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The obtained results showed high levels of absorption
of electromagnetic energy by structures based on
nanoscale gold films in a 3-cm wavelengths and prospects
of using these structures in the design of real RAM.

The article is written on the results of the applied state
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ZONED TARGET IN THE EXPERIMENTAL INVESTIGATION OF THE MAGNETRON
SPUTTERING DEVICE WITH TWO EROSION ZONES

The Monte Carlo computer simulation program of the magnetron sputtering device with two erosion zones was build, in which the
searching algorithm of the self-consistent starting positions of the secondary electrons on cathode was introduced. For the verification
of the simulation results the zoned test target for the magnetron sputtering device was designed, which provides the measurements of
the discharge current distributions along it surface. The comparison of the experimental results to the simulation demonstrates their

compliance in the identical conditions.
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Introduction. Magnetron sputtering devices on direct
current (hereafter — MSD) had found a wide application in
the technology of coating of the conductive materials and
their composites [12, 16, 17, 10]. Some of the latest
investigations have shown the possibilities of carbon
nanotubes synthesis by the magnetron sputter deposition
method for wide sphere of technical applications [1-4].

The magnetic and electric fields in MSD are rather
complicated, and this makes impossible an analytical
description of the particles motion in them. The computer
simulations of MSD based on the integration of particle
motion equations and Monte Carlo collisions description are
widely used now to predict the shape of erosion zone of the
cathode-target [13, 14]. In the work [15] the Monte Carlo
method was used to find the starting positions of secondary
electrons at the cathode, which correspond to the steady
state discharge operation mode and for indirect prediction of
current-voltage characteristics of the discharge. The simple
methods [13-15] were used for low working pressure
(<10Pa) and they neglect the electric field changes in the

cathode sheath, which provided by any variation of heavy
particles (ions) density. This circumstance is eliminated in
"particle-in-cell and Monte Carlo collision" method
(PIC/MCC), in which every plasma species are presented as
a limited ensemble of super-particles, and the Poisson
equation is used to calculate the fully self-consistent
electrical potential [8, 9]. This method requires more

computer resources, but provides the most comprehensive
description of the physical processes in MSD.

In the works [8, 9, 13—15] the MSD with single erosion
zone of cathode-target ("race track") were investigated. The
numerical model of the MSD with two erosion zones of the
cathode-target (hereafter — CT), based on the Monte Carlo
method, was built previously in the works [5,6,7] by
authors. In the article [7] the searching algorithm of the self-
consistent starting positions of the secondary electrons on
the CT and the estimation of the cathode sheath thickness,
based on the Child-Langmuir law, were presented. Modeling
results in [6, 7] were compared with experimental data of
sputtering of the multilayer target from the non-magnetic
materials. There were obtained the dimensions of the
internal and external CT erosion zones in the two
characteristic opposite cases. There are the case of "low"
discharge currents (<15mA ), in which only the external

discharge zone was able to ignite, and the case of the "high"
currents (>40mA ), when both discharge zones were

ignited. Unfortunately, it was impossible to obtain from these
measurements the absolute values of discharge current in
the corresponding zone, which is important for checking the
results of computer simulation.

The MSD with two erosion zones [11] is the module of
the industrial vacuum system VUP-5 and has the area of

the cathode unit about 4,5-10°mm?, on which the disk-
© Bogdanov R., Kostiukevych O., 2013
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shaped target with same size is mounted. The target area,
which is efficiently used in 1,9..2,0-10°mm?[6, 7]. On the
surface of the cathode the magnetic induction could reach
up to B, =0,084T and decreases on the up distance h

according to the ~exp(-h/L) law, in which L s

characteristic length (in the internal discharge zone it is
L, =3,2mm, in the external — L, =6,4mm). This feature

of magnetic field makes impossible ignition of the internal
zone of discharge at current <15 mA , when the cathode

sheath d. is much bigger than L, [5].

In order to estimate abilities of this MSD for carbon
nanotubes synthesis, like in [1-4], in this article the approach
of definition of ion current distribution on the CT surface has
been proposed. Also the cathode sheath thickness along the
CT radius has been estimated. It was made both in
experimental and the computer simulation ways.

