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An effective way to create self-organizing arrays of metal particles is to melt thin layers of substance on a poorly wetted surface.
Such arrays may improve the technological properties of functional structures, and are themselves functional elements of modern
devices and systems.

During the melting of a solid layer on a poorly wetted substrate, an array of spherical particles is formed, which are evenly
distributed over the surface of the substrate. The distribution of particles by size is determined by the thickness of the fusible layer and
conditions of the deposition. The location of islands, formed after the melting of vapour-crystal deposited solid films, is determined
primarily by the initial stages of de-wetting, when the thin continuous film starts to decay while remaining in solid state.

This work studied self-organizing processes during the melting of Pb films deposited on a Ta substrate. The films were deposited
on glass plates in a high vacuum and then after deposition were heated to a temperature slightly above the Pb melting point. After the
heat treatment the samples were removed from the vacuum chamber and examined using SEM microscopy and EDS analysis.

It was discovered that arrays of spherical particles are formed during the melting of micron-thick Pb films. The histograms of the
size distribution of such particles are quite wide and can be represented as bimodal with partially overlapping maxima. This can be
explained by active coalescence processes in thicker samples. This study demonstrated that small temperature gradients can cause
noticeable kinetic effects that allow separate particles to move macroscopic distances and capture the surrounding substance. The study
also estimated the energy associated with the optimization of the morphological structure of vacuum condensate and which is a physical
factor of de-wetting.
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Morphological structure of the Pb island films melted on the Ta layer surface

INTRODUCTION

Arrays of metal particles, chemical compound
particles, composites and organic particles are critically
important for modern technologies, such as catalysis, green
energy, medicine, etc. [1, 2, 3, 4]. Such arrays can be
produced in different ways [5, 6, 7, 8, 9]. Vacuum thermal
de-wetting of initially continuous films is a convenient
method for research purposes [10, 11, 12, 13, 14, 15]. This
method of nanoarray formation allows us to find out the
fundamental patterns of self -organization of the film
substance, that affect the technological features of the
production of functional layers.

Previous studies of the processes of self-organization
of substance of films under the temperature factor are
presented in [16, 17, 18]. Studies have shown that an array
of metal particles of a regular shape (a spherical segment)
is formed during the melting of metal films on a carbon
substrate. The formation of the spherical particles arrays
has been observed during the melting of binary alloys [17].
At the same time, for metal-metal systems that have
stronger interaction, significant differences from metal-
nonmetal systems [16, 18] are expected. In the study of
supercooling during crystallization of the Ag/Bi system
[19], it was found that in the case of Bi condensation on Ag
by the vapor-crystal mechanism, a connected system of
bismuth inclusions of irregular shape is formed, which is
not destroyed after cycles of melting and crystallization.
The arrays of particles formed during the melting of the Pb-
In alloy on a molybdenum substrate are separate particles
of regular shape and are similar to those observed during
the dispersion of metallic films on amorphous carbon. The
structures formed during the melting of bismuth on a
vanadium layer intermediate between these structures [20].
In this case, arrays of large separated particles are formed,
which do not form a bonded system. Such contact pairs,
which have an intermediate interaction between low-
melting and higher-melting point components, are
promising objects for research. In addition, layers of
refractory materials that allow forming ultrathin
electrically continuous films [21, 22, 23, 24, 25], are of
interest to applied researchers for modern nanoelectronics.

Note, that the formation of self-organized arrays is a
result of several simultaneous processes of decay,
complicated by a possible coalescence of particles.
Although the contribution of the coalescence process
decreases with sample thickness, this process can have a
significant impact on the formation of structures, which
may affect the properties of a functional layer. With this in
mind, the current study investigates self-organized arrays
formed during the melting of micron-thick Pb films
condensed on a tantalum layer.

EXPERIMENTAL
Samples were created by vacuum deposition to a

glass plate of the electron beam evaporated Ta and
thermally sputtered Ph. The chamber was pumped down to
pressure 107 Torr with a combination of turbomolecular
and ion pumps. The thickness of the samples was
monitored by the quartz balance method and, further, if
necessary, refined by SEM microscopy studies. After
deposition, the glass plate was heated to ensure complete
melting of the fusible component. As with decreasing film
thickness the influence of additional mechanisms of film
de-wetting, except for grain boundary de-wetting,
increases [16], thick films (6 microns) were chosen for
study.

