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In this paper it is shown, that result of the quasi-equilibrium condensation in accumu-

lative plasma-condensate system depends on the stability of the technological process, 

which in the general case is determined by the steadiness of the supersaturation, 

morphology and crystallographic structure of the growth surface, and also by the 

energy dispersion of sputtered atoms. The effect of energy averaging of sputtered 

atoms moving in high-pressure plasma has been established using the Monte-Carlo 

simulation. Results of the experimental investigation of the aluminum condensate 

formation near the thermodynamic equilibrium have shown that the increase in the 

working gas pressure more than 2,4 Pa leads to the decrease in the film dispersity. 

This fact confirms the stability of the process. 
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1. INTRODUCTION 
 

Efficiency of nanotechnologies connected with the condensed state transition 
depends on the solution of two base problems. The first of them is defined 
by the creation of technological conditions, when phase transition occurs near 
thermodynamic equilibrium. Solution of the second problem is determined 
by the fact that quasi-equilibrium condensation should be in the steady-state 
conditions. It is necessary to emphasize that as condensation tends to the 
conditions of thermodynamic equilibrium, solution of the second problem 
becomes more complicated. 
 Consider the physical processes, which define stability of quasi-equilibrium 
condensation in plasma-condensate system under the condition that the sub-
strate is placed on the cathode surface. Difference in the chemical potentials 

 for atoms near the growth surface and those in the condensed state is the 
driving force of the condensation process. In the vicinity of thermodynamic 

equilibrium  can be represented as a sum of three terms 
 

   s + e + r. (1) 
 

Here the first term depends on the pressure of precipitable vapor P. In the 

vicinity of the equilibrium [1] 
 

 s  ( v – c)(P – Pe). (2) 
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Here v and c are the specific volumes per one particle in vapor and conden-
sate, respectively; Pe is the equilibrium vapor pressure, which in accordance 
with [2] can be written as 
 

 exp d
e

B

E
P A T

k T
. (3) 

 

Here kB is the Boltzmann constant; A(T)  exp( T + /T + ), , , and  are 
the constants characterizing the substance; Ed is the atom desorption energy. 
We note that in plasma-condensate system desorption energy takes an effec-
tive value [3-5] 
 

 Ed  Edv – E, (4) 
 

where Edv is the adatom desorption energy in the vapor-condensate system; 

Å is the accidental deduction characterized by the average value   E  

and dispersion 
2

E . Presented above reduction of the desorption 

energy to the effective value due to the deduction of Å is defined by two 
factors. The first one is conditioned by incomplete thermal accommodation 
of adatoms, the energy of which in the moment of impact on the growth sur-
face possesses higher values [2, 3]. The second factor is defined by direct 
energy transmission from plasma particles to adatoms. Obviously, in both cases 
dispersion  is determined by the energy spread of plasma particles. 
 Physical meaning of the second term in correlation (1) is determined by the 
deviation of the growth surface temperature T from the equilibrium value Òå [1] 
 

 e  (sv – sc)(T – Te). (5) 
 

Here sv and sc are the entropies of the vapor state and condensate. 
 The third term in correlation (1) is connected with the local changes of 
the difference in the chemical potentials due to the curvature and structural 
state of the growth surface [1, 6]. This term is determined based on the 
Herring relation [1, 7] 
 

 2
2

2

2
2

1

2

1 RRr , (6) 

 

where R1, R2, 1, and 2 are the main radiuses of curvature and the corres-
ponding angles determining changes in the surface energy  [1, 7]. 

