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The redistribution of the flow of sputtered material of a target (cathode) between the collector and the target in a
plane-parallel electrode system with an anomalous glow discharge is analyzed in the kinetic approximation.
Sputtering is the result of bombardment of the target by gas ions accelerated in the near-cathode space charge layer
and by fast neutral atoms formed as a result of resonant ion charge exchange. Sputtered atoms partially return to the
target due to collisions with gas molecules. The formulas were obtained, which were confirmed in the experiment
that makes it possible to correctly estimate the ratio of the sputtered material flows deposited on the collector and
the target. The results of the work are used to calculate the parameters of the processes of coating deposition and ion
cleaning of the target under conditions of the anomalous glow discharge.

PACS: 81.15.Cd; 81.65.Cf

INTRODUCTION

Many types of treatment of materials and products in
a gas discharge plasma use physical ion sputtering of
the processed (treatment) object [1, 2]. lon sputtering, in
particular, is used to clean and etch the surface of parts
(called below as targets) before coating and nitriding,
cementation, nitrocarburizing. In the electronic industry,
ion sputtering is used to create microstructures on the
substrate surface. The result of ion sputtering is the
ejection of surface atoms from the target into the
surrounding space due to its kinetic energy obtained as a
result of energy exchange during the interaction of
bombarding ions with target atoms [1-3].

In many ion-plasma systems, an abnormal glow
discharge (AGD), the cathode of which is the target, is
usually used to generate an ion flux to the target
[1, 2,4]. AGD voltage is hundreds of volts — several
kilovolts, the current density is of the order of several
milliamps per square centimeter. The pressure of the
working gas (and as usual it is argon) is about 1...50 Pa.

Sputtered atoms are “waste” of the procedure of ion
cleaning or etching, and it is obvious that they should be
disposed of in some way so that they do not interfere
with further processing of the target.

When these atoms move through a gaseous medium,
they collide with gas molecules, give up the latters a
part of their energy and change the direction of further
movement. As a result, some of the sputtered atoms
reach the wall of the process chamber opposite the
target or the surface of another bodies, if any. Such
bodies can be a substrate in the coating process or a
special collector (trap) of sputtered species. The other
part of the sputtered atoms returns back to the target, but
to places remote from the emission place, and the third
part goes to the side surfaces of the camera. If the target
is larger than the distance to the collector (this situation
is typical for plane ion-plasma systems), the interception
of sputtered atoms by the lateral surface of the chamber
plays a small role, and the collector must perform the
main task of collecting sputtered species. Since the part
of the sputtered atoms returns to the target, it is
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necessary to evaluate the redistribution of the sputtered
material between the target and the collector.

Obviously, the smaller the gap g between the target
and the collector, the larger the fraction of sputtered
atoms will be intercepted by the collector. However, the
quantity g must exceed the length d of the dark cathode
space, i.e. a layer of positive space charge (PSC), in
which plasma ions acquire energy from an electric field
[4]. This energy is necessary for ion sputtering of the
target at a given rate and knocking out secondary
cathode electrons. The cathode electrons accelerated in
the PSC layer ionize the gas in the so-called negative
glow (NG); this glow is a source of ions reaching the
cathode [4]. It is generally accepted that in diode
sputtering systems with AGD (target is a cathode,
collector is an anode), the minimum distance g should
be larger than 1.5d. In this case, there are no problems
with forming the NG plasma and generating ions for
bombardment of the cathode. In AGD, almost all the
discharge voltage U drops on the PSC layer [4].

Formulas have been proposed for estimating the
fraction of sputtered atoms reaching the collector in ion
sputtering systems [2, 5]. In early works [5], it was
assumed that the energy of sputtered atoms was equal to
the thermal energy of gas particles, although the energy
of the former is tens to hundreds of times greater than
the energy of the latter, and therefore the calculated
collection of sputtered atoms by the collector was
greatly underestimated. In [2, p. 48-51], the indicated
energy ratio was taken into account, but other
simplifications were made for calculating mass transfer,
due to which the calculated collection of sputtered
atoms by the collector decreased at a much lower
pressure than was observed in practice.