Modeling and experiment. Both at the experiment and
in the computer model the reference point of cylindrical
coordinate system was chosen in the centre of CT surface.
If at the beginning of calculation the secondary electrons
are randomly placed on the CT surface, according to the
magnetic confinement there are two discharge zones be
able to appear [5]. Then for the acceleration of computer
calculation, the electrons were started on the CT areas,
where the discharge is maintained the most effectively (on
the radius r : in internal zone — 5..10 mm, in external —

21..26 mm). The discharge voltage U, and work gas
pressure p must be defined from the experiment. Hereafter
is accepted that U, predominantly applied on the

discharge cathode sheath.
The cathode sheath thickness also needs the definition.
In order to improve the computer simulation at the small

thickness of the cathode sheath d. (d. <3,2mm) it was

perfected the shape of model cathode sheath (in compare
with [5-7]). In the articles [5-7] the d. was steady on the

whole CT surface (as in [14, 15]) and was chosen in
maxima of magnetic field induction. Now this value is

marked as d.,,, . Now, the d. depends on the magnetic

induction value, which is parallel to the CT surface along
radius r (Fig. 1).

The algorithm of self-consistency of the secondary
electrons starting positions is the distinguishing feature of
this computer model. The several tracing cycles of
secondary electrons from the surface of CT are performed. If
at first cycle the electron's positions on the CT are random,
but then they are defined by ionization acts positions. The
secondary electrons quantity is estimated by secondary ion-
electron emission ratio y <0,1 [12, 15]. In comparison with
the previous work [7], it is a new criterion of evaluation of
steady state of the discharge. It is based on the comparison
of the average quantity of ionization acts per one secondary
electron — n,, created on this cycle to the previous. If

difference is less than 5%, the steady state mode of the

discharge is reached (like in [15]). After that we can to
calculate the ion motion, the radial distribution of the ions
relative number and energy, like in [5].

Distribution of the discharge current could be
associated to the ion distribution at CT surface, because
only there ions define the discharge current. If the

discharge current [, is known experimentally in this

discharge operation mode, the distribution of the discharge
current could be estimated in easy way.
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Fig. 1. The cathode sheath thickness at the computer
modeling. (The curves | - at d,,, =1737 mm,

andll-at d.,,, =2,834 mm)

The zoned test target was made in order to check the
results of simulation (Fig. 2). It consists of eight flat rings
from non-magnetic steel (its thickness is of 1 mm) and
central platform. There are placed on the isolating mica
substrate with a thickness of 0,1mm . Every zone-ring is
connected individually to the common power source, and
can be commutated for the immediate current measurement
on itself. Radial position of the ring's middle r; was
determined by this formula, in which central zone was taken
in account as the ring (the dimension units — mm ):

r,=(4i-25), (1)
where i —the ring number from 1 to 9.

According to the previous radius formula (1) the ring's
area is (the dimension units — mm?):

S(r)=2n-a-r, 2)

where r, — the radial position (1); a — the thickness of
zoned target ring, which equals a=3mm (and the
distance between rings equals 1mm (Fig.2)). The similar
method of the cathode-target division was used in
computer modeling, but the distance between rings was 0,
and rings thickness was 1mm .

a=3 mm

Fig. 2. Zoned target layout

If ion current on the ring /i is I, according to the (2) the
current density j;(r;) could be determined as:

jl’(ri):Ii/Si(ri)' @)

In our article j, will have the dimension mA/cm?®. The

ion current density is less than discharge current density in
(1+y) times, where y — is the coefficient of the secondary

ion-electron emission (y <0,1).
The Child-Langmuir law could be used to estimate the
cathode sheath thickness d. under the condition of low
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pressure and big mean free path of ions [12 p.98]. The
following formula is being used for determination of d.

(dimension of d. is mm):

A, (r)=2,43-10° .(Vd0,75/(Ml_0,25 (l: (r))O,S )) , (4)

where V, —is the voltage fall on the cathode sheath similar
to the interelectrode space of flat gas-filled diode, and as
mentioned before V, ~U,; M, — is ion mass of working
gas Ar in atomic mass units (M, =40); j,(r;) — is density
of ion current on the cathode surface from (3), but in this
case in A/cm? like in [7, 12].

