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Proceeding from the of small model nuclei origi-
nally proposed by Walton and Rhodin [1, 2], it is possi-
ble to establish a qualitative relationship between the
number of atoms in a critical nucleus and the chemical
potential difference 

 

∆µ

 

 between the gas (vapor) and
condensed phases [3]. This relationship shows that, in
the general case, there are three variants of condensa-
tion from the vapor phase. First, in the region of high
supersaturation (large 

 

∆µ

 

), the condensation proceeds
via statistical deposition of single-atom critical nuclei.
As the degree of supersaturation decreases, the deposi-
tion proceeds by the second variant, whereby poly-
atomic critical nuclei are formed in which the number
of atoms is proportional to 1/

 

∆µ

 

 [4]. The third, most
important variant is realized in the case of ultimately
small supersaturations (and 

 

∆µ

 

 values). Under such
conditions, the diffusion field of adatoms is weak so
that the formation of polyatomic critical nuclei on the
growth surface is practically excluded. In this case, the
growth proceeds via the attachment of single atoms at
the active centers on the growth surface, where the
binding energy exceeds a certain critical value (

 

E

 

s

 

) [3].

The third variant of condensation is realized in the
technology of layer growth by means of molecular
beam epitaxy (MBE) [5], metalorganic chemical vapor
deposition [6], crystallization from supersaturated solu-
tions [7], and electrolytic deposition [8]. In particular,
the proximity to phase equilibrium in the vapor–con-
densate system in the course of MBE is achieved by
deposition from weak flows at high temperatures. In
other cases [6–8], these conditions are provided by the
chemical interaction of adatoms with the environment,
which favors their reverse transition to the solution or
the gas phase. Such processes are less sensitive to tem-
perature variations, which is evidence for a kind of self-

organization. In this context, a promising approach
consists in the creation of analogous, more universal
self-organized systems based on physical principles.
This Letter considers a possible realization of this
approach.

 

Self-organized ion sputtering. 

 

The process of con-
densation by means of Self-organized ion sputtering is
based on the energy transfer from a flux of particles
bombarding the growth surface to adatoms, which
increases the probability of their reverse passage to the
gas phase [3, 9]. The self-regulation of the technologi-
cal parameters of condensation ensures the proximity
to phase equilibrium in the environment–condensate
system and determines a stationary character of the
deposition process. The energy of particles acting upon
the growth surface must not exceed a threshold energy
for the sputtering of a condensed crystalline deposit.

We have developed a variant of the self-organized
ion sputtering system based on a planar dc magnetron.
In the proposed setup (Fig. 1a), target 

 

3

 

 is sputtered in
the region of crossed electric and magnetic fields cre-
ated by electrodes and permanent magnets 

 

1

 

. Prior to
deposition, the working chamber was outgassed and the
working gas (argon) was thoroughly purified so that the
partial pressure of chemically active residual gases was
reduced below 10

 

–8

 

 Pa as described in [10]. Then,
drive 

 

6 

 

is moved down to open shutter 

 

5 a

 

nd allow the
sputtered substance to deposit by reverse diffusion onto
substrate

 

 4

 

, which is fixed at the center of water-cooled
table

 

 2

 

.
The required conditions of reverse diffusion can be

provided at an argon pressure above 5–7 Pa, which also
decreases and levels the energies of deposited atoms
and argon ions [11]. The self-organized proximity to
phase equilibrium was achieved through synchronous
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variation of the main technological parameters, includ-
ing the growth surface temperature, deposited material
flux density, and the energy and density of particles
bombarding the growth surface. In particular, a change
(within definite limits) in the discharge power leads to
simultaneous consistent variation in the deposited flux
and ion plasma density, which provides to a certain
extent the constancy of 

 

E

 

s

 

. It should be emphasized that
re-evaporated or re-sputtered atoms are most probably
ionized and re-deposited, and this mass transfer cycle
can be multiply repeated until the binding energy will
exceed 

 

E

 

s

 

. Each operating mass-transfer circle is a “dil-
igent creator” of the desired structure. In this context,
the atom-by-atom building of the deposit controlled by
the electric field and the 

 

E

 

s

 

 value can be considered as
a nanotechnology process.

