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Ana moocnrueocmi gopmysanns Hanocmpyxmyposa-
HUX Wapie Ha noGepxHi HANiBNPOEIOHUKIE i3 pezyibo8aHu-
MU 6aACMUBOCMAMU PO3POOTEHO MOpoNozZiuHUll Kpume-
piil axocmi. Ompumano wapu HU3LKONOpyeamozo Pocdioy
indito 3 meszonopyeamoro cmpyxmypoio. Ilopyeami wapu
dopmyeanucs memooom eneKkmpoxiMiun0zo mpaeieHHs Y
PO3UUHI CONAHOT KUCTOMU NPU NOCMIUHINL WiIAbHOCMI CmpPY -
My. 3a pospobrenum kKpumepiem npoananizoeamo AKicmo
cunmesosanux 3pasxie por-InP. Ile dozeonumo 6uzomoens-
mu cmpyxmypu 3 nOpYEaAMuUMU Wapamu Ha noGePxXHi Y npo-
Mucnoeux macwmaédax. Ilpedcmaenenuii kpumepii modxnce
Oymu 3acmocosanum 0aa iHwuUX pexcumie 06pooxu poc-
@idy inodiro, abo dna inwux nanienposionuxis. Ile 00360-
A€ posensdamu 1020 AK YHIGePCANbHUNU MOPPOoN02iuHuil
Kpumepiii axocmi nopyeamux cmpyxmyp. Bcmanoseneno
KOpeaayito Midc Mop@onoivnumu 8aacmusoCmamMu nopy-
samux cmpyxmyp na noeepxti pocdioy inodiro ma ymosa-
Mu mpaenenns. /[na uyvozo 6yao npoananizoeano nopyseami
cmpykmypu, axki opmyeanucs y inmepeani uacy mpae-
nenns 6i0 10 do 20 xeé npu piznii Konuenmpayii Kuciomu y
eaexmponimi. Y pe3ynvmami 6cmanosieno, uo gpopma nop
HAHOCMPYKMYPOBAHUX WAPI6 HA NOEEPXHI HANIENPOBIOHU-
Ki6 3ajexncumo He Jquwe 610 napamempis Kpucmany, a i 6io
YMO8 mpasienHHs, 30Kpema 6i0 4acy mpasieHHs ma CKaa-
0y enexmponimy. 3acmocy8anHHs HACUMEHUX eJeKMPOJIimie
npu3eo00umov 00 POPMYBAHHS MACUSHUX NOP, AKI MAIOMb
dopmy kanasox — eumsaenymi eaincu. Ompumani Kopenayii
€ KOPUCHUMU 3 NPAKMUMHOL MOUKU 30PY, MOMY WO 00360-
AAI0Mb 00TPYHMOBANO NIOX00UMU 00 BUIHAMEHHA PENCUMIG
enexmpoximiunoi 06pobrxu nanienposionuxis. Kpim moeo,
ue 6idxpusae no6i nepcnexmueu y nodyooei mooeai camo-
opeanizauii nopyeamoi cmpyxmypu Ha noepxHi Hanienpo-
eionuxie. Ilpedcmaeneno memoouxy po3paxyHxy 0CHOBHUX
CMAMUCMUMHUX XAPAKMePUCMUK psdy po3nodiny nop 3a
PO3MIpoM, 30Kpema po3max eapiauii, oucnepciio,cepeonso-
Keaodpamuune 6i0xXuseHns, Koeiuicwmu eapiauii ma acu-
mempii. Ile do3zeonsae Ginvu demanvio ouinroeamu mopdo-
JN02i4HI NOKA3HUKU NOPYBAMUX CMPYKMYP MA NPOCYHYMUCS
Y PO3YMIHHI MeXaHIZMIB, W0 JleHCAMmb 6 OCHOBL NOPOYMEO-
PeHHs Ha noeepxHi HANIBNPOBIOHUKIE Ni0 4UAC eNeKmPOXi-
Miunoi 06pobxu

