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Surface Nanostructure of Layers from Water Solutions after Sedimentation

L.A. Bulavin, Yu.F. Zabashta, L.Yu. Vergun, O.S. Svechnikova, S.R. Bobrovnik

T. Shevchenko National University of Kyiv, Faculty of Physics, 64/13, Volodymyrska St., 01601 Kyiv, Ukraine

(Received 12 April 2019; revised manuscript received 06 August 2019; published online 22 August 2019)

The question of mechanisms of sedimentation on a substrate of a substance from water solutions is
considered. The surface structure of layers obtained by sedimentation of water solutions of two types is in-
vestigated. For the first type (an aqueous solution of glucose with a concentration of 40 %), the formation of
hydrogen bonds of the dissolved substance with water molecules is characteristic. In the formation of the
second type of crystals (aqueous NaCl solution with a concentration of 0.9 %), such bonds are not formed.
An analysis of the images obtained using the Integra atomic force microscope revealed the difference be-
tween the surface structure of the layers obtained for these types of solutions. Using the histogram of the
distribution of surface relief, a method for processing experimental data is proposed. According to this
method, the surface is described using a traditional continuum model. When applying this model, the ver-
tical displacement of the points of the surface from the plane is described by a random field. In addition, it
is assumed that the projections on the surface are of the same shape and are arranged at the same dis-
tance from each other. For the averaged model, the density function is a deterministic periodic function. It
is established that for the first type of aqueous solution, the smoothed histogram contains maxima, and for
the second type — the absence of minima is observed in the smoothed histogram.

It is taken into account that in the aqueous solution of the first type there are clusters containing both
the particles of the dissolved substance and the molecules, and in the solution of the second type in the di-
rection of the substrate, not the clusters but separate particles of the dissolved substance (ions) diffuse. It
is shown that in the solution of the first type, the clusters diffuse to the substrate and deposit on it, form-
ing an epitaxial layer consisting of areas with a horizontal surface separated by projections with substan-
tially vertical walls and a depth of about the thickness of the layer. At the same time, the process of sub-
sidence is realized, which is accompanied by the greatest decrease in the energy of the system. This process
is achieved in the case when the largest contact area between the cluster and the substrate is ensured, if
possible. In the second case, the layer is formed as a result of settling on the substrate of particles of the
dissolved substance, which creates conditions for smoothing out the protrusions inherent in the substrate
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and smoothly changing the angle of inclination of the surface of the layer.
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1. INTRODUCTION

Prospects for the application of nanoscale-modified
multilayer films in the electronics industry are com-
monly known. One of the methods for making such
films is precipitation on the substrate of the solution
from the solution.

A large number of works are devoted to the study of
the structure of the layers obtained by sedimentation of
water solutions (see, for example, [1-2], etc.). A well-
known head factor that determines the behavior of wa-
ter is the presence of hydrogen bonds. Will this factor
affect epitaxy from aqueous solutions? In this article,
we will try to answer this question by putting the next
experiment. We shall study the growth of crystals on
the same substrate of solutions of two types. For the
first type of a particle of dissolved wines, they can form
hydrogen bonds with molecules of water, for the second
one — such connections are impossible. As we know, in
this formulation, this question was not studied in the
literary tour.

The surface in our study will be described using a
traditional continual model, according to which the
vertical displacements of the points on the plane from

above Z =0 are described by a random field

Z-7(7), )
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where ;{x, y} is the radius vector that determines the
position of the projection of the points of the surface on
the plane Z=0.

This field is characterized by a function

N-= N(Z), @)

where N is the number of cases for which this value is
observed. It is called a density distribution histogram Z.

2. METHOD AND EXPERIMENTAL RESULTS

The surfaces of the layers formed on the glass sub-
strate (Microscope slides, Cat.NO.7102) were investi-
gated as a result of the epitaxial growth of crystals
from the solution. According to the tasks set forth in
the introduction in the production of samples, we must
use solutions of two types, for which the particles of the
dispersed substance form and do not form hydrogen
bonds with water molecules. As representatives of the-
se types, we have chosen respectively an aqueous solu-
tion of glucose (concentration of 40 %) and aqueous
NaCl solution (with a concentration of 0.9 %).

