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The modern challenge of materials science is the analysis of the surface of
nanostructures, which is complicated by the small sizes of the nanoobjects and
their number. In the presented study, we demonstrate a technique for evaluat-
ing the basic indices of the micromorphology of porous surfaces by analysing
the microscopic image of the surface. Image processing and analysis software
packages, such as Imaged and Origin, are used for optimization, automation,
and accuracy of analysis. Such an analysis allows us to evaluate the surface of
nanostructures by various indicators: the shape and number of nanoobjects,
their location and distribution by diameter, perimeter, etc. In addition, model-
ling the growth of nanoobjects in the depth of the crystal allows to trace the dy-
namics of the nanostructures’ synthesis process and to design nanostructures
with predetermined parameters. Such studies are necessary to ensure reproduc-
ibility, uniformity, and accuracy of experiments for the fabrication of
nanostructures at an industrial scale.

CyuyacHMM BUKJINKOM MATePifO3HABCTBA € aHAJi3a IOBEPXHi HAHOCTPYKTYP,
110 YCKJAAHIOETHCA MaJIIM PO3MipoM HAHOOO’€KTiB Ta iXHBOIO KiJdbKicTio. ¥V
IIpeJICTaBJIEHOMY IOCJiIKEeHH]I MU JeMOHCTPYEMO METOAUKY OI[iHIOBAHHS OCHOB-
HUX IIOKa3HUKiB Mikpomopdosiorii mopyBaTuX NOBEePXOHb IIJIAXOM aHAIi3M Mi-
KPOCKOMIIUHOTO 300paskeHHA moBepxHi. [[J1a onTumisarrii, aBromaTusarii Ta Tod-
HOCTH aHaJIi3u OYJIO 3aCTOCOBAHO IIPOTPAMHI ITaKeTH oOpOOJIeHHA I aHAII3U 30-
OpasKeHb 1 MacuBY JaHuX, a came, Imaged Ta Origin. Taka aHaiza yMOKJINBIIIOE
OIIiHIOBATU MOBEPXHIO HAHOCTPYKTYP 34 PiBHUMU IIOKa3HUKaMM: (DOPMOIO Ta Ki-
JBKICTI0O HAHOOO’€KTiB, IXHIMM pPO3TAIIIyBAaHHAM i POBIOAIJIIOM 3a TiAMETDPOM,
mepuMeTpoM TOIf0. MoenoBaHHS POCTY HAHOOO €KTiB BIVIMOMHY KPUCTALY
YMOXKJIBIIIOE IIPOCTEKUTY AMHAMIKY IIPOIleCy CUHTE3U HAHOCTPYKTYD i CTBOPIO-
BaTU HAHOCTPYKTYDPU i3 3asmajierinb 3amaHnuMy napaMmerpamu. Taki mociigsxeH-
HS TOTpiOHI Aa 3abesleueHHs BiATBOPIOBAHOCTHM, OZHOPiIZHOCTH Ta TOUYHOCTH
€KCIIePUMEHTIB JJI BUTOTOBJIEHHA HAHOCTPYKTYP Y IPOMMCIOBOMY MacITabi.
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1. INTRODUCTION

Nanotechnology has long occupied leading positions in terms of studies
[1, 2]. These studies relate to methods of synthesis [3, 4], the chemical
and physical properties [5, 6] application [7, 8], and environmental risks
[9, 10]. Interest in nanostructured materials every year is only increas-
ing, as evidenced by the increasing number of publications and patents
[11]. Such an interest leads to the improvement of not only synthesis
technologies [12, 13], but also methods of researching nanomaterials
[14] and their properties [15]. The researchers’ attention is focused on
the chemical [16], optical [17], electrical [18], physical [19] properties
of nanomaterials.

The peculiarity of nanostructures is that all these properties can be
radically different from the properties of structures in monophase
[20]. This is due to quantum-size effects [21], which are brought to
light in the transition of geometrical parameters of the structure to
the nanoscale [22]. Detection of the experimental characteristics of
nanostructured surfaces is one of the key tasks of modern documen-
tary science, which investigated the process of creating nanomaterials
and products at their level [23, 24]. Therefore, of the key methods for
studying nanostructures, there are methods related to the analysis of
microscopic images [25]. Images of nanostructures obtained by mi-
croscopy allow us to estimate the type of nanostructure [26], the pres-
ence of additional phases [27], the size and shape of nanocrystallites
[28], the uniform distribution of them over the surface [29], and so on.
However, very often such an analysis is purely descriptive in nature
[30], while a contemporary complex is research aimed at obtaining a
large body of data comparison, verification, and statistical analysis of
research results.

