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Negative Mobilities of Electrons in
Radio Frequency Fields

SaSa Dujko, Zoran M. RaspopoviZoran Lj. Petrovigand Toshiaki Makabe

Abstract—in this paper, we perform calculations of mobilites electron collision frequency on electron velocity and it is char-
(represented by drift velocities) of electrons in mixtures of ; and  acteristic of electrons with an initial mean energy in the region

Ar in radio frequency (RF) fields. The conditions were chosen ot ranidly rising cross section such as the region above the Ram-
which correspond to those that led to observation of negative o
sauer—Townsend minimum.

absolute mobility in dc fields in decaying plasmas. In RF fields, a o A o
similar effect is observed as the mobility corresponding to the flux ~ The possibility of negative conductivity under steady-state
drift velocity is negative. At the same time, it was found that the conditions in beam sustained plasma in gas mixtures with a
mobility corresponding to the bulk drift velocity is mainly positive  small amount of electronegative gas is another similar phys-
in respect to the expected value, but that it has a large phase delay. j4 sjtyation. Several gas mixtures have been studied: Ag;CCl
The effect is caused by nonconservative nature of the attachmentA E. I8 d Xe'F. Unfort v, th . t’ f
and in the absence of nonconservative collisions both mobilities 72 [ ]_’ and Xe:k. Unfortunaly, there arg no experiments o_r
are positive and in phase with the field. these mixtures under steady-state conditions. Another physical
situation giving a possibility of negative conductivity is in Ar:Li
and Ar:Li:N, photoplasma and it has been theoretically studied
in [9].

Finally, a possibility of negative conductivity has been dis-
. INTRODUCTION cussed for Ar:NE plasma under steady-state Townsend con-

N RECENT years, attention has been paid both to theoréftions [10] and in Ar:NF [11] and Ar:F, [11]-[13] gas mix-
ical studies of negative electron mobility in low-temperaturiires under afterglow conditions, where plasma would decay in
plasma and to associated kinetic phenomena. The negative Myery weak electric field. In the case of decaying plasma under
bility (conductivity) may be first associated with the negativéfterglow conditions, it was predicted by using two different
differential conductivity (NDC) that was explained on the basi@ethods, MC simulations and the solution of the Boltzmann
of kinetics of energy and momentum relaxation [1]. A possib@quation, that a stationary or quasi-stationary negative mpbility
connection comes from the fact that both effects appear to ®eelectrons may be achieved [13]. The formal explanation of
favored by the increasing momentum transfer cross section 4§ kinetic phenomenon is based on the fact that attachment
also by the fact that in the low-field limit, the mobility is posi-rémoves thermalized electrons from the plasma, thus heating
tive and, therefore, some form of NDC is required to give ris@€ lectron swarm or burning a hole in the low energy part of
to a possibility of a negative mobility. EED_F. It is quite obviogs that the key mechanism of this ef-
The most important features of NDC in radio frequency (Rli?ct is the nonconservative nature of the electron attachment. In
fields using Monte Carlo (MC) simulations were discussed fddition, attachment at low energies provides a stationary char-
[2]. At the same time, it was shown by using momentum transfégter of the effect otherwise it would be transient. As a result
theory (MTT) [3] that nonconservative collisions may induc®f strong attachment that gives rise to the negative electron mo-
NDC by two different mechanisms, the first through the efility, which at first appears to be in contradiction with the basic
fect on the electron energy distribution function (EEDF) and tHaWws of thermodynamics, the whole system, i.e., plasma, decays
second through the effect on the bulk drift velocity. rapidly, even though the transport coefficients have reached sta-
Another even more closely related physical situation is thnary vglues. _ _ o
transient negative conductivity (TNC). TNC was observed ex- The primary goal of this work is to study the possibility of
perimentally in time-resolved conductivity measurements in ré€velopment of the negative mobility (NM) by using RF fields.
laxing Xe plasma, ionized by a hard X-ray pulse [4] or by Iasé_rrhe basic idea is to test how this. effe(_:t would develop in RF
radiation [5], and explained theoretically [6]. This nonequilibfields as one may be able to provide circumstances where one

