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In that work a describing of automated system is made an introduction, which allow to identify particles, that are look after on
electron-microscopic images, and to determine their size, area and length of borders independently. Particle identification is based on
a threshold criterion, which has low computational complexity, but has proven to be quite effective when applied to SEM and TEM
images. Visual control of correct particle identification is facilitated by colorizing images. The proposed software system has a high
performance, and the processing of a typical SEM imagine usually take less than 10 seconds. The proposed approach was tested on
different vacuum condensates and shown high efficiency for different SEM and TEM images. It is effective for simple pictures, which
are characteristic for samples, formed by melting of sufficiently thick polycrystalline films. This approach can also be used for
quantitative processing of images obtained from films condensed by the vapor-liquid mechanism. Usually such images are difficult for
automatic processing. Data on the size dependence of the most probable particle radius formed during melting tin films, full width at
half maximum of histograms of their size distribution and excess energy, stimulating the process of de-wetting of films were received
by using the proposed software. It is shown that particle size distribution for samples obtained by melting initially continuous
polycrystalline films is single-mode and has normal character. The ratio of the full width at half the height of the distribution histogram
to the most probable particle radius does not depend on the film thickness. Applying offered method for alloys films let to establish the
effect of composition on films’ de-wetting and to show, that sequential vacuum condensation and subsequent melting are a easy method
of forming arrays both single-component particles and alloys particles.

Keywords: SEM, TEM, distribution histogram.

Metoau aHami3y €IeKTPOHHO-MIKPOCKOIIYHUX 300paKeHb Il
aBTOMaTHU3allli MoOy0BU riCTOrpaM po3Mo/illy HAHOYACTUHOK 3a

po3MipaMu
A. ly6osas, C. [lykapos, C. [lerpymenko, B. Cyxos

Xapxiscokuti nayionanoHutl yHisepcumem imeni B.H. Kapasina, m. Ceo600u 4, 61022, Xapxkie, Yrpaina

