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The work is devoted to comparative analysis of two technological solutions for Zn
nanosystems formation which have been implemented on the basis of direct-current mag-
netron sputtering. In the first case, conventional magnetron sputtering was used and
direct flows were deposited on the substrate positioned in the front of a sputterer. In the
second case, reverse flows were used and the substrate was located inside the magnetron
sputterer. It has been shown experimentally, that the second technological approach gives
more reproducible results as compared to the classical one. In addition, usage of the
reverse flows leads to significant increase in the nanosystems deposition rates.
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B paGoTe mpoBeieH COMOCTABUTENbHBINA aHAJIU3 ABYX BAapPUAHTOB CTPYKTypooOpasoBanus
"amocucreM ZN. B mepBoM KJIacCHMUecKOM BapuaHTe (POPMHUPOBAHNE HAHOCUCTEM MIPOUCXOMU-
JIO HA TOJOTPETHIX IOMJIOMKKAaX, KOTOPHIE PACIOJOKEHBI Tepes MArHeTPOHHBIM pPaCIBLINTE-
aeM. Bropoit BapmaHT OCHOBAH HA KOHAEHCAIIMUM OOpPaTHBIX AUMPYSUOHHBIX MOTOKOB PACIIHI-
JIEHHOTO BeIecTBA HA MOJOKKU, KOTOPLIE PACIIONOKEeHBbl B MOJOCTH MATHETPOHHOI'O PACIIhI-
aurtensa. IlokasaHo, YTO IO CpPaBHEHUI0 € KJACCUUYECKMM BapUaHTOM, WCIIOJb30BAHUE
00paTHBIX AU(PPYIUOHHBIX ITOTOKOB IPUBOIUT K 00Jiee BBICOKOI BOCIIPOMBBOAMMOCTUA TE€XHOJIOTH-
YecKOTro Tpollecca M K CYIIEeCTBEHHOMY IOBBIIIIEHUIO CKOPOCTU HAPAIUBAHUS HAHOCUCTEM.

®opMyBRaHHS HAHOCHCTEM IIHHKY 3 BUKOPHCTAHHSIM NPAMHX Ta 00EpPHEHUX MOTOKIB Mar-
HeTpOHA Ha mocTriiHomy crpymi. B.M.Jlamuwes, B.I.Ilepexpecmos, I'C.Kopuiwowernro, I1.B.3a-
2ailKo.

Y poboTti mpoBesieHO MOPiBHAMLHUI aHANi3 TBOX MeXaHi3MiB CTPYKTYpPOYTBOpPeHHA HAHO-
cucreM Zn. ¥V meplioMy KJacHYHOMY Bapianrti ¢opMmyBaHHSA HaHOCHCTEM BigOyBajocs Ha
migirpitux nmigrmazkax, fAKi posramioBaHi Ilepej MarHeTpPOHHUM posnuapoBaueM. [pyruit
BapiauT 3acHoBaHul Ha KoHAeHcallil obepuHenmx nudysiliHMX HOTOKIB PO3IKJIEHOI PEYOBUHU
Ha IiIKIagKM, AKi poO3TAIIOBAaHI y IIOPOMHUHI MarLeTpoHHOro posnuiimpaua. [lokasawo, mio
y IOpPiBHAHHI 3 KJAaCHYHHM BapiaHTOM, BUKOPHUCTAHHA OOepHeHUX JAu(PY3iMHHX IIOTOKiB
HPUBBOAUTh A0 OiJBII BHMCOKOI BiATBOPIOBAHOCTI TEXHOJIOTIUHOIO IIPOIleCy i 0 CYTTEBOTO
HigBUIEHHS MIBUAKOCTI HAPOIYBAHHA HAHOCHCTEM.

