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The paper demonstrates the possibility of forming specific nanostructures of the “par-
quet” type of nanowires on the InP surface. The resulting nanostructure is characterised by an
ordered transverse and longitudinal relative shift of separate nanowires. A dislocation model is

proposed that explains the mechanism of such structure formation. The numerical estimates of

the geometric parameters of the nanostructure obtained during theoretical modelling are quite

adequate for the experimental results.
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1. INTRODUCTION

The interest in nanostructured semi-
conductors is due to the variety of mor-
phological forms obtained [1], [2] and the
broad prospects for applications [3]-[14].
Today, many different methods of surface
nanostructuring are known, including the
method of reactive magnetron sputtering
[15], matrix synthesis [16], electrochemical
deposition [17], [18], electrochemical etch-
ing [19], [20], lithography [21], etc. Elec-
trochemical etching is increasingly popular

due to the simplicity of technology and low
cost [22]. This method has shown the high-
est efficiency for the nanostructuring of Si
and A B, semiconductors, in particular, InP,
GaP, GaAs [23]-[25]. When these semi-
conductors are etched in selective etchants,
etching holes are often observed on the sur-
face and in most of the crystal [26], [27].
A high concentration of etching pits deter-
mines the porous structure of the semi-
conductor plate, which causes a change in



properties and has been widely used. In par-
ticular, as a result of the high surface rough-
ness, the range of light absorption expands,
making it possible to use such structures
as a material for PEP [28]. When the resis-
tivity of porous structures is increased, an
improvement in piezoelectric character-
istics is observed, which is promising for
the creation of sensors [29]. Porous semi-
conductors are known to be applied as a
template for nanorods and nanotubes [30].
Porous layers are a ‘soft’ substrate for grow-
ing thin films, in particular, InN, GaN, etc.
[31]. A promising direction is now directed
controlled electrochemical etching, which
leads to the formation of ordered periodic
nanostructures [32].

As a rule, the formation of pores during
electrochemical etching of a semiconductor
begins at the sites of localisation of crystal
lattice defects [33], [34]. This process can
be accompanied by alternative reactions,
for example, the formation of continuous
insoluble films, surface texturing, over-
growing with oxides, etc. [35]-[38]. This is
the reason for the low controllability of the
process and the lack of a single mechanism
for the pore formation process on the semi-
conductor surface.

In this study, the formation of periodic
porous structures on the surface of n-InP
(111) is reported, the mechanisms of their
formation and their chemical composition
are investigated.

2. EXPERIMENTAL DETAILS AND RESULTS

The structures were formed by
electrochemical etching in a hydroal-
coholic solution of hydrofluoric acid
HF:H,0:C,H,OH=1:1:2 at a constant cur-
rent density j=150 mA/cm’>. A simple
electrochemical cell with platinum on the
cathode was used for etching. The experi-
ment was carried out in the dark at room
temperature. Before the experiment, the
samples were cleaned with alcohol and
vinegar. After electrochemical etching, the
samples were kept in the same electrolyte
for 10 minutes. The technology is described
in detail in our work [19], [34]. The elec-
trolyte was stirred during etching in order
to remove bubbles from the semiconductor
plate.

The morphological characteristics of
the produced nanostructures were investi-
gated using scanning electron microscopy.
Chemical analysis of the surface layers
was performed using the EDAX and INCA
energy methods.

As a result of etching, structures were
obtained in the form of massive porous
nanowires packed according to the “par-
quet” type (Fig. 1a). The thickness of each
wire is about 10 microns, the height is up
to 10 microns, and the length is between
100 and 130 microns. The distance between
the parquet layers is 20 to 50 microns. The
wires have a porous, loose structure. They
peel off easily from the crystal surface.
Also, on closer inspection, one can notice
that the parquet areas are easily combined
with each other. In Fig. 1b, one can see a
nanowire that broke at a cleavage of the
crystalline material. This shows the fragility
and looseness of the structure. In addition,
an uneven crater structure of the surface of
the InP sample is observed.

According to the results of the chemi-
cal analysis of the surface layers, the wires
contain oxygen (Table 1), showing the for-
mation of the oxide phase.
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Fig. 1. SEM image of the InP: a) surface after electrochemical etching in an hydroalcoholic solution of
hydrofluoric acid; b) cleavage with a broken wire.

