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Abstract: In this work, the peculiarities of self-organization of patterned micro- and nanosystems
under near-equilibrium condensation conditions were consistently considered. The criteria for station-
arity of near-equilibrium condensation were introduced, and interrelations between the condensate lo-
cal growth kinetics and the corresponding local technological parameters were described. Dissipative
self-organization of small supersaturations in physically and chemically active medium-condensate
systems were compared. The effectiveness of the unification of dissipative self-organization of small
supersaturations and conservative self-organization of patterned micro- and nanosystems formation
was shown, which forms the basis of a new concept of complete self-organized systems.
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1. Introduction

The process of materials fabrication at the nanoscale level increasingly depends on
the atoms’ self-assembly into organized low-dimensional systems using the “bottom-up”
principle. Currently, there are two approaches to the formation of materials with micro- and
nanosized structural elements: the first being the “top-down”, and the second being the
“bottom-up”. Using a top-down approach, the bulk material is reduced in size into micro-
and nanoparticles which can then be used to create layers with the desired morphology.
At the same time, using the “bottom-up” approach, the particles of matter are manipulated
at the atomic or molecular level in order to form a material with the required properties.

Well-known “bottom-up” examples of micro- and nanopatterned structures formation
include the growth of epitaxial graphene, nanotubes, fullerenes, quantum dots arrays,
different heterosystems, and other materials having quantum-dimensional features. Con-
siderable interest of researchers is dedicated to the development of new strategies for the
porous micro- and nanosystem synthesis because of a wide range of possible applications,
for example, in bio and gas sensors [1–7], catalysts [8–12], as battery electrodes [13–16], fuel
cell membranes [17,18], etc. An important process in nanosystem fabrication is patterning,
which is typically used within film condensation processes. The presence of elements of
self-organization in the corresponding deposition technology is indicated by the formation
of structural repetition in a certain order and coordinated sizes of structural elements
(patterns) during the deposition of a substance. It is assumed that self-assembly and
self-organization processes will play increasingly important roles in pattern formation
at the nanoscale.

The effectiveness of processes of self-organization can be illustrated by the example
of matrix biosynthesis of proteins and subsequent formation of their tertiary structure, as
well as by other biomacromolecules formation, which is an essential precondition for the
functioning of living organisms. Along with this, it is difficult to imagine the creation of
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an artificial living cell in which the selective formation of extremely complex interrelated
physical and chemical processes of various proteins and cellular structures would be
controlled from the outside. Even quite straightforward, as compared to processes in living
nature, molecular beam epitaxy technology with artificial feedback control system between
condensate structure formation mechanism and the technological parameters is quite costly
and technologically complex. For these reasons, the development of self-organized systems
that are capable of reproducible nanosystem formation in the form of patterns attracts
considerable research attention [19,20].

Self-organization is an internal process that leads to the formation of a spatial, temporal,
spatiotemporal, or functional structure in a system without an influence of external control
factors [21,22]. An example of an external control factor affecting patterning could be the
usage of membranes as templates for the formation of an ordered system of nanoislands [23].
Nowadays, two concepts of self-organization processes are best known, i.e., dissipative
and conservative processes. The main principles of dissipative self-organization have
been formulated by H. Haken, I. Prigogin, G. Nicolis, and M. Feigenbau. In this case,
the process takes place under non-equilibrium conditions, and various parameters of the
system are nonlinearly interrelated. The system consists of large number of elements
that take part in the process. Moreover, there is an exchange of both energy and the
matter between the system and the external environment; in other words, the system is
open [24–29]. The presence of a control parameter that determines the interaction type
of the system constituent elements is also a required precondition, evidencing that the
system is dissipative [24]. As a result, at the moment when the processes parameters reach
some critical value, there is a spontaneous decrease in the entropy, which brings the system
into the ordered state. At the same time, a rather important variant of dissipative self-
organization is the formation of a functional structure that is stable over time, which can
become the technological base for the self-assembly of various nanoobjects. An example of
such functional structures is warm-blooded living organisms in which the self-organization
of a constant temperature, substances concentration, and other parameters continuously
takes place, which are absolutely necessary for biopolymers and cellular structures’ self-
assembly under near-equilibrium thermodynamic conditions.

Unlike dissipative self-organization, in conservative or closed systems, according to
Zh.-M. Len, the process occurs under thermodynamically near-equilibrium conditions and
provides the assembly of supramolecular architectures from individual units [30–33]. At the
same time, as it will be shown later in the work, nonlinear interrelation between physical
and chemical processes also takes place in the case of conservative self-organization, similar
to the dissipative one. It should be noted that classical ideas about the dissipative self-
organization of supramolecular ensembles have been described for noncovalent bonds
on the intermolecular level [30–33]. At the same time, the possibility of nanosystem self-
assembly based on any other type of chemical bonds has not been physically disapproved.
It should also be pointed out that perfectly isolated conservative systems do not exist. For
example, living cells exchange matter and energy with the environment, from which they
are clearly separated by cell membranes. At the same time, local conditions are created and
maintained in the intracellular environment in which various structures self-assemble, such
as three-dimensional protein structures, hierarchical DNA structures, polymer elements of
the cytoskeleton, etc. All these processes occur under conditions close to thermodynamic
equilibrium and therefore the self-organization is a necessary precondition for living
nature existence [34]. This example indicates the high efficiency of interrelated processes
inherent to conservative and dissipative self-organization. Thus, similarly to conservative
self-organization, the processes of patterned nanosystem self-assembly also occurs under
close to thermodynamic equilibrium conditions. At the same time, both supramolecules
self-organization and metal nanosystems’ conservative self-assembly [33,34] lead to a
decrease of the Gibbs free energy to the minimum value and the appearance of a new
system quality that varies from just the total sum of its component properties. Therefore,
a conclusion can be made that the self-organization processes by Zh.-M. Len and self-
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assembly of patterned nanosystems have a common physical basis [35–37]. Based on this,
from now on, we define the term conservative self-organization of nanosystems as analogue
to self-assembly expression.