© 2017 — STC "Institute for Single Crystals”

1. Introduction

It is known, that metal nanosystems are
of great interest due to wide range of poten-
tial applications in sensors [1, 2], catalysts
[3, 4], electrodes in electrochemical batter-
ies [b, 6], fuel cells [7] ete. Among differ-
ent porous metal nanostructures, zinc in the
form of nanowires is of high demand nowa-
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days [8—-12]. Different deposition methods
have been utilized in order to fabricate
nanostructures. The most often, they are
grown by vapor transport during thermal
evaporation [13, 14], electrochemical deposi-
tion [15, 16], plasma-arc deposition [17],
magnetron sputtering [18]. The majority of
metal nanosystems formation technologies
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operate under near-equilibrium condensa-
tion conditions. Analysis of the literature
data [13-18] has shown, that at decrease in
zine vapors supersaturation the nanosys-
tems structure formation mechanism
changes from micro-particles to the
nanowires growth. As a the first approxi-
mation [19], a critically small value of rela-
tive supersaturation can serve as criterion
of proximity to equilibrium:

¢ = (n-n,)/n,, €Y

here n and n, are actual and equilibrium
concentrations of adatoms above the growth
surface, correspondingly. The actual concen-
tration is determined by sputtered substance
flow directed to the growth surface, and the
equilibrium concentration is given by:

_ (-E, (2)
n, ex kT, |

here T, is the growth surface temperature,
E,; is adatoms desorption energy, &, is the
Boltzmann constant [19]. Consequently, in
the case of conventional magnetron sputter-
ing, near-equilibrium condensation conditions
for Zn nanowires formation can be imple-
mented using week flows of the sputtered
substance together with the high tempera-
tures of the growth surface. In this way, low
values of the supersaturation and as a result
the low deposition rates were achieved by re-
ducing the discharge power value P, and in-
creasing the working gas pressure Py,.

In our previous works [20-22] we have
developed versatile method operating under
near-equilibrium condensation conditions
which allow porous nanosystems formation
of any metal. However, that technology has
two important drawbacks. The first one is
caused by the fact that under the near-equi-
librium conditions the depositing vapors
pressure must be comparable with the equi-
librium pressure value, which for majority
of metals has very low values even at the
high temperatures [19]. To solve this prob-
lem, it is necessary to deposit rather weak
fluxes. As a result, the deposition rate
takes relatively low values in this case. The
second lack of the technology is because of
under the near-equilibrium condensat ion
conditions even slight changes in the tech-
nological parameters values can cause sig-
nificant changes in the nanosystems struc-
ture formation mechanism. That is why the
nanosystems formed by conventional con-
densation methods which utilize week de-

Functional materials, 24, 1, 2017

positing fluxes are not uniform with respect
to the thickness.

Therefore, in order to overcome these
two problems, it is necessary to find out
which technological conditions can lead to
increase in the deposition rate and allows
the nanosystems formation with uniform
thickness. In our previous works, it has
been shown, that the desired conditions can
be implemented using accumulation of sput-
tered substance near the growth surface
with simultaneous plasma influence onto
the growth surface [28-25]. In has been ex-
perimentally proved, that using self-organi-
zation of the near-equilibrium conditions in
plasma-condensate system, reproducible po-
rous Zn nanosystems can be formed [26].
But, unlike traditional methods of =zinc
nanosystems formation, we have experimen-
tally found existence of three zones of tech-
nological parameters such as the working
gas pressure and the discharge power inside
which the layers having identical morphol-
ogy are formed. This fact confirms the high
level of reproducibility of the nanosystems
formed by our method [26]. In order to
prove possibility of practical application of
these porous structures, two-step technol-
ogy of ZnO nanosystems formation has been
developed [27]. The zine nanosystems formed
by accumulative plasma-condensate system
were oxidized in pure oxygen atmosphere.
The sensor tests towards hydrogen have
shown that sensitivity of the ZnO porous lay-
ers was more than 50 % at hydrogen concen-
tration of 3000 ppm in dry air [27].