In this article the value d.(r) from (4) is called as

"effective thickness" of the cathode sheath.

The experimental results obtained on the zoned
target. Measuring of the radial distribution of discharge
current was made at three pressures of working gas Ar :

p,=0,67Pa, p,=133Pa, p,=6,65Pa, and also at four
45mA, 90mA,
150 mA . In such conditions the discharge voltage U, was
changed in the range from 240V to 480V . There are
presented the data by two typical currents. In the case of
the discharge current [/, =15mA only the external

discharge zone is ignited as in [5]. If the current is
I, =90mA both zones are ignited.

discharge currents /,, of 15mA,

For the cases [, =15mA and [/, =90mA there are

presented the radial distributions of the ion current density
on the cathode target given according to (1)-(3) (Fig. 3, 5).

Efficient thickness of cathode sheath d.(r) is presented

on the Fig. 4 and Fig. 6. There are taken in account the
ratio of the secondary ion-electron emission y =0,1.

The discharge mode at /, =15mA shows the existence

of intensive external discharge zone, in which ion current
density is much bigger then in internal zone (Fig. 3).
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Fig. 3. The ion current density radial distribution on zoned
targetat /, =15mA

In such conditions in external zone effective cathode
sheath thickness (4) goes down to d. =2mm for every
pressure. This value is lesser than mentioned before value
L, =6,4mm for the magnetic field (Fig. 4). In the internal
zone the cathode sheath does not have big differences at
pressures p, =0,67 Pa and p,=133Pa. The
characteristic length L, =3,2mm is strongly exceeded.
Vice versa, if the pressure of working gas argon amount to
p, =6,65Pa, the cathode sheath in the internal zone is

close to L, (Fig.4). It provides better conditions for

effective magnetic confinement of electrons in the zone of
acceleration on the electric potential, which suitable for
discharge ignition in this zone.
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Fig. 4. The radial distribution of effective thickness of the
cathode sheath on zoned targetat /, =15mA

If the discharge current is [, >45mA, the

simultaneously increasing of ion current density
corresponded to noticeable decreasing of the cathode

sheath thickness in both zones. If current is /, =90mA
(Fig. 5), the value of d. (r) in the internal zone are lesser
than L, (Fig. 6). It automatically provides acceptable
conditions for discharge in this zone. At the pressure
p, =6,65 Pa the current density in internal zone begins to
exceed the ones in external zone (Fig. 6).
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Fig. 5. The ion current density radial distribution on zoned
target at /, =90mA
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Fig. 6. The radial distribution of effective thickness
of the cathode sheath on zoned target at /, = 90mA
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For the CT area, limited by radius r =38 mm, the
average cathode sheath thickness d. could be equals from

1.2mm to 3,9mm under the conditions of every

experimental voltage U, and appropriate currents /, (from
(4)). For the current /, =90 mA and more the cathode layer

in both discharge zones (with area 2,0-10°mm? [7]) should
be approach to 1,0..1,5mm at every pressures, which

close to results of the work [8] for such magnetic field.
Comparison of the computer simulation results with
zoned target data. In the computer simulation at the

conditions of discharge current /, =90mA, Ar pressure

6,65Pa and cathode sheath voltage V, =265V, the

minimal starting cathode sheath thickness was chosen as
de i =1737 mm  (Fig. 1). At the pressures 1,33 Pa and

0,67Pa (V,=340Vand V,=350V) it was chosen
dc i = 2,834 mm (Fig. 1). Only at these values of d,,, the

conditions of the steady state of the discharge were reached.
The cathode sheath potential -V,, gives to the

secondary electron the energy eV,, where —e is the
electron charge. Dividing the eV, on the average quantity

of ionization acts on the one secondary electron n, we

could to obtain the energetic ionization cost. In the
computer simulation results for the pressures 0,67 Pa and

1,33 Pa, this value is close to 31eV, which corresponds

to the well-known experimental facts for Ar [10, 15].
The Fig. 7-9 presents the simulation results of effective

cathode sheath thickness d, (r) at the current /, =90 mA

and the results by zoned target at appropriate pressures
and voltages for the comparison. (In this figures and
simulation y =0,073 , which looks more realistic).