Two types of solutions were used for making sam-
ples: aqueous solutions of glucose and water solutions
of NaCl. On the polished glass plates, these solutions
were applied at a temperature of 293 K and then dried

© 2019 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.11(4).04012

L.A. BULAVIN, YU.F. ZABASHTA, L..YU. VERGUN, ET AL.

for 48 hours at a temperature of 293 K. Let us take the
following designations: glass is the system A,
glass + glucose is the system B, glass + NaCl is the
system C. The samples produced by the above-
mentioned method were assembled with the aid of the
atomic force microscope "Integra". The results of this
study are shown in Fig. 1a, Fig. 2a, Fig. 3a, represent-
ing the depictions of the structures obtained with the
help of the aforementioned microscope, as well as in

Fig. 1b, Fig. 2b, Fig. 3b, where the histograms N(Z)

corresponding to the indicated structures are shown.
According to Fig. 1, Fig. 2b, Fig. 3b, the N(Z) his-

togram can be represented as a sum
N(Z)=n(Z)+n(2). ®

where n(?) is the slowly changing function and n'(?)

is the rapidly changing function with variable Z.
Functions n(Z), which will be agreed upon to be

called smoothed histograms, are shown in Fig. 4. Their
significance is determined by the error + An, (An is the
amplitude of the rapidly fluctuating function).

As can be seen from Fig. 4a, smoothed histograms
for systems A contain four maxima. This fact will allow
to consider the indicated histograms as the result of
overlaying of the four histograms, the position of which
in Fig. 4 is marked with a dotted line. By definition,
each histogram is associated with some random magni-
tude. Accordingly, our breakdown of the output histo-
gram means that now the offset Z is considered as the

sum of random variables:

L=Z,+Zy+L.+2Zy, 4
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Fig. 1 — The structure of the system’s surface A (a); histogram
of the distribution of the relief of the system's surface A (b)
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Fig. 2 - Structure of the system's surface B (a); histogram of
distribution of the relief of the system's surface B (b)
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Fig. 3 — Surface structure of system C (a), histogram of the
relief distribution of the system C (b)
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From histograms we pass to probabilistic distribu-
tions writing the latter for a random variable Z, in the
form

()

W(Z)zzn(z)

®)
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Fig. 4 - Smoothed displacement density histograms: for sys-
tem A (a), for system B (b), for system C (c)

Using expression (5), we calculate the mathematical
expectation

h, = ZZaiW(Zai) (6)
and centered dispersion
D, = 2(2 h, )ZW(ZL-) . )

As is commonly accepted, the value of Ahq is consid-
ered as an error

AR, =D, ®)

Formulas similar to equations (5)-(8) retain their
force also for random variables Z,, Z., Z,. The val-
ues of calculated mathematical expectations and their
errors are given in Table 1.

We introduce into the consideration the value of Pa,
which is the probability of realization in this test of any
meaning Z.

p Xn(Z,)
“ _Zn(Zai)+Zn(Zbi)+Zn(Zci)+Zn(Zdi)

. )
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Equalities for the values of Py, Pe, Ps have a similar
form. The meaning of all these probabilities is also giv-
en in Table 1.

According to Fig. 4b, for the system B, the smoothed
histogram contains three maxima. After calculating the
formulas similar to (2)-(9), we obtain the characteristics
of random variables Zi, Zs, Za corresponding to the
mentioned maxima (see Table 1).

From Fig. 4c, it follows that for the system C the
smoothed histogram is practically aligned. For this
system the smoothed histogram can be described by the
formula

N(Z)=const . (10)

3. AVERAGE RELIEF SURFACE

Simplifying the situation, we introduce into the
consideration the average surface model, according to
which the projections on the top have the same shape
and are located at the same distance from each other.

For such a model, a function Z is a deterministic pe-
riodic function, its period is denoted by B. Correspond-
ingly, the values Za, Zb, Z¢, Za for the system A lose
their accidental character. The latter are replaced by
their mathematical expectations, and we assert that
the value of Z is a vertical displacement, which can
only take four discrete values, namely hq, hs, he, ha.

From the periodicity of the idealized structure cho-
sen by us, it follows that these values should be repeat-
ed with the period B. This means that the bias recep-
tion has all four values that should have been imple-
mented within one period. And now, when the acci-
dental character of the surface structure is ignored, the
values Pa, Pp, Pe, Pq acquire another meaning. For the
first of them, for example, we can write

p = 11)

where bq is the length of the interval, during which the
value is observed. Similar expressions are true for val-
ues Py, Pc and Pq.