 In actual fact, 
2

2
1

 and 
2

2
2

 characterize changes in the structural state 

of a local area of the growth surface. It is also necessary to note that devia-
tion of pressure from the equilibrium value Ð  Ð – Ðå can act as the abso-
lute supersaturation. 
 Analyzing the terms in correlation (1) it is possible to establish three sta-
bility levels of quasi-equilibrium condensation. The first one is related to the 
case of the flat and isotropic with respect to the temperature and structure 
growth surface. Obviously, such type of the growth surface excludes the Gibbs-
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Thomson effect from the process of the structure formation, i.e., r  0. 
Constancy of the extremely weak pressure and temperature deviations from 
the equilibrium values can be the stability criterion in this case. For such 
simplified type of the growth surface pinning of adatoms will occur with 
equal probability in all its points. 
 The second stability level is related to the growth surface, which contains 
local areas of curvature and other structural non-uniformities. In this case 
condensation from plasma is accompanied by continuous changes of the struc-
ture and morphology characteristics in local areas of the growth surface [7], 
and factors, which influence these changes, are intricately interdependent. 
For example, curvature of the growth surface and the corresponding mani-
festation of the Gibbs-Thomson effect will influence the structural state of 
local areas of the growth surface. At the same time, in the vicinity of pro-
minent parts of the growth surface, which in our case simultaneously is the 
cathode surface, fluctuations of the electric field intensity are possible. In 
virtue of these circumstances, focusing of precipitable ion fluxes on promi-
nent parts of the growth surface is possible, and this is the prerequisite of 
the local changes of absolute supersaturation and temperature. Constancy of 
the averaged difference in the chemical potentials  can  be  the  stability  
criterion for such type of the growth surface. In particular case of the layer 
crystal growth on isotropic with respect to the temperature growth surface 
and the extremely weak manifestation of the Gibbs-Thomson effect, stability 
of the condensation process will be determined by the time-constancy of the 
critical energy Åñ, which can be obtained based on correlation [5] 
 

 lnc B
e

A T
E k T

P
. (7) 

 

 The third stability level is defined by the changes with time of the con-
densation kinetics in local points of the growth surface via the influence on 
these points of plasma particles with different energies and energy spread of 
condensable atoms. In accordance with (4), stability increase in this case can 
be expected at minimization of dispersion  (see correlation (4)) or energy 
averaging of sputtered atoms under their displacement in plasma. 
 Taking into account the foregoing, two problems are solved in the present 
work. In the first one, by the simulation technique we study the energy 
averaging of sputtered atoms subject to the number of their interactions 
with plasma particles for different values of plasma pressure. In the final 
part of the work we represent the results of quasi-equilibrium condensation 
of Al subject to the energy averaging rate of plasma particles. 
 
2. MODELING OF THE PROCESS OF ENERGY AVERAGING OF 

SPUTTERED ATOMS UNDER THEIR INTERACTION WITH THE 
WORKING GAS ATOMS 

 

In accordance with [8], different density and energy of particles correspond 
to the different plasma types. In particular, for magnetron gas discharge 
plasma density can be within the range of 1017-1019 ì–3. And in this case 
the following assumption is quite acceptable: all plasma particles are in ther-
modynamic equilibrium and, as a result, temperatures of electrons and ions 
in plasma are equal [8, 9]. Considering gas to be sufficiently rarefied, we 
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can  neglect  double,  triple,  fourfold,  etc.  atom  collisions  and  suppose  that  
only interactions, where collisions occur only between two plasma particles, 
take place. Consequently, interaction between atoms occurs only when they 
are very close to each other, i.e., they almost collide. For such model the 
perfect gas law [10] is applicable, starting from which 
 

 Pg  nkBTg, (8) 
 

where Pg is the total pressure produced by the sputtered and working gas 
atoms; n  nAr + nMe is the density of relatively heavy plasma particles; nAr 
is the concentration of argon atoms; nMe is the concentration of sputtered 
atoms; Tg is the plasma temperature. 
 Mean free path  for plasma particles is determined by the expression [9] 
 

 1 2 rn , (9) 
 

where r is the general cross-section, which takes into account the interac-
tion cross-sections and pulse exchange between colliding particles, excitation 
and ionization processes. 
 It is necessary to note that effective cross-section is also the energy func-
tion of interacting particles (Fig. 1). Thus, it is shown in the work [11] that 
for average energies of interacting particles 2, 20, and 100 eV r takes values 
60 10–20, 45 10–20, and 38 10–20 ì2, respectively. Taking into account corre-
lation (8) and the value of r for different energies of interacting particles, 
we have calculated dependences of the mean free paths  on the argon plasma 
pressure. As it follows from the corresponding graphs (Fig. 1), decrease in 
the mean free path substantially slows down for pressures above 2,5 Pa. 
 