The aim of this work is to analyze the process of
sputtering and mass transfer of sputtered atoms through
a gaseous medium from the target surface to the
collector surface under AGD conditions with plane-
parallel electrodes and to construct a method in the
kinetic approximation for calculating the ratio of the
parts of sputtered atoms collected by the collector and
returning to the target. The calculation results will be
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compared with experimental data on the tantalum
sputtering in argon medium [6]. This task is especially
relevant for ion cleaning technologies, in which
increased pressures of working gases are used in
comparison with the high vacuum technology and
multiple collisions of sputtered atoms with gas
molecules occur.

CALCULATION OF THE SPUTTERED
ATOMS MOTION THROUGH A GASEOUS
MEDIUM

Consider the passage of sputtered metal atoms with
an energy of several electron-volts through the braking
medium of the working gas. We will deal with a plane-
parallel “target-collector” system. Due to the low
thermal energy of gas molecules, they can be considered
as immobile. A friction force F acts on metal atoms:

o
dt

where m is the sputtered atom mass, v is the average
atomic velocity; angle brackets indicate the average
value. The average time interval between the collisions
of metal atoms with gas molecules is

dt=(oanv)~!, (1)
where o, is the cross section of metal atom-gas
molecule interactions, and n is the concentration of gas

molecules. Assuming the interaction is elastic, we have
the velocity after collision [7]:

oo fim P —sne |

where v, is the velocity of the metal atom before
collision, M is the gas molecules mass (later it is the
mass of gas ions), © is the scattering angle. In this case,
the directional velocity changes

—dv =v, —vcos® =

=V, {1—%0‘7\;;)(005(91\/(M / m)° —sin@)}.
)

The distribution function over the angles [7] has the
form

V=V

£(0)= 1+(m/M )% cos20
\/l—(m/M )2sin@
0 < © <arcsin(M/m).
Note, the distribution function over the angles for
scattered particles is uniform or isotropic [7,8].

Substituting (1) and (2) into the expression for F
and averaging over the angles, we obtain

F=—can(m+M) Tmmv2.

We use this expression to determine the dependence
of the mass flux density of the sputtered material, S;,(x),
on distance x from the target (x = 0) toward to the
collector (x = g)

Sm(x)=Sm(0)exp(-x/2a),
where the mean free path of the sputtered metal atoms is
7\,a = (m +M )/(MGan) .

sin®,
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Note, the mass flux density S.(x) is related to the
forward flying part of the total flux of sputtered atoms
to the collector; the second part is the diffusionly
scattered one [2, 8]. Accordingly, we can write the
following expression for the total flux of sputtered
atoms toward to the collector

Smitot (X)=Sm (0)exp(= x/ 1.4 )—mDg (dng /dx),
where D, is the diffusion coefficient of metal atoms in
the working gas, n, is the concentration of sputtered
metal atoms. Integrating the last expression with the
boundary conditions ny(x=0) = n,(0) and ny(x=g), we
obtain

Snio(9)=mD,n, (0)/g +$,, (0)% / g)x @A)
x[L-exp(-g/4,)}

Obviously, for metals under typical AGP conditions,
the first term in the right side of (3) can be neglected
compared to the second, and the maximum contribution
from the exponent is about 15%. From here we obtain
the following formula

Sm(9)=Sm(OPa/g,
where Sy(g) is the mass flux density of sputtered

material onto the collector. The back sputtered material
deposition rate by mass onto the unit area of the target
(or returning sputtered material onto the target) is

Bm = Sm(0)1-2a/9),
as we consider

Sm(9)+Bm =Sm(0).

Taking the density of the deposit condensate on the
collector equal to the density of the target material, we
obtain an expressions for determining the volumetric
rates of deposition of the condensate on the collector, D,
and of the back condensate on the target, B,
respectively:

D=S\3/9, 4)
B=S(1-2a/g),and D/B=25/(3—23),
where S = S,(0)/q is the rate of volumetric sputtering of
the target material without taking into account returning
the sputtered particles due to back moving, q is the

density of the target material.

