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The paper represents the research on the nucleation processes during Cr, Zn, Cu, Si, Ag, and Al con-
densation at deposition of ultra-weak flows of magnetron sputtered substance under quasi-equilibrium
conditions in deeply purified Ar. Such a broad spectrum of metals and Si has been chosen with the aim to
establish the most general features of the nucleation process of quasi-equilibrium condensates. As a sub-
strate material, fresh (001) KCI cleavages and glass were used. The structural and morphological charac-
teristics of the obtained condensates have been studied using scanning and transmission electron micros-
copy. The phase composition of the condensates was studied using electron microdiffraction. The ultra-low
vapor flows of ion-sputtered substance have been formed using a vacuum setup equipped with three direct
current magnetron sputters. In order to form ultra-low vapor flows, increased pressures of the working gas
(6-8 Pa) and a large distance from the target to the substrate (80-100 mm) were used. The results of TEM
and SEM investigations have shown that plasma action onto the (001) KCI surface determines the for-
mation of a continuous amorphous film at the first stage of nucleation. As the film thickness increases, the
nucleation of the crystalline phase occurs. An essential feature of the nucleation processes is the formation
of the basic amorphous layer discovered in this work. An increase in the thickness of the amorphous base
film reduces the effect of (001) KCl surface modification by plasma and local transitions to crystalline
phases occur. It has been shown that a more prolonged condensation process leads to the formation of ei-
ther a system of individual faceted crystals or porous nanosystems depending on the structural and mor-
phological characteristics of the base layer.
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1. INTRODUCTION

There is a significant amount of information on
changes in condensate nucleation mechanisms during
the transition from large to small relative saturations ¢
of the condensing vapor. It is known [1, 2], that at large
values of § the increased concentration of adatoms cre-
ates preconditions for their fluctuational joining into
supercritical condensate nuclei. During a more pro-
longed condensation process, the prerequisites for the
transition to a particular phase state are created in the
nuclei depending on the surrounding temperature and
pressure. For-example, according to the Leipunsky
state diagram, a graphite-like phase is formed in su-
percritical carbon nuclei at relatively low ambient tem-
peratures and pressures.

Based on theoretical works on nucleation processes
at small supersaturation values [3-8], the theory of
barrier nucleation was developed. In this case, the fluc-
tuational joining of adatoms having a relatively low
concentration determines the formation of subcritical
nuclei. Great part of them fall apart because of in-
creased ratio of their surface energy to volume energy.
At this point, the stability of an individual nucleus is
determined by its gradual growth and, as a conse-
quence, overcoming the activation nucleation barrier
[4, 6, 9]. It should be noted that the number of atoms in
a nucleus at the moment of the activation barrier over-
coming is oc]/lnz(é: +1) [4, 5]. Therefore, a decrease in &

determines an increase in critical nucleus size under
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Volmer-Weber conditions and in the absence of active
centers with increased adatoms desorption energy on
the substrate surface.

It should be noted that, in general, continuous poly-
crystalline films are formed during a sufficiently long
condensation process and under the above mentioned
conditions of high and low supersaturations. In this case,
the formation of continuous films using various PVD
methods proceeds through the following stages: the coa-
lescence of supercritical nuclei, channels formation, re-
nucleation, and subsequent overgrowth of channels
[10].The exception is structurally nonequilibrium porous
condensates formed during vapor deposition under con-
ditions of ultra-high relative supersaturation [11].

The aim of the proposed work is to study the nucle-
ation process under conditions of ultra-low relative
supersaturations in the plasma-condensate system
using ion sputtering. It should be emphasized that for
the vapors formed by thermal evaporation, there is an
extremely low critical pressure value, below which the
nucleation processes do not occur [4, 5]. It was experi-
mentally established that the boundary of the transi-
tion from condensate nucleation to its absence at =0
in the plasma-condensate system has a diffuse charac-
ter [10], which is interesting from the fundamental and
applied points of view. Under these conditions, fluctua-
tional joining of adatoms into subcritical nuclei is an
unlikely process because of their low concentration.
Thus, under Volmer-Weber conditions and critically low
supersaturations, individual adatoms are fixed exclu-
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sively on active centers of the growth surface for which
the strongest chemical bonds are realized.