 
 

Fig. 1 – Mean free path in Ar plasma at different atom energies. Energy, eV: 1 – 2,  
2 – 20, 3 – 100 

, m 

Pg, Pa 
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 Model approximations stated in the present section relate to the matter of 
evolution of the energy distribution of sputtered atoms under their interac-
tion with plasma particles composed of the working gas atoms and sputtered 
substance. It is assumed here that the process is stationary and system para-
meters are time-independent. In this case we can apply statistical description 
of plasma particles by the energy distribution function f(E) [10], which, as a 
matter of fact, is the consequence of the Maxwell velocity distribution and 
can be represented in the form 
 

 

3/2
2

( ) 4 exp
2 g g

E n nE
f E

P P
. (10) 

 

 A motion process of sputtered atoms at increased working gas pressures 
is of a particular interest from the point of view of fundamental investiga-
tions.  Usually  the primary energy spectrum of  sputtered atoms is  substan-
tially wider [11-13] than the energy spectrum of plasma particles. Thus, in 
calculations we used primary energies of sputtered atoms up to 30 eV. In the 
first approximation the initial energy spectrum of sputtered atoms is desc-
ribed by the Sigmund-Thompson distribution [11, 14, 15] 
 

 
3

( ) 2 r
r s

r s

E
f E E

E E
. (11) 

 

Here År is the initial energy of sputtered atoms; Ås is the binding energy of 
atoms with target surface. It is necessary to emphasize that distribution (11) 
approximately corresponds to the experimental results [11, 12]. In this case, 
the moving sputtered atoms experience numerous collisions with plasma par-
ticles that finally leads to their thermalization. A number of collisions of an 
atom with plasma particles N0 determined by the relation [16] 
 

 0 8 k aN m m  (12) 
 

(where mk and ma are the masses of sputtered material and working gas atoms, 
respectively) is the criterion of total thermalization or atom transition to the 
diffusive mode of motion. In the case of Al sputtering N0 is approximately 
equal to 7. 
 In our case  a  low-temperature plasma where concentration of  gas  atoms 
essentially exceeds concentration of sputtered atoms is considered; and while 
calculating we used correlation nAr/nMe  100. 
 Under consideration of atom collisions, starting from the energy and mo-
mentum conservation laws, correlation for the sputtered atom energy before 
Ek and after kE  collision is determined by the expression [16] 
 

2
2 1 1 /2 1 cosk k k k k k a k a k kE E E E E  

cos / 2 cosk k a k k aE E E E  

 
1 2

/ 2 cosk k a k k aE E E E , (13) 
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where k  mk/ma; v is the random angle between the velocity directions of 
metal and gas atoms. 
 To define the scattering angle  at collision of two particles, it is neces-
sary to take into account the influence of the interaction potential u(r). In 
our case, for the description of interaction between sputtered and gas atoms 
the Lennard-Jones potential was used 
 

 12 6
0 0( ) 4u r r r r r , (14) 

 

where  is the potential well depth; r is the interparticle spacing; r0 is the 
coordinate of the equilibrium state of atoms. 
 In the energy range 10 < E/  < 104, which we are interested in, the appro-
ximation formula for determination of cos  can be written as 
 

 
0.02861.8834( )2 0.1406

0cos 1 2 1 0.5537( )
E

ïð r E . (15) 

 

 Based on the Monte-Carlo method, using the random quantities such as the 
collision angle and plasma particle energy and taking into account correla-
tions (10)-(15), the block-diagram of the calculation of the energy distribu-
tion  of  sputtered  atoms  depending  on  the  number  of  atom  collisions  with  
plasma particles is created (Fig. 2). 
 Calculation data has confirmed the validity of the assumption that after 
interaction of sputtered atoms with heavy plasma particles the atom therma-
lization occurs. This is exhibited in the narrowing of the energy spectrum of 
sputtered particles (Fig. 3) and the corresponding decrease in dispersion  
that is an important factor of the stability increase in the quasi-equilibrium 
condensation. In this case after total thermalization of sputtered atoms their 
motion can be described by the diffusion equations. 
 