Taking into account the above, one could suggest that dissipative and conservative
self-organization forms are very complexly interrelated in living nature, originating, in this
manner, as extremely efficient systems of complete self-organization. This approach can be
extrapolated onto the processes of artificial objects’ nanofabrication having a non-living
nature. With this in mind, in this paper, the nucleation peculiarities during condensation
under near-equilibrium conditions, which are necessary elements of conservative self-
organization, are considered for the first time. The required technological conditions are
created by means of deposition from the vapor phase and simultaneous plasma action
onto the growth surface. In addition to that, nonlinearly interconnected technological
parameters are analyzed during low relative supersaturations self-organization through
dissipative mechanism in technological systems based on plasma and in systems that use
chemically active media. Finally, the definition of complete self-organization systems is
introduced, and prospects of their application for the formation of patterned nanosystems
are given.

The main aim of the work consists in the theoretical and experimental study of
the peculiarity of the combination of dissipative self-organization of depositing vapors
ultralow supersaturations with elements of conservative self-organization of micro- and
nanopatterned condensates under these conditions. In other words, the goal of the work is
to demonstrate the possibility of a system of complete self-organization implementation
when forming nanosystems in the form of patterns based on a combination of dissipative
and conservative self-organization. With this aim, concepts of conservative and dissipative
self-organization, mechanisms of condensate nucleation at high and low supersaturations,
nucleation processes under near-equilibrium condensation conditions, and simultaneous
action of plasma onto the growth surface are consistently considered in the work.

2. Materials and Methods
2.1. Nucleation Processes Under Near-Equilibrium Conditions and Simultaneous Action of an
Active Medium

The main technological parameters that influence the nanostructure formation mech-
anism from a vapor phase under an influence of an active medium onto the growing
condensate include temperature of the growth surface Ts; the depositing flow of substance
approaching the growth surface Jc; the condensing flow Js (for near-equilibrium condensa-
tion Js = kJc, 0 < k ≪ 1); the flow of particles acting onto the growth surface Jp; the relative
supersaturation ξ of condensing vapors; depositing vapor pressure Pc; the equilibrium
pressure Pe. At the initial stage of the self-organization process, these non-linearly inter-
dependent technological parameters change over time. An active medium affecting the
growth surface during condensation process could be the action of plasma particles or
chemically active species. In order to obtain condensates with reproducible characteristics,
some technological parameters must be constant over time. The latter include the working
gas pressure Pi, that is, the pressure of Ar ions, which sputter the target material in the
case of magnetron sputtering; the partial pressure of the residual chemically active gases
Pz in the vacuum chamber; various geometric characteristics of the technological system;
the substrate material; and the surface structure. It is necessary to point out that these
parameters indirectly affect the main technological parameters.

During the vapor transition into a condensed state at near-thermodynamic-equilibrium
conditions, the chemical potential difference ∆µ between the vapor and the condensed
phases should have a relatively small value. For this case, according to [38]:

∆µ ≈ kbTc
Pc − Pe

Pe
≡ kbTcξ, (1)
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where kb is Boltzmann’s constant. Thus, under the condition of dissipative self-organization
of time-invariant technological parameters, a small value of relative supersaturation ξ can
represent a criterion of approaching to thermodynamic equilibrium. At the same time, the
equilibrium vapor pressure is determined by the ratio [39]:

Pe = A(Tc)exp
(
− Ed

kbTc

)
, (2)

where A(Tc) = exp(α + βTc + γ/Tc); α, β, and γ are the characteristic constants of the
deposited material; Ed is the energy of atoms desorption from the growing surface. Ana-
lyzing Relations (1) and (2), a conclusion could be made that in order to achieve close-to-
equilibrium condensation conditions, it is necessary to increase Tc, decrease the deposited
flow Jc or current vapor pressure above the growth surface Pc, and to reduce the desorption
energy Ed. Earlier, it has been shown [40,41] that the influence of plasma directly onto
the growing nanosystem surface determines the decrease of the energy of the adatoms
desorption Ed to some effective value:

Ed f = Ed − δE, (3)

where δE is a stochastic value of desorption energy reduction, which has an average value
⟨∆E⟩. At the same time, the calculations show [42] that for the plasma–condensate system
the following ratio holds true:

⟨∆E⟩ = kbTcln

(
1 +

∆S
(
Tp − Tc

)
∆Ωexp(α + βTc + γ/Tc)

exp
(

Ed
kbTc

))
, (4)

where ∆Ω = Ωv − Ωc and Ωv and Ωc are the volumes occupied per unit mass of a particle
in vapor and condensate phase, respectively; ∆S = Sv − Sc and Sv and Sc are the entropies
of vapor and condensate states, respectively; Tp is the temperature of plasma.

Analyzing to Relations (1)–(4), one may conclude that the growth of the plasma tem-
perature value Tp determines the approach of the condensation process to the equilibrium
conditions, and in the case when the temperature of the plasma approaches the growth
surface temperature Tc, then ⟨∆E⟩→0. From a physical standpoint, this process is deter-
mined by a decrease in the coefficient of thermal accommodation of adatoms thermalized
in the plasma [43–45], having initially increased energies [46,47]. Moreover, it is necessary
to take into account that there is a direct energy transfer from plasma particles to adatoms.
These factors increase the probability of re-evaporation, which increases in turn the equi-
librium pressure over the growth surface and, accordingly, decreases ∆µ. On the basis of
Relation (1), the following ratio can be easily obtained:

Pc = Pe(ξ + 1), (5)

which confirms the possibility of increase in Pc and, as a result, in the condensing flow Js by
increasing Pe and keeping a small time-constant value of ξ. Since the majority of metals and
semiconductors, even at significantly high temperatures, have rather small values of Pe, the
influence of plasma onto the growth surface makes it possible to form nanosystems at low
values of ∆µ with a high growth rate. To understand the influence of the chemical potential
difference fluctuations on the patterned nanosystem formation under conditions close to
equilibrium, let us consider a simplified schematic representation of ∆µ dependencies on
an arbitrary growth surface coordinate x, at high ∆µ1(x) and low ∆µ2(x) values of this
parameter, respectively (Figure 1). Such fluctuations in chemical potential differences
are caused by local structural and morphological characteristics of the growing surface.
At the same time, the mentioned fluctuations are more pronounced at small values of ∆µ
and when the type of the substrate corresponds to the Volmer–Weber nucleation conditions.
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Therefore, in this case, for ∆µ2(x), the relative values of the fluctuations acquire
increased values, i.e., according to Figure 1, the following inequality holds true:

δ(∆µ2(x))
∆µ2(x)

≫ δ(∆µ1(x))
∆µ1(x)

(6)

Therefore, condensate nucleation and growth was observed only in certain local areas
of the substrate surface, where ∆µ2(x) > 0 (the green areas in Figure 1). At the same time,
usage of single-crystal substrates and near-equilibrium nucleation conditions according to
Stranski–Krastanov or Frank–van der Merwe modes would most probably determine the
epitaxial growth of continuous thin films, or, in some cases, the growth of graphene [48,49].

Under far-from-equilibrium conditions, i.e., when ∆µ1(x) ≫ 0, the relative fluctuations
of the chemical potential difference are not significant. In this case, the nucleation of the
new phase occurs with approximately the same probability, regardless of the value of the x
coordinate. In other words, under these conditions, the local features of the growth surface
do not have a considerable impact on the condensate nucleation and growth, as a result
continuous non-porous films are formed in this case. It is worth mentioning that during
the beginning stage of the condensate formation at high supersaturations, the adatoms
concentration on the growth surface is quite high. Consequently, periodic fluctuations in
the concentration of adatoms cause the formation of the new phase on the substrate surface.
In other words, a significant surface concentration of adatoms most likely leads to their
accelerated fluctuational joining into a new-phase supercritical nucleus. The phase state
of the nuclei is determined by the temperature and pressure of the external environment.
For example, when highly supersaturated carbon vapors are deposited, according to the
Leypunsky state diagram, a graphite-like phase is always formed. Along with this, it
is well known that the condensation of a highly supersaturated metal vapor determines
the formation of structurally weakly ordered continuous films. Under the influence of
external factors, these structurally disordered thin films can be transformed into a more
ordered state. Along with this, at small supersaturation, the number of atoms in the critical
nucleus, in accordance with the classical barrier nucleation concept, is determined by the
relation [50]:

ic =
a

ln2(ξ + 1)
(7)

Here, = πν(σ/kbTc)
2/hν; ν is the average volume that one atom occupies in the

critical nucleus; σ is the specific interface energy of nucleus-substrate interface; hv is the
height of the disk-shaped nucleus. Thus, when ξ decreases, the number of atoms in
the critical nucleus rises with a simultaneous reduction of the density of adatoms on
the substrate surface. These two tendencies gradually minimize the possibility of the
accelerated integration of adatoms into a supercritical nucleus, and at sufficiently small
values of ξ, the transition to atom-by-atom incorporation of substance into a subcritical
nucleus occurs. On the other hand, processes of atom desorption from unstable subcritical
nuclei can lead to their disintegration. At the same time, for some of the most stable nuclei,
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fluctuations of positive free energy can lead to overcoming of the activation nucleation
barrier [51–58] that initiates the growth of a new phase.

Therefore, the condensation process under conditions when the plasma–condensate
system reaches near-equilibrium state is characterized by atom-by-atom fixation of sub-
stance into various active centers of the growth surface. Active centers are characterized by
a discrete series of desorption energies (Ed1 > Ed2 > . . . > Edi > . . . > Edn). The availability of
a limited number of active centers on the growth surface with increased energy of chemical
bonds for atom-by-atom attachment play an important role during condensate nucleation
processes under near-equilibrium conditions. Using (1) and (2), it is easy to obtain the ratio:

Pc·exp(Ed/(k bTc))

A(Tc)
− 1 = ξ, (8)

Analyzing (8), the following conclusion can be made: under the conditions of un-
changed Pc, a constant small value of ξ, and increased values of Tc, the atoms can be
fixed only on the active centers having increased values of Edi, which corresponds to the
case when the maximally strong chemical bonds are realized. In other words, for small
values of Edi and increased Tc, the relative supersaturation can take negative values, which
excludes the fixation of adatoms on the corresponding active centers. At the same time, as
aforementioned, in the instance of plasma influence onto the growing surface, the energy
of desorption decreases to some effective value, which also make those active centers that
have low desorption energies ineffective.

At the end of this section, we note that the desorption energy decrease to some effective
value can occur not only when a physically active medium, such as plasma, acts onto the
growth surface. At the presence of a chemically active medium, like hydrogen, for example,
above the carbon growth surface, processes similar to the effects corresponding to the
action of plasma can take place. The chemical interaction of hydrogen with carbon adatoms
weakly connected to the growth surface can lead to volatile hydrocarbon formation, that
are quite easily desorbed from the surface. In this case, we can talk about the effect of a
chemically active species onto the growing condensate surface. Moreover, a solution acting
onto the growth surface could also act as a chemically active medium. Obviously, the
combined action of physically and chemically active species onto the growing condensate
makes it possible to reduce the energy of adatoms desorption to the effective value more
efficiently and, as a result, according to expression (5), to form nanosystems at low relative
vapor supersaturations with an increased condensation rate.