One can see the ration A,/g determines the part of the
sputtered target material, which is transferred to the
collector, and 1-A,/g determines the part of the
sputtered atoms returning to the target. Thus, in the
average, even one collision of a sputtered atom with a
gas molecule deprives the atom of a chance to reach the
collector and it returns to the target. The fact that we
neglected the first term in the right side of (3) indicates
that we consider the role of diffusion of sputtered atoms
in their transport to the collector surface to be
insignificant. Indeed, at relatively low gas pressures, the
mean free paths of sputtered atoms and their energy are
quite large, and the process of sputtered material
transfer to the collector occurs in the mode of almost
forward flight movement of atoms with their rare
collisions with gas molecules. With increasing pressure,
the number of collisions increases and the energy of
atoms decreases, approaching the energy of gas
molecules, and the nature of the transfer of the sputtered
atoms to the collector acquires a diffusion (“Brownian”)
character. Since the diffusion coefficient decreases with
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increasing pressure, there is an accumulation of slow
sputtered atoms after thermalization near the target, and,
accordingly, the diffusion flux of sputtered atoms will
be mainly directed to the surface of the target. Thus,
neglecting the diffusion flux in (3) has a physical basis,
since this flux is directed, as we believe, mainly back to
the target. This is reflected in formula (4).

VALIDATION OF CALCULATION
RESULTS WITH EXPERIMENT DATA AND
DISCUSSION

For wvalidation of calculation results we will
numerically determine the volumetric rates of
deposition of the condensate on the collector, Dy, for
the conditions in the experimental sputtering system
with AGD and then compare D, with experimentally
measured De,, in the same experimental sputtering
system with tantalum target and argon as working gas.

Let us estimate the value of A4 for the sputtering of

tantalum by argon ions. Using the atomic radii of
tantalum Ry, = 1.43 A and of argon Ry, = 1.92 A [9], we
obtain

Ag =(Mm+M )/[n(RTa +Rar M J ~217-1072T/p,

where T is the gas temperature, the gas pressure p is in
[Pa].

Experimental reference conditions for tantalum film
deposition are U =5 kV, j = 0.46 mA/cm?, g=5cm, p =
6.6 Pa, T = 573 K. For this case, A, = 1.87 cm. The
experimental data of the authors on the deposition rate
of tantalum films in argon are well approximated by the
following formula, which is valid for said above
operating mode of AGD [6]:

0

74410738383

k(v)=
(V) 502.10-28,4:202

927.10-13,1766
579107607431

Dexp :3.81( ju —0.34) g,

where De is in [cm/s], g is in [cm], q is in [ng/em®], U
is in [kV], j in [mA/cm?]. If we take the film density g
equal to the density of the target material (Ta), then for
the above conditions, the volumetric deposition rate is
Dexp = 5.4 A/s [6].

For determining D, we use the theory of AGD,
presented in [10] and based on the physical kinetics
equations for distribution functions of ions Ar* and fast
neutral atoms Ar° after charge exchanges and the Poison
equation for electric field in the dark cathode space, i.e.
in the PSC layer. Approximations of the well known
literature data on the cross section for argon ion
resonance charge exchange and the secondary electron
emission coefficients of the tantalum cathode at
bombardment by Ar* ions and fast neutrals Ar® were
used for the dependencies of the cross section of charge
exchange and the secondary electron emission
coefficients on the velocity of primary particles. The
numerical calculation was performed with the “big
particles” method using the algorithm [10].

The approximations of the dependencies of the
sputtering coefficients k(v) for tantalum on the velocity
v of ions and fast atoms after charge exchanges are
presented by (5), where velocity v is in [cm/s]. The error
of the approximations is a few percents [3].