That is why the aim of the proposed
work is to compare the conventional conden-
sation method utilizing week depositing
fluxes in order to approach equilibrium
with the method that uses self-organization
of near-equilibrium condensation condi-
tions. The described in the work physical
processes, which take place at self-assem-
bling of porous metal nanosystems, can
have significant practical applications. The
comparative analysis will be made in the
terms of nanosystems growth rate, struc-
tural and morphological homogeneity, ele-
mental and phase composition of the con-
densates. It will allow finding out and prov-
ing the advantages of our method with
respect to conventional technologies.

2. Experimental

Schematic cross-section of the magnetron
sputtering system is given in Fig. 1. Let’s
consider the main operation principles of
the system. The basic elements of the device
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are a magnetron sputter I combined with a
hollow cathode 2. Zinc target 3 was sputtered
in crossed electrical and magnetic fields. Ero-
sion zone is denoted by position 4. The mag-
netic field was created by a magnet system 5.
The porous structures were obtained by zinc
vapor deposition from plasma onto sub-
strates 6 or 7. In the case of direct flows
condensation, substrate 6 was used which
was located on a heater 8. For reverse flows
condensation, substrate 7 was used which
was positioned inside the hollow cathode 2.
It is necessary to point out, that all experi-
ments were carried out at relatively high
working gas argon pressures from 5 to
12 Pa. Within this range, the directions of
sputtered atoms motion follow the cosine
rule [19]. It is known, that the sputtered
atoms have rather broad energy spectrum
from 1 to 30 eV [19]. Because of energy
exchange with the working gas atoms, the
sputtered atoms thermalize that averages
their energy [28]. After thermalization,
they continue to move diffusively. As a re-
sult, at distanced from the target, which is
thermalization length, a diffusive source of
sputtered atoms appears. It is denoted by
position 9 in Fig. 1. The value of thermali-
zation length depends on such parameters
as the mass of atoms, discharge power and
working gas pressure. For the technological
parameters values used in our experiments,
d has values from 6 to 18 mm.

On the second stage, the substance from a
diffusive source 9 moves toward substrates 6
and 7. At the low discharge powers the sub-
stance flows directed to anode J, (direct
flows) and to target J, (reverse flows) are
determined by the following equations [13]:

Ja = J5(d/dyy), (3)

J, =~ J(1-d/d,y), (4)

here J, is the sputtering rate; d,, is the
distance between target 3 and substrate 6
(Fig. 1). Thereby, depending on values of
d;s and d the different deposition flows in-
tensities directed to the substrates 6 and 7
can be obtained.

In the work [23] we give detailed descrip-
tion of the reverse flows condensation
mechanisms. The mathematical modelling
and the experimental results have shown
[23-25] that at substance condensation on
the substrate 7 positioned in the hollow
cathode 2 inside of the magnetron sputterer
the self-organization of steady-state small
supersaturations occurs. Qualitatively, the
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Fig. 1. Schematic cross-section of axisymmet-
rical sputtering system: I — magnetron sput-
terer; 2 — hollow cathode; 3 — zinc target;
4 — erosion zone; 5 —system of magnets;
6 — substrate for "direct flows™ deposition;
7 —substrate for "reverse flows” deposition;
8 — anode with the substrate heater; 9 —
thermalization area of the sputtered atoms.

self-organization process is determined by
non-linear interdependence between main
technological parameters such as discharge
power P,, working gas pressure P,, and
growth surface temperature T,. At an in-
crease in the discharge power P, simultane-
ous increase in the atoms concentration
above the growth surface n is observed. Due
to the plasma action, the growth surface
temperature T, increases too. According to
(1) and (2) this interrelation stabilizes su-
persaturation at a constant level. Besides
that, the intensity of depositing flows is
self-regulated by diffusive motion of the
sputtered atoms due to the heightened val-
ues of the working gas pressures. In this
way, the reverse flow intensity is limited by
decrease in the concentration gradient due
to zinc accumulation above the growth sur-
face inside the hollow cathode 2. It is neces-
sary to point out, that plasma density inside
the hollow cathode 2 is approximately one
order higher than the density of magnetron
discharge plasma [29, 80]. The substrate 7 is
negatively biased, that is why ionized plasma
atoms influence adatoms on the surface
stimulating in such a way their re-evapora-
tion. This process can be taken into account
by decrease in the desorption energy E; value
down to effective value [22]. This fact accord-
ing to (I) and (2) additionally approaches the
system to thermodynamic equilibrium.