Knouosi cnosa: pocghio indiro, enexmpoximiune mpaes-
JlenHs, MOp@ono2iuni nOKaAZHUKU, nopyeami HanienpoeioHu -
Ku, Kpumepiil aKocmi

u] =,
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1. Introduction

Nanostructured semiconductors are of interest [1, 2] due
to the possibility of their application in photonics and micro-
electronics [3, 4]. Thin films [5], nanowhiskers [6], quantum
spots [7], nanograins [8], etc. are widely used nowadays.
A variety of forms and types of nanostructures gives rise
to the problem of establishing a unified approach to their
classification and determining criteria to assess nanoma-
terials. One of the promising directions is nanostructuring
semiconductor surfaces with the view to forming a porous
layer [9, 10]. Porous structures are obtained on the surface

of indium phosphide [11, 12], gallium phosphide [13, 14],
gallium arsenide [15, 16], silicon [17], germanium [18], etc.
Nanostructures, formed on the surface of these semicon-
ductors, demonstrate a variety of shapes, dimensions, and
number of nanoobjects. On the one hand, it extends the
limits of application, on the other hand, leads to difficulties
associated with the development of the criterion apparatus of
evaluation of nanostructures quality indicators. The interest
in these structures was caused primarily by an increase in
the area of effective surface [19]. This makes it possible to
use these structures as material for creating photoelectric
energy transducers [20]. The search for ways of unifying




approaches to determining morphological indicators of po-
rous structures, which will enable standardization of the
requirements for nanomaterials, is relevant. In addition, ex-
istence of quantum-dimensional effects is observed in porous
structures [21]. This property causes a shift of photolumi-
nescence peaks to the short-wave part of the spectrum [22].
This effect becomes useful for application of porous layers
in the laser technology [23, 24]. However, no general mech-
anism of pores formation on the surface of semiconductors
has been determined up to now. The influence of the factors
that determine the surface micromorphology of the obtained
structures has not been studied enough either.

Another feature of porous structures is the ease of syn-
thesis [25, 26]. As a rule, such structures are synthesized
by the chemical [27], electrochemical [28] or lithographic
[29] technologies. Today, usual electrochemical etching
remains the most common method [30]. This method is
well-researched and enables getting porous layers of various
configurations [31, 32]. The main problem with the synthesis
by the electrochemical technology is obtaining structures
with adjustable properties [33]. First of all, it concerns mor-
phological characteristics of porous structures, as they de-
termine the functional purpose of nanomaterial. That is why
research that is related to establishing quality criteria of po-
rous nanomaterials and finding conditions, under which syn-
thesis of porous structures with specific properties becomes
possible, is relevant. In addition, it is extremely important to
determine the correlations between conditions of synthesis
of nanostructures and basic morphological indicators. Such
studies are necessary, above all, to create standards and reg-
ulations that will make it possible to regulate the properties
of nanostructures at the stage of their synthesis.

2. Literature review and problem statement

In paper [34], the authors examine the growth of a po-
rous structure towards the depth of monocrystalline indium
phosphide. It was shown that the orientation of pores in the
volume of a crystal depends on etching rate and crystallo-
graphic orientation of InP. However, in paper [34], the influ-
ence of etching rate on the cross section of porous holes was
not studied. In the paper [35], the authors proposed to ob-
tain high-quality samples of porous indium phosphide with
adjustable properties using photolithography. This approach
provides a regular porous layer in the established areas of
the surface. In paper [36], it was also proposed to use a pho-
tolithographic window for the formation of a regular porous
structure. The only drawback of the proposed technology
can be related to its cost and complexity of the technological
operations. The authors of article [37] observed the effect
of the applied potential on the morphology of porous layers,
formed on the surface of monocrystalline indium phosphide.
However, it is known from works [38, 39] that not only ap-
plied potential determined a microrelief of a porous surface.
Thus, paper [38] studies boundary strain at the beginning of
pore formation on the surface of semiconductors. However,
it is not entirely clear, which factors are responsible for the
value of this magnitude. Article [39] shows that dependence
of morphological characteristics of porous indium phosphide
on the type of electrolyte, which takes part in dissolving
a semiconductor surface. However, the dependence on the
concentration of acid in a solution of electrolyte was not