2.2. Criterion of Stationarity of Near-Equilibrium Condensation

In order to form predictable and reproducible nanosystems in the form of patterns
with desirable morphology under near-equilibrium, it is crucial to solve the problem
of controllability and stationarity of the deposition process. It is a quite challenging
technological task, which is complicated by the fact that the process occurs at rather small
supersaturations, and it is very difficult to form weak fluxes that are stationary at the same
time. Thus, in this case, even fairly small fluctuations of the main technological parameters
can lead to significant relative changes of small supersaturation. Moreover, changes of
the condensate surface structure and morphology at the local level during its growth can
also significantly affect the value of the local small supersaturation. In this regard, the
criterion of the stationarity of the condensation process at the local level is determined by
the time-invariant critical desorption energy Edc value [41], for which ξ = 0. Based on the
definition of Edc, the following relation can be derived from (8):

Edc = kbTcln
A(Tc)

Pc
(9)

From a physical point of view, Edc divides the entire spectrum of local desorption
energies into two parts. Thus, on active centers for which the condition Edi > Edc is fulfilled,
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the attachment of atoms occurs with a high probability, and, conversely, under the condition
Edi < Edc, the attachment of atoms on the corresponding active centers is mostly impossible.
Based on this, during the condensation of carbon, the simplified purely kinetic conditions
for the transition from graphite to diamond, and further, to graphene or carbon nanotubes
with a decrease in the supersaturation of the condensed vapor, can be presented as follows:
The formation of graphite-like phases is possible under the condition Ei(vd) > Edc, where
Ei(vd) is a set of relatively small desorption energies of carbon atoms on the surface of
graphite hexagons. Under these conditions, during more prolonged condensation, a system
of hexagons connected with van der Waals forces corresponding to the graphite phase is
formed. It should be noted that the formation of a graphite-like phase can be accompanied
by the nucleation of diamond phase inclusions [57] because Ei(sp3) > Ei(vd) > Edc, where
Ei(sp3) is the energy of desorption based on sp3 type of carbon atoms’ bonds. Along with
this, the necessary prerequisites for the predominant formation of a diamond phase are
determined by the inequality Ei(sp3) > Edc > Ei(vd), and for epitaxy of graphene or the
formation of nanotubes, it is necessary that Ei(sp2) > Edc > Ei(sp3), where Ei(sp2) are the
spectra of the desorption energies from active centers of the growth surface formed based
on sp2 carbon bonds. At the same time, it is important to mention that the atom-by-
atom assembly of the diamond phase occurs outside the Leypunsky state diagram, which
indicates qualitative changes in the condensate structure formation mechanisms during the
approach to thermodynamic equilibrium conditions. At the same time, the implementation
of stronger chemical bonds determines the reduction of Gibbs free energy. In some cases,
such minimization leads to the self-organization of weakly interconnected systems of
crystals having identical habitus built on the basis of one type of crystallographic plane
for which the strongest chemical bonds of atoms are realized [36,40]. In addition, during
long-term condensation, the self-organization of systems of whiskers or interconnected
nanowires is possible, which is also determined by the growth of structural elements in the
direction of crystallographic planes with highest energies of chemical bonds [59,60].

The local stationarity of condensate growth could be also affected by energy scattering
of plasma particles, interacting with the growth surface. Thus, when plasma particles and
condensing atoms have rather broad energy spectra, this inevitably increases the dispersion
of all effective desorption energy values. As a result of such an increase, the desorption
energy spectrum becomes less discrete, which, in turn, reduces the spatially distributed
selectivity of the condensate growth. Such a process is not desirable for the formation of
nanosystems in the form of patterns. In the case of magnetron sputtering, for example,
the energy of the plasma particles can be averaged by increasing the pressure of the inert
working gas, which is used to form the flow of ions for target sputtering. At the same
time, the calculations show that the working gas pressure should be ~5÷8 Pa, and relative
supersaturations should not exceed ~0.1 [41,42].

2.3. Experimental Setup

The operation principle of the sputtering device used for micro- and nanosystems’
formation was based on combination of direct current magnetron sputtering and hollow
cathode effect and additional influence of plasma onto the surface of growing conden-
sate. The hollow cathode was made entirely from the material to be condensed. In the
case of Al, Ti, and Cu layers; formation, metal targets with 99.9% purity were used. For
purpose of carbon nanostructures synthesis, acetone vapors were used as a working gas.
The schematic device cross-section is represented in Figure 2; it operated under the condi-
tions of the pressure of purified inert gas Ar 4÷8 Pa. The working principle was as follows:
At region 4, where the lines of magnetic field B and the electric field E intersected, the
prerequisites for the magnetron effect were created. The magnetic field was created by the
magnet system 1, and the potential difference of 400 V was applied between anode 2 and
cathode 3, resulting in the non-self-sustaining glow discharge.
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of the cathode [59].

Highly energized Ar ions sputtered the cathode that served as a target in our case.
It is necessary to point out that the substance was sputtered mainly from the area at the
hollow cathode opening; the erosion zone is denoted by position 5. The plasma density
inside the cathode was about one order of magnitude larger than the plasma density of the
magnetron discharge. In addition, because of the effect of the hollow cathode, a flow of
electrons came out of the volume of the latter, additionally supporting the discharge. As a
result, the electron beam coming out of the hollow cathode additionally ionized sputtered
atoms, and the ions were accelerated by the electric field in the direction of substrate 8 that
was placed inside the cathode.

Moreover, rather high values of the working gas pressure were the used in our case,
which defined the diffusion mode of sputtered substance motion and following accumula-
tion inside the hollow cathode to the level at which a low vapors relative supersaturation
was observed. At this point, nanosystem 8 started to form on the substrate. Once the
technological process reached a stationary operation mode, a constant concentration of
sputtered atoms was formed near the opening of the hollow cathode. Figure 2 schemati-
cally shows following flows of substance and energy: the depositing flow Js,; the specific
diffusion flow of sputtered atoms to the substrate surface Jd; as well as the specific energy
flow

.
E1, which was transferred to the growth surface by plasma action; the specific flow of

energy
.