Calculated by the formula (11), the meaning of val-
ues ba, bs, be and bq is given in Table 1. In calculating
these values we used B =400 nm taken from the image
of the structure in Fig. 1a.

Thus, the change of the considered idealized struc-
ture during the period is characterized for the system
by four pairs of values ha, ba; hs, by; he, be and ha, ba.

The smallest quantity, namely, he determines the
position of the bottom of the depth relative to the plane
Z =0, and the value bq is the width of this depth.

The fact that several pairs of linear sizes (hs, bs; he, be;
ha, bg) remain means that in the averaged model adopt-
ed by us, the surface of the projection is stair-shaped.

Similar considerations about the values bq, by and
bc preserve, obviously, their force and for the system B.
The values of the parameters calculated by the formula
(11) are given in Table 1.

We will mentally divide the average model of the sys-
tem B through normal to the plane Z = 0. Built according
to Table 1, this section is depicted in Fig. 5. In this fig-
ure, the part of the shaded section, occupied by the pad
(system A), also with the average surface relief.
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As can be seen from the given considerations, the
presence of maxima on smoothed histograms means
that there are horizontal sections with width b at the
height A of the surface. The absence of such maxima on
the smoothed histogram of the system C means that
the surface of this system without such sections.

Accordingly, the section, similar to the section of
Fig. 5, in this case will have the form shown in Fig. 6.
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Fig. 5 — The structure of the layer of system B
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Fig. 6 — The structure of the layer of system C

4. MECHANISM OF EPITACIAL GROWTH

As can be seen from Fig. 5 and Fig. 6, the structure
of the epitaxial layer for systems B and C is significant-
ly different. For the system C the epitaxy tends to align
the inequalities inherent in the surface of the sub-
masonry, resulting in the surface of the epitaxial layer
being smoother (less rough) than the surface of the pad.
For the system B, the epitaxial layer turns out to be cut
by the pits with a depth equal to approximately the
thickness of the layer.

In our opinion, the reason for this difference in the
structure of the epitaxial layers is that in an aqueous
solution of glucose, which serves as an initial material
for the system B, the occurrence of hydrogen bonds
between the particles of the dissolved substance (glu-
cose molecules) and water molecules is observed. In the
solution of NaCl (system C), there are no similar con-
nections between the ions and the water molecules.

Let us consider what happens to the water glucose,
when the latter comes in contact with the solid sub-
strate, and the thermodynamic conditions for the crys-
tallization of glucose on the substrate are created. In
these conditions, molecules of glucose will aim to move
from solution to the surface of the substrate. However,
the situation is complicated by the fact that due to the
possibility for molecules of glucose to form a hydrogen
bond with molecules of water, the clusters appear in
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the solution. These clusters are long-acting aggregates
consisting of glucose and water molecules. As shown by
experiments on dynamic light scattering [3], the size of
such clusters is about 100 nm, and there is a signifi-
cant part of the dispersed substance in clusters [4].

We denote by the ra lifetime of the cluster, through
7p the characteristic time of the cluster diffusion, which
is determined by the formula

Ty =— 12)

where L is the characteristic size of the area occupied by
the solution, D is the coefficient of diffusion of clusters.
When performing inequality

T >> 1y, (13)

the aspiration of glucose molecules located on the sub-
strate surface caused by the corresponding thermo-
dynamic conditions, will mainly be realized in the form
of the diffusion motion of the clusters in the direction of
the substrate. This movement ends with the laying of
clusters on the lining. At the same time, this process of
subsidence is realized, which is accompanied by the
greatest decrease in the energy of the system. This de-
crease is achieved in the event that the largest contact
area between the cluster and the substrate is ensured.
We can say on this subject that the cluster "searches"
on the substrate for itself the smoothest areas. Such
areas are (see Fig. 5) the platforms KL, LM, and MP, in
which clusters 1, 2, 3, divided into 5 by dotted lines, are
placed. As can be seen from this figure, the size of these
clusters is of the order of 100 nm. It is confirmed by the
experimental data from [3, 4]. The location of the clus-
ters, corresponding to the minimum of energy, has the
consequence of the occurrence of deeps in the epitaxial
layer, which was discussed above. One of these deeps
(QFGH) is shown in Fig. 5.

The area of the layer, not occupied by clusters, is
filled with glucose molecules. These are crystalline re-
gions (in Fig. 5 they are obscured).