Table 1. Chemical Analysis of Surface Layers

. Element
Point of the surface Total
(0] P In
a 18.70 11.04 70.26 100.00
b 16.09 8.71 75.20 100.00
c 14.56 10.92 74.52 100.00
d 18.05 3.1 78.85 100.00
Average value 16.85 8.44 74.71 100.00
There are small concentrations of phos-  average 16.85 %), while indium is present in

phorus (on average 8.44 %) and oxygen (on high concentrations (on average 74.71 %).



3. DISCUSSION

3.1. Electrochemical Processes on the Surface
of Indium Phosphide in an Electrolyte Solution

In the interaction of A’B° compounds
with acid solutions, it is necessary to take
into account the nature and chemical prop-
erties of the individual elements that are
parts of the compound, as well as the physi-
cochemical properties of the surfaces of
the compounds. Since In and P elements
are representatives of different groups,
they are amenable to the action of oxidis-
ing agents. This is because of the nature of
their redox properties. The component with
the lower redox potential will oxidise first.
At the same time, to maintain electroneu-
trality, the second component will pass into
the solution simultaneously with it. Since
the standard electrode potential of group
IIT elements has a negative value and lower
values of the potential of group V elements,
In will be oxidised first. It should be noted
that indium is characterised by moderate
chemical activity and is resistant to water
and air. During the electrolytic treatment of
InP in a hydrofluoric acid solution, in the
first stages of etching, a dense oxide film
is formed, presumably of In, O, oxide with
InPO, inclusions. On the other hand, phos-
phorus reacts better with electrolyte anions,
so its sublattice is etched faster. With an
already formed In,O, film, an interaction
takes place between oxide and phosphorus
diffusing from the bulk of the crystal, which
can lead to the release of free indium, met-
allization of the growing layer on the crys-
tal surface, and removal of phosphorus into
the electrolyte solution. As a result, there is
an excessive content of indium in the oxide
layers.

It is obvious that the crystal lattices of
indium phosphide and oxide have a sig-

nificant mismatch. This leads to an appear-
ance of excess stress. In addition, the film is
loosely adhered to the substrate. As a result,
we observe delamination and “spread” of
the film upon further etching of the sample.

In,0, is quite resistant to dilute acids;
however, the current forms pores on its sur-
face, it becomes soft and fragile (which is
well demonstrated in Fig. 1b).

It is not the chaotic spreading of the
oxide film that seems interesting, but the
formation of even parallel steps equidistant
from each other. In addition, there is a lon-
gitudinal uniform displacement of adjacent
steps relative to each other. It is possible
that such a periodicity of the structures is
due to the concentration inhomogeneity
of the impurity distribution in the bulk of
indium phosphide. When a crystal uses the
Czochralski method, a peculiarity of the
distribution of the main (In, P) and minor
(S) components is observed. In the direction
from the centre to the periphery, the con-
centration of charge carriers increases, and
their mobility decreases (a consequence of
the temperature gradient). In addition, long-
range eclastic mechanical stresses prevent
the formation of concentration and geo-
metrically homogeneous single crystal. The
sources of these mechanical stresses are dis-
locations (and their multiplication), which
arise at internal growth defects. As a result,
the crystal has a banded internal structure,
in which areas with normal and high levels
of dopant impurity concentration alternate.

When such a crystal is etched, areas
with an increased concentration of impu-
rities will be etched out faster. As a result,
they will be very porous and have a low



phosphorus content. These areas are the
initial sources of the formation of the oxide
film. In these areas, the oxide layer has

the greatest adhesion to the surface. This
explains the sticking of oxide steps in the

bands of segregation inhomogeneity.

3.2. The Mechanism of Formation of the Periodic Structure

Let us consider in detail a possible
mechanism for the formation of a periodic
structure of defects near or on the sample
surface. As an initial hypothesis, we will
accept the assumption that the geometric
shape of such a structure is identical to the
shape of the surface “parquet” structure.

The sample surface coincides with the
crystal face (111). In this case, the faces
of conservative slip of edge dislocations
for the cubic crystal structure of sphalerite
(InP) are located towards the sample sur-
face, as shown schematically in Fig. 2.

Fig. 2. Slip faces of edge dislocations in a cubic crystal structure.