Obviously, that the simulation results make possible to
predict the distribution of discharge current density on
radius more accurate than measurement on the zoned
target. As we can see from Fig. 7-9, the suppositions,
which were made for the form of the cathode sheath
(Fig. 1), could be automatically improve in process of
finding of self-consistent starting positions of secondary
electrons on the CT. Obtained plots demonstrate good
coincidence with experimental results at pressures
0,67Pa and 133Pa (Fig.7. and Fig.8.). For the

pressure 0,67 Pa it was chosen V, =350V because of
the best coincidence with experimental results (Fig 7).

—m— experimental V4= 360 V
—z—comp. simul. V4q=350V _

h
K p=067Pa N
/*‘—‘-’ ‘ lg = 90 mA /2

15 20 25 30 35
r, mm

Fig. 7. The comparison of computer simulation results with
results on the zoned targetat /, =90mA, p=0,67 Pa
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Fig. 8. The comparison of computer simulation results with
results on the zoned targetat /, =90mA, p =133 Pa
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Fig. 9. The comparison of computer simulation results with
results on the zoned targetat /, =90mA, p =6,65Pa

Noticeable differences are taken place at pressure
6,65 Pa (Fig. 9). It could be related with overstated initial
value of the cathode sheath thickness between zones at
such conditions (Fig. 1). But difference of distribution for
the internal zone versus the external one is even stronger.

Conclusions. For the investigation of the distribution of
discharge current on the cathode-target of MSD with two
erosion zones the zoned target was used. The measure-
ments (at the three pressures of working gas Ar — 0,67 Pa
1,33 Pa, 6,65 Pa) of the distribution of the discharge current
in MSD along cathode-target radius converted to the cathode
sheath with using of the Child-Langmuir law [12, 7] were held.
This results have confirmed the assumption about influence of
the confinement magnetic field variation in the MSD along the
vertical distance from the cathode on the discharge current
distribution on the cathode at the "low" (15 mA ) and "high"
(90 mA ) discharge currents. At discharge current 90 mA the
comparison of experimental dependencies with values from
the computer simulation has been made.

The discharge simulation program based on the Monte
Carlo method [5-7] has been improved with taking into
account the non-homogeneity of the cathode sheath, which
depends on the magnetic field induction along the cathode
radius. Algorithm of self-consistency of starting positions of
secondary electrons also was improved.

The results of computer simulation at 90 mA are

demonstrated coincidence to the data received by
experiments on the zoned target. In experiment as well as
in simulation results were demonstrated the locating of the
maximal current density in the internal zone of discharge at
90 mA and working pressure 6,65 Pa were demonstrated.
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Thus, the Monte Carlo numerical model of MSD with
two erosion zones which was designed in previous articles
[5-7] and has been improved in present work, clearly
describes the discharge behavior in practically useful
cases. It could be used for foreseeing the target sputtering
efficiency on this magnetron sputtering device, which is
important at thin film production.
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pagiodisnyHun cdakynbTeT, KMiBcbknin HauioHanbHUi yHiBepcuteT imeHi Tapaca LleB4YeHka