This is conditioned, first of all, by need to predict the properties of
nanostructures during their formation and synthesis of nanomaterials
with predetermined parameters[31, 32].

The implementation of high-quality analysis is associated with
known difficulties, which are caused by:

— subjectivity of observations [33];

— low speed of the research process [34];

— the complexity of conducting research [35];
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— the necessity of applying statistical methods [36];

— the need to use high-value equipment [37], etc.

Therefore, a simple analysis of nanoobjects photos taken with mi-
croscopes is often not enough.

Since small changes in the analysis and processing of images have a
great impact on the subsequent fate of the finished product [38], the
methods of non-destructive and rapid control, which determine and
analyse these changes [39], can be successfully used as a tool for quali-
ty control of nanostructures.

The evaluation of the properties of the microstructure of materials
has a dual purpose: on the one hand, it is an assessment of the adequacy
of the process of managing the structure [40]; on the other hand, it is
to ensure the optimum quality of the finished product [41].

The purely visual analysis of the samples under study does not pro-
vide complete and accurate information regarding the size of the na-
noobjects and their density.

Today, there are many techniques for measuring the size of nanoob-
jects [42]. However, most of them are based on measuring the size of
each object separately [43]. Such an approach is time consuming and
requires a lot of time [44]. Under these conditions, it is almost impos-
sible to investigate the distribution of particles or pores by size, to es-
tablish statistical regularities, etc.

In addition, the results of such work are, in most cases, dependent
on the subjective judgment of the researcher, and as a result may con-
tain a large number of faults and significant errors [45]. They may dif-
fer from one researcher to another and have poor reproducibility [46].

In this regard, microscope manufacturers develop special programs
for the study of microscopic images in situ [47]. However, these pro-
grams are costly, applied to a particular brand of microscopes, and are
often difficult to use [48].

Such programs work mainly with the electronic image of the sample
[49], which is in the microscope at this time.

In practice, it is often necessary to analyse the image without the
sample itself (over time or for any other reason). Therefore, it is ap-
propriate to choose a program that lets you work with objects photomi-
crographs obtained using different types of microscopes.

With this in mind, programs that can work with an image rather
than a real-time sample, i.e., in vitro, are becoming more common.

There are all necessary for the processing of microscopic images al-
gorithms in the arsenal of these programs:

— high-frequency and low-frequency filtering [50];

— selection of image borders[51];

— arithmetic and logic operations [52];

— brightness/contrast correction, etc.[53].

Image processing in this case is not aimed at improving visual per-
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ception, but at preparing it for further analysis [54].

In all applications of this specificity, a certain sequence of algo-
rithms is proposed for processing and obtaining characteristics of the
studied sample structure [55].

Despite the level achieved in the analysis of microscopic images,
there are a number of problems. These problems may be due to poor im-
age quality, microscope resolution limit, imperfect data processing
techniques, and more.

The goal of this study is to analyse and improve techniques for ana-
lysing micrographs of nanostructures using software packages that
allow us to evaluate nanoobjects with accuracy sufficient to identify
and build nanostructures statistical dependences.

2. MATERIALS AND METHODS

The plate of indium phosphide synthesized on the surface of porous
layer was used as the test sample.

The porous layer was formed by the method of anode electrochemical
etching by immersing the semiconductor in a fluoroplastic cell filled
with electrolyte [66]. The etching conditions were selected as follows:
10H,0 + 1HCI electrolyte; etching time ¢=20 min, current density
j=150mA/cm?.

The raster electron microscope JEOL-6490 was used to analyse the
morphology of the investigated nanostructured sample. Image prepa-
ration and analysis were performed using Imaged and Origin.

3. RESEARCH METHODOLOGY

The objectives of the analysis of micrographs of the surface of
nanostructures in the general case are:

— statistical processing of object characteristics obtained in the
measurement process [67];

— determination of average values of the obtained quantities [58];

— construction of graphical dependences for visualization of the
analysis process [59].

It is necessary to select the main stages for qualitative analysis of
micromorphology of nanostructures (Fig. 1). First of all, the crucial
point is the presence of a quality image obtained with a microscope.
The choice of areas for analysis and optimal increase is an important
point here. It will be difficult to identify too small surface elements
with insufficient magnification. The image quality will be lost at too
high magnification. Therefore, the first step will consist of two key
steps: selecting the sample area for analysis and selecting the optimal
magnification value.
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Fig. 1. General scheme of analysis of morphology of nanostructures.

