institute of Solid State Physics,

University of Latvia,

8, Kengaraga Str.,

1063 Riga, Latvia

We present a study on the dynamics of the electrochemical dissolution of
n-InP(111), explicitly analysing the behaviour of the ‘electrolyte—
semiconductor’ system in different electrolyte compositions, based on the
analysis of critical points of the electrochemical reaction. Critical points
are defined as characteristics of the technological process, where active
phase dissolution of the sample surface is observed. We determine the
minimum and maximum current-density values required to initiate the
pore formation process on the surface of n-InP(111) in different electro-
lyte compositions. Additionally, for all cases, the duration of the active
phase of surface dissolution and the Flade’s potential values are deter-
mined. This allows us to establish optimal parameters for treatment time,
current density, and anodizing voltage for etching n-InP(111) in aqueous
and alcoholic solutions of hydrochloric, hydrofluoric, and nitric acids.
This, in turn, enables understanding and investigation of the kinetics of
electrochemical surface dissolution as an essential result for unifying the
requirements of the technological process of nanostructuring the surface
of indium phosphide. The tools presented for analysing the dynamics of
the electrochemical dissolution of n-InP can be applied to assess the be-
haviour of various semiconductors during electrochemical etching.

IIpencraBiaeHO Pe3yJbTATH TOCTIAKEHHSA AWHAMIKU eJIeKTPOXEeMidHOTO pOo3-
ynaeHHA n-InP(111) Ha miarpyHTI aHamisy MOBeAiHKM CUCTEMU «EJIEKTPOJIiT—
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HaIIiBOPOBIAHUK» y PIBHUX KOMIIO3UIIiAX €JIEKTPOJIITIB i3 BpaxyBaHHAM KpU-
TUYHUX TOUOK eJieKTpoxeMmiuHol peakiii. KpuTuuHi TOUKM BM3HAYAIOTH SK
XapaKTePUCTUKU TEXHOJOTiYHOTO IIPOIECY, 3a AKUX CIOCTEPIiraeThCs aKTUB-
He (pasoBe PO3UMHEHHA IMOBEPXHi 3paska. My BHU3HAUMIMU MiHiMaJIbHe Ta Ma-
KcuMaJIibHe 3HAUeHHS T'YCTUHU CTPYMY, HeoOXimHi myia imimiroBaHHS mporecy
IIOPOYTBOPeHHA Ha moBepxHi n-InP(111) y pisHMX KOMIO3UIiAX eJIeKTPOJIi-
TiB. [omaTKoBO A BCiX BUNAAKIB BU3HAUEHO TPUBAJIICTb aKTUBHOI (asu
TIIOBEPXHEBOT'O POSUUHEHHS Ta 3HAUeHHsA HoTeHHiany Diaazxe. Ile ymMoxIuBU-
JIO BCTAHOBUTU ONTHMAJILHI TapaMeTpu dacy o0poOJIeHHs, TYCTUHU CTPYMY Ta
HAIIpyru aHoAyBaHHA AJadA maBiaeHHS n-InP(111) y BogaHMX i cnmpTOBUX PO-
3YMHAaX COJIAHOI, (DTOPUCTOBOAHEBOI i1 a3oTHOI Kucjor. Ile, y cBoio uepry, mae
3MOT'y 3pPO3YMiTH Ta MOCIIAUTH KiHETUKY eJIeKTPOXEMiUHOT'0 PO3UYMHEHHS II0-
BepXHi, 110 € BaXKJIMBUM DPe3yJIbTaTOM [IJsd yHi(irallil BUMOT TeXHOJIOTiUHOTI'O
IIpollecy HAHOCTPYKTYPYBaHHSA moBepxHi ¢ochiny Iugiro. IIpeacrasiaeni mamu
iHCTpYyMeHTH OJA aHAJi3um AUHAMIKKM eJeKTPOXeMiuHOTro po3unHeHHS n-InP
MOXKYTh OYTM 3aCTOCOBAHI IJIA OIiHKY ITOBEMiHKMW Pi3HUX HAaIliBIPOBiTHUKIB
i yac eJIeKTPOXeMiuHOro I[aBJIeHHS.