In both sets of the experiments, in order
to minimize influence of chemically active
residual gases on the nanosystems forma-
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tion process, the working gas argon was
subjected to deep purification according to
methodology described in [31]. After the
long-term purification, the total partial
pressure of the chemically active gases was
81078 Pa. Laboratory glass, pyroceramic,
and KCI| wafers were used as substrates. The
composition, structure and morphology of
Zn layers were investigated using transmis-
sion electron microscopy (Libra 200 FE
TEM, Zeiss), scanning electron microscopy
(REM-102E, SELMI) and scanning electron
microscopy equipped with energy dispersive
X-ray elemental analysis (SEM, FEI
NanoSEM 230) and X-ray diffraction analy-
sis (XRD, SIEMENS (2x) D5000 X-ray dif-
fractometer).

3. Results and discussion

3.1. Zn nanosystems structure formation
mechanism at direct flows condensation

In the first set of experiments, the influ-
ence of technological parameters on mor-
phology of the layers at direct zinc flows
deposition has been studied. The structure
formation mechanism was effected by
changing such parameters as discharge
power P,, working gas pressure P,,, growth
surface temperature T,. Laboratory glass
was used as a substrate material. It has
been established, that the optimal parame-
ters corresponding to size uniform zinc
nanowires formation which have the small-
est diameters are P4, = 12+15 Pa, P, = 30 W,
T, =150°C and deposition time f~1.5+2 h
(Fig. 2a). While using more prolonged deposi-
tion times, 3 h and longer, at the similar depo-
sition parameters the nanowires become blurred
and the growth rate decreases (Fig. 2b). The
most probably, the deposition rate decrease is
caused by additional growth surface heating
under influence of secondary electrons coming
out of the magnetron [19]. This fact leads to
decrease in the relative supersaturation down
to zero.

Variation of the working gas pressure
from 12 Pa to 5 Pa, while the rest of the
parameters were kept unchanged, causes
nanowires formation having the larger di-
ameters. In this case, the diameter values
scattering is more significant (Fig. 2¢). Ac-
cording to (3) such changes in the morphol-
ogy are determined by an increase in the
direct flow intensity J, together with the
relative supersaturation & growth [17]. The
increase in the working gas pressure from
12 to 15 Pa leads to significant decrease in
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the deposition rate. At the same time, the
average diameter value decreases slightly.

Increase in the discharge power up to
50 W (P4, = 12+15 Pa, T, = 150°C) leads to
increase in the sputtering rate J, and follow-
ing growth of the direct flow intensity J,
and the relative supersaturation &. As a re-
sult, the thicker nanowires grow in this
case. At the same time, the diameter values
scattering increases significantly. The con-
densates morphology approximately corre-
sponds to the structure shown in Fig. 2ec.

It is necessary to point out, that even
relatively small alteration of the growth
surface temperature T, at all the rest pa-
rameters constant, courses significant change
in the morphology. For example, decrease in
the temperature value from 150 to 140°C
courses the morphology change equivalent to
the decrease in the working gas pressure Py,
three times (from 15 to 5 Pa). At the same
time, the deposition rate decreases signifi-
cantly at the increase in Ty up to 170°C. In
this case, two hours deposition leads to the
base layer formation only, which does not
fully cover the substrate. It consists of elon-
gated structural fragments cover with newly
formed nanowires (Fig. 2d).