Photos taken with a microscope tend to lack contrast. Therefore, it
is necessary to prepare the resulting image for analysis. For this, the
image must be opened in ImagedJ and calibrated [60]. To increase the
contrast of pore boundaries, it is advisable to use the Bandpass filter
using the Fourier transform [61]. It will allow removing both high and
low spatial frequencies in the image. In doing so, it is necessary to ex-
perimentally select the cut-off frequency levels. This provides the
most contrasting image. Therefore, the most contrasting image is pro-
vided. It is advisable to use the Watershed algorithm for the separa-
tion of adjacent crystallites and pores with fuzzy boundaries [62]. Be-
fore processing the image according to this algorithm, the photo is pre-
binarized for the transition from grayscale to two-colour image [63].

Further analysis of the morphology of the sample is carried out. It is
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necessary to choose the characteristics to be tested for this. The Im-
aged program automatically calculates. In addition, using ImagedJ, we
can hold the count (Count) of analysed particles, their perimeter (Pe-
rimeter), average size (Average size) and solidity (Solidity), which
characterizes the ratio of the area of the selected section to the total
area, the distribution of particle size, etc. [64, 65].

The program calculates the number of pores in the selected area,
however, the pores located on the boundary of the image, it is advisable
to count according to the following rule: the pores are counted only on
two adjacent sides of the rectangle; on the other two sides, the pores
are not taken into account. According to the obtained data, diagrams
are drawn and conclusions are made.

4. RESULTS AND DISCUSSION

Figure 2 shows the micrograph of porous indium phosphide sample ob-
tained using the scanning electron microscope JEOL-6490. According to
the analysis of visual images SEM, the pores are round, most of the pores
are isolated from one another, and are uniformly across the surface. In
some areas, the pores form etched grooves due to the fact that they fit
snugly along each other along the straight lane. These bands can be sur-
face defects in the specimen (microscratches) and growth defects (impu-
rity segregation lines).

A two-dimensional image obtained with a microscope can be imag-
ined as a matrix whose indices describe the numbers of rows and col-
umns, and the numerical values of the elements characterize the inten-
sity of colour [66]. The main parameters characterizing a digital image
are its resolution (the number of pixels in the original image and the
colour depth) [67].

Figure 3, a—c demonstrates bitmap processing of micrographs per-
formed in Imaged [261]. Such a treatment is performed to analyse the
surface according to the selected morphological characteristic (in our
case, the pore diameter and surface porosity). Further, the program
automatically calculates the number of pores (Fig. 3, ¢), their diameter
and the surface area occupied by the pores (i.e., surface porosity).

Imaged has a 3D-image modelling feature. For this, the sections of
the REM image are coloured differently depending on the intensity of
the black colour. The program draws a diagram of the distribution of
these sites by the area of surface coverage, which allows estimating the
area of untreated areas and etched with different depth (Fig. 4). Figure
5 shows the simulation results.

The analysis of the conducted simulation (Fig. 5) leads to the conclu-
sion that the pores in this case move into the depth of the sample with long
parallel channels. Branching of pores below the surface is not observed.
Such behaviour is typical of indium phosphide crystals with a surface ori-
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Fig. 2. Morphology Por-InP: electrolyte 10H,0 + 1HCI; etching time ¢t =20
min; current solidity j = 150 mA/cm?.

Fig. 3. Results of sequential processing of microscopic image of por-InP sur-
face: a—Bandpass filter; b—binarization and Watershed algorithm; c—
calculation of the average crystallite size.

entation (100) that has been confirmed by several studies[68, 69].

For the area of the test sample, the number of pores was calculated

(there were 558 of them) and their distribution by diameter was made
(Fig. 6).
Determination of the Main Characteristics of the Pore Shape. The con-
cept of circularity, which can be implemented by several methods, is
used to describe one of the main characteristics of pore shape in the pro-
gram.

The first method of estimating the factor of the pore shape, namely,
circularity (Circularity), involves the calculation by the formula:

47S
F, = o (1)
where S is the pore area, p is the perimeter of the pore.
The value of the form factor F, =1 indicates that the pore section is
an ideal circle. The closer the value of roundness to 0, the more elon-
gated or deformed the pore section will be.

The second method of Round estimation is based on the expression:
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Fig. 4. The SEM-image colorization and intensity chart of the sample surface
por-InP etching, made in the program Imaged.