rium kinetic phenomenon is a result of a strong dependenceWfuld have a certain part of the period when ionization may be
sufficient to compensate for the decay of plasma and, thus, to
achieve a practical implementation. Another option would be to
use the spatially distinct regions of higher current RF plasma,
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MC simulation procedure that has been developed for tinpdasma, thdlux drift velocity corresponds to the drift velocity
varying fields and tested on a wide range of examples [14] wabtained from Boltzmann equation analysis. In general, there
employed in this paper. We have selected the mixture of Ar-Rre no experiments for measurifigx transport coefficients, but
under conditions, which led to negative electron mobility in thim most aspects of plasma modeling, these transport properties
afterglow—dc field conditions. On the other hand, this mixturare required. Therefore, MC simulations have a great advantage
corresponds to the gas composition generally used in plasrakated to swarm experiments as one would be able to make the
processing since most of the active gases for dry etching alistinction and point out how different those two are. In plasma
electronegative. modeling, it is usually assumed that experimental data may be

employed but any example giving a significant discrepancy be-

II. MC PROCEDURE tweenflux and bulk properties may be a warning for plasma

: . ... modelersBulk andflux drift velocities are the same under con-

The electron swarm is assumed to develop in an infinite gas =~ . "
. . servative conditions.

under uniform fields. The boundary effects are neglected as
well. As these calculations are made for swarm conditions,
it is assumed that the electron density is sufficiently small
so Coulomb interactions between the electrons as well As Description of Gas Mixture and Conditions of Simulation

shielding of the field are neglligib_le. In addition, the gas is not Physical object of MC simulation is electron swarm under in-
perturbed from thermal equilibrium by the presence of thg,ence of electric and magnetic field. We have performed sim-

electron swarm. ~ulations for various conditions but the following will be labeled
We have followed a large number of electrons, typicallyg “standard conditions.”

10*-1¢ over small time steps to reduce the statistical uncer- - Gas mixture: (0.5%) FAr

tainty of MC simulation since the negative mobility was shown |~ temperétur.e' (0) K '

to be relatively small in case of dc fields. Our MC code is Gas number denéit)N : 0.24 - 1026 m=3

based on time-integration technique where small time steps are, Electric field time depen'denceE(t)/N. — 0141 -
made to move the electrons and update the value of the field. cos(2rft) Td )

The duration of the_z steps is determined by_the minimum _of - Frequency o.f applied electric fieléi:= 200 MHz.
:)hfethtgrﬁ;éi{ﬁ?gj(ﬂg;g%ﬁ;ggt? oé,’m:ir; f?;gzlﬁnr;;rgﬁégsrmd * Initial electron efnergy distribution is Maxwellian with the
fields are present) divided by a large number (20-100). Peri&j tmfean energ;t/. N 1feV. lect tteri Ar andsed
of the electric field is always divided by at least 100, and the set ol cross sections for electron scatlering on Aran
moments are used to sample the transport properties. N our MC simulations is the same as given in [13].

When attachment is a significant process, such as in the Ca@serajaxation of Mean Energy and Transport Coefficients
studied here, or when ionization is present, the numbers of elec-

trons were scaled up or scaled down, respectively, during theX€laxation of the RF electron swarm is the starting point of
simulation. This is equivalent to having a constant collision-fr@Ur Study. Relaxation itself is an example of transitive regime
quency ionization or attachment and in a separate simulatit final, quasi-stationary regime, that is inherently nonequilib-
this procedure was shown to give correct results [13]. In t/M- Relaxation of transport coefficients in RF fields is com-
present gas mixture, a very large attachment cross section RJgX @nd sometimes difficult to predict on the basis of dc theory
curring at low energies leads to a very nonconservative natl#d]- Inaddition, the actual plasma models such as the relaxation
of electron transport. In order to realize correct representationgtinuum theory (RCT) may require knowledge of the real-

nonconservative electron transport, we have used the formu

I1l. RESULTS AND DISCUSSION

isfic relaxation times in order to describe the temporal (and spa-

to sample transport coefficients from [15] and [16]. Thus, whial) development of electron transport coefficients in RF plasma

have calculated two types of transport coefficients i and  Models [18]. _ . .
theflux. Thebulk drift velocity is defined as In RF fields, relaxation of transport coefficients will depend