VY po6oTi OMHCY€ETHCSI aBTOMATH30BaHa MIPOrpaMHa CHCTeMa aHaji3y eJIeKTPOHHO-MIKPOCKOMIYHUX 300pa)KeHb, sika JO3BOJISIE
BU3HAYATH XapaKTepHUH PO3MIp, IUIOLLY 1 JOBKHMHY TPaHHMI YaCTHHOK, IO CHOCTEPIrarThCs Ha ENEKTPOHHO-MIKPOCKOIIYHHX
300pakeHHsIX. BUIINCHHS YaCTWHOK Ha piBHI (OHY 3MIMCHIOETBCS Ha OCHOBI TMOPOTOBOTO KPHUTEPIIO, SKUH Ma€e HEBHUCOKY
00UNCITIOBANIEHY CKJIAIHICTB, TIPOTE BUSBIISIETHCS IOCTATHRO e()eKTUBHIM IIPH 3aCTOCYBaHHI 10 3a3BH4ail kKoHTpacTHHX SEM 1a TEM
300pakeHb. BUKOPHCTAHHS TAKOTO MPOCTOT0 arOpUTMY 3abe3nedye MPONOHOBaHii MPOrpamMHiil cucTeMi BUCOKY IIBHAKICTH poOOTH
1 T03BOJIsSIE BUKOHYBATH KUTbKiCHY 00poOKy THroBoro SEM 300paxeHHst npoTaroMm He Outeire 10 cekyHn. Po3pobiene mporpamue
3a0e3neyeHHs 0Ka3aao BUCOKY epeKTHBHICTb He JIMIIE [UIS TPOCTHX 300paXkeHb OeP)KYBaHUX BiJl 3pa3KiB, yTBOPEHHUX IIJIaBICHHIM
HOJIIKPUCTANIIYHUX TUTIBOK TOBIIMHA SKUX TEPEBHILYyE€ KPUTHYHE 3HAYEHHs, a M JI03BOJMJIO MPOBECTH KilbKiCHY 00poboky SEM
300pakeHb 3pa3KiB, CKOHICHCOBAHUX 32 MEXaHI3MOM TMapa-piauHa. He3Baxkaroun Ha Te, 110 JJsI TUTIBOK, OJICP/KaHUX KOH/ICHCAIIE0
PEUYOBHHH B MEPEOXOJIODKEHY ab0 TepMOIMHAMIYHO CTa0iIbHY pifKy a3y, BIaCTHBI BHCOKI KOe(illi€eHTH 3arlOBHEHHS ITiIKJIaJKHU
IUTIBKOIO, SIKI YCKIIQJHIOIOTh BHUIIJICHHSI YaCTOK Ha piBHI ()OHY 1 iX BiJJIiJIEHHS OJHA BiJ OJHOI, 3aIPONOHOBAHHI MIJIX1] JO3BOJISE
YCIHINTHO BUPINIMTH 3aBIaHHS KUTbKICHOT 00pOOKH TaKnX 300pakeHb. ATpo0allist Haloi mporpaMHoT CHCTEMH ITPOBEICHA Ha IPUKIIA/I
OiHapHUX TUTIBOK In-Pb 3MiHHOTrO CKITay i TUTIBOK 0JI0BA 3MIHHOI TOBIIMHM, SIKi KOHICHCOBaHI Ha aMOP(HI BYTJICIEB] Ta MOJIIOICHOBI
nigkraakd. OTpuMaHo JaHi PO PO3MIpHY 3aIeXKHICTh HAHOLIBII HMOBIPHOTO pajiiyCy YacTHHOK, SKi yTBOPIOIOTHCS IIPU IUIaBICHHI
IUTIBOK OJIOBA, HAMIBUIMPUHM TICTOrpaM PO3MOALTY YaCTHHOK 3a PO3MipaMH 1 Ha UTHIIKOBOI €Heprii, ska CTHMYJIOE TepMidHe
JIUCHePryBaHHsI [UTiBOK. 3aCTOCYBaHHS 3aIIPOIIOHOBAHOTO MIPOTPAMHOT0 3a0e3eyeHHs ls OiHAPHUX CIJIaBiB JO3BOJIMIIO BCTAHOBHUTH
BIUIMB CKJIaJy Ha MPOLEC TEPMIYHOTO JUCIICPryBaHHS BaKyyMHUX KOHJICHCATIB 1 MOKA3aTH, 1110 MTOCTiI0BHA BaKyyMHAa KOHAEHCALS 1
MOJJaJIbILIE TIJIABJICHHS € 3pDYYHUM METOA0M (POPMYBaHHS MACHBIB OAHOPIAHUX YACTHMHOK OIHAPHUX CILIABiB.

Kurouosi croBa: SEM, TEM, ricrorpama posnoniny 3a po3mipamu.
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MeToabl aHanM3a 3IEKTPOHHO-MUKPOCKOTTUYECKUX N300paXEHUN IS
aBTOMATHU3AI[MU [TOCTPOEHUS THCTOTPAMM PaCIpEAEICHNS] HAHOYACTHUI 1O

pasMepam
A. lly6osas, C. Jlykapos, C. Ilerpymenko, B. Cyxos

Xapuvrosckuil nayuonanvnwii ynusepcumem umenu B.H. Kapasuna, m. Ce60600wb1 4, 61022, Xapvros, Ykpauna