Let us consider the sequential stages of formation of
a single crystal layer of aluminum on a glass substrate
at a discharge power of ~40 W and an argon pressure of
15 Pa. Thorough analysis of the stage of deposit nucle-
ation (Fig. 2a) shows that the nuclei have approxi-
mately the same [112] orientation in the substrate
plane. This predominant orientation is confirmed by the
presence of 60

 

°

 

 corners aligned in approximately the
same direction (Fig. 2a) and is probably related to the
existence of a tangential component of the electric field
over the dielectric substrate surface. It should be noted
that, on the whole, the same orientation of growing
crystals is possible only provided that at least one addi-

tional preferred crystallographic direction exists at the
substrate plane. Indeed, the X-ray diffraction data
showed that the crystal growth normal to the substrate
surface proceeds only in the [111] direction (Fig. 1b),
which can be explained in terms of minimization of the
free energy at the condensate–substrate interface. It
should be emphasized that the same orientation of
growing crystals relative to the isotropic substrate is
possible only under the conditions of nucleation at the
active centers and in the form of single-atom critical
nuclei, since a control over the orientation of poly-
atomic critical nuclei is hardly possible. Using the
known method of deposited flux calculation [11] and
evaluating the deposited material volume from micro-
scopic data (Fig. 2a), it is possible to show that, even by
overstated estimates, only about 1–7% of the deposited
Al atoms are condensed upon the first trial. This fact is
another evidence for the proximity to phase equilibrium
in the vapor–condensate system under consideration.

The subsequent intergrowth of the nuclei (Figs. 2b–2d)
leads to the formation of layer with an almost single
crystal structure, which is confirmed by the electron-
microscopic images (showing the presence of a consid-
erable number of identically oriented growth steps on
the growth surface) and by the X-ray diffraction pat-
terns. In view of the isotropic character of the substrate
surface, a network of misfit dislocations is apparently
formed when the separate crystals grow together. In
addition, predominant growth of particular steps
(Fig. 2c) leads to their superimposition over adjacent
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Fig. 1. 

 

Self-organized ion sputtering system: (a) schematic diagram of the experimental setup (see text for explanations); (b) the
typical X-ray diffractogram of an aluminum layer grown in this system.
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Fig. 2. 

 

Scanning electron microscope images illustrating various stages of aluminum layer formation in the course of self-organized
ion sputtering, which correspond to the deposition time of (a) 0.5, (b) 1.2, (c) 2, and (d) 10 h.
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separate crystals, which eventually favors the formation
of a more perfect structure.

 

Functional possibilities of self-organized ion
sputtering systems.

 

 Advantages of the self-organized
ion sputtering process over the existing widely used
methods of crystal layer growth [5–8] are as follows:

(i) Self-organized ion sputtering systems offer more
possibilities in providing conditions both for the trans-
fer of s substance to the gas phase and for the self-orga-
nized approach to phase equilibrium in the vapor–con-
densate system. For example, the equilibrium vapor
pressure over aluminum at a melting temperature is as
low as 10

 

–7

 

 Pa [12], which makes the MBE growth of
this metal an extremely difficult task.

(ii) the presence of an electric field over the growth
surface and the deposition of ionized species can favor
the self-organized growth of not only single crystals,
but of various columnar structures as well [13]. Thus,
the electric field is an additional control parameter for
the atomic assembly of condensates.

(iii) Under conditions of ultimately small condensa-
tion coefficients, the conditions of self-organized
approach to phase equilibrium in the vapor–condensate
system can be provided even for rather intense atomic
flows. This makes possible the accelerated growth of
layers with various architectural forms.

(iv) A decrease in the condensation coefficients is
provided by direct energy transfer from ions bombard-
ing the growth surface to adatoms, which allows the
conditions close to phase equilibrium to be obtained on
cooled substrate. Thus, it is possible to decrease the
mutual diffusion of components in the course of hetero-
junction formation and to expand the nomenclature of
substrates.
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