As already noted, clusters, together with molecules
of glucose, also contain water. Therefore, for some time
since the contact of the cluster with the pad, part of the
layer formed by the clusters (regions 1, 2, 3 in Fig. 5)
naturally also contains a certain amount of water. Only
after drying the system, the specified part acquires a
crystalline structure.

A different picture is observed at the formation of a
layer for the system C. Here, in the direction of the
pad, not clusters, but separate particles of a dissolved
substance (ions) diffuse, and this radically changes the
mechanism of formation of the epitaxial layer.

The growth of this layer begins with the fact that the
first particle stays on the substrate surface (Fig. 7a). Con-
ditionally we will attribute a particle shape to a cube. On
the surface of the substrate, the particle "chooses" for
itself such a place that after placing there, its energy has
the least value. To do this, in contact with the substrate,
it is necessary to enter the maximum possible number of
faces of the cube. Therefore, the mentioned particle is lo-
cated in the corner at the intersection of the vertical and
horizontal surfaces of the substrate surface. At the same
time, two borders touch the surface of the substrate.
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Accordingly, the binding energy decreases by 2u,
where u is the energy of the interaction of the ion with
the substrate atoms. The second particle in the same
corner joins the first one. With this connection, the ener-
gy of the system decreases by the value 2u + u1, where w1
is the binding energy between the bound particles.

The third particle takes a similar place, etc. In the
corner, there is a series of particles as shown in Fig. 7b.

=
&

Fig. 7 - Mechanism of the formation of a layer for system C

Table 1 — Parameters characterizing the surface
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To this series, the second, third and subsequent rows
are adjusted (Fig. 7c).

These processes of subsidence lead to the disap-
pearance of parts of the epitaxial layer with a sloping
surface (Fig. 7d).

5. CONCLUSIONS

The mechanisms of formation and the structure of
the layers obtained from aqueous solutions differ sig-
nificantly for cases where the particles of the dissolved
substance form hydrogen bonds with water molecules
and when such bonds are absent.

In the first case, in the solution there are clusters
containing both particles of the dissolved substance
and the molecules. These clusters diffuse to the sub-
strate and settle on it, forming a layer consisting of
projections, which are sections of a predominantly hori-
zontal surface, separated by depressions with substan-
tially vertical walls and depth of the order of the layer
thickness. Accordingly, the angle of inclination of the
surface of the layer drastically changes at the boundary
of the performances.

In the second case, the layer is formed as a result of
settling on the substrate of particles of the dissolved
substance, which creates conditions for smoothing out
the protrusions inherent in the substrate and smoothly
changing the angle of inclination of the layer surface.

Name of Mathematical . Half-width horizontal
parameter expectation, A (nm) Error, Ak (nm) Probability, P section, b/2 (nm)
(displacement
components) System A | System B | System A | System B | System A | System B | System A | System B
Za 15.1 38.8 1.7 5.6 0.13 0.2 26.0 40.0
Zb 36.4 165.5 4.7 18.4 0.21 0.53 42.0 106.0
L 65.4 229.2 6.7 10.7 0.44 0.27 88.0 54.0
Zd 85.6 299.5 1.7 4.9 0.22 — 44.0 —
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IToBepxHeBa HAHOCTPYKTYpPA IIAPIiB, OTPUMAHUX OCAJKEHHIM i3 BOOHUX PO3YHHIB

JI.A. Bynasin, 10.®. 3ab6amrra, JI.JO. Bepryu, O.C. Ceeunikosa, C.P. BobpoBHik

Kuiscokuii hayionanvruti ywisepcumem im. T. Illesuenra, izuurnui parxynivmem, eyn. Bornodumupcora, 64/13,
01601 Kuis, Yxpaina,