B pabore omuchIBaeTCs aBTOMATU3MPOBAaHHAS CHUCTEMa aHAIW3a JICKTPOHHO-MHUKPOCKONHYECKHX H300paKCHUH,
MO3BOJIIONIAS. ONpENENATh XapaKTepHBIH pasMep, IUIOIagb W JUIMHY TPaHULBl YacTUIl, HAONIONAIOIIMXCS HA SJIEKTPOHHO-
MHUKPOCKOIHYECKHX H300pakeHNsIX. Brienenue yacTui Ha ypoBHe (hOHA BHITOIHAETCS HA OCHOBE ITOPOTOBOTO KPUTEPHS, KOTOPHIH
HMMEeT HU3KYI0 BBIYHCIHTENBHYIO CIIOXKHOCTh M OKAa3bIBaeTCs NOCTaTodHO 3¢ddextnBHBIM npu mpumenennn k SEM n TEM
n300pakeHusIM.  Vcnonk30BaHne HU3KO3aTPATHOTO alropHUTMa OOECIeYMBaeT IpeuiaraeMol INpOrpaMMHOM CHCTEME BBICOKYIO
IIPOM3BOJUTENBHOCTh M II03BOJIIET BBIIONHATH 00paboTKy tummuHoro SEM m3o0paxenus 3a Bpems He Ooixee 10 cexyHn.
IpennoxeHHbIi TOIX0A MOKa3al BBICOKYI0 3(Q(EKTHBHOCTh HE TOJBKO JUIS MPOCTHIX M300paKEeHHMil, MOITy4aeMBIX OT 00pasLoB,
00pa30BaHHbBIX IUIABICHUEM IOJMKPUCTAIMYECKUX IUICHOK, HO M IIO3BOJIMJ BBINOJHHUTH KOJMYECTBEHHYIO 00paboTky SEM
U300paXeHUH IUICHOK, CKOHJEGHCHPOBAHHBIX MO MEXaHU3MY Map-KUIKOCTh. HecMOTpsi Ha TO, 4TO A OOpa3loB IIOIy4aeMBIX
KOHJICHCAIlMeH BEIIECTBA B IEPEOXJIAKICHHYIO WIH TEPMOJMHAMMYECKH CTAOWIBHYIO JKUIAKYIO (hasy, XapakTepHbI BBICOKHE
K03 (ULIHEHTHI 3aITOJHEHHUS MOJI0KKH TUICHKOH, KOTOPBIE YCIOKHSIOT BBIICJICHUE YACTHI HAa YpOBHE (DOHA M X OTACIICHUE APYT OT
Jpyra, IPUMEHEHHBIH IT0IX0]] MO3BOJISIET YCHENIHO PEIINTh 33ady KOJMYEeCTBEHHONH 00pabOTKM TaKUX M300pakeHUH. AnpoOarius
MIPE/UTOKEHHOM MPOrpaMMHOM CHCTEMBI IIPOBE/IcHA Ha IpHMepe OMHApHBIX IUIEHOK In-Pb mepemeHHOro cocraBa M IUICHOK OJIOBa
MIEPEMEHHON TOJIIMHBI, KOHJICHCHPOBAHHBIX Ha MOJIMOACHOBBIE M YIJIEPOAHBIE IOJIOKKH. [loJydeHBI NaHHBIE O pa3MEpHOM
3aBHCHMOCTH HauOoyee BEPOSTHOTO Pajlyca YacTHIl, 00pa3yOIIUXCs MPH IUIABICHHU IUICHOK OJIOBA, MOJYIIMPHUHBI THCTOIPAaMM
pacrpesieNieHusi 4acTHI[ 110 pa3MepaM M H30BITOYHOH SHEPruM, CTHMYJIHPYIOLICH TepMHYECKOe HUCIICPTHPOBAHUE ILICHOK.
ITpuMeHeHHe MPeIoKEHHOTO MeTo1a UIsi OMHAPHBIX CIUIABOB TTO3BOJIMJIO YCTAHOBHUTH BIMSHHE COCTAaBA Ha MPOLECC TEPMHIECKOTO
JIUCTICPTUPOBAHMS TUICHOK M II0Ka3aTh, YTO MOCJEAOBaTeNbHAs BaKyyMHass KOHJCHCAUMS M MOCIEAYIOLIEe IUIABICHHUE SBILIOTCS

YI0OHEIM MeTO10M (POPMHUPOBAHHS MACCUBOB OJTHOPOIHBIX YaCTUIl OMHAPHBIX CILIABOB.
KoroueBsbie cioBa: SEM, TEM, rucrorpama pacnpeesieHus 1o pazmepam.

Introduction

Electron microscopy is one of the main tools available
to modern researchers. With the help of SEM and TEM
methods it became possible to study process, happened in
biological objects, structural materials,
nanosystems, etc. Electron microscopy has received the
most powerful push recently when the combination of
high-resolution microscopy, allowing observing crystal
lattice, with in sifu technologies brought research to a
fundamentally new level. Using a combination of such
technics, it is possible to establish unique features of the
phenomena occurring in nanosystems, for example, metal-
induced crystallization [1, 2], crystallization of
supercooled melts [3, 4,5, 6 7, 8], solubility [9, 10, 11], etc.