E2 due to the complete thermal accommodation of condensed atoms; and specific
energy outflow

.
E3 from the growth surface due to the temperature gradient between the

condensate and the substrate bottom surface. The specific diffusion flow was determined
as Jd = −D(n − n0)/λ, where D is the diffusion coefficient of sputtered atoms, n is the
current concentration of sputtered atoms above the substrate surface, and λ is the distance
between the observation points with concentrations n and n0.

3. Results and Discussion
3.1. Interrelationships Between Local Growth Kinetics and Local Technological Parameters as a
Basis for Pattern Self-Organization

When the deposition process takes place at near thermodynamic equilibrium con-
ditions, mutual interdependence between the growth parameters for adjacent local con-
densate areas also increases, which is a key factor in the self-assembly of nanopatterned
systems. Ostwald ripening can be an illustration of such an self-assembly process. It is
common knowledge [50,61–63] that Ostwald ripening, caused by averaging of the nuclei
sizes, is possible only provided there is atoms exchange between the nuclei. Based on this,
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the nuclei concentration nc, average size of the nuclei r, and the average value of atoms
mean free path λi are interrelated according to the inequality:[

π(r + λi)
2
]−1

< nc (10)

In turn, it follows from [50,61] that the rate of nucleus radius change depends on the
radius size r itself according to equation:

dr
dt

∝
1
r2

(
r
rc

− 1
)

, (11)

Hence, the critical nucleus radius is rc ~ 1/ξ [50]; one may conclude that at low values
of ξ, during the dissolution of nuclei having dimensions r < rc, the material partially diffuses
and then redeposits onto surfaces of larger nuclei that are more resistant to disintegra-
tion. Therefore, low supersaturations cause the self-assembly of the nuclei system with
radii larger than the critical value, having a uniform shape and size distribution [64,65].
Moreover, the above-described self-organization, when bigger nuclei increase in size at
the cost of smaller ones, is based on the mutual exchange of substance between them. It
is also worth mentioning that at the beginning instant of the condensation process at low
supersaturations, there is an increase in the area of the growth surface, which causes a
following reduction of ξ at a constant value of Js [61] and, as a result, gives rise to an im-
provement in efficiency of Ostwald ripening self-organization process. Figure 3 represents
the stages of self-organization of Cu nanosystems under the conditions of near-equilibrium
condensation and the presence of a physically (a, b) [35,64] or chemically (c, d) [65] active
medium near the growth surface. The technological setup and condensation parameters
have been described in detail in previous works [35,64,65]. In the case of a chemically
active medium, the chemical reaction (12) takes place near the surface with the deposition
of copper and formation of hydrogen chloride gas. Under conditions close to equilibrium,
the working reaction is as follows:

CuCl2+ H2(gas) ↔ Cu(s) + 2HCl (gas). (12)
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Figure 3. Two stages of sequential growth of copper nanosystems under the action of plasma (a,b)
and under the action of chemically active medium (hydrogen) (c,d) on the growth surface [35,65].

Low supersaturations accompanied by variations of the electric field strength E
over the developed relief of the growing condensate can also have an effect on the self-
organization of its particular morphology [66]. The abovementioned self-organization is
caused by non-linearly interconnected fluctuations of the chemical potential differences
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∆µa, ∆µb, and ∆µc determined for adjacent areas a, b, and c of the growing surface that,
consequently, are dependent on changes in the electric field intensity and on variations in
the morphology of the condensate surface of growth. In this case, the self-organization of
the complex developed surface topology was related to the condensate growth rates in the
specified three adjacent areas.

The time derivatives
.
a,

.
b, and

.
c are expressed by the following system of equations [66]:

.
a =

2aΩc Js

b|a|π − Za(∆µb, ∆µc, a, c, b, γe ), (13)

.
b =

2Ωc Js

(a + c)π
− Zb(∆µa, ∆µc, a, b, c, γe ), (14)

.
c =

2cΩc Js

|c|π(γ − b)
− Zc(∆µa, ∆µb, a, c, b, γe ). (15)

At the same time, γe is the characteristic size of the growth surface local area on which
the self-organization process takes place, and simplified functions Za(∆µb, ∆µc, a, c, b, γe ),
Zb(∆µa, ∆µc, a, b, c, γe ) and Zc(∆µa, ∆µb, a, c, b, γe ) determine the mutual interrelationship
between the system parameters, i.e., are the basis of self-organization. The phase por-
traits, representing solutions of Equations (13)–(15) at different values of Eeo, d and Js and
corresponding morphologies of the condensate surface, are presented in Figure 4 [66].
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Figure 4. Phase portraits and condensate surface morphologies obtained from the system of
Equations (13)–(15) and their solutions at different values of Eeo, d and Js ((a)—Eeo = 0.001 V/m,
Js = 0.01 m−2s−1, d = 4.1 mm; (b)—Ee0 = 1.0 V/m, Js = 1.0 m−2s−1, d = 2.1 mm; (c)—Ee0 = 0.24 V/m,
Js = 2.0 m−2s−1, d = 1.5 mm; (d)—Ee0 = 0.24 V/m, Js = 2.0 m−2s−1, d = 4.1 mm) [66].

Here, Ee0 is strength of the electric field above the flat growth surface, d is the width
of the cathodic potential drop region, and Js is the flow of the condensing substance.
Analyzing the phase portraits, one can come to the conclusion that in the case of the
presence of fluctuations of the electric field strength above the condensate growing surface,
the self-organization of micro- and nanopatterned structures was observed. Confirmation
of such self-organization were the copper and the graphite-like phase morphologies formed
under the near-equilibrium conditions implemented in plasma–condensate system and
the electrical bias applied to the surface of growth (Figure 5). For the Cu and graphite
layers’ formation, presented in Figure 2, a technological setup has been implemented; the
technological conditions have been described in detail in [41,67].