It was established [12,13] that atomic self-
assembling of porous nanosystems having different
structural and morphological characteristics is ob-
served under conditions of extreme approximation to
thermodynamic equilibrium. It should be noted that
critically low supersaturations determine the transition
to the atom-by-atom condensates assembly, mainly
based on kinetic processes. It is well known that, at
relatively low temperatures and pressures, i.e. outside
the Leipunsky phase diagram, the atomic assembly of
the diamond phase and other carbon allotropes can be
implemented. Our earlier research has shown [14] that
the transition to the condensate atomic assembly takes
place under the condition when 0 < {< 0.08. For these
reasons, the condensation under conditions of ultra-low
supersaturations will be called quasi-equilibrium.

However, the amount of information on the nuclea-
tion processes in the plasma-condensate system under
conditions of ultra-low supersaturation &, as a prereq-
uisite for the further nanosystems formation, is quite
limited. Therefore, the aim of the proposed work is to
establish the regularities of the nucleation stage of ion-
sputtered Cr, Zn, Cu, Si, Ag, and Al condensates under
quasi-equilibrium conditions. Such a broad spectrum of
metals and Si has been chosen with the aim to estab-
lish the most general features of the nucleation pro-
cesses of quasi-equilibrium condensates.

2. EXPERIMENTAL PROCEDURE

In order to study the nucleation processes of quasi-
equilibrium condensates, the following technological
problems should be solved:

a. §= (Pe — Po)/Po, (1)

Taking into account (1), the pressure of the deposit-
ed vapor Pe. should be comparable with the equilibrium
pressure Po. Therefore, because majority of metals have
low volatility (except Zn), in order to achieve near-
equilibrium conditions it is necessary to condense ul-
tra-low vapor flows.

b. In order to achieve reproducibility of the nuclea-
tion processes under conditions of deposition of ultra-
low vapor flows, the technological process must be sta-
tionary.

c. The low condensate growth rates at the initial
nucleation stage causes increased probability of metal
and Si compounds formation at their interaction with
chemically active residual gases. Thus, deep purifica-
tion of the inert working gas (Ar) is required to avoid
undesired compound formation.

d. To some extent, the nucleation process of quasi-
equilibrium condensates can also be affected by the
contamination of the substrate surface. That is why the
substrate with atomically pure surface should be used.

The ultra-low vapor flows of ion-sputtered substance
have been formed using a vacuum setup equipped with
three direct current magnetron sputters. It is problem-
atic to create stationary vapor flows because at relative-
ly low discharge powers Py the magnetron sputterers
are, as a rule, unstable. To overcome this obstacle,
slightly increased values of Pw (15 + 28 W) were used,
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thus providing a stationary mode of magnetron opera-
tion. At the same time, in order to form ultra-low vapor
flows, increased pressures of the working gas
(Par=6+8Pa) and a large distance from the target to
the substrate (L = 80 +~ 100 mm) were used.

In this case, the flow of the sputtered substance to
the substrate had diffusive nature and decreased to the
required level due to scattering by Ar molecules. How-
ever, multiple scattering of sputtered atoms by the
working gas molecules averaged their energy and pro-
vided their uniform motion in all directions with equal
probability. It should be also noted that to achieve ef-
fective action of plasma onto the substrate surface, the
magnetron sputterer with an unbalanced magnetic
field was used.

In order to avoid impurity phases formation, the
working gas deep purification was performed directly
in the working chamber by titanium sputtering. The
procedure of working gas purification was as follows:
after pumping the working chamber, it was cut off from
the pumping system and filled with argon gas up to the
necessary pressure level. On the next step, long-term
titanium sputtering by two lateral magnetrons was
performed; titanium serves in this case as a getter
pump. After the purification procedure, the chemically
active gases partial pressure was about 8108 Pa. At
the same time, the purification procedure continued
during the whole process of the condensate nucleation.

We have used C48-3 glass and fresh cleavages of
KCl single crystals as substrates. KCI single crystals
with dimensions of 8 x 8 x 20 mm were used. The base
of such single crystals with dimensions of 8 x 8 mm was
rigidly attached to the substrate holder's surface. Then,
at a distance of about 1 mm from the base of the at-
tachment, a notch was made. On the next step, the
cleavage along the notch area of (001) KCl single crys-
tal has been performed mechanically directly inside the
magnetron sputtering device using a special lever. In
such a way, we have minimized the influence on the
nucleation process of impurity gases adsorbed on the
(001) KCI surface. In the case when discontinuous con-
densates were formed on the (001) KCl substrate, their
fragments were fixed by additional deposition of an
amorphous carbon film. In the process of TEM samples
preparation, we have separated the condensates ob-
tained from (001) KCl by means of dissolving the sub-
strate in water.