A Tescan Vega 3 LMH scanning electron microscope
equipped with a Bruker XFlash 5010 X-ray spectral
analysis system were used for surface morphological
studies. The obtained images were analyzed with the use of
software developed in our laboratory.

RESULTS AND DISCUSSION
Fig. 1 shows the SEM image of the Pb/Ta/glass
sample, where the Pb film is completely melted. The traces
of thermocapillary motion of melted drops that captured
the substance and formed much larger particles appear on
the substrate surface (fig. 2). Similar effects were observed
in the study [26] during the melting of binary films.

Fig. 1. SE im.age of PE)Té film on a glass plate after
melting of a fusible component.

Note that, in contrast to [26], in the case of Pb/Ta
films, the direction of movement of these droplets appears
to be random. This is clearly shown in Fig. 2. Such
microstructures may be a result of uneven heating of the
film sample. Structurally, the substrate was a glass plate
pressed by a metal mask to the massive heater. The edges
of the plate have better thermal contact than the central
part, which causes a temperature gradient.temmnepatypu
cTaHoBmJa 0au3bK0 5 MK.

This can explain why the detected capillary
phenomena appear due to small temperature gradients, the
presence of which can significantly change the
morphology of the formed structures when heated. Such
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Fig. 2. SE ‘ mage fthewélags plate with Pb/Ta
deposited film obtained after complete melting of Pb.

gradients can occur naturally in many technological
processes. Thus, the development of technologies for the
creation of self-organizing arrays should take into account
such phenomena, reduce their influence, or, conversely,
use such capillary motion.
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To prove this assumption EDS analysis of the areas
with particle motion traces (Fig. 3a) and ordered structure
(Fig. 3b) was conducted. In addition to Ta, the presence of
Si was detected in obtained spectra. Due to the small
thickness of the Ta layer, it was possible to see the
spectrum of the glass substrate even at the minimum
accelerating voltage. Taking the above into co nsideration,
it is possible to estimate the relative thickness of the Ta
layer. As seen in spectra (Fig. 3a, 3b), the thickness
variation is insignificant and cannot affect the melting
substance behavior.

Consequently, the capillary motion of droplets (Fig.1)
is caused by random factors and should be considered as
an influence of temperature gradients during film de-
wetting. This phenomenon should be separated from the
matter self-organization processes when structures of
regularly shaped spherical particles are formed (Fig.4).

Particle size distribution histograms for an area with
an ordered structure of particles were plotted using the
method applied in previous studies [16, 18]. The
dimensionless size W which is delayed by vertical axis is

4 nN(r)r?
3 SAr

determined by the formula W = and is
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Fig. 3. BSE images of different areas of Pb/Ta film and the corresponding fragments of the EDS spectra. The
concentration of Ta, on fig. 3a and fig. 3b, calculated in %, as compared to Si, is a quantitative measure of the

thickness of the metallic layer.

An area of the ordered structure particles, similar to
those studied previously [16, 18] has been observed
together with the areas with molten particle motion traces.
We assume that the molten particle motion is a result of the
uniformity of the deposited Ta layer.

numerically equal to the mass thickness of the film (in units
of 4r), which would form N(r) is particles whose radius (r)
getinto the interval (r, r + 4r). Here S is the area of the site
on which the histogram is calculated, and 4r is the plotting
step.
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Fig. 4. SEM images of an area of ordered particles Pb/Ta
film after thermal treatment.