3. PROCEDURE OF QUASI-EQUILIBRIUM CONDENSATION OF 

ALUMINUM 
 

Currently, in the widespread techniques, at the best, stability of quasi-equi-
librium condensation is kept up using the feedback between the structure 
formation kinetics and parameter control system [17]. Since it is difficult to 
track on-line the formation kinetics of low-dimension systems, realization of 
the stationary conditions of the process is the intractable problem. There-
fore, we have proposed the technological approach, the basis of which is the 
self-organization of time-independent critically small relative supersaturati-
ons. Such self-organization can be realized based on the accumulative plasma-
condensate system [5, 18], which consists of the magnetron planar atomizer 
and associated hollow cathode (Fig. 4). Physical operation principles of such 
systems and mathematical model of self-organization of critically small rela-
tive supersaturations are stated in detail in [5, 18]. It is necessary to empha-
size that when using the accumulative plasma-condensate systems and iso-
tropic with respect to the structure and temperature growth surface, one can 
study the influence of the third stability level on the structure formation 
mechanisms. 
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Fig. 2 – Calculation block-diagram of the energy distribution of sputtered atoms 
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Fig. 3 – Energy distributions of sputtered atoms after interaction with plasma partic-
les at 10 Pa: 1 – initial distribution; 2-5 – distributions after interaction with plasma 
(2, 4, 7, and 13 collisions of sputtered atom with plasma particles, respectively) 
 

 The necessary purity of the working gas, in the capacity of which argon 
was used, was achieved due to the long-term (~ 30 hours) sputtering and the 
subsequent titanium condensation on the internal walls of the working cham-
ber [19]. Argon purification did not cease during the whole technological pro-
cess, and this allowed to create the conditions of aluminum condensation, 
when the partial pressure of all reactive gases was ~ 10–7-8 10–8 Pa. 
 

 
 

Fig. 4 – Cross-section of the axially symmetric accumulative plasma-condensate system 
(1 – anode; 2 – thermalization region of sputtered atoms; 3 – erosion zone; 4 – system 
of magnets; 5 – hollow cathode; 6 – region of the annular mass transfer; 7 – layer of 
adatoms; 8 – condensate; 9 – substrate; 10 – cooler). Qualitative temperature distri-
bution near the growth surface is represented on the left 
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 Aluminum condensation was performed on the KCl (001) cleavage faces. 
In the conditions of quasi-equilibrium condensation, defects and morphology 
inhomogeneities of the substrate can become the preferable active centers of 
atom pinning. In this connection we have to note that anion vacancies of Cl– 
formed under the crystal bombardment by the charged particles [3, 7, 20, 21] 
possess high activity on (100) of alkali halide crystal. In our case the deve-
loped system of such defects was formed on the first stage of the sputtering 
system operation, which was accompanied by plasma irradiation of KCl (001). 
Evaluation of the condensate thickness was carried out under the disconti-
nuity and folding of condensates directly in TEM, and the discharge power 
was 5,8 Âò. 
 