Standard chemical treatment in potassium dichro-
mate, subsequent ultrasonic cleaning and final wash-
ing in distilled water were used to clean the glass sub-
strates from contaminants. The structure was studied
by the transmission electron microscopy (TEM-125)
and the scanning electron microscopy (SEM Inspect
S50-B). The phase composition of the condensates was
studied using electron microdiffraction.

3. RESULTS AND DISCUSSION

In the first set of the experiments, the nucleation
stage of Al condensates on (001) KCI cleavages has
been investigated. For this series of experiments, the
following technological parameters were used:
Te.=280°C, L =80 mm, Par=8Pa, P,=16 W, and the
deposition time (¢ for different stages of nucleation

02034-2



STAGES OF CR, ZN, Cu, S1, AG, AND AL NUCLEATION UNDER ...

varied from 0.05 to 0.38 h. It should be noted that Al
condensates were not additionally fixed by an amor-
phous carbon film.

From TEM images of microstructures and corre-
sponding electronograms (Fig. 1a, b), it can be conclud-
ed that an amorphous continuous Al film was formed at
the initial stage of condensation. At the same time,
further condensation determines the nucleation of crys-
tals corresponding to the aluminum fcc phase (see
Fig. 1c, d). It should be noted that the transition to the
crystalline phase most likely occurred on the surface of
the amorphous phase. The latter conclusion is con-
firmed by the absence of the orienting effect of (001)
KCl on the crystal growth, which can be explained by
the presence of amorphous layers between the Al crys-
tals and the substrate.

Fig.1-TEM investigations of Al condensates obtained on
(001) KCI cleavages and the corresponding electron diffraction
patterns of the nucleation stage under conditions: 7t = 280 °C,
L=80mm, P»r=8Pa, P,=16W and deposition time: (a)
te=0.05h, (b) £.=0.08 h, (c) t=0.28 h, (d) .= 0.38 h

Figs. 2a, b show SEM images of the Al condensates
structure, which was formed on the glass substrate
using technological conditions of the condensation pro-
cess identical to the previous experiment. Due to the
difficulty of separating the condensate from the glass,
the presence or absence of the basic amorphous phase
has not been established. At the same time, at the nu-
cleation stage, crystals are formed at a rather limited
number of active centers (Fig. 2a). As a result, after a
fairly long deposition ({c=3h), there is outpacing
growth of unconnected faceted crystals up to 20 pm in
size (see Fig. 2b).
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Fig. 2 - SEM images of Al structures obtained on glass sub-
strates at 7. =280 °C, L =80 mm, Pa=8Pa, P,=16 W and
deposition time: (a) t.= 0.05 h, (b) t:=3 h

Fig. 3 - TEM images of structures and corresponding electro-
grams of Ag condensates obtained on (001) KCl cleavages
under conditions 7. =280 °C, L =80 mm, Pa=6Pa, P,=15W
and deposition time: (a) t.=0.017 h, (b) £.=0.03 h, (c¢) & =0.06 h

The results of TEM studies of Ag condensates at dif-
ferent stages of their nucleation and the corresponding
electrograms are shown in Fig. 3. Since the separation
of condensates from (001) KCl was carried out without
prior application of a carbon film, it can be concluded
that a basic amorphous layer also formed at the first
stage of nucleation (Fig. 3a). In this case, as the thick-
ness of the amorphous layer increases, a gradual transi-
tion to the crystalline state occurs (Fig. 3b). The absence
of the crystalline phase nucleation texture confirms the
presence of the basic amorphous layer between the crys-
tals and the substrate, which with an increase in the
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layer thickness gradually transforms into a fine poly-
crystal. Further growth of the condensates, as well as in
the case of Al condensates formation, is characterized
by well-defined anticipatory growth of individual crys-
tals with the fec lattice of Ag (Fig. 3c).