The shape of the resulting histogram is asymmetric with
one maximum (Fig. 5). This is in agreement with the results
of [16], which show that the bimodal appearance of the
histogram, observed in a narrow interval of mass
thicknesses, changes to a unimodal one as the film
thickness continues to grow.
The physical reason for de-wettings of a continuous film to
islands in the melting process indicates the system
tendency to minimize its energy. Energy gain of the de-
wetted film may be evaluated using coverage of the film on
a substrate or using the most probable radius of the formed
particles. Taking into account that the substrate coverage is
0.2 and the most probable radius of the formed particles is
30 um, the energy gain can be estimated as 370 mJ/m2.
The density of particles on the substrate is an
important characteristic of the sample, which provides
information about the evolution mechanisms of the film
morphology during the formation of the surface structure.
The determination of the particle density, the smallest
particles are excluded from calculations. The following
criterion is used: all particles in the image are sorted out by
size and only the first N particles that contain 90% mass of
the layer, are taken for calculations. Such particles affect
the main properties of functional structures and are easy to
observe. It was observed that Pb film on the Ta layer had a
density of 300 particles per mm?2. This value is noticeably
smaller in comparison with the particles density for lead
deposited on carbon [16]. This indicates a decisive role of
the tantalum layer in the formation of the studied
structures. It appears that despite poor wetting by Pb, a
layer of Ta simplifies the particles motion. This facilitates
coalescence, which is present both in the region of capillary
motion (Figs. 1, 2) and in the areas of the substrate where
ordered structures were observed. Taking into
consideration all the above, we can conclude that the
asymmetry of the obtained distribution histogram is natural
and can be explained by the presence of the two types of

particles in the heat-treated sample. Primary particles are
formed by grain-boundary dispersion and secondary
particles are formed by coalescence of primary particles.
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Fig. 5. Histogram of the size distribution of particles
formed during the melting of a continuous film of Pb on
the Ta surface.
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CONCLUSIONS

1. This study shows that the Pb films of micron
thickness, deposited on thin layers of Ti, form arrays of
spherical particles after melting.

2.  The shape of the particles indicated the poor
wetting in the system.

3. The histogram of distribution by the size of Pb
particles is single-modal but has signs of asymmetry.
Asymmetry may indicate that the microstructure of the
studied samples is formed by the two mechanisms. The
first mechanism is the thermal decay of the initial solid
films, occurred on the boundaries of grains of the
polycrystalline film. As a result, primary type particles are
formed. The second mechanism is the coalescence of such
primary particles, due to which particles of a different size

type appear.
CONFLICT OF INTEREST

The authors report no conflict of interest.

REFERENCES
1. B. Zhang, P.X. Gao. Frontiers in Materials, 6, 55 (2019).
https://doi.org/10.3389/fmats.2019.00055
2. Y.Qiu, et al. Science Bulletin, 64(18), 1348 (2019).
https://doi.org/10.1016/j.scib.2019.07.017
3. C.Zhang, et al. Nanophotonics,
https://doi.org/10.1515/nanoph-2021-0476
4. Z. Xie, etal. Journal of Alloys and Compounds, 861, 157999

11(1), 33 (2022).

The Journal of V.N. Karazin Kharkiv National University. Series “Physics” Iss. 38, 2023
28 BicHuk XHY imeni B.H. Kapasina, cepida «®i3uka», sun. 38, 2023


https://doi.org/10.3389/fmats.2019.00055
https://doi.org/10.1016/j.scib.2019.07.017
https://doi.org/10.1515/nanoph-2021-0476

I.G. Churilov, O.0. Nevgasimov, S.I. Petrushenko, S.V. Dukarov, V.M. Sukhov

(2021). https://doi.org/10.1016/j.jallcom.2020.157999

5. C. Ge, et al. Sensors and Actuators B: Chemical 366, 131991
(2022). https://doi.org/10.1016/j.snb.2022.131991

6. Q. Yang, et al. Advanced Energy Materials, 10(7), 1903193
(2020). https://doi.org/10.1002/aenm.201903193

7. Z.Cen,etal. New Journal of Chemistry, 46(14), 6587 (2022).
https://doi.org/10.1039/D2NJ00213B

8. N.P. Klochko, et al. Solar Energy, 232, 1 (2022).
https://doi.org/10.1016/j.solener.2021.12.051

9. R.M. Shetty, et al. ACS nano, 15(7), 11441 (2021).
https://doi.org/10.1021/acsnano.1c01150

10. J. Ye, D. Zuev, S. Makarov. International Materials Reviews,
64(8), 439 (2019).
https://doi.org/10.1080/09506608.2018.1543832