At the same time, the urgent task of modern researchers
remains to analyze the obtained electron microscopic

various

images. Especially it is stay important in studying integral
parameters of a nanostructure pattern, which usually
requires processing a lot of images. The growing interest
of applied researches in arrays of metal particles, which are
considered as a functional element of chemical catalyst,
photocatalytic generators and touch devices [12, 13, 14,
15], contributes not only the developing of new ways of
forming functional nanomassives, but also compels them
to improve methods of their study.

A particles size distribution has the main meaning for a
lot of applied tasks. In particular, frequently it is
necessarily to know the most probable particles’ radius,

full width at half maximum of histograms of their size
distribution and a received particles’ fractality degree.
However, reliable plotting of histograms requires
measuring dimensions of the size of an extremely large
number of particles. According to Sturges rule [16], a
reliable construction of histogram, subdivided only on
seven intervals, can be completed only after receiving more
than one thousand experimental points. For a long time,
such problems were solved with a help of various
approximate and statistical methods, but today the
development of digital technologies allows to automate the
analysis of micrographs.

Despite the availability of many software tools,
designed for digital processing of various images, none of
the available solutions can be called completely
satisfactory. Thus, multifunctional programs designed for
processing “everyday” images are limitedly applicable to
tasks arising for researchers. And special software
packages, usually supplied as additional options by
manufacturers of electron microscopes, do not provide the
necessary flexibility and have a high price, which limits the
possibility of their use. In this regard, the task of
developing a software package that makes it possible to
ensure automation of the process of constructing
histograms from electron microscopic images with
minimal costs is becoming urgent.

Automation methodology of constructing histograms
process
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One of the initial tasks, which arise in the process of
automation of processing electron microscopic images, is
allotment of interested objects on the image. Today a lot of
algorithms for determination of the visually observed
boundaries have been developed, many of which are based
on Canny operator [17]. However, despite of high
efficiency of the such algorithms, they have excessive
computational complexity and in using in real SEM images
do not provide needed efficiency. That is why in solving
our task it was possible to use the simplest threshold
criterion in view of the high contrast of SEM images for
allotment objects from background highlight. Its value is
manually set by the operator before image processing.
Next, pixel-by-pixel passage of the entire electron
microscope image and the division of pixels into two
classes: background pixels and pixels of desired objects -
are realized. Actually, that processing phase converts the
original image with a big deep of color in binary picture.
Despite the algorithm’s simplest character, it lets reliably
and reproducible highlight particles, looked after in island
films. It is such samples that are the main object, the study
of which is supposed to be performed using the proposed
software package. Single background’s pixels, brightness
of which because of random effects can lead to their
belonging to information objects, they will be pearl off on
the last algorithm’s stage easily by the setting up of
minimum area threshold, starting from which the object
will be pearl off to physical particles. Usually it’s enough
to set up the threshold on the level of 5-10 pixels.
Practically, that can help to pearl off the effect of digital
noise even on very noisy images.

The next step of the proposed algorithm assumes to
assign each of the particles, that have been found on the
previous stage, its unique color, which let to work with
each one independently. It gives an opportunity to code
more than 16 million unique particles, that is more than
enough for images, encountered in practice, by using RGB
space. For solving the task, it was turned out to be
convenient to use the standard pouring function, available
in most popular integrated development environment. At
this step, pouring is applied to each previously identified
particle during pixel-by-pixel image pass, which assigns all
pixel population, being in contact, unique significance of
color, that is further used as particle’s identifying index.
From this point on, we can abandon to work with image
and for computing optimization go to work with two-
dimensional array of the appropriate type.

The next image’s processing stages are defined to
determine particle’s size and can be completed with a help
of various technics, one of each is fraught with a number
of difficulties. So, a series of consecutive passes of the all
two-dimension array, with the goal to count the number of
pixels, belonging to each of the particle, excessive

computational cost. It turned out to be the most rational to
measure the size of all particles within a single image pass.
For this was use one-dimension array integer type, and
color, previously assigned to particle, was as an index
array’s element. Despite the large size of the arrays,
especially in noisy images, leading to high memory
consumption, it allowed providing full SEM image’s
processing in size of 1500-by-1500 pixels during 5 seconds
using slow computer.