Fig. 4 - TEM images of structures and corresponding electro-
grams of Si condensates obtained on (001) KCI under condi-
tions 7. =280 °C, L =90 mm, Pa =6 Pa, P,=30 W and depo-
sition time: (a) t.=0.2 h, (b) t:=0.25h

Fig. 4 presents TEM images of structures and elec-
trograms of Si condensates obtained at 7.=280 °C,
L =90 mm, Par=6 Pa and P, =30 W. It should be not-
ed that the attempt to separate Si condensate in the
form of the amorphous phase only from (001) KCI was
unsuccessful. That is why we have investigated Si con-
densates formed during a more prolonged nucleation
process with the thickness value that could withstand
the separation procedure. Despite this, the significant
diffusion scattering of electrons and weak diffraction
rings in the background (Fig. 4) that are present on the
electrograms evidence with a high probability the pres-
ence of a basic amorphous layer.

140 nm

Fig. 5 - TEM images of structures and corresponding electro-
grams of Cr condensates obtained on (001) KCl substrates
under conditions 7. =280 °C, L = 100 mm, Par=8Pa, P, =15 W
and deposition time: (a) t.=60 s, (b) t.= 150 s

In this case, the calculated interplanar distances
based on diffraction maxima with indices 111 and 200
satisfactorily coincide with the corresponding Si inter-
planar distances.

The presence of a basic amorphous layer was also
established during the condensation of Cr vapor at the
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following  technological parameters: 7¢=280 °C,
L =100 mm, Par=8Pa and Pv=15W (Fig. 5a). As in
the previous cases, with an increase in thickness of the
amorphous layer, the formation of individual crystals
occurs first, which stimulates further nucleation and
growth of other crystals in the vicinity to the primary
ones (Fig. 5b). At the end, let us consider examples of
nucleation of Zn and Cu quasi-equilibrium condensates
on glass substrates. From SEM images shown in Fig. 6
it can be concluded that the nucleation processes of
zinc condensates are characterized by the formation of
crystals with a well-defined facets. In this case, the
predominant growth of individual crystal nuclei in one
of the crystallographic directions and their intergrowth
with each other during a long-term technological pro-
cess leads to the formation of nanosystems in the form
of three-dimensional layers [15].

Also noteworthy is the predominant growth of
structural formations based on interconnected Zn
nanocrystals (Fig. 6a). The nucleation processes of cop-
per quasi-equilibrium condensates onto the glass are
also characterized by the discontinuous structures for-
mation and growth of individual nuclei with different
rate (Fig. 6b). In this case, on the substrate surface,
separate nanoparticles with sizes smaller than 100 nm
are formed (Fig. 6b) as in the previous cases.

Fig. 6 - SEM images of Zn (a) and Cu (b) structures obtained
on glass substrates at 7. =280 °C, L =80 mm, P =8 Pa and
Py=16 W (¢.= 0.08 h for Zn; t. = 0.05 h for Cu)

It is known [16] that the energy of ion-sputtered at-
oms, even after their thermalization at high pressures
of the working gas, can be one order of magnitude
higher than the energy of thermally evaporated atoms.
The action of high-energy plasma particles onto the
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substrate surface and the subsequently formed conden-
sate determines a whole set of physical processes.
Thus, one of the crucial factors influencing the nuclea-
tion processes is the additional heating of the substrate
surface and the growth surface, which brings the plas-
ma-condensate system closer to thermodynamic equi-
librium. The increased energy of condensing atoms
together with the possibility of direct energy transfer
from plasma particles to adatoms causes a reduction of
the average desorption energy of adatoms Eq to some
sufficient value Eder [12]. This decrease in the desorp-
tion energy will stimulate an increase in the equilibri-
um pressure P, and, according to (1), reduce the rela-
tive supersaturation £ In other words, the action of
plasma on the substrate surface allows the condensates
formation with low volatility under conditions close to
thermodynamic equilibrium. For obvious reasons, this
factor is one of the determinants in the physical pro-
cesses of nucleation of quasi-equilibrium condensates.