30HOBAHA MIWLEHb B EKCNEPUMEHTAJIbHOMY OOCHIAXEHHI .
MAITHETPOHHOIO PO3MNUIIOBAJIbHOIO NMPUCTPOIO 3 AIBOMA 30HAMU EPOSII

IMo6ydoeaHo KoMIT'tomepHy ModesIb Ma2HEMPOHHO20 PO3MUTH8aIbHO20 MPUCMPOr0 3 deoMa 30HaMu e€po3il, 3acHoeaHy Ha Mmemodi MoHme-Kapno, de
esedeHOo anz2opummM rouwyKy caMoy3200)KeHUX cmapmosux Mo3uyili MopuUHHUX e/leKmpoHie Ha kamodi. [ns nepeeipku pe3ynbmamie KoM tomepHo20
ModesnogaHHs1 6y/1I0 8U20MOB/IEHO 30HOBaHy Mecmosy MilweHb Ofisi 0aHO20 MazHEMmPOHHO20 PO3MUIH8a/IbHO20 MPUCMPOro, siKa 3abesnevuna
suMiproeaHHs1 po3nodinie po3psiGHo20 cmpyMy o ceoili noeepxHi. lopieHsIHHA pe3ynbmamie ekcriepuMeHmy ma Modes08aHHs MPodeMoHcmpyeanu ix
8i0noeioHicmb 3a 0OHaKoO8UX yMOS.

Knrovoei croea: 30HoeaHa MilieHb, MazHempoHHUL po3nustoeanbHull mpucmpiti, KamodHuli wap, KoM 'tomepHe ModesitoeaHHsl, Memod MoHme-Kapiio.

P. BorpaHoB, UHX., kadheApa paANOTEXHUKN U PaANO3NEKTPOHHbIX CUCTEM,
O. KocTiokeBuY, nHX., kadenpa hn3n4eckon 3neKTPOHUKU
paauodusnyeckun pakynbTeT, KueBckui HaumoHanbHbIA YHMBepcuTeT UMeHn Tapaca LLleBYyeHka

30HUPOBAHHAA MULLEHb B 3KCNEPUMEHTAJIbHOM NCCJIEOOBAHUMN
MAITHETPOHHOI'O PACMbUIUTENIbBHOIO YCTPOUCTBA C ABYMA 30HAMU 3PO3UN

IMocmpoeHa KomnbromepHasi Modesib Ma2HeMPOHHO20 PacibIIUMeNIbLHO20 ycmpolicmea ¢ dgyMsi 30HaMu 3PO3UU, OCHO8aHHasi Ha Memode MoHme-
Kapno, e komopoli eeedeH as2opumm MOUCKa CaMOCO2/1acO8aHHbIX CMapMoebIX Mo3uyuli eMOopUYHbIX 3/IEKMPOHO8 Ha kamode. [ns nposepku
pe3ynibmamoe KOMMbIOMEPHO20 ModenuposaHusi 6bila U320MoesleHa 30HUPOBaHHasi Mmecmoeasl MulleHb Ons  O0aHHO20 Ma2HempPOHHO20
pacnbiuiumensHo20 ycmpolicmea, Kkomopasi obecriequnia u3MepeHusi pacrnpedesnieHuli pa3psidHo20 moka no ceoeli nosepxHocmu. CpasHeHue
pe3y/ibmamoe 3KcrnepuMmeHma u ModesiuposaHusi MPodeMOHCMPUPOBAIOo UX coomeenmcmeaue npu 0OUHaKOB8bIX YCII08USIX.

Kntodeeble criosa: 30HUpPOBaHHasi MUWEHb, Ma2HEMPOHHLIU pacnbIIumenbHoe ycmpoiicmeo, KamoOHbiii C1ol, KOMIbLIOMEPHOe MOOenuposaHue,
memod MoHme-Kapiio.
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SUBNANOSECOND STIMULATED RAMAN SCATTERING PULSES
OF Q-SWITCHED LASER AT SELF-FOCUSING

The results of experimental study confirm the availability of using self-focusing media for creation of highly efficient transformers of
laser radiation based on stimulated Raman scattering. It has been shown that due to the self-focusing dynamics, such transformers can
change frequency and compress giant pulses of multimode lasers more than in ten times, utilizing a simple scheme. The proposed and
implemented scheme is suitable for generation of initiating subnanosecond Stokes pulses, which further can be used for compression
of giant laser pulses with a corresponding increasing of power.

Keywords: laser, self-focusing, stimulated Raman scattering.

Introduction. It is known that SRS (stimulated Raman
scattering) is successfully used in transformers of laser

radiation for frequency tuning, pulse compression and
improving of optical beam quality [6, 1]. However, SRS-
© lIvanisik, A., Korotkov P., Ponezha G., 2013