Along with a particle area proposed program system let
to determine length of their boundaries independently.
Final version’s screenshot of the program system, letting to
determine length and square of the boundary each of the
particles, found on the image automatically, is submitted
on the fig.1. Received values (particles’ square, length of
their boundaries and coordinates of conditional centers) are
saved in text files and they can be processed by off-site
programs for solving specific scientific tasks hereinafter.

Fig. 1. Screenshot of the working window of the program
designed for automatic image analysis

Testing of the developed system
Films of fusible metals and alloys, condense’

vacuum on different substrates (molybdenum
amorphous carbon) were chosen for testing offered
program complex. Samples were prepared in the
conditions of a high vacuum, created with oil free pumping
out system. After that, the films, deposited by the vapor-
crystal condensation mechanism, were exposed to short-
term heating, provided their melting. A detailed analysis
scientific results, received during studying films Sn/C and
(In-Pb)/Mo, is given in [18, 19]. It is appropriate to stop
only on the separated aspects of digital processing electron-
microscopic images. SEM image of self-organized
structures formed after melting of polycrystalline films is
shown on the fig.2. It’s clear that, as it was expected after
work’s results [18, 19, 20], the films, after melting on the
poorly wettable substrate, are consisted of disparate
spherical particles.
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Fig. 2. SEM image of self-organized structures formed after
melting of polycrystalline films

Visually work results of the offered program are
illustrated on the fig. 3, on which SEM image are presented
after carrying out color uniqueness particles. The realized
digital processing system turns out to be efficient not only
for rather simple island films with a low coverage (Fig. 3a),
but also for a more complex image, which is characterized
by high coverage and a small distance between particles
(Fig. 3b, ).

Results of quantitative processing images are presented
on the fig.4, on which particle size distribution histograms
are shown, occurring during forming island films. As we
see, system particles’ (N) quantity, radius of which (R) gets
into the selected histogram step (AR), increases quickly
with reducing R in such systems.

But, despite increasing particles number of a small
radius, substance volume, which is concentrated in them,
can be insignificant. In this time, not an absolute number
particles value, getting into one or the other histogram step,

SEM HV: 10.0 KV
View field: 330 pm
SEM MAG: 1.26 kx

WD: 15.17 mm
Det: SE
Date(midly): 11/17/17

VEGA3 TESCAN

100 pm

Performance in nanospace

SEM HV: 30.0 kV WD: 8.95 mm VEGA3 TESCAN

View field: 55.0 pm Det: SE 10 pm

SEM MAG: 7.55 kx Date(mi/d/y): 01/03/18 Karazin National University

SEM HV: 30.0 kV WD: 9.62 mm
View field: 55.0 ym Det: SE
SEM MAG: 7.55 kx Date(m/dly): 12/11/17

Fig. 3. Processed SEM images of Sn/C films obtained by
melting films condensed by the vapor-crystal mechanism (a,
b) and directly deposited into the liquid phase (c).

VEGA3 TESCAN|

10 pm

Performance in nanospace

but sample’s mass distribution over the particles of various
sizes has a great importance for many practical apps and
for describing integral properties of the islands structures.
Therefore, to construct histograms in [18, 19] the value
W= 4 zN (R)R®
3 AAR
N(R) is the number of particles, the radius of which falls
into the selected step of constructing the histogram AR; 4
is the area of the image, from which the histogram
calculation was carried out. The W value keeps
information about substance amount, that is concentrated
in particles, getting into chosen histogram step.
Numerically W is equal to that film thickness, which would

is plotted along the vertical axis. Here
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turn out if all substance, concentrated in particles, that get
in size AR interval, was evenly distributed over the
substrate with the area A.

N
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Fig. 4. Dependence of the number of particles falling into the
step of the histogram on their average radius

Histograms’  example, received  with  that
normalization, is shown on the fig. 5. As we see, such
particle size distribution for samples, obtained by melting
initially continuous polycrystalline films, is single-mode
and has normal character. Size and concentration effects
were studied in films Sn/C u (In-Pb)/Mo by analyzing of
normalized in a such way histograms [18, 19]. Particularly,

w

15

T T T T T T T
0 1 2 3 4 5 7, um

Fig. 5. Dependence of relative extension from temperature

in [18] size dependence of the most probable radius and,
full width at half maximum of histograms was built. It is
shown that the ratio of these quantities does not depend on
the film thickness. Size dependence of excess energy
received in work [18], that gets out of during thermal
dispersion of the sample, shows that for films, thickness of
which is less than critical, that value fast aims to zero. This
indicates that rather thin samples form island and actually
equilibrium structure in condensation process. Study of the
concentration dependence of de-wetting parameters,
performed in [19], showed that full width at half maximum
of histograms and the most probable particle radius, come
into being during dispersion of binary films In-Pb, received

by consistent condensation, had for alloys, having from 20
to 80 mass %Pb, permanent value.