An essential feature of the nucleation processes is
the formation of a basic amorphous layer discovered in
this work. To explain the effect of the amorphous phase
formation, let us consider the model representations of
this process, which is presented in Fig. 7.
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Fig. 7 - Model representation of the nucleation stages of quasi-
equilibrium condensates on (001) KCI substrate in the plasma-
condensate system

At the first stage of nucleation on atomically pure
KCI surfaces (Fig. 7a), surface defects in the form of ani-
onic vacancies Cl- are created under the action of sec-
ondary electron fluxes of the magnetron sputterer and
plasma (Fig. 7a). The first condensate atoms are fixed at
the created active centers. At the next stage, due to the
realization of rather strong chemical bonds between a
fixed condensate atom on the Cl- vacancy and other ada-
toms, a continuous amorphous layer is formed (Fig. 7c).
Most likely, the amorphization of the base layer is partly
determined by the short life time of the adatoms on the
substrate surface, which is natural for quasi-equilibrium
condensation and does not allow the formation of the
most structurally equilibrium crystalline phase. On the
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other hand, the amorphization process is stimulated by
the symmetry of atoms that are rigidly fixed on Cl- va-
cancies, which does not coincide with the symmetry nec-
essary to create the crystalline phase.

It should be noted that in this case, the most high-
energy atoms of the condensed substance can be im-
planted into the top surface layer of (001) KCI or glass
substrate destroying in such a way (001) KCl surface
and leading to pseudomorphic growth of the metastable
amorphous phase. To some extent, the above men-
tioned process is confirmed by the absence of orienting
action of (001) KCI on growing nuclei, that we can see
from the absence of any texture of crystal nucleation.

As shown in Fig. 1c, Fig. 3b and Fig. 5a, an increase
in the thickness of an amorphous base film reduces the
effect of (001) KC1 surface modification by plasma and,
as a consequence, local transitions to crystalline phases
occur (Fig. 7d). In this case, local crystallization with
the release of energy stimulates crystallization in the
areas adjacent to the primary crystals, forming in such
a way a branched system of adjacent crystals (Fig. 4
and Fig. 5b). Subsequent condensation can lead to a
completely natural growth of individual crystals with
different rates (Fig.2b, Fig. 3c, and Fig. 6). In other
cases or when the surface density of primary crystal-
line nuclei satisfies the inequality [22]

[2(F+4)"] <n <(@r?)™ @)

where 4; is the diffusion path length of the adatoms, T
is the average radius of nuclei with surface concentra-
tion n;, the effect of Ostwald ripening can be observed.

Of interest from a practical point of view should be
the case of nanosystems formation, provided that the
density of surface crystalline nuclei is high enough and,
accordingly, there is a partial overlapping without the
classical variant of coalescence (Fig. 1d). In this case,
the preconditions for the further formation of various
porous nanosystems are created [12, 14, 15].

It should also be noted that the formation of fairly
thin solid amorphous metal films also has some practi-
cal significance. The technological approach presented
in this work can be used in the development of such
devices as solar energy converters, functional materials
based on plasmon resonance, various types of sensors
[18-20].

4. CONCLUSIONS

1. First of all, from the above experimental results,
we can conclude significantly different mechanisms of
nucleation of quasi-equilibrium condensates in plasma-
condensate system and during the deposition of ther-
mally evaporated vapors without plasma. The main
differences between the nucleation mechanisms are
determined by the action of high-energy plasma parti-
cles onto the substrate surface in the case of plasma-
condensate system. These high-energy particles include
secondary electrons of the magnetron sputterer and
plasma, atoms and ions of the working gas, as well as
atoms and ions of sputtered metals or Si.

2. The well-known ideas about the formation of non-
porous films by the condensation of low-volatile metals
under Volmer-Weber conditions correspond to usage of
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sufficiently high supersaturations. On the other hand,
quasi-equilibrium self-assembly allows obtaining porous
low-dimensional systems of nanocrystals. Moreover,
during the condensation under near thermodynamic
equilibrium, nucleation processes have significant dif-
ferences from traditional ideas about the condensation
of ion-sputtered matter. These include experimentally
established growth of a metastable amorphous phase
under the plasma action onto the growth surface. As the
layer thickness increases, the transition from the amor-
phous phase to the crystalline phase formation occurs.