Posrisimaerbest muTamHHsA 010 MEXAHI3MIB OCA/KEeHHS HA KA PeYOBUHE 13 posunHiB. JlocmimKy-
€ThCs TTOBEPXHEBA CTPYKTYpA IApiB, OTPUMAHUX OCAKEHHSM BOJHHX PO3UYMHIB JABOX TUIIB. [ mepimoro
Tuny (BOSHUM PO3YMH TJIIOKO3U 3 KoHIleHTparreno 40 %) xapakTepHe yTBOPEHHSI BOJHEBUX 3B'SI3KIB PO3YU-
HEHOI pedYoBMHU 3 MOJIeKyJiamMu Bomu. llpum yrBopeHHI kpucraiiB apyroro tuiy (Bomguwmit posums NaCl 3
rourerTparieio 0.9 %) Takl 3B'S3Ku He yTBOPIIOTHCA. AHATI3 300paskeHb, OTPUMAHUX 34 JIOIIOMOTO aToM-
HO-CHJIOBOTO Mikpockona "Integra", BUABMB PISHUINO Mi IIOBEPXHEBOIO CTPYKTYPOIO IAPIB, OTPUMAHUX JJIs
IIAX TUIIB PO3YMHIB. BUKOPHCTOBYIOUH TiCTOrpaMu POSIOILILY pesibed)y ITOBEPXHI, 3aIIPOIIOHOBAHO METOTUKY
00POOKK €KCIIEPHMEHTAIBHAX JAHUX. STIAHO 3 I[1€0 MEeTOOMKOI0, IIOBEPXHA OIMCYEThCS IIPH BUKOPHCTAHHI
TPaIULIINHOI KOHTHHYaJIbHOI Mofei. Ilpu sacTocyBaHHI Iiel Mol BepTUKAIbLHE 3MIIIEHHS TOUYOK IIOBEPX-
Hi BiJ IIOIMHY OIIMCYEThCS BUIIAAKOBHUM IosieM. Kpim Toro, mpuitMaeTbes, 110 BUCTYIIM HA IIOBEPXHI MAIOTh
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0THAKOBY (hOPMY 1 PO3TAIIOBYIOTHCS Ha OJHAKOBIH BifcTaHl oaHa Bif oxHOl. [ ycepenreHol moesti QyHK-
ITisT TYCTUHU € JIeTePMIHOBAHOIO TIepiogudHol yHKITien. BeTamoBaeHo, Mo I/ IePImoro THUILY BOIHOTO PO3-
YMHY 3TJIa/7KeHa ricrorpaMa MiCTUTh MaKCUMYMH, a JJIsI JPYTOro TUILY — CIIOCTEPIraeThes IX BIACYTHICTD.

BpaxoBaHo, 1110 y BoJlHOMY PO3UYMHI IIEPIIOTO TUILY BUHUKAIOTH KJIACTEPH, 1[0 MICTATH SK YACTKU POIUU-
HEHOI PEYOBUHMU, TAK 1 MOJIEKYJIH, & B PO3YMHI JPYTOro TUILYy B HANPSIMKY IIIKJIAIKA JUQYHIYIOTH He Kiac-
TepH, a OKpeMi YaCTUHKHU POo3urHeHol pedoBuHu (loHu). [lokasamo, 110 B PO3UMHI MMEPIIOTrO THUITY KJIACTEPH
IUQYHIYIOTH 0 MIIKJIAIKN Ta OCIIAl0Th HA Hilf, YTBOPIOOYM eMITAKCIaJbHUN IIap, AKUM CKJIATAEThCa 3 00-
JIacTeil 3 TOPM30HTAJIPHOK IIOBEPXHEI, PO3IIIEHNX BUCTYIAMU 3 IPAKTUYHO BEPTUKAIHHUMU CTIHKAMH 1
TIIMOMHOI OJIM3BKO TOBIIMHY mmapy. [Ipu mpoMy peasridyerbesi TAKUM IIPOLEC OCIHAHHS, SKUN CYIIPOBOKY-
€ThCS HAUOIIBIITUM 3HUKEHHAM eHepril cucremu. OcTaHHE H0CATAETHCS B Pasi, KOJIM 3a0e3MeUyeThes 3a MO-
$KJIMBOCT1 HAHMOL/IbINA IIJIONIA KOHTAKTY MK KJIACTEPOM 1 IIAKJIagK0I0. Y IPYroMy BHUIIQJKY IIAP YTBOPIOETH-
cs B pe3yJIbTaTl OCIIAHHS Ha IMIKJIANIN YACTUHOK PO3YNHEHOI PEUOBHHH, IO CTBOPIOE YMOBH JIJIs 3TJIAJIKY -
BaHHS BUCTYIIB, BJIACTUBUX IIKJIAIIN 1 IJTABHOI 3MIHU KyTa HaXWUJIy TOBEPXHI IIapy.

Knrouogi cinosa: Emitakcianpauil pict Kpuctasis, ATOMHO-CHJIOBA MIKPOCKOITist, BogHeBl 3B's13KH.
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