determined. In research [40], it is reported that dimensions
of pores are influenced by various factors, including etching
condition and characteristics of the original crystal. Howev-
er, these data are insufficient to reveal common mechanisms
of pore formation and establish the conditions, under which
formation of porous structures with specified properties
becomes possible. In paper [41], it was shown that it is nec-
essary to perform quality control of nanomaterials primarily
for industrial applications. However, no major morphological
criteria of the quality of porous structures on the surface of
semiconductors were determined. In research [43], porous
semiconductors were used to create photosensors, based on
them. However, no criteria of quality of porous materials,
which will make it possible to use them in the industrial
scale, have been determined so far.

That is why the problems of the criterion apparatus of
quality of porous semiconductors, adjustability of their prop-
erties and establishing the modes, under which synthesis of
structures with specific characteristics becomes possible, re-
main unresolved. Insufficiently determined correlations be-
tween etching conditions and morphological characteristics
of nanostructures cause problems in creation of the materials
with adjustable properties. This largely inhibits the indus-
trial application of porous semiconductors and causes the
need for research into the quality control of nanostructured
materials in the process of synthesis.

3. The aim and objectives of the study

The aim of this study is to develop a morphological cri-
terion of quality of porous structures and to obtain porous
layers of indium phosphide of the specified quality level.

To accomplish the aim, the following tasks have been set:

— to develop the morphological criterion of the quality of
porous layers, synthesized on the surface of semiconductors;

— to assess morphological properties of por-InP by the
quality criterion;

— to establish the correlation between etching conditions
and the quality of the obtained structures.

4. Materials and methods, used for the synthesis and
morphological analysis of properties of por-InP

4. 1. Examined materials and equipment, used in the
experiment

Porous structures of por-InP were formed using the tech-
nology of usual electrochemical etching of monocrystalline
Indium phosphide in hydrogen solution of hydrochloric acid.
Before the experiment, the samples were cleaned in order to
remove the mechanical and chemical pollutants. Then, the
plates were immersed in the electrochemical cell with plati-
num on the cathode. Etching occurred at a constant current
density of 150 mA/cm?. Conditions of the experiment are
shown in Table 1.

After the experiment, the samples were exposed to
annealing in an ammonia solution with the aim of stabili-
zation of their properties. The morphology of the obtained
structures was studied on the raster electronic microscope
JEOL-6490. Analysis of the main morphological charac-
teristics was carried out using software Image] (USA) and
OriginPro (USA).



Table 1

Conditions of synthesis of porous layers on the surface of
indium phosphide

Sample number Etching time Electrolyte
1 10 10H,O+1HCI
2 15 10H,O+1HCI
3 20 10H,O+1HCI
4 10 10H,O+3HCI
5 15 10H,O+3HCI
6 20 10H,0+3HCI
7 10 10H,O+5HCI
8 15 10H,O+5HCI
9 20 10H,O+5HCI

4. 2. Procedure for determining the indicators of
quality of the synthesized porous layers at the surface of
indium phosphide

To optimize the process of synthesis of nanostructures
with specified parameters, it is advisable to use the criterial
approach [44]. The general quality criterion should contain
all the analyzed characteristics of samples — partial quality
criteria. Convolution of quality criteria will be carried out
by the linear law:

K=aiki+asko+azks, @
where ay, as, as are the weight coefficients; &y, ks, k3 are the
partial quality criteria.

We well consider the following quality condition:

K — max. 2)

Among a number of morphological characteristics of
porous nanostructures, we will select those that most ac-
curately describe the surface micromorphology of samples.
These characteristics include:

— surface porosity;

— diameter of pores;

— shape of pores.

By surface porosity of samples, we will imply the ratio of
the area, occupied by

pores to the total area of the sample:

3

where S, is the total area of the surface, occupied by pores; §
is the total area of the sample.
By the diameter of pores, we will assume arithmetic
mean value of all the pores in the sight of the microscope.
The shape of pores will be characterized by the magni-
tude that is called the shape factor, or the pour roundness:

)

where s, is the area of a pore; p is the perimeter of a pore.