3. Further condensation leads to a growth of indi-
vidual crystals with different rates and, as a result,
promotes the formation of porous nanosystems having
various structural and morphological characteristics. A
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Eranu mykneanii kBasipiBHOBaKHUX KOHIEHCATIB I0HHO PO3MUJIEHUX
aromis Cr, Zn, Cu, Si, Ag ta Al

I'.C. Kopumwomenko, 10.0. Koemiucesra, C.T. llesuenko, B.B. Haramu, B.I. Ilepexpecros

Cymcvrutl deporcasruti yrnisepcumem, 8y. Pumcorozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

¥ craTTi mpescTaBieH] pe3yJIbTAaTH JOCIKeHDb eTamiB Hykieari koaaencatis Cr, Zn, Cu, Si, Ag ta Al
IpY OCaKEeHH] HaaCIa0KUX MOTOKIB PO3MMJIEHOI MArHETPOHOM DEYOBHHY B KBa3lpIBHOBaKHHX yMOBaxX B
rmOoKo ounieHomy Ar. JocmimxeHnii B pobOTI pO3IIMPEHUH CIIEKTP METAIB Ta Si 00yMOBJIEHUN HEO0OXi/I-
HICTIO BCTAHOBJICEHHS HAMOLJIBII 3araJbHAX 0COOJIMBOCTEN IIPOIlecy HyKJjIeallll KBadipiBHOBAMKHUX KOHIEHCA-
TiB. Ik MaTepian miaknaankn BuxopucroByBasu cBixki ckoam (001) KCI ta ckno. CrpyrTrypHO-MOopdosoriaui
XapaKTePUCTUKU OTPUMAHUX KOHIEHCATIB BUBYEH] 3a JOIOMOIOK CKAHYIOUOI Ta IIPOCBIUYIOY0l eJIeKTPOHHOI
mikpockorii. Pa3oBuil CKIaa KOHIEHCATIB BUBYABCA 34 JOIIOMOTOI MiKpomudpakilii esekTpoHis. s dop-
MyBaHHS HAJCIA0KUX [TAPOBUX IIOTOKIB 10HHOPO3IMUJIEHUX METAJIB Ta Si BUKOPUCTAHA BAKYYMHA YCTAHOBKA
3 pob0Y00 KamMepoIo, 0 YKOMILJIEKTOBAHA TPHOMA MATHETPOHHUMH PO3MUJII0BAYAMH HA IIOCTIHHOMY CTPYMI.
Hanuuabki mapoBi mOTOKH, 110 IPUIMAJIHN yYacTh B HyKJIealii, hopMyBaJIHCs 32 PAXyHOK ITIJBUIIEHUX THC-
KiB pobouoro rady (6-8 ITa) rta Bimcrami Big mimeHi g0 migkiaankn (80-100 mm). Ha ocHOBI mpocBidyouoi Ta
PAacCTpPOBOi €JIEKTPOHHOI MIKPOCKOITiI BCTaHOBJIEHO, 1o it Ha moBepxHio (001) KCI uyacrok mmasmu Ha mep-
oMy erami HyKJearl BuaHadae hOpMyBaHHs CYIIIIFHOI aMOP(HOI ILUIIBKYU, 3 POCTOM TOBIIMHHU SIKOI BiIOy-
BAETHCSI 3aPO/KEHHS KpUCTAIIYHOI dasu. Bakineoio 0cobInBicTIO polieciB HykJIealli € BUsiBJIeHe B poOoTi
dopmyBanusa 6a30Boro amMmopdHOTO mpormapky. [pu 361IbIIeHH] TOBIIUHE aMOPQHOI 6430801 ILIIBKHU 3HUKY -
eThesl BILIUB MonudikoBamnoi mrasmorno mosepxui (001) KCl ma nporec amopdisari, i, sk HaACTIIOK, BiIOy-

BAIOTBCS JIOKAJBHI IIEPEXOU [I0 KPHUCTAJIYHOI

dasu. IloxasaHo, IO 3aJIEKHO Bif CTPYKTYPHO-

MOPQOJIOTIYHUX XaPAKTePUCTHEK 0a30BOT0 IIapy HAHOKPHUCTAJIB IPU HOJAJBIIIN KOHIEH ALl Moke opMy-
BATHUCA CHCTEMA OKPEMUX OIPAHEHNX KPUCTAJIIB 400 MOPUCTI HAHOCHCTEMH.

Kmiouosi ciosa: Marmerponne posnuieHHs, KpasipiBHoBaskHa koHmeHcaiisd, Ilepecmuenus, IIpomecu

"ykaearii, [Imasma-koumencar, Camooprasisaris.
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