Under conditions of high supersaturations or at high values of condensing flow Js, the
above-described self-organization process, according to the system of Equations (13)–(15), was
not observed. In this case, 2aΩc Jc

b|a|π ≫ Za(∆µb, ∆µc, a, c, b, γe),
2Ωc Jc
(a+c)π≫ Zb(∆µa, ∆µc, a, b, c, γe)

and 2cΩc Jc
|c|π(γ−b) ≫ Zc(∆µa, ∆µb, a, c, b, γe), and, as a result, the layer growth rates in three

adjacent areas a, b, c did not change over time. Therefore, a necessary prerequisite for the



Crystals 2024, 14, 953 11 of 19

surface morphology self-organization in the form of patterned micro- and nanosystems is low
supersaturation of the condensing vapors.
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Figure 5. SEM image of the of (a) copper and (b) graphite condensate morphologies [59].

At the end of this section, it is necessary to point out that the self-organization of
patterned micro- and nanosystems is possible not only during condensation under near ther-
modynamic equilibrium conditions. For example, the transition of a substance from a solid
state into a solution, i.e., due to the oxidation of anodes near equilibrium in the electrolyte–
condensate system, can also lead to the self-organization effects. Examples of such self-
organization include the formation of porous systems of silicon and aluminum [68,69]. In
both cases, conducting anodic dissolution in acid-containing electrolytes at high current
densities creates the prerequisites for the formation of an ordered system of pores. More-
over, when the current density decreases, the process of chemical interaction with the
surface of the anodes (aluminum or silicon) is localized on various active centers. The
regularity analysis of ordered pore systems (Figure 6) for anodically oxidized aluminum
conducted in [68] indicates that the size of aluminum crystals grain, their crystallographic
orientation, and defect density have no pronounced effect on the regularity of the pore
arrangement. However, a necessary precondition for ordered and regular pore formation is
a high purity of the underlying aluminum, as well as stable in-time anodization parameters
such as anodization voltage, electrolyte temperature, and electrolyte concentration.

Crystals 2024, 14, x FOR PEER REVIEW 11 of 20 
 

 

Here, Ее0 is strength of the electric field above the flat growth surface, d is the width 
of the cathodic potential drop region, and Js is the flow of the condensing substance. Ana-
lyzing the phase portraits, one can come to the conclusion that in the case of the presence 
of fluctuations of the electric field strength above the condensate growing surface, the self-
organization of micro- and nanopatterned structures was observed. Confirmation of such 
self-organization were the copper and the graphite-like phase morphologies formed un-
der the near-equilibrium conditions implemented in plasma–condensate system and the 
electrical bias applied to the surface of growth (Figure 5). For the Cu and graphite layers’ 
formation, presented in Figure 2, a technological setup has been implemented; the tech-
nological conditions have been described in detail in [41,67]. 

 
Figure 5. SEM image of the of (a) copper and (b) graphite condensate morphologies [59]. 

Under conditions of high supersaturations or at high values of condensing flow Js, 
the above-described self-organization process, according to the system of Equations (13)–
(15), was not observed. In this case, ଶ௔ஐ೎௃೎௕|௔|గ ≫ 𝑍௔(Δ𝜇௕, Δ𝜇௖, 𝑎, 𝑐, 𝑏, 𝛾௘ ) ,  ଶஐ೎௃೎(௔ା௖)గ ≫𝑍௕(Δ𝜇௔, Δ𝜇௖, 𝑎, 𝑏, 𝑐, 𝛾௘ )  and ଶ௖ஐ೎௃೎|௖|గ(ఊି௕) ≫ 𝑍௖(Δ𝜇௔, Δ𝜇௕, 𝑎, 𝑐, 𝑏, 𝛾௘ ) , and, as a result, the layer 
growth rates in three adjacent areas a, b, c did not change over time. Therefore, a necessary 
prerequisite for the surface morphology self-organization in the form of patterned micro- 
and nanosystems is low supersaturation of the condensing vapors. 

At the end of this section, it is necessary to point out that the self-organization of 
patterned micro- and nanosystems is possible not only during condensation under near 
thermodynamic equilibrium conditions. For example, the transition of a substance from a 
solid state into a solution, i.e., due to the oxidation of anodes near equilibrium in the elec-
trolyte–condensate system, can also lead to the self-organization effects. Examples of such 
self-organization include the formation of porous systems of silicon and aluminum 
[68,69]. In both cases, conducting anodic dissolution in acid-containing electrolytes at high 
current densities creates the prerequisites for the formation of an ordered system of pores. 
Moreover, when the current density decreases, the process of chemical interaction with 
the surface of the anodes (aluminum or silicon) is localized on various active centers. The 
regularity analysis of ordered pore systems (Figure 6) for anodically oxidized aluminum 
conducted in [68] indicates that the size of aluminum crystals grain, their crystallographic 
orientation, and defect density have no pronounced effect on the regularity of the pore 
arrangement. However, a necessary precondition for ordered and regular pore formation 
is a high purity of the underlying aluminum, as well as stable in-time anodization param-
eters such as anodization voltage, electrolyte temperature, and electrolyte concentration. 

 

Figure 6. SEM image of anodically oxidized aluminum membrane before (a) and after (b) its
processing using a special program [68].

3.2. Low Supersaturations Dissipative Self-Organization of as a Basis for Nanosystems in the Form
of Patterns Formation

Ultra-low supersaturations during deposition from a vapor phase can be achieved by
two technological approaches. The first one is based on the condensation of stationary vapor
flows Js, which are maintained by rather high constant temperature Tc and corresponding
equilibrium pressure Pe. In addition to that, even with the plasma influence onto the growth
surface, for the vast majority of bad-volatile substances, such as metals and semiconductors,
negligibly low vapor pressures should be applied with regard to realize near-equilibrium
condensation. Apparently, it is very complicated to create weak flows and at the same time
to maintain the stationarity of the technological process.