on whether those are associated with momentum or energy bal-
. d . ance. The difference in achieving either of the two balances at
U= Z Ti () different conditions (frequency, pressure, and field) will lead to
1 a number of kinetic phenomena such as anomalous diffusion
and theflux drift velocity as [19]-[21], RF negative differential conductivity [2], [22], [23]
(for reviews, see [24] and [25]). While itis of interest to be aware
. zn: . @) of the temporal relaxation in order to understand kinetic phe-
nomena in swarm transport, it is even of greater importance to
understand it in order to be able to interpret even more complex
where n is the number of electrons an@dndv; are the position phenomena in gas discharges [26]-[28].
and velocity of the ith electron. In Fig. 1, we show the temporal relaxation of the mean en-
It follows from (1) that bulk drift velocity is displacement of ergy of electrons for pure argon and for various gas mixtures
the mean position of the electron swarm and it characterizes tifeAr—F,, otherwise under standard conditions. As can be seen,
motion of the total ensemble of electrons. The drift velocity relaxation time for pure argon is the largest while increasing
(2.2) is the mean velocity of electrons. In the case of uniforabundance of §-in gas mixture leads to decreasing of relaxation

~~

n

1
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Fig. 3. Time dependence of drift velocities in Ar-fgas mixture under
standard conditions. Dotted line indicates, in this and all subsequent figures,
the expected direction of drift velocity that follows the electric field and

Fig. 1. Temporal relaxation of the mean energy of electrons for different gg@/responds to a positive mobility. The data presented here have been smoothed
mixtures under standard conditions.

for clarity and the maximum scatter is shown by error bars.

3.0 ‘ theflux andbulkdrift velocity are identical and the results of the
2 | —FLux —O0—BULK ] MCS are in excellent agreement, thus showing internal consis-
2.0- E/N=0.141Td tency of calculation. One should note that we denote the axis
& =200 MHz along the direction of electric field by using subscript “E.” In
—. 1.0 addition, one should bear in mind that both drift velocities are
"0 1 presented as positive if their mobility is positive. Also, the phase
g 00 differences of drift velocities and the field, which has a cosine
‘© 1 time dependence, are negligible.
*'—_—'u -1.01 When we introduce the fluorine into the gas mixture, a com-
> 204 2 pletely different situation occurs, as shown in Fig. 3. T
' EQ/E, Pure Ar drift velocity is exactly in the opposite phase to the electric field
3.0 | I with a very small or negligible phase shift while thalk drift
0.0 0.5n 1.0n 1.5n 2.0n velocity has a large phase shift. Therefore, the mobility corre-

sponding to thdlux drift velocity is negative while the one re-

lated to thebulk drift velocity is mainly positive.

Fig. 2. Time dependence of drift velocities in pure argon under standard.ln an aftempt to explain the observed _S|tuat|on, we ShQUId re-

conditions. Subscript “E” denotes direction of the field. mind ourselves of the physical explanation of the negative mo-
bility and of the difference between thalkandflux drift veloc-

ities under the circumstances leading to negative mobility. Neg-

time as can be expected for a mixture of atomic and molecugﬁve absolute mobility is result of the fact that electrons that

gas. However, the increasing Bbundance leads t0 increasing, o peing thermalized in the region of rapidly rising momentum

of the mean energy which is in contradiction with the previoys, e cross section have a greater chance of collision if they
conclusion and is, thus, a clear sign of a pronounced attachm e in the direction opposite to the field and, thus, gain en-

heating. As one can see from Fig. 1, the modulation of the me%y as compared to the electrons that move in the direction of

energy due to variation of the field is small, almost impossiblgq fie |4 which lose their energy. The latter group becomes dom-
to observe, which Sh_O_WS that the |_nfluence of 'n_EI"f‘St'C CO”'S'(_)riﬁant due to increased scattering of the former group and it gives
under _pre_sent conditions is relatively small._S_lmllar relaxat|0rrige to the negative mobility which would under normal circum-
behavior is observed for a]l transporF coefflme_nts except th?ttance be only transient [13]. However, if there is a low-energy
they are modulated according to the field direction. attachment, the second group of electrons which would even-
tually stop and be accelerated by the field, disappears and the
effect becomes stationary, albeit with a loss of electrons due
Once relaxation has been completed, the time dependencé&ddttachment. The same explanation appears to be valid in the
transport coefficients reveals the relaxation due to the variatioase of RF fields for the flux drift velocity. One does not ex-
of the electric field but not due to initial conditions. Our mairpect a significantly increased phase shift betwiel andflux
interest is in drift velocities and in Fig. 2, we show tihe and drift velocities on the basis of standard relaxation. Yet, the large
bulk drift velocities obtained in pure argon over one period gfhaseshift that is observed corresponds well to the requirement
the electric field. As we mentioned previously, the lack of northat the conditions for attachment cease at one end of the swarm
conservative collisions at such Idiy N leads to situation where and have to be created at the other as the field changes direction.