The calculation results are presented in Table, where
jg is total discharge current density, ji. is ion current
density from NG (from “plasma anode”), e is the
electron charge, TI'. is fast neutrals flow density at the
cathode, ®@; is flow density of Ta atoms sputtered by
ions Ar®, @, is flow density of Ta atoms sputtered by
fast neutrals Ar’, ® = @; + @, S, = m®.

v<139-10°— cm/s,

3-1074(719-1077)1872 139106 <y <17-100— cms,

17-100 <v <208-10°— cmis - (5)
208-10% <v<269-10° cm/s

269-100 <v <4410 cmis

44100 <v<49-107— cmls

The sputtering system parameters for Ta cathode at Ar pressure of 6.65 Pa

U, kv 2.5 5.0

d, cm 1.0 2.0 3.0 1.0 2.0 3.0

jo mA/cm? 0.753 0.142 0.052 2.436 0.462 0.169
jia MA/CM® 0.648 0.122 0.050 1.908 0.362 0.133
el’,, mA/cm? 3.596 1.487 0.864 9.316 3.907 2.287
elcJjia rel. units 5.549 12.19 17.28 4.882 10.79 17.20
@;, 10 -cm™ 2.066 0.259 0.068 8.754 1.212 0.350
@, 10%s*-cm? 6.090 1.534 0.593 25.06 7.371 3.249
®, 10"s*-cm™ 8.156 1.793 0.661 33.81 8.583 3.599
S, Als 14.68 3.23 1.19 60.86 15.45 6.49

One can see elfji, >> 1 and @, > @;, that is the
contribution of fast neutrals Ar® in sputtering of the
cathode material is larger than the contribution of ions
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due to the often charge exchange collisions of ions
during movement to the cathode. At U=5KkV,
d=2cm, the volumetric sputtering rate without

105




returning sputtered atom to the target S = 15.45 A/s, that
is much bigger than the experimental De,. However,
taking into account (4), one can see D¢y =
15.45-(1.87/5)=5.78 A/s, that is close to the
experimental value of Dey, = 5.4 A/s.

One can see (1...1.87/5) = 0.625 part or 62.5 % of
the primary sputtered atoms returns to the target.
Herein, the ratio D/B=1.87/(5..1.87)=0.6 and
B/D = 1.67. All this shows that in the typical regime of
AGD a large part of the initially sputtered material
returns to the target-cathode.

CONCLUSIONS

Within the framework of the kinetic approach, the
formulas for calculation of the transfer of the sputtered
metal cathode (target) material in the anomalous glow
discharge to the collector (substrate) in the plane-
parallel electrode system are derived. The formulas
determine the ratio of the numbers of sputtered atoms
that have reached the collector and returned back to the
cathode as a result of collisions of sputtered atoms with
working gas molecules. The formulas have been tested
by the example of tantalum sputtering in an argon
atmosphere and can be recommended for calculating the
parameters of the coating deposition and ion cleaning of
the target under conditions of an anomalous glow
discharge.

It is shown that, under typical conditions for
maintaining an anomalous glow discharge (AGD), most
of the sputtered atoms return to the cathode.

This reduces either the rate of coating deposition on
substrates or the rate and quality of ionic cleaning of the
target. Reducing the backflow of the sputtered material
can be achieved by reducing the gas pressure p and the
distance g between the cathode (target) and the
collector. However, in the order to obtain a significant

result, it is necessary to reduce pg to values at which
conventional AGD is not maintained. In this case, it is
necessary to apply additional methods for enhancing the
gas ionization at low pg, for example, due to the
magnetron effect (that is the use of crossed electric and
magnetic fields).
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HNEPEPACHPEJIEJIEHUE PACIBIJIEHHOTI'O MATEPHUAJIA B INIOCKOM HOHHO-IVIASMEHHOM
CUCTEME C AHOMAJIBHBIM TJIEIOIIIUM PA3PA10M