Key words: electrochemical etching, electrochemical reaction, electrolyte,
Flade’s potential, critical points, optimal conditions.

KarouoBi cioBa: esleKTpoxeMiuHe IIABJIeHHSA, eJeKTPOXeMiuHa peakIlid,
eJIEKTPOJIIT, moTeHIliaa Paage, KPUTUUHI TOUKHU, OIITUMAJIbHI YMOBH.
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1. INTRODUCTION

In recent years, nanostructured semiconductors have been intensively
replacing their monocrystalline counterparts. This is primarily due to
the new functional properties acquired by the semiconductor after
structuring its surface [1, 2]. For instance, porous layers have found
widespread applications as materials for solar energy and supercapaci-
tors [3, 4]. Structures containing quantum dots are actively used as
sensors [5], and multilayer heterostructures exhibit excellent photo-
catalytic properties [6].

Among all the methods of synthesizing nanostructures on the
surface of semiconductors, electrochemical processing methods of
crystals are the most economical [7]. They are time-limited and do
not require expensive equipment or complex conditions [8]. The
main disadvantage of these methods remains the difficulty in re-
producing experimental results and synthesizing nanostructures
with predefined properties [9]. At the same time, stringent quality
requirements are imposed on engineering nanomaterials today [10,
11]. Therefore, optimizing electrochemical etching and deposition
processes is highly relevant and requires intensive research. The
micromorphology of semiconductor surfaces is influenced by the pa-
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rameters of the initial crystal (impurities, defects) [12, 13] and syn-
thesis conditions (time, electrolyte composition, applied potential)
[14, 15]. Manipulating the initial characteristics of the crystal is
very difficult, while the conditions of synthesis during the electro-
chemical processing of crystals can be easily adjusted during the
experiment.

In this work, we investigate the dynamics of electrochemical disso-
lution of the surface of indium phosphide in different electrolyte com-
positions, focusing on changes in current density during the electro-
chemical reaction. This, in turn, allows for a deeper understanding of
the mechanisms occurring at the semiconductor/electrolyte interface.
Such research is necessary, first and foremost, for establishing general
approaches to the controlled synthesis of nanostructures with prede-
fined properties.

2. EXPERIMENT AND MATERIALS

For the experiment, a set of uniform monocrystalline indium-
phosphide samples grown by the Czochralski method was used. The
InP single crystals were obtained at the Molecular Technology
GmbH laboratory (Berlin). The characteristics of the samples are
provided in Table 1. The samples were cut into ingots measuring
1x2x0.5 cm?® and polished on both sides to a mirror finish.

Before the experiment, the samples underwent multistage clean-
ing to remove the oxide layer and dust from the surface. This clean-
ing is necessary to eliminate the influence of the surface state on
the rate of the electrochemical dissolution reaction of the single
crystal. The cleaning included the following stages:

1. step one: grinding the samples with M10 micro powder;

2. step two: mechanical polishing with ACM 3/2 diamond paste;

3. step three: chemical polishing in a 50% aqueous solution of a
mixture of hydrochloric and perchloric acids (HCI:HCIO,=1:1 by mass
ratio);

4. step four: rinsing in isopropyl alcohol, acetone, and deionized

TABLE 1. The passport characteristics of InP samples used in the experi-
ment.

Conduction type n
Surface orientation type (111)
Alloying impurity S
Concentration of pon-basm charge 2.3.10°8 om-®
carriers

Crystal lattice sphalerite
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water. After cleaning and without contact with air, the samples
were immersed in the electrolyte solution.

3. EXPERIMENTAL METHODOLOGY

Nanostructures on the surface of n-InP were formed using electro-
chemical etching in aqueous and alcoholic acid solutions. Six sets of
electrolytes were used, prepared according to the following formula-
tion (in mass ratios):

HNO;:H,0 =1:4, (1)
HNO;:H,0:C,H,OH = 1:4:2, (2)
HF:H,0=1:4, 3)
HF:H,0:C,H,OH = 1:4:1, 4)
HCI:H,0=1:4, (5)
HCI:H,0:C,H,OH = 1:4:2. (6)

For convenience, electrolytes containing only water and acid will
be referred to as aqueous, and those with the addition of ethyl alco-
hol will be called alcoholic.