11. L. Kondic, et al. Annual Review of Fluid Mechanics, 52, 235
(2020). https://doi.org/10.1146/annurev-fluid-010719-060340
12. J.A. Badan, et al. Ceramics International, 47(23), 32685
(2021). https://doi.org/10.1016/j.ceramint.2021.08.165

13. AA. Shklyaev, A.V. Latyshev. Scientific Reports, 10, 13759
(2020). https://doi.org/10.1038/s41598-020-70723-6

14. A.O. Nevgasimov, et al. In 2021 IEEE 11th International
Conference Nanomaterials: Applications & Properties (NAP), p.
9568560 (2021).
https://doi.org/10.1109/NAP51885.2021.9568560

15. M. Sriubas, et al. Surfaces and Interfaces, 25, 101239 (2021).
https://doi.org/10.1016/j.surfin.2021.101239

16. O.0. Nevgasimov, et al. Materials Today: Proceedings,
62(9), 5787 (2022). https://doi.org/10.1016/j.matpr.2022.03.491

17. S.V. Dukarov, et al. In Microstructure and Properties of
Micro-and Nanoscale Materials, Films, and Coatings (NAP
2019), Springer Proc. in Physics, Springer, Singapore (2020), v.
240, p. 379. https://doi.org/10.1007/978-981-15-1742-6_37

18. S.V. Dukarov, et al. Metallofiz. Noveishie Tekhnol, 41(4),
445 (2019). https://doi.org/10.15407/mfint.41.04.0445

19. S.V. Dukarov, et al. Funct. Mater., 25(3) 601 (2018).
https://doi.org/10.15407/fm25.03.601

20. S. Petrushenko, S. Dukarov, V. Sukhov. In 2022 IEEE 12th
International Conference Nanomaterials: Applications &
Properties (NAP), p 9934108 (2022).
https://doi.org/10.1109/NAP55339.2022.9934108
21. R.I. Bihun, Z.V. Stasyuk, O.A. Balitskii.
Condensed Matter, 487, 73 (2016).
https://doi.org/10.1016/j.physb.2016.02.003

22. Y.G. Bi, et al. Advanced Optical Materials, 7(6), 1800778
(2019). https://doi.org/10.1002/adom.201800778

23.J. Guan, R.A.Campbell, T.E. Madey. Surface science,
341(3), 311 (1995). https://doi.org/10.1016/0039-
6028(95)00741-5

24. C.Ji, et al. Nature communications, 11(1), 1 (2020).
https://doi.org/10.1038/s41467-020-17107-6

25. C. Zhang, et al. Advanced Optical Materials, 9(3), 2001298
(2021). https://doi.org/10.1002/adom.202001298

26. V.N. Sukhov, 1.G. Churilov. Adhesion of Melts and Brasing
of Materials, 41, 9 (2008).
http://dspace.nbuv.gov.ua/handle/123456789/4371

Physica B:

MOP®OJIOINYHA CTPYKTYPA OCTPIBLEBUX NMNIBOK CBUHLIO,
PO3IMJABJIEHUX HA NMOBEPXHI TAHTAIY.

[.I". Yypinos, O.0. Hesracumos, C.I. lNeTpyweHko, C.B. [lykapos,
B.M. Cyxos

Xapriecokutl nayionanvHutl yuigepcumem imeni B.H. Kapasina, maiioan Ceoboou, 4, 61022 Xapxis, Yrpaina
E-mail: igor.churilov@karazin.ua
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[TnaBneHHS TOHKMX IIApiB PEYOBHMHM, IO 3HAXOAWTHCS HA IMOTAHO 3MOYYBaHIH MOBEPXHI, PO3IIISNAETHCS SIK
e(heKTUBHHI CIOCI0O CTBOPEHHS CaMOBIIOPSIKOBAHUX MACHBIB METAJCBUX YAaCTHHOK. Taki MacWBU 3[aTHI 5K
MOKpallyBaTl TEXHOJIOTIYHI BIACTHBOCTI (DYHKIIOHANBHUX CTPYKTYp, Tak 1 cami BHCTYHatu (yHKIIOHAJIBHUM
€JIEMEHTOM Cy4YacHUX NPHIIAJiB T CUCTEM.