The value of shape factor Fy=1 indicates that cross
section of a pore is an ideal circle. The closer to 0 the value
of roundness is, the more elongated or deformed the cross
section of a pore.

The formula for calculations of partial quality criteria are
shown in Table 2.

Table 2

Indicators that characterize partial criteria of quality of
porous structures, formed on a surface of indium phosphide

Indicator Calculation formula Note
. k1 = ﬁy
Indicator, P, .

. . P — surface porosity of
which charac- £ P is smaller the los, %:
terizes surface| L, - Saler than samples, 7%;

it standard value; Py — standard porosity, %
porostty if P is larger than stan-
dard value
Indicator that F — factor of the pore
characterizes b= F shape;
the shape of > F, F,; — standard value of
pores shape factor
k3=1if d gets into stan-
dard range;
_ ‘d - dmin
5 ld-d..| d — average diameter, um;
Indicator that| is d is smaller than the 4“““  nimuin permis-
. sible value of diameter of
characterizes | lower boundary of stan- ores. Lm:
the shape of dard range; d pores, pm; .
res d—d nax — Maximum permis-
P = o Cma], sible value of diameter of
d~d.,, pores, um
if d is larger than the
upper boundary of stan-
dard range

The values that correspond to structures with low den-
sity of pores (surface porosity) and to micropores of round
cross sections will be accepted as the standard values of
morphological characteristics of the porous layer, formed on
the surface of indium phosphide (Table 3)

Table 3

Standard quality indicators nanostructures, formed on the
surface of indium phosphide

Indicator Standard values
Porosity 30 %
Diameter of pores 50...100 pm
Shape factor 1

The value of weight coefficients must satisfy the require-
ments:

ajtastas=1. (5)

The weight coefficients were determined from con-
siderations that for industrial use of porous structures,
values of surface porosity are most important; the shape
and dimensions of pores are less important. That is why we
will accept:

a1=0,4; a»=0,3; a3=0,3. (6)

Provided we use the values of weight coefficients (6),
condition (5) is met.



5. Results of research into morphological characteristics
of porous layers of InP

5. 1. Results of research into porous layers at the
surface of indium phosphide and separation of reference
sample

Based on the results of raster electronic microscopy, it
was established that all the studied samples after electro-
chemical treatment in the solution of hydrochloric acid had
a porous layer on the surface. Fig. 1 shows the morphology of
one of the examined samples (sample No. 5).
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Fig. 1. REM-image of morphology of por-InP (sample No. 5)

Visual analysis of Fig. 1 makes it possible to see that
an orderly assemble of pores was formed on the surface of
monocrystalline indium phosphide under specified etching
conditions. Elongated chains of pores are a consequence of
existence of defects, which became the source of primary
etching pits, on the surface of the original sample. The
pores on these sections are more massive than on the fault-
less areas. In general, such porous layer can be considered
conditionally qualitative. To give a more detailed descrip-
tion of morphological characteristics, it is necessary to
make analysis in the Image] program. This program makes
it possible to determine the number of pores and their main
characteristics. Fig. 2 shows the histogram of distribution
of pores by diameter. Table 4 shows the basic statistical
characteristics of a series of pores distribution according
to dimensions.
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Fig. 2. Histogram of pores distribution according to
dimensions of sample no. 5, plotted in program Origin based
of the data, obtained with the help of Image)

Table 4

Basic statistical data of a series of pores distribution
according to dimensions for sample No.5
(based on microphotography, shown in Fig. 1)

Parameter Value Notes
Number of 558 Within the sight of a microscope
pores
. . Averaged value of diameter of all
Arithmetic . . .
0,0683 um pores in the sight of a micro-
mean value
scope
Value of diameter of pores, most
Mode 0.071364995 pm|  often found in this series of
values
Median 0.071364995 pm Value of diameter that divides

the series into two

Variation span

0.156407458 um

Difference between maximum
and minimum values of diame-
ters of pores of a series