The second method operation principle is based on self-organization of low-supersaturation
values in a plasma–condensate system. The required technological conditions were im-
plemented using a technological setup, presented in Figure 2. Taking into account the
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interrelation between the process technological parameters, in the work [41], a mathemati-
cal model of the dissipative self-organization of low supersaturations was established in
the form of the following system of equations:

.
Tc =

( .
E1 +

.
E2 +

.
E3

)
/c, (16)

.
n =

π

δ

( s
S

Jd − Js

)
, (17)

.
ξ =

s
S

D
λδ

ξ0 −
(

1
τ
+

s
S

D
λδ

)
ξ − B(Tc)(1 + ξ)Tc, (18)

.
Js =

s
S

D
λτ

n0 − Js

(
1
τ
+

s
S

D
λδ

)
− ne

τ

(
s
S

D
λ

− δ·B(Tc)
.

Tc

)
(19)

where c is the growth surface heat capacity; τ is the mean duration of the sputtered atoms
motion above the growth surface along a circular path with a mean length of δ; ne is
the equilibrium atoms’ concentration; S is the inner cathode surface area; s is the hollow
cathode opening area; ξ0 is the sputtered atoms’ relative supersaturation at the inlet to
the hollow cathode. It should be mentioned that Equations (16) and (17) are presented
in a simplified form, that is, without functional dependencies on the other technological
parameters [41].

From the analysis (17), it is easy to show that when the system reaches the stationary
regime, i.e., when

.
n0 = 0, the diffusion flow Jd and the condensing flow Js are interrelated

according to equation sJd = SJs. This result is quite important for understanding the crucial
role of the accumulation of the sputtered substance in the vicinity of the condensate growing
surface during small supersaturations self-organization. In this case, the sputtered atoms
accumulated near the growth surface until the current pressure Pc of the deposition vapor
rise to a certain extent above the equilibrium pressure Pe corresponding to the conditions
of low supersaturations. In this case, when the growth surface temperature Tc changed,
due to heating caused the plasma action, for example, according to (2), the Pe value rose,
and the sputtered atoms kept accumulating even further while retaining small values of
supersaturation. In the case of the absence of substance accumulation, similar changes
in the growth temperature would cause major transformations in the structure formation
mechanisms or even to the termination of the condensation itself. In the self-organized
system, the growth of the discharge power led to sequential intensification of the sputtering
rate of the target, which was a hollow cathode surface in this case. At the same time, the
simultaneous increase in the temperature of the entire hollow cathode took place, indicating,
in such a way, that there was an interrelation between the deposition flow and the growth
surface temperature. At the same time, the rate of increase in the cathode temperature
as a whole depended on its geometry and the material heat capacity. Thus, optimizing
the geometry of the cathode, one could fabricate a technological system for a desired
material, in which all the main technological parameters are non-linearly interdependent.
The above-described peculiarities of the technological setup are a prerequisite for the low
supersaturations self-organization and, consequently, for the nanosystems’ reproducible
synthesis under steady-state condensation conditions without the need to create feedback
systems for artificial control of technological process.

Using the system of Equations (16), (18), and (19), a phase portrait was constructed,
which was characteristic for silicon as a sputtering material and is shown in Figure 7.
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The coordinates of the equilibrium point presented on the phase portrait had the
following values: Tc = 898 K, ξ = 4.31·10−4, Js = 4.31·106 (m−2s−1). Along with this, the
equilibrium point on the phase portraits with the position evidencing the ultrasmall super-
saturations confirmed that the process of dissipative self-organization of the technological
conditions was required for a reproducible nanosystem formation. It should also be empha-
sized that, in this case, nanosystems were formed inside the hollow cathode, which, with
some approximation, could be also considered as conservative self-organization. Using
sputtering device presented in Figure 6 and varying hollow cathodes geometrical charac-
teristics, micro- and nanostructures of Cu, C, Zn, Al, and Ti were formed (Figure 8). From
analysis of obtained porous Al and Ti nanosystems structure and morphology (Figure 8),
the conclusion was made that the self-organization of similar crystal habitus can be real-
ized when building crystallographic planes with the maximum density of atoms provided
maximally strong chemical bonds are realized during the atoms’ condensation. Moreover,
the abovementioned fact proves high stationarity the technological process.
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Let us consider another example of dissipative functional self-organization imple-
mented in [70–74] during multilayer carbon nanotubes’ (MCNTs) formation by means of
an arc discharge created between two graphite electrodes in a helium atmosphere. First of
all, it is necessary to point out that a rather small distance between the graphite electrodes
(~1 mm, [73–76]) was used in this case, which indicates the possibility that carbon atoms
evaporated from the anode accumulate near the condensate growing surface. It should also
be noted that the closeness of the system was enhanced by the accumulation of positive
carbon ions near the substrate, which was located on the cathode side. The physical model
of the flow balance and the energy balance is schematically presented in Figure 9. The
speed of variation in carbon concentration was determined by the difference of carbon
specific flows coming in and coming out of the substance accumulation area and was
characterized by the following flows: JD is the diffusion flow evaporated from the anode
1 and entering the accumulation area 2 focusing onto the cathode surface; Jv is the spe-
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cific flow of re-evaporated from the cathode atoms and re-entering the condensation area;
Jf is the specific flow of carbon ions directed from the accumulation zone to the MCNTs
condensation surface.
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Figure 9. Schematic representation of the physical model of the flow and energy balance between the
two graphite electrodes (1—the anode; 2—the carbon ions accumulation area; 3—the condensate in
the form of MCNTs; 4—the cathode).

At the cathode surface, the balance of energy was characterized by following factors:
.

E1 is the speed of energy input to the surface of growth because of the recombining of
adsorbed carbon ions, taking into account the electron work function from the volume to
the surface of the MCNTs;

.
E2 is the specific energy input to the MCNTs’ growth surface

due to the absorption of the kinetic energy of the carbon ions;
.