4. EXPERIMENTAL RESULTS AND DISCUSSION 
 

At first we consider the structure formation mechanism of Al condensates at 
relatively low working gas pressures (ÐAr  1 Pa), i.e., at higher values of 
dispersion . Based on the TEM and electron diffraction it was established 
that the initiation process occurs uniformly all over the whole surface in the 
absence of nucleation of separate supercritical nucleuses and their further 
coalescence (Fig. 5a). Here we should pay attention to the fact of the nano-
crystalline structure formation (Fig. 5a), in which recrystallization processes 
under the heating by an intensive electron beam are not observed. Such 
investigations were performed directly in the electron microscope, and to 
increase the intensity of an electron beam condenser aperture was removed. 
Consequently, such type of the growth surface possesses isotropic with res-
pect to the temperature and structure characteristics that allows to reveal the 
influence of the third stability level on the structure formation mechanism. 
 

 
 

Fig. 5 – Initial stage of initiation and growth of the condensate at Ðw  5,8 W and 
ÐAr  1,4 Pa. Deposition time, s: a – 60; b – 150; c – 300 

110 nm 150 nm 

150 nm c 

a b 
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 Structure analysis on the subsequent growth stages (Fig. 5b, c) implies 
that with the increase in the layer thickness approximately up to 150 nm the 
gradual decrease in the condensate dispersity occurs. Seemingly, such speci-
ficity of the condensate initiation and growth is conditioned by the fact that 
in the extreme case of critically small supersaturations the substance con-
densation is confined by the only possible type of atom-by-atom pinning of 
adatoms on the anion vacancies of KCl. The difference is that in last two 
variants, as a rule, the atomic-smooth surface of mono-crystalline substrate 
with minimum amount of  point  defects  is  used,  and in our case  under the 
action of plasma on KCl (001) the so significant density of Cl– vacancies is 
formed, that, in actual fact, this surface is transformed to the atomic-rough 
one. In turn, rigid atom-by-atom pinning on the atomic-rough surface also 
leads to the formation of new-formed atomic-rough growth surface due to the 
difference between KCl and Al lattice parameters. 
 Sequence of repetitive stages of such atom-by-atom building is not practi-
cally studied up to now and is of significant interest from the scientific and 
practical  points  of  view.  Obviously,  the possibility  of  the transition to  the 
more structurally equilibrium form appears with the increase in the conden-
sate thickness that is expressed in a gradual increase in the grain size. 
 

 
 

Fig. 6 – Initial stage of initiation and growth of the condensate at Ðw  5,8 W and 
ÐAr  3 Pa. Deposition time, s: a – 60; b – 80; c – 150, d – 300 
 

 Increase in ÐAr more than 2,5 Pa violates the transition smoothness from 
the highly dispersed basic layer to the relatively large-grained polycrystal. 
In this case at the thickness of nanocrystalline basic layer of ~ 8-15 nm the 
homonucleation and high-speed growth of the relatively large crystals occurs 
(Fig. 6). Seemingly, the relatively sharper transition is conditioned by the 
increased structural non-equilibrium of the basic layer that is the result of 
the energy averaging of plasma particles or increase in the technological 
process stability. 
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 Sufficiently long-term condensation (~ 2 hours) at ÐAr more than 2,5 Pa 
leads to the growth of separate relatively coarse faceted crystals (Fig. 7). 
 Such layer growth of the crystals is possible only at increased working gas 
pressures, i.e., at high stability of the condensation process of all levels. 
 

 

Fig. 7 – Surface image of the Al condensate obtained using the scanning electron 
microscope 
 
5. CONCLUSIONS 
 

Result of quasi-equilibrium condensation in plasma-condensate system depends 
on the technological process stability, which in the general case is determined 
by the constancy of supersaturation, structure and morphology characteristics 
of the growth surface, and the energy spread of condensable atoms as well. 
Based on the model approximations we have confirmed the fact of the narro-
wing of energy spectrum of sputtered atoms as a result of their interaction 
with plasma particles that is the prerequisite for the increase in the stability 
of quasi-equilibrium condensation. 
 As the experimental results have showed, increase in the stability of quasi-
equilibrium condensation leads to the decrease in the dispersity of Al conden-
sates, and layer growth of separate relatively coarse crystals as well. Thereby, 
we have experimentally confirmed high stability of the condensation process 
at the working gas pressures exceeding 2,5 Pa. 
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