Let us assume that at a sufficient dis-
tance from the surface (comparable to the
sample thickness) there is a source of rect-
angular dislocation loops. The mechanism
of operation of this source of dislocation
loops is described in detail in [36]. The slid-
ing system of these loops is a lateral sur-
face of a prism composed of crystal planes
(101), (110) (Fig. 3a).

As a result of repulsive interaction, the
loops will spread along the sliding system
from the source to the opposite surface of
the sample. We will call the first loop (the
most distant from the source) the “head”
one, the next one — “upcoming”. The move-
ment of the loops will stop after one of the

sides of the head loop comes out onto the
surface of the sample (Fig. 3b). A step is
formed on the sample surface, and the other
three dislocations forming the loop will be
fixed. As a result, the following (upcoming)
dislocation loops will stop moving in the
slip system and form a cluster.

Before the emergence of the head dislo-
cation loop on the sample surface, the rela-
tive position of the head and the upcoming
loops is symmetric toward the [010] and
[001] directions (the OY and OZ axes). As a
result, the superposition of the components
of the Peach-Keller forces affecting the sec-
tions of the incident dislocation loop from
the side of the stress field of the head dis-



location loop will be zero for all directions,
except for [100] (the OX axis). This means
that until the head dislocation loop emerges
on the surface, the upcoming loop will not
shift along the OY and OZ axes (Fig. 3a).
After the head dislocation loop emerges

27
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on the surface, the symmetry of the mutual
arrangement of the upcoming and head dis-
location loops will be broken. As a result,
it will become possible to displace the
upcoming dislocation loop along the OY
axis (Fig. 3a).

Fig. 3. Rectangular dislocation loops (a) and fixation of the head
dislocation loop of a cluster on the sample surface (b).

Let us apply the expression for the com-
ponents of the Peach-Keller force affecting
per unit length of the dislocation line:

Ji = eiritkoimbm (1)
where ¢ is the Levi-Civita symbol (anti-
symmetric Kronecker symbol); Tk are the
components of the unit vector of the tangent
to the dislocation line; o7, — components
of the tensor of mechanical stresses external
toward the dislocation; bm— components of
the dislocation Burgers vector. This expres-
sion applies Einstein’s rule for summation
using paired (occurring twice) indices. Indi-
ces can take on the values {x,y, z}.

As aresult, the superposition of the com-
ponents of the Peach-Keller force affecting
the individual sections of the upcoming dis-
location loop along the OY axis gives the
expression:

h(3d2+h2)
BrebB
(@ +0*) )
_ H
B= 27(1-0) ’

where b is the modulus of the Burgers vec-
tor of the dislocation loop; g is the shear
modulus of the sample material; o is the
Poisson’s ratio of the sample material; 4 is



the size of the dislocation loop along the
QY axis; d is the distance between the head
and the upcoming dislocation loops; L is
the size of the dislocation loop along the
OZ axis.

Thus, it becomes possible for the
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upcoming dislocation loop to shift in the
negative direction of the OY axis. After the
upcoming dislocation loop descends below
the ZOX face, the component of the Peach-
Keller force will affect section (1-2) of the
dislocation loop in the negative direction of
the OY axis.

3)

where y, is the modulus of the distance from section (3-4) of the upcoming dislocation loop

to the ZOX face.

The component of the Peach-Keller
force will affect section (3-4) of the dislo-

0 (3d2 +yg)
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If the condition is met
S o S

The upcoming dislocation loop will
stop at a distance y, below the ZOX face.
It will enter the slip system, without the
obstacle in the form of the head loop of the
cluster, and under the influence of the next
upcoming dislocation loop, it will be able
to continue sliding in it until it reaches the
sample surface.

In the initial slip system, the place of the
upcoming dislocation loop, which “dived”
under the head dislocation loop, will be
taken by the next dislocation loop of the
cluster. It will repeat the described “diving”
process twice and will also come to the sur-

cation loop in the positive direction of the
OY axis:

“4)

)

face of the sample.

A similar displacement will be per-
formed by the next upcoming dislocation
loop, and so on.