E3 is the specific energy flow
to the growing surface of MCNTs caused by the heat flow of neutral helium atoms;

.
E4 is

the specific flow of energy input because of the thermal accommodation of carbon atoms
taking into account the condensation latent heat;

.
E5 is the specific flow of the energy intake

to the growth surface due to heat radiation from the heated anode;
.

E6 is the specific flow of
energy output from the MCNRs’ growth surface due to the desorption of carbon atoms;

.
E7 is the specific flow of energy output from the MCNTs’ growth surface because of the
thermal emission of electrons;

.
E8 is the specific flow of energy output to a cooler from the

MCNTs’ growth surface due to the cathode material thermal conductivity;
.

E9 is the specific
flow of energy by means of thermal radiation out of the growth surface.

The energy balance at the anode surface was determined by following factors:
.
Ea1 is

the specific flow of energy input to the surface due to the bombardment of plasma electrons;
.
Ea2 is the specific flow of energy input to the surface due to the action of the flow of neutral
helium atoms;

.
Ea3 is the specific flow of energy intake because of thermal radiation from the

heated cathode;
.
Ea4 is the specific flow of energy output due to carbon atoms evaporation

of from the anode;
.
Ea5 is the specific flow of energy outcome due to the heat removal from

the anode toward the cooler;
.
Ea6 is the specific flow of energy outcome by means of anode

surface thermal radiation.
Based on the analysis of the physical model a corresponding mathematical model was

built [42], which consists of the following system of differential equations:

.
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(
JD + Jv + J f
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∑
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Here, h—the characteristic size of carbon atoms accumulation area;
.
n—the concentra-

tion change rate of carbon atoms in the accumulation area; cdep—the heat capacity of the
MCNTs surface layer grown on the cathode surface; ne—the equilibrium concentration of
carbon atoms in the accumulation area or above the MCNTs’ growth surface.

In the work [42], relations that determine the dependence of the system parameters
in Equations (20)–(23) on the plasma arc discharge characteristics were determined to-
gether with regularities of the plasma interaction with the anode surface and the MWCNs
growth surface. Moreover, the physical foundations of the carbon atoms’ evaporation
from the anode, thermal radiation from the cathode and the anode, as well as diffu-
sion movement and technological parameters of condensation of carbon atoms in the
form of MCNTs on the cathode, were established. Equations (20)–(22) determine the
flow balance of carbon atoms evaporated from the anode and directed to the accumula-
tion area together with the energy balances at the cathode and anode surfaces. At the
same time, Equation (23) is a derivative of Equation (1), and the analysis of all equations
indicates a direct or indirect mutual interrelationship between the main parameters of
the equations system, which is a prerequisite for the self-organization of technological
conditions necessary for the formation of MCNTs. Evidence of such self-organization
is the presence of equilibrium points on the phase portraits built on the basis of the
system of Equations (20)–(22) (see Figure 10a) and the system of Equations (21)–(23)
(see Figure 10b) [42].
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Coordinates of the equilibrium points on the phase portraits (T = 3363 K, Ta = 3569 K,
n = 1.411020 m−3, ξ = 3.0810−2) confirmed the necessary prerequisites for the formation of
MCNTs, which were determined by the ultralow stationary values of relative supersatura-
tion. At the same time, we can talk about the spatially distributed selectivity of the MCNTs’
formation on the cathode surface during the accumulation of carbon plasma in a certain
volume, which had signs of conservative self-organization. Therefore, in the described
examples of small supersaturations’ dissipative self-organization, there were indications of
conservative self-organization of patterned micro- and nanosystems. Therefore, one can
make conclusions about the integration of dissipative and conservative self-organizations
within the framework of a system of complete self-organization. A schematic representation
of interconnections in such system implemented based on the hollow cathode (Figure 2) is
presented in Figure 11. At the same time, the green arrows on the schematic image indicate
direct and inverse relationships between all system parameters, which is the basis of the
nanotechnological process complete self-organization.

In conclusion, it should be emphasized that the most important operation peculiarity
of completely self-organized systems is the presence of structure formation zones within
each one variation in deposition parameters, such as the pressure of the working gas or the
applied power of discharge, has no effect on the structure and morphology of the resultant
micro- and nanosystems. This assumption has been confirmed when obtaining MCNTs in
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the arc discharge between two graphite electrodes [70–74], as well as when obtaining zinc
nanosystems in the device with a hollow cathode (Figure 2). Moreover, similar variations
in technological process parameters without the involvement of self-organization would
inevitably cause considerable deviations in the condensate formation kinetics.
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Figure 11. Schematic representation of a completely self-organized system, implemented in a device
based on a hollow cathode (Figure 2).

4. Conclusions

1. Self-organization of micro- and nanosystems in the form of patterns at condensate
formation from a vapor phase could be realized under the condition of small supersat-
uration and the presence of a limited number of active centers on the growing surface.
Along with this, the influence of the plasma onto the condensate surface reduced
the desorption energy of adatoms to an effective value, which made it possible to
increase the vapor flow of the condensed substance, keeping the value of the relative
supersaturations small and steady.

2. The reproducible formation of patterned micro- and nanosystems was possible under
the condition of stationary quasi-equilibrium condensation. The criterion of stationar-
ity was defined by the time-invariant critical desorption energy value or its constant
position in the spectrum of all possible desorption energies.

3. When the condensation conditions approached thermodynamic equilibrium, the local
condensate growth kinetics and the corresponding local deposition parameters be-
came interdependent. This interdependence was a precondition for self-organization
of patterned micro- and nanosystems in different structural and morphological forms.
Moreover, the processes of the condensates self-organization could be also affected by
the fluctuations in the electrical voltages above the growth surface.

4. The self-organization of patterns occurred according to the principles of conserva-
tive self-organization, i.e., at extremely low relative supersaturations in the vapor
accumulation volume due to relatively weak diffusion flows. Thus, the combina-
tion of dissipative self-organization of small supersaturations with a conservative
self-organization of patterned micro- and nanosystem in different structural and
morphological forms represents a system of complete self-organization.
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