Fp=——> (2)

where [,,,, is the larger axis of the pore.

Both methods provide identical results for pores that have the cross-
sectional shape of the correct circle. For pores and digestive pits whose
shape deviates significantly from the circle, the aspect ratio (AR) is
used, which shows the magnitude of the ratio of the major axis to the
smaller one.
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Fig. 7. Diagram of pore diameter distribution.

As an example, Table 1 shows the results of determining the basic
quantitative characteristics of the sample, obtained on the basis of the
analysis of the microstructure of por-InP (100).

The results of the generalized analysis of these characteristics for
the section of the porous surface 20 of the samples tested and synthe-
sized under similar conditions also show almost complete coincidence
of these characteristics (Table 2).

The analysis allows describing morphological parameters of
nanostructures with high accuracy. The pores by area are distributed
according to normal law. The area of most of them (86%) is in the
range (0.03-0.12) microns, indicating that the surface is
macroporous. The shape of the pores approaches the round, but is not.
In addition, some pores tend to merge.

Thus, the presented method of analysis of nanostructured surfaces
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TABLE 1. Quantitative characteristics of the morphological parameters of
the surface of por-InP (100) (fragment).

Form Aspect|Integrity,

2 . . .
No. Area, pm*|Perimeter, pym factor Circularity ratio | firmness
1 0.005 0.293 0.690 0.522 1.917 0.954
2 0.006 0.327 0.708 0.629 1.591 0.887
3 0.007 0.331 0.793  0.673 1.485 0.918
4 0.002 0.161 0.848 0.603 1.659 0.921
5 0.002 0.177 0.868  0.804 1.243 0.935
6 0.003 0.220 0.767  0.687  1.455 0.929
7 0.013 0.567 0.501  0.443  2.257 0.790
8 0.003 0.197 0.850  0.840 1.191 0.936
9 0.012 0.530 0.558  0.710  1.408 0.860
10 0.009 0.387 0.745 0.675 1.481 0.931
11 0.005 0.299 0.724 0.516 1.938 0.915
12 0.007 0.363 0.683  0.707 1.414 0.908
13 0.004 0.278 0.681 0.399 2.503 0.928
14 0.005 0.323 0.567 0.456  2.193  0.902
The average 0.0516 0.294 0.723  0.671 1.604 0.894
Standard ;) 5560 0.104  0.114 0.175 0.451 0.0567
deviation
Stjg})ird 0.00114 0.0189  0.0208 0.0319 0.0824 0.0103
Mzﬁféﬂal 0.00233 0.0387  0.0424 0.0651 0.168 0.0211

TABLE 2. Averages for 20 por-InP samples.

9 . Form | .. . Aspect .
Parameter |Area, pm*|Perimeter, pm factor Circularity ratio Integrity
The average 0.0532 0.324 0.652 0.587 1.511 0.953
Standard 474 0.111 0.098 0.165  0.402 0.0687
deviation

using computer programs for microscopic imaging allows us to identi-
fy the type of nanostructure, the nature of the distribution of nano-
crystallites/pores by area, effective diameter, perimeter and shape.
Such studies are necessary, first of all, to evaluate the quality of
nanostructures, to study the convergence and reproducibility of meth-
ods for synthesis of nanomaterials with established quality levels, to
compare samples and to identify defects. In addition, the statistical
processing of the data obtained from the analysis of nanostructured
images allows us to trace the systematic or random nature of the ap-
pearance of defective areas on the surface, which gives an understand-
ing of the kinetics of the nanostructures synthesis process and the
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mechanisms under which nanostructuring occurs. The issues of
nanostructures modelling and the study of correlations between tech-
nological factors of synthesis and morphological indices of nanostruc-
tures need further research.

5. CONCLUSIONS

The study presents the methodology of evaluation of nanostructures
by analysing the microscopic images using software and statistical
methods of processing results. As an example, the analysis of
nanostructure of porous indium phosphide was performed by the
pores, transverse diameter, number of pores, and their perimeter, so
on. It is established that the distribution of pores by area is subject to
normal distribution. The nanostructure can be classified as
macroporous; the pores are mutually parallel cylindrical holes. This
analysis allows us to evaluate nanoobjects with accuracy sufficient to
identify nanostructures and construct statistical dependencies. This
analysis allows us to evaluate nanoobjects with accuracy sufficient to
identify nanostructures and construct statistical dependences.
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