[Tix yac muaBieHHs TBEPAOTro IIapy Ha IOraHO 3MOYYBaHIHM MiJKIAAIl YTBOPIOETHCS MAaCHB YAaCTUHOK CHEepUIHOT
(dhopmu, 1110 PIBHOMIPHO PO3MOALICHI IOBEPXHEIO IMiAKIaaKu. PO3mo i 3a po3MipaMu OCTPIBIIIB, [0 YTBOPIOIOTHCS IMiCIIS
IUIABJICHHS CYIUIPHUX IUTIBOK, OC/PKEHHMX 332 MEXaHI3MOM Napa-KpHcTall, BU3HAYa€ThCsl HacaMIlepe]] MOYaTKOBHUMHU
eTaramy iX JUCIIepryBaHHs, 32 SIKMX JOCTaTHHO TOHKA CYIiJbHA IUTIBKA PO3IAAAETHCS 1€ Y TBEPAOMY CTaHi.

Po6ora npucBsueHa MOCITiHKEHHIO MPOIIECIB CaMOBIOPSAIKYBAHHS, SKi BiIOYBAIOTHCS i Yac MJIABJICHHS TUTIBOK
CBUHIIIO, 1110 OyJIM OCa/DKEHI Ha TAHTAJIOBY MiAKIAAKY. [IITiBKH KOHAEHCYBaJIM Ha CKJISTHI TNIACTHHH, Y BUCOKOMY BaKyyMi
ITiCIISL YOTO HArpiBajM J0 TEMIIEpaTypH, IO JEN0 IEpeBHUIlye TEMIIepaTypH IUIaBieHHs CBHHIO. Ilo 3aBepiueHHIO
TEPMIYHOTO BIUTMBY 3pa3KH JiCTaBAJIM 3 BaKyyMHOI KaMepH Ta IOCIiKyBaiH 3 BukopuctaHHIM SEM wmikpockomii Ta
EDS anamisy.
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Morphological structure of the Pb island films melted on the Ta layer surface

BcraHoBieHo, 110 miJ Yac IUIaBJICHHS ITIBOK CBHMHIIO MIKPOHHOI TOBIIMHHM YTBOPIOIOTHCS MacHUBH YacTHHOK
chepuunoi popmu. 'icrorpamu po3moAiTy 3a PO3MipaMH TAaKMX YaCTHHOK € JOCHTh IMAPOKMMH Ta MOXYTh OyTH
MpeACTaBIeHI AK OIMOmaNbHI 3 MaKCHMyMaMH, IO YacTKOBO NEepeKpHBalOThCS. lle MOXKHA TOSCHUTH aKTHBHUMHU
NpoLecCaMy KOAJIeCIEHIii y 3pa3kax BeJIMKOi TOBIIMHM. Iloka3zaHo, 110 HE3HAuHI TEMIIEpaTypHI Ipajli€eHTH MOXYTh
BHKJIMKATH ITOMIiTHI KIHETHYHI €(eKTH, 3aBISIKH IKUM OKpPEeMi YaCTWHKH IepeCyBalOThCS Ha MaKPOCKOMIYHI BiCTaHI Ta
3aXOILUTIOIOTE OTOYYI0Uy pedoBrHY. OIIHEHO €Heprilo, sKa IOB’s3aHa 3 ONTHMi3amiel0o MOPQOIOTIYHOI CTPYKTypH
BaKyyMHOTO KOH/IEHCATY Ta € (D i3NYHUM YHHHHUKOM JUCIIEPTYBaHHS.

Kniouosi cnosa: oucnepeysanus, camo8nopsioKy8amHs, OCMpieyesi Ni6Ku, NIAGIEHHS, MACUBU YACMUHOK, PO3NOOIN 3d
po3mipamu.
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