For the experiment, a standard three-electrode electrochemical
cell was used. The cathode (Pt), anode (InP), and reference electrode
(Cl-Ag) were immersed perpendicularly to the bottom of the cell.
The cell was also equipped with a blowing module and a mixer to
ensure the removal of reaction products from the sample surface
and to eliminate bubbles that actively formed during the reaction
on the semiconductor plate and platinum. Volt—ampere characteris-
tics were recorded using the MTech SPG-500S potentiostat.

The initial anodizing voltage was set at U,=2 V. The voltage was
then increased every minute by 0.5 V. All samples were etched for
10 minutes. After that, the samples were kept in the same electro-
lyte solution for an additional 1 minute to stabilize the surface
states. The experiment was conducted in daylight and at room tem-
perature of the electrolyte.

4. RESULTS AND DISCUSSION

During the electrochemical dissolution of the InP surface, there is a
sequential process of adsorption of the chemically active component
of the electrolyte on the active centres of the surface and its inter-
action with the surface atoms of the semiconductor, which have
broken bonds.
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Without surface relief, local surface structural defects act as ac-
tive centres. Atoms of doping and uncontrolled impurities in the
near-surface layer also serve as active centres.

Usually, the process of electrochemical dissolution of the semi-
conductor surface includes the following stages:

1. stage one: diffusion of reacting ions of the electrolyte to the
surface of the semiconductor;

2. stage two: the capture of electrolyte ions by surface atoms and
the formation of surface complexes;

3. stage three: dissociation of activated complexes into the elec-
trolyte solution.

In this process, alternative chemical reactions can occur, includ-
ing:

oxidation of the semiconductor surface due to interaction with
oxygen atoms;

formation of dense insoluble films;

electrodeposition of reaction products leads to the formation of
islands and crystallites, among others. The processes occurring at
the electrolyte/semiconductor interface determine the rate of the
electrochemical reaction.

Figure 1 demonstrates the kinetics of current density change dur-
ing the etching of indium phosphide in aqueous and alcoholic nitric
acid solutions. It can be observed that etching in the aqueous elec-
trolyte has a more uniform character while etching in the alcoholic
solution shows a clear peak. This indicates that alcohol, in this case,
acts as a catalyst for the reaction. It facilitates the more rapid re-
moval of reaction products from the sample surface. The sharp de-
crease in current density after the sixth minute of etching in both
electrolyte solutions indicates the completion of the active phase of

160
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Fig. 1. Dependence of current density value on InP etching time for elec-
trolyte solutions HNO;:H,0 = 1:4 and HNO;:H,0:C,H,OH = 1:4:2.
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the dissolution of the semiconductor plate.

It should also be noted that for the electrochemical reaction in
the aqueous nitric acid solution, a plateau of current density values
is characteristic in the etching interval from 3 to 4 minutes. This
suggests that in this solution, the samples were etched with the
formation of an oxide film, which hindered active pore formation
on the sample surface.

Indium phosphide demonstrates somewhat different behaviour
when etched in hydrofluoric acid solutions (Fig. 2). It can be ob-
served that the dynamics of current density change during the elec-
trochemical reaction, exhibiting a ‘staircase’ pattern. This indicates
the irregularity of etching on the indium phosphide surface. Such
behaviour is characteristic of the electrochemical dissolution of n-
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" mCritical point 1\

Current density, mA /cm?

40+ 4 Critical point 2

W0 2 CUHFH,O0 - 1:4

00 2 4 6 8 10
Time, min

Fig. 2. Dependence of current density value on InP etching time for elec-
trolyte solutions HF:H,0 = 1:4 and HF:H,0:C,H,OH = 1:4:2.
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Fig. 3. Dependence of current density value on InP etching time for elec-
trolyte solutions HC1:H,O = 1:4 and HCI1:H,0:C,H,OH = 1:4:2.
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InP(111) in hydrofluoric acid solutions, a selective etchant. In this
case, pores are initially etched at defect locations (defect—
dislocation mechanism), and a bit later, chaotic etching of the sur-
face begins (a seeding mechanism). This is more detailed in Ref.
[16]. Figure 2 shows that the maximum current density value for
the aqueous solution of hydrofluoric acid lags by 1 minute com-
pared to etching in the alcoholic solution.