Measure of spread near its mean

Dispersion 0.000821 value (measure of dispersion, i.e.
deviation from the mean)
Root-mean- It shows how much each value
square devi- 0.0286 of the series is different from the
ation mean value
Measure of relative spread of to-
Variation o tality values: shows what part of
41.92 % . .
factor mean value of diameter is made
up by its mean spread
Moment Characterizes the degree of
asymmetry 4,254 .
- asymmetry of the series
coefficient

The data, shown in Fig. 2 and in Table 4, make it pos-
sible to see that mode and the median of the series of pores
distribution by the diameter converge and exceed the mean
value (arithmetic mean). This can indicate the right-side
asymmetry of the series. To prove this hypothesis, moment
coefficient of the series was calculated from formula:

()

where M3 is the central moment of the third order; s is the
root-mean-square deviation.

The positive magnitude of moment asymmetry coeffi-
cient indicates the right-side asymmetry and proves our
hypothesis. This means that there are more pores with the
diameter that is higher than the average one than with the
value below the mean value. This result indicates that the
etching process is not at the initial stage, all pores have been
formed up to this moment, and nucleus pores reached their
mean values. Analysis of all samples was conducted by the
same principle.

Fig. 3, a—c demonstrates the value of porosity, average
diameter of the pores and shape factor for all the studied
samples at different composition of the electrolyte.

Analysis of Fig. 3, a—c makes it possible to see the correla-
tion between morphological characteristics of the synthesized
porous layers and etching conditions. The time of etching
causes an increase in transverse diameter of a pore. In addi-
tion, the time of etching causes an increase in surface porosity.
It is necessary to pay attention to the fact that under too severe
conditions (electrolyte 10H,O+5HCI), starting at minute 15



of etching, porosity does not increase but decreases. This
can be explained by the effect of separation the porous space
from the substrate surface and its scattering into a solution of
electrolyte. Thus, the sample surface is polished. Porous layers
with pores of almost round shape are formed in moderate solu-
tions of electrolyte (10H,O+1HCI and 10H,O+3HCI), while
an increase in content of hydrochloric acid in the electrolyte
solution leads to the formation of massive pores of irregular
shape. This proves etching of surface defects and their prolif-
eration on the surface of the samples.
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Fig. 3. Dependence of the basic morphological
characteristics on etching time for different compositions of
electrolyte: a is the value of surface porosity; b is the value
of average diameter of pores; cis the value of shape factor

5. 2. Results of determining the morphological criteri-
on of quality of por-InP samples

Based on the data, shown in Fig. 3, a—c, we will calcu-
late the value of partial criteria of quality of the samples
of indium phosphide with a porous layer on the surface
(Table 5). Table 6 presents calculation of morphological
criterion of quality.

Based on the results of Tables 4, 5, it can be argued that
the sample that corresponds to the specified quality level is
sample No. 5. From this, we can infer that porous layers of
indium phosphide with specified characteristics (Table 3)
should be formed within 15 min in a solution of electrolyte

10H,O+3HCI. The results, obtained for samples No. 2 and
No. 4, are also considered admissible.

Table 5
Partial criteria of por-InP samples
Sample | p o |y | F by by ks
number
1 18.1 24 0.61 0.6 0.34 0.61
2 29.8 51 0.73 0.99 1 0.73
3 37.5 109 0.79 0.8 0.15 0.79
4 22.8 61 0.78 0.76 1 0.78
5 31.2 71 0.82 0.96 1 0.82
6 47.9 205 0.32 0.63 0.68 0.32
7 16.9 70 0.51 0.56 1 0.51
8 17.2 187 0.43 0.57 0.64 0.43
9 10.5 231 0.21 0.35 0.72 0.21
Table 6

Calculation of morphological criterion of the quality of the
studied samples

I?SEEIC(; arky asky asks K=aik;+asks+asks
1 0.24 0.102 0.183 0.525
2 0.396 0.3 0.219 0915
3 0.32 0.045 0.237 0.602
4 0.304 0.3 0.234 0.838
5 0.384 0.3 0.246 0.93
6 0.252 0.204 0.096 0.552
7 0.224 0.3 0.153 0.677
8 0.228 0.192 0.129 0.549
9 0.14 0.216 0.063 0.419