Any catalysts have been used during zinc
nanowires growth. They form according to
the vapor-crystal growth mechanism. It is
confirmed by the absence of droplets at their
ends, which is characteristic of the vapor-liq-
uid-crystal growth mechanism [33—35]. The
nanowires growth mechanism is following,
on the first stage atoms are adsorbed on all
crystallographic planes of the growing crys-
tal equiprobably. From the other hand, the
probability of adatoms re-evaporation from
the crystallographic plane depends on the
desorption energy value. In turn, this en-
ergy is proportional to the amount of near-
est neighbors that surround the adatom on
the corresponding plane [19]. At small super-
saturation values, the adatoms with small
desorption energy values re-evaporate [23—25].
As a result, growth of the crystals occurs
only in particular crystallographic directions
leading in such a way to the selective forma-
tion of the nanowires.

3.2. Zn nanosystems structure formation
mechanism at reverse flows condensation

At reverse flows condensation the struc-
ture formation mechanism was regulated by
variation of the working gas pressure Py,
and the discharge power P,. In this case,
increase in the working gas pressure causes
corresponding increase in the relative super-
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Fig. 2. SEM images of Zn nanostructures formed at direct flows deposition (¢ — P,, = 12 Pa,
P, =80 W, T, =150°C, t =1.5+2 h; b — P,, =12 Pa, P, =80 W, T, = 150°C, t=3.5h;

¢c—P,=5Pa, P, =30 W, T,=150°C, t =1.5+2 h; d — P, =12 Pa, P, =30 W, T, = 170°C).

saturation value because of more intense
scattering of sputtered atoms on the work-
ing gas molecules. At the same time, in-
crease in the discharge power, as a rule, has
little effect on the supersaturation wvalue.
This fact is the most characteristic differ-
ence between two technological approaches.
The reason is that in the case of direct
flows the growth surface is irradiated by
electrons and in the case of reverse flows by
ions. Due to the higher ions mass, heating
of the growth surface is more intense in the
latter case. As a result, the supersaturation
growth is compensated by increase in the
deposition flow. It is necessary to point out,
that while using reverse flows there is no
need in the substrate heating and regulat-
ing its temperature. The above-described
features of the reverse flows condensation
are confirmed experimentally in [23-2T7].
Fig. 3a gives the layers morphology
formed at relatively high supersaturation
values obtained using the low discharge
powers (P, = 8 W) and heightened working
gas pressures (P,,=12+15 Pa). In this
case, according to equation 4 the significant
part of the sputtered flow forms the reverse
diffusive flows J,. At the same time, the
growth surface heating due to ions bom-
bardment of relatively low energy is insuf-
ficient. Consequently, the supersaturation
value can be reduced by decrease in the work-
ing gas pressure P,, and by increase in the
discharge power P,,. In order to establish how
decrease in the supersaturation value influ-
ences zinc structural and morphological char-
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acteristics a following the set of experi-
ments has been performed (Fig. 3b, ¢, d). It
was shown, that decrease in the supersatu-
ration value causes gradual transition from
interconnected clusters formation (Fig. 3 b)
to nanowires system formation (Fig. 3 c).
This peculiarity is the second important dis-
tinctive feature of the reverse flows conden-
sation. Due to ion bombardment of the
growth surface, its temperature increases
providing re-evaporation of great part of
adatoms. In the vapor state they undergo
ionization. In ionized state, they are di-
rected to the growth surface under the elec-
tric field influence. The described above cir-
cular mechanism of mass-transfer provides
accumulation of the substance near the
growth surface.

As it follows from the mass transfer
mathematical model [23], the circular mass-
transfer provides self-organization of
steady-state small supersaturation wvalues.
For example, ion bombardment can cause a
significant increase in the growth surface
temperature. As a result, additional sub-
stance accumulation occurs above the sub-
strate, which in turn stabilizes the super-
saturation at a constant level. At the same
time, increase in the discharge power causes
simultaneous growth of the sputtered atoms
flow and the plasma temperature [28]. At
the heightened working gas pressures, the
thermalization zone is located near the sub-
strate surface. That is why additional
plasma energy is transferred to the growth
surface. This fact causes an increase in the
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Fig. 3. Zinc nanostructures formed at reverse flows deposition on glass substrates (¢ — P,, = 12+15 Pa,
p,=8W;b —P,,=8Pa, P, =12W;¢c — P, =7Pa, P, =18 W;d — P,, =6 Pa, P, =22 W).

growth surface temperature and following
decrease in the supersaturation down to the
value which corresponds to the zinc
nanowires formation.