Under the condition of constant action
of the source of dislocation loops [36],
periodic areas of inhomogeneous defor-
mation are formed on the sample surface,
caused by the periodic elastic field of the
system of dislocation loops, which partially
emerged on the sample surface and fixed on
it (Fig. 4a). Another option may be the for-
mation of nanorelief in the form of periodic
parallel steps (Fig. 4b).
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Fig. 4. A system of dislocation loops fixed on the sample surface (a) and
Periodic nano-steps on the sample surface (b).

The length of the nanosteps is equal to
the length L of sections (1-2) and (3-4) of
dislocation loops parallel to the OZ axis.

Let us find the value y, to estimate the
distance between the nanosteps on the sam-
ple surface.

An attempt to directly solve Eq. (5) leads
to an algebraic equation of the sixth degree.
Its numerical coefficients depend on 4 and
d — the values of the geometric parameters
of the accumulation of dislocation loops.
This makes it impossible to obtain a general
analytical solution that demonstrates the
relationship of these parameters in a general
way. For each specific set of numerical val-
ues of the parameters, a numerical solution
is possible.

There is another way to make an overall
estimate of the value of y,. To perform this
estimate, we investigate the general expres-
sion for the Peach-Keller force acting on the
sections of the dislocation loop parallel to
the OZ axis:

10

y(3d2+y2)
—2L
(d2 +y2)

where y is the ordinate of a section of the
dislocation loop parallel to the OZ axis. The
plus or minus sign is selected depending on
the direction of the dislocation line.

F(y)=+b’B (6)

The function F(y) has two extreme
points:

yi = (2\5—3)51 ~0,681d ;

Y2 =— (2J§—3)d ~—0,681d .

Taking into account the signs of expres-
sions (3) and (4), we determine that at the
points with ordinates y, the component
FU2 hasa maximum, and the component
F (3-4) has a minimum. Thus, it can be esti-
mated that, for all units



yo=0,681d ——, (7)

the dislocation loop will be in a state of sta-
ble equilibrium relative to the displacement
along the OY axis (Fig. 5).

Fig. 5. Position of the upcoming dislocation loop after “diving” under the head loop,
before reaching the sample surface.

Since the slip planes and the sample
surface form an angle of 45°, the distance
between adjacent parallel nanosteps can be
estimated as:

1=~2y0=~2(0,681d —0,5h). (®)

If there are no other defects in the crystal
lattice of the sample, except for the accumu-
lation of dislocation loops in their common
slip system (Fig. 3a), then the superposi-
tion of the components of the Peach-Keller
force displacing the loop along the OZ axis
is zero.

In the presence of other defects in the
bulk of the sample, or on its surface, the
symmetry of the mutual arrangement of the
head and upcoming dislocation loops will
be violated. Such violation can lead to a
nonzero superposition of the components of
the Peach-Keller force displacing the loop
along the OZ axis. In the simplest case, the
initial relative displacement of the head and
upcoming loops along the OZ axis is suf-
ficient for this (Fig. 4a).

Thus, we can explain the longitudinal
displacement of the nanowires observed
on the sample surface after etching. The

11

displacement of the upcoming dislocation
loops in the ZOY face is carried out due to
the shift and stops after the loop partially
emerges onto the sample surface (Fig. 5).
Accordingly, it is reasonable to assume that
the value of the longitudinal displacement
(along the OZ axis) for the incident disloca-
tion loop 5§ will be close to the displace-
ment along the OY axis and along the OX
axis (Fig. 6):

I
i

0/

Fig. 6. Relative displacement of the head and
upcoming dislocation loops along the OZ axis.



S=2(h+y0)=2(0,51+0,681d). (9

Taking into account the fact that the cut-
off radius of the elastic fields of the head dis-
location loop, which partially emerged on
the surface of the sample, is approximately
equal to &, we take d =& for a numerical

CONCLUSIONS

estimate using Egs. (8) and (9).
In this case, we get:

1~0,256h; S ~2,362h. (10)

These estimates correspond closely to
the experimental results shown in Fig. 1.

1. The paper demonstrates the possibility
of forming specific nanostructures of
the “parquet” type of nanowires on the
InP surface. Their morphological and
chemical parameters have been studied.
According to the results of scanning
electron microscopy, it has been found
that the thickness of each wire is about
10 microns, the height is up to 10
microns, and the length is between 100
and 130 microns. The distance between
the parquet layers is 20 to 50 microns.
3. EDAX shows an excess of indium in
the periodic oxide layers. The shift in
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