The case of etching n-InP(111) in hydrochloric acid solutions
(Fig. 3) is interesting. Here, the maximum current density value
when etching in the alcoholic HCI solution is delayed by three
minutes compared to etching in the alcoholic solution. This suggests
that for chlorine-containing electrolytes, alcohol acts as an inhibitor
of the reaction. This is also indicated by the significant plateau of
current density values in the interval from 3 to 6 minutes of etch-
ing. Most likely, the concentrations of hydrochloric acid at the giv-
en applied potential values are insufficient to initiate active pore
formation on the surface of n-InP(111).

The maximum current density value corresponds to the Flade’s po-
tential (V;) value. Exceeding the value of V; means that the InP sur-
face oxidation rate becomes more significant than the dissolution
rate. Figure 4 demonstrates the Flade’s potential values for etching
n-InP in all electrolyte compositions. The maximum value corre-
sponds to the alcoholic hydrochloric acid solution, while the mini-
mum is for the aqueous solution. Determining the Flade’s potential is
an essential step in optimizing the controlled synthesis of nanostruc-
tures with defined properties, and its value corresponds to the opti-
mal potential to be applied for etching the crystal in a potentiostatic
etching regime (U = const).

Understanding the optimal duration of the reaction is also essen-
tial in describing the kinetics of electrochemical dissolution of the
crystal. Figure 5 demonstrates the critical points of the beginning
(t;) and end (f,) of the active phase of the electrochemical reaction
in different electrolyte compositions, as well as the magnitude of
At, which shows the duration of this phase and the difference be-
tween £, and ¢,. We can see that the start of the active phase corre-
sponds to t,=2 min for chlorine and nitrogen-containing electro-
lytes. In contrast, the characteristic beginning of etching starts
from the 3™ minute for hydrofluoric solutions. The most extended
duration of the electrochemical reaction corresponds to the etching
of n-InP(111) in the alcoholic hydrochloric acid solution. This may
indicate uniform surface etching throughout the entire time with
partial polishing. The duration of the active electrochemical reac-
tion is an essential indicator of the electrochemical-process dynam-
ics and determines the samples’ optimal processing regime. The fol-
lowing formula should be used to determine the time required for
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Fig. 4. Values of Flade’s potential in electrochemical etching of n-InP in
different electrolyte solutions.
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Fig. 5. Time diagrams of electrochemical treatment of n-InP samples in
different electrolyte compositions. ¢; is time of onset of the active phase of
the electrochemical reaction; ¢, is time of completion of the active phase of
the electrochemical reaction; At=+¢,—t; is term of active electrochemical
reaction.

nanostructuring the surface: ¢,,=At+1. An additional minute is
needed for the adsorption of electrolyte ions on the semiconductor
surface at the initial stages of etching.

Determining the critical points of current density j, and j, allows
us to define the permissible range of values for the active electro-
chemical dissolution reaction of the crystal. Current density values
below j, are insufficient to initiate the etching process while using
j>>j; will lead to excessive etching of the sample and its destruc-
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Fig. 6. The value of the critical points of the current density of electro-
chemical treatment of n-InP samples in different compositions of the elec-
trolyte. j; is current density at the beginning of the active phase of the
electrochemical reaction; j, is current density at the end of the active
phase of the electrochemical reaction.

tion. Figure 6 demonstrates the values of critical points of current
density for electrochemical processing of n-InP samples in different
electrolyte compositions. It can be seen that the aqueous solution of
nitric acid provides etching of the indium phosphide surface with
the minimum current density value. This means that even without
applied potential (chemical etching), moderately selective dissolu-
tion of the sample surface will occur. The highest value of j, is
characteristic of the aqueous solution of hydrochloric acid. This
corresponds well with the results of determining the Flade’s poten-
tial. Therefore, for etching n-InP(111), it is necessary to use re-
gimes with high values of current density and anodizing voltage.
This principle is used for evaluating other cases of etching.