A.U. Kyzomuues, M.C. Menvnuuenxo, B.I'. Illunkapenxo, B.M. Illynaes

AHanmu3upyeTcs B KHHETHYSCKOM MPHONMKCHUH TIepepaclpe/ielieHne ITO0TOKa pPAaclbUIEHHOTO Marepuaia
MHUIIEHH (KaT0/1a) MEX Ay KOJUIEKTOPOM U MHUIIEHBIO B INIOCKOIIAPAJICIIEHON JIEKTPOAHOMN CHCTEMEe ¢ aHOMaJIbHBIM
TICIOUIUM pa3psiioM. PacmbiieHne SBISeTCsl pe3yslbTaToM OoMOapAMpPOBKH KaTOJa-MHIIEHHW T'a30BBIMH HOHAMH,
YCKOPEHHBIMH B TIPHUKaTOJAHOM CJIO€ TIPOCTPAHCTBEHHOI'O 3apsaa, W OBICTPHIMM HEWTpPalTbHBIMH aTOMaMH,
00pa3yIoIMMHUCS B Pe3yibTaTe PE30HAHCHOW Iepe3apsaaKyd MOHOB. PacIbUIEHHBIE aTOMBI YaCTHUYHO BO3BPAIAOTCA
Ha MHUIIEHb U3-32 CTOJKHOBEHMH C Ta30BbIMH MousiekyidaMu. [lodydeHbl (OpMyinbl, TOATBEPKICHHBIE B
SKCIIEPUMEHTE, YTO TIO3BOJISIET KOPPEKTHO OLIEHUTh COOTHOLIEHHE IIOTOKOB pAaclbUIEHHOTO Marepuala,
OCKMAIONINXCS Ha KOJUIGKTOpPE M MHUIICHH. Pe3ynbraTel pabOTBl HCHONB3YIOTCS UL pacueTa IapameTpoB
MIPOLIECCOB HAHECEHUS OKPHITUI U MOHHON OYUCTKU MUILEHHU B YCIOBHUAX aHOMAaJILHOIO TIICIOIIEro pa3psija.

MEPEPO3MO/IL1 PO3INUJIEHOIO MATEPIAJY B INIOCKIi IOHHO-IIJIA3MOBI CUCTEMI
3 AHOMAJIbBHUM TJIIOYUM PO3PA10M
A.IL Ky3vmiuee, M.C. Menvniuenxo, B.I'. Illlinkapenxo, B.M. Illynace

AHai3yeThCcs B KIHETUYHOMY HaOJIMDKEHH] Iepepo3IoIil IIOTOKY PO3MMIEHOT0 MaTepially MilleHi (KaToaa) Mix
KOJIGKTOPOM 1 MIIIEHHIO B IUIOCKOMAPAJENbHIN €JIeKTPOIHIM CHCTeMi 3 aHOMAIbHHM TJIOYHM PO3PSIOM.
PosmunenHs € pesynpraTroM OomOapIyBaHHS MilleHI Ta30BHMH 10HAMH, NPHCKOPEHUMH B KaTOJHOMY IHapi
MPOCTOPOBOTO 3apsifly, 1 MIBUAKMMH HEHTPaJbHUMH aTOMaMH, L0 YTBOPIOIOTHCS B PE3yJbTaTi PE30HAHCHOTO
nepe3apsKeHHs 10HIB. Po3mmieHi aTOMH YacTKOBO ITOBEPTAIOTHCA HA MIIIEHb Yepe3 3ITKHEHHS 3 Ta30BHMHU
Monekynamu. OTpumaHo QOpMyNH, MIATBEp/DKEHI B EKCIEPUMEHTi, SIKi JI03BOJIAIOTh KOPEKTHO OIIHUTH
CIIIBBIZTHOIIIEHHS TOTOKIB PO3MIJICHOTO MaTepialy, IO OCiZafoTh Ha KoyiekTopi 1 MimreHi. Pesymbraté poboTh
BUKOPHCTOBYIOTHCS JJISI PO3PAaXyHKY IMapaMeTpiB IpOLEeciB HAHECEHHs MOKPHUTTIB i 10HHOI OYMCTKH MillIeHl B
YMOBAaxX aHOMaJIbHOTO TIIIOUOTO PO3PSIy.
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