6. Discussion of results of studying the morphological
criterion of quality of nanostructures

Development of morphological criterion of quality of
nanostructured porous layers of indium phosphide was
based on the assumption about the dependence of the func-
tional purpose of nanostructures on micromorphological
properties of the surface. The presented criterion can be
applied to other modes of treatment of indium phosphide or
for other semiconductors. This makes it possible to treat it
as a universal morphological criterion of quality of porous
structures. However, we can but note that this criterion con-
tains only three basic surface characteristics and does not
take into account the others. In addition, for the industrial
use of nanostructured semiconductors, it is often necessary
to take into consideration not only morphological indicators
of quality, but also chemical, mechanical, and radiation ones.
Not taking into account these indicators could be interpret-
ed as a drawback of this work. However, this opens up the
prospects for further research into development of the gen-
eralized criterion of quality of nanostructures on the surface
of semiconductors.

In addition, during the development and determining the
morphological criterion of por-InP quality, interesting find-
ings on correlations of morphological properties of InP-por



and etching time were obtained. Such studies are not new, in
particular, similar results were demonstrated in paper [42].
However, unlike the research results, obtained in [42], the ob-
tained correlations make it possible to trace dependences not
only of surface porosity and dimensions of pores, but also of an
important indicator of the quality, such as pores shape factor.

The obtained data on the influence of the time of electro-
chemical treatment on the shape of pores make it possible to
state the following:

— the shape of pores of the nanostructured layers on the
surface of semiconductors depends not only on parameters of
a crystal, but also on etching conditions, specifically, time of
etching and the composition of the electrolyte;

— application of saturated electrolytes leads to the for-
mation of massive pores, which have the shape of grooves —
elongated ellipses.

The following conclusions may be feasible from the prac-
tical point of view because it makes it possible to approach
reasonably determining the modes of electrochemical treat-
ment of semiconductors. From the theoretical point of view,
they open new prospects in the construction of models of
self-organization of a porous structure on the surface of
semiconductors.

However, we cannot but note that the results of deter-
mining the correlation between etching time and the basic
morphological indicators have an ambiguous impact, it is
the case of autocorrelation. That is, we can conclude that
micromorphology of porous layers on the surface of semicon-
ductors is influenced by many factors, taking into consider-
ation of which allows controlling the processes of structure
formation on the surface of semiconductors.

7. Conclusions

1. The morphological criterion of quality of porous lay-
ers on the surface of semiconductors was developed. It was
shown that this indicator should include assessment of the
quantity, dimensions and shape of pores. This approach
makes it possible to select from the lot of samples the ones
that satisfy the established quality level. The standard indi-

cators of quality of mesoporous indium phosphide were es-
tablished, specifically: porosity — 30 %, diameter of pores —
50...100 pm, shape factor — 1. The quality factor should tend
to 1.

2. The assessment of the porous layers of indium phos-
phides, formed in a solution of hydrochloric acid, was car-
ried out by the developed morphological quality criterion.
Calculation of the morphological criterion of quality of the
studied por-InP samples showed that the structures, formed
within 15 min in a solution of electrolyte 10H,O+3HCI,
corresponds to the established quality level (low-porous
surface with mesopores of a round shape). For them: porosity
P=31.2 %, diameter of pores d=71 pm, shape factor F=0.82,
quality coefficient K=0.93.

3. The correlation between morphological properties of
synthesized porous layers of indium phosphide and etch-
ing conditions was studied. It was shown that the shape,
dimensions and number of pores depend on etching time
and electrolyte composition. In this case, there are critical
values of etching time and the electrolyte concentration,
at which a porous layer is separated from the substrate and
electrochemical polishing of a crystal occurs. When using
the solution of electrolyte 10H,O+5HCI, beginning at
minute 15, a porous layer is separated from the monocrys-
talline substrate and scatters in the electrolyte solution.
The obtained results indicate a possibility of synthesis of
nanostructures with adjustable properties of the specified
quality level.
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