Conclusion

A system of automatic digital processing of electron-
microscopic images was developed and tested, getting an
opportunity to determine area and length of the boundary
each of the particle independently. Processing of typical
electron-microscopic image takes about 5 seconds. It lets
to process large amount of data, needed for studying
statistic regularities of forming structures, appeared in
high-dispersed samples. Proposed software approach was
tested on the number of systems and it let to set important
features of self-organization process, which lead to
forming ordered structure during annealing of condensed
films.

References/Literature

1. D. Janke, F. Munnik, J. Julin, et al. Carbon, 159, 656-667.
(2020).

2. A.P.Kryshtal, A.A. Minenkov, P.J. Ferreira. Applied Surface
Science, 409, 343-349. (2017).

3. M. Wu, Q. Zhang, B. Zhao, et al. J Therm Anal Calorim, 135,
2995-3003. (2019). https://doi.org/10.1007/s10973-018-
7523-1

4. G. Kellermann, A. Gorgeski, A.F. Craievich, L.A. Montoro.
Journal of Applied Crystallography, 48 (2), 520-527. (2015).

5. S.V. Dukarov, S.l. Petrushenko, V.N. Sukhov. Materials
Research Express, 6 (1), 016403. (2018).

6. S.V.Dukarov, S.I. Petrushenko, V.N. Sukhov. Vacuum, 122,
208-214. (2015).

7. H.F. Degenhardt, G. Kellermann, A.F. Craievich. Journal of
Applied Crystallography, 50 (6), 1590-1600. (2017).

8. D.A. Basha, N. Ravishankar, K. Chattopadhyay. Journal of
Materials Science, 52 (9), 5194-5207. (2017).

9. S. Bogatyrenko, A. Kryshtal, A. Minenkov, A. Kruk. Scripta
Materialia, 170, 57-61. (2019).

10. S.I. Bogatyrenko. Technical Physics, 59 (9), 1374-1377.

(2014).

11. AP. Kryshtal, S.I. Bogatyrenko, R.V. Sukhov,
A.A. Minenkov. Applied Physics A, 116 (4), 1891-1896.
(2014).

12. K. Sytwu, M. Vadai, J.A. Advances in Physics: X, 4 (1),
1619480. (2019).

13. O. Lupan, V. Postica, T. Pauporté, et. al. Sensors and
Actuators A: Physical, 296, 400-408. (2019).

14. Y. Wu, Y. Yi, Z. Sun, et al. Chemical Engineering Journal,
390, 124515. (2020).

15. T. Chen, J. Yu, C. Ma, et. al. Chemosphere, 248, 125964.
(2020).

16. H.A. Sturges. Journal of the american statistical association,
21 (153), 65-66. (1926).

17. J. Canny. IEEE Transactions on pattern analysis and machine
intelligence, (6), 679-698. (1986).

18. S.V. Dukarov, S.I. Petrushenko, V.M. Sukhov,
I. G. Churilov Metallofiz. Noveishie Tekhnol., 41 (4), 445-
459. (2019).

19. S.V. Dukarov, S.I. Petrushenko, I. Churilov, A. Lyalka,
Z. Bloshenko, V. Sukhov. Microstructure and Properties of
Micro-and Nanoscale Materials, Films, and Coatings (NAP
2019) (Springer, Singapore, 2020) pp. 379-388.

20. S.1. Petrushenko, S.V. Dukarov, V.N. Sukhov, |.G. Churilov.
Journal of Nano-& Electronic Physics, 7 (2), 02033. (2015).

54 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukar, sun.33, 2020


https://doi.org/10.1007/s10973-018-7523-1
https://doi.org/10.1007/s10973-018-7523-1