3.3. Comparative analysis of the techno-
logical approaches

3.3.1. The nanosystems growth rate

In order to compare the nanosystems
growth rate at usage of direct and reverse
flows, the corresponding layers cross-sec-
tions have been investigated (Fig. 4). In the
both cases, the deposition time was 10 h.
From the thickness values it can be con-
cluded, that the growth rate is four times
higher at the reverse flows deposition
(2.5 um per hour) as compared to the direct
flows. As it was already mentioned, the re-
duction of the growth rate in the case of
the direct flows usage can be determined by
additional growth surface heating by the
secondary electrons at absence of self-or-
ganization of the critically small supersatu-
rations.

3.3.2. The nanosystems structural and
morphological homogeneity

The dimeter value uniformity of the
nanowires obtained using the two techno-
logical approaches has been analyzed. It has
been established, that in the both cases the
uniform top layer consisting of nanowires
with almost identical morphological charac-
teristics is formed (Fig. 2a and 3d). How-
ever, at the direct flows condensation a
gradual decrease in the average nanowires
diameter and in the deposition rate value is
observed with increase in the layer thickness
(insertion in Fig. 4b). From the other hand,
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usage of the reverse flows allows to obtain
the nanowires with bigger diameter which
are more morphologically homogeneous
(Fig. 4a).

3.3.3. Elemental and phase composition of
the condensates

The condensates phase and elemental
composition has been investigated. The re-
sults of elemental analysis investigations
have shown, that within the sensitivity
range of EDAX for the both technological
methods the freshly prepared Zn layers have
no impurities. The analysis of X-ray dif-
fraction patterns has shown that all diffrac-
tion maxima correspond to zinc with hex-
agonal lattice (Fig. 5). It is necessary to
point out, that both for the direct and re-
verse flows phase and elemental composition
corresponds to pure zinc.

3.34. Influence of substrate material on
the structure formation mechanism

In work [4] it has been established, that
thermal conductivity of the substrate mate-
rial influences significantly the structure
formation mechanism at the reverse flows
condensation. This is a result of heating of
the substrate by plasma and simultaneous
cooling by running water (Fig. 1). That is
why, in the case of KCI| substrates usage,
which has rather high thermal conductivity,
the condensation process occurs at the
higher supersaturation values. In this case,
the layers have form of the nanowires sys-
tems with the thicker diameter values or
the system of crystals with the quite large
size. This problem can be solved by placing
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Fig. 4. Cross-sections of the layers formed at (a) reverse flows deposition and (b) direct flows

deposition during 10 h.

the low thermal conductive material, isin-
glass for-example, between the substrate
and the cooler. It was experimentally estab-
lished that, the substrate surface structure
and its thermal conductivity have no effect
on the structure formation mechanism in
the case of the direct flows deposition.

4. Conclusions

The main drawback of direct flows depo-
sition is the fact that in this case zinc nano-
systems structure formation mechanism is
very sensitive to the growth surface tem-
perature. That is why, the layers morphol-
ogy changes during the growth process
decreasing in such a way reproducibility of
the nanosystems.

Thin zine nanowires can be formed using
reverse flows deposition. In this case, the
required supersaturation value is achieved
without heating of the substrate. On the
one hand, this allows obtaining layers on
the substrates having the low melting point.
From the other hand, the equipment cost
can be greatly decreased due to the absence
of heating system and need of precise tem-
perature control. The reproducibility of the
layers is much higher as compared to the
direct flows.
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Fig. 5. XRD pattern (a) and EDX pattern (b)
of zinc nanosystems.

The substance accumulation near the
growth surface together with the self-or-
ganization of small supersaturation wvalues
at usage of the reverse flows allow to in-
crease the deposition rate about four times
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as compared to the direct flows and also to
obtain nanosystems having more homoge-
nous morphology.
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