Determining Aj=j,—j; does not provide information about the
optimal conditions for synthesis. Still, it is absorbing from the
point of view of comparing the dynamics of the electrochemical pro-
cess for different electrolyte compositions (Fig. 7).
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Fig. 7. The value of the parameter Aj j, j; in the electrochemical disso-
lution of n-InP in different compositions of the electrolyte.

For instance, the smallest value of Aj is characteristic of the al-
coholic solution of hydrofluoric acid, indicating the need for precise
adjustment of the electrochemical processing regimes in this elec-
trolyte composition within a relatively narrow range of values. This
is apparently due to the selectivity of this etchant and the two com-
peting etching mechanisms (as described above). The highest value
of Aj is characteristic of the aqueous solution of hydrochloric acid,
which also confirms the earlier conclusion about the uniform etch-
ing of the n-InP(111) surface by the seeding pore formation mecha-
nism. Optimal current density values will be found in the range
s 2l

Summarizing the above observations, we can identify optimal
etching regimes for n-InP(111) in potentiostatic and galvanostatic
etching modes (Table 2).

The investigation and reasoning conducted above allow us to un-
derstand the mechanisms of the electrochemical dissolution of indi-
um phosphide and to determine the critical values of the main char-

TABLE 2. Optimal etching modes for n-InP(111) in potentiostatic and gal-
vanostatic etching regimes.

Optimal modes of electrochemical dissolution

Electrolyte t, min |U, V under U = const Js mA/ cm’

under j=const

HNO;:H,0=1:4 4 5 [8; 136]

HNO;:H,0:C,H,OH = 1:4:2 4 5 [15; 145]
HF:H,0=1:4 5 5 [15; 137]
HF:H,0:C,H,OH = 1:4:1 4 5.5 [39; 154]
HCI:H,0=1:4 4 4.5 [27; 189]
HCI:H,0:C,H,OH = 1:4:2 7 6 [20; 178]
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acteristics of the process. This, in turn, provides a convenient tool
for determining the optimal etching conditions for forming
nanostructures with specified characteristics and unifying the re-
quirements for the technological process.

5. CONCLUSIONS

The electrochemical dissolution of the surface of n-InP under an
applied external potential is a complex physicochemical process that
depends on many factors. An analysis of the dynamics of the elec-
trochemical etching process of indium phosphide in aqueous and al-
coholic solutions of hydrochloric, nitric, and hydrofluoric acids has
been conducted.

The study of the dynamics of electrochemical dissolution of n-
InP(111) in different electrolyte compositions allows us to make the
following generalized conclusions.

There is a minimum and maximum value of the applied potential,
at which an active dissolution reaction of the indium phosphide sur-
face with microrelief formation on the surface will occur. These
characteristics are selected for each case individually and depend
primarily on the concentration and composition of the electrolyte.

To initiate the active phase of dissolution of the semiconductor
surface, it is advisable to determine the Flade’s potential, which cor-
responds to the maximum current density value and is defined as the
optimal potential value to be applied for etching the crystal in a po-
tentiostatic-etching mode. Determining the Flade’s potential is essen-
tial in optimizing the controlled synthesis of nanostructures with de-
fined properties.

The process of electrochemical dissolution of the crystal is lim-
ited in time. There are two critical time points characterizing the
beginning and end of the active phase of the electrochemical disso-
lution reaction of the crystal surface.

At fixed values of the applied potential during the electrochemi-
cal etching of the indium phosphide surface, the electrolyte’'s com-
position will determine the current speed. This characteristic is de-
termined separately for each case and allows in situ observation of
the kinetics of the electrochemical process.

Based on the observations made on the dynamics of the electro-
chemical process and the obtained dependences, optimal etching re-
gimes for n-InP(111) have been determined in potentiostatic and
galvanostatic etching modes.

It should be noted that even slight deviations in the etching con-
ditions could fundamentally change the optimal modes. This is due
to several factors affecting the state of the ‘electrolyte—
semiconductor’ system at each given moment.
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