phase [rad ]

C. Quasi-stationary Drift Velocities
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Fig. 4. Time dependence of tiiex drift velocities for different gas mixtures Fig. 5. Time dependence of tielk drift velocities for different gas mixture
under standard conditions. Dotted line shows the expected dependence bHBE@T standard conditions. Dotted line shows the expected dependence based
on positive mobility (the time dependence of the field), the error bars indica@® positive mobility (the time dependence of the field), the error bars indicate
the maximum scatter and the data for 0.1% and 1%.ad\erlap very much.  the maximum scatter.

On the other hand, it was found that in dc fields the mobility

related tobulk velocity is positive even when the mobility due 8.09 N 24: \

to theflux velocity is negative [29]. This result was supported 7.0 ?:/ ;\IOE &E‘Zl Td K

by thermodynamic argument on the basis of calculation of the 6.0

total entropy where it was found that the second law of thermo-

dynamic is not violated in case of NM if the entropy produc- 50

tion due to attachment is included and the terms in entropy bal B | B B i i

ance clearly reflect terms in calculation of ik drift velocity g 30 0.5% F

which, as a result, is always positive. The behavior oftitik < 50] W

drift velocity was explained by proposing that, while majority

of electrons are moving in the opposite direction to that which 1.0 0.1%F,

is normally expected, a wave of attachment is eating away thos 0.0- 0.01%F

electrons [13], [29]. As the electrons are spatially separated, th " - T T 1
0.0 0.5n 1.0n 1.5n 2.0n

low-energy electrons disappear due to attachment and, ther:

fore, the center of mass is moving in the direction that is ex- phase [rad]

pected, that is, opposite to the motion of individual electrons.

The same is true in RF fields and the phase shifwok drift ve- Fig. 6. Time dependence of the attachment rate coefficient for different gas
locity which is introduced actually consists of the time require'aIXtures under standard conditions.

to establish spatial separation and a new front of attachment.

This picture is supported directly by the simulations that we@#s. For example, in Fig. 6, we show the time dependence
performed in dc fields. On the other hand, the relaxation of t/¢é the attachment rate coefficient obtained for different gas

direction of motion is much faster afidx drift velocity changes mixtures under standard conditions. As expected, increasing
sign very rapidly. the abundance of JFleads to larger attachment rates. One

In Figs. 4 and 5, we show results fux andbulk drift ve- Should also note that attachment rate coefficient shows very

locities, respectively, obtained for different gas mixtures und&mall modulations.

standard conditions. The results show that increasing the abun- )

dance of  in gas mixture has a significant influence on thd- Attachment Heating of RF Swarm

electron transport. Even at the abundance as low as 0.01% thAs we have already mentioned (see Fig. 1), an increasing

flux drift velocity is significantly reduced while the phase dif-abundance of §-leads to a higher mean energy of electrons.

ference in thebulk drift velocity appears. When the abundancén order to understand the role of the attachment process, in our

of Fs is increased further mobility related to tfiax drift ve- MC simulation we have changed the property of the attachment

locity becomes negative while the one associated wittbtiile process into an energy loss-inelastic process (with the energy

drift velocity changes its phase even further. The effects appéass significantly smaller than the mean electron energy) with

to saturate between 0.5% and 1% and then to decrease with damserved number of electrons. In Fig. 7, we show the drift ve-

ther increase of the percentage of F locities for such conservative gas mixture. With the change in
Other transport and rate coefficient have normal behavitite nature of the process the drift velocities immediately turn to

with the increase in the percentage of molecular (attachinte expected behavior, with both positive mobilities and a very
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Fig. 7. Time dependence of the flux and bulk drift velocity under standard [4]
conditions with attachment treated as a conservative inelastic process.
[5]

small phase shift. This is direct proof that the nonconservative
nature of the attachment is the basis of the negative mobility.[6]
The effect of attachment heating, as shown in Fig. 1, also disap-
pears and the mean energy drops to around 0.2 eV with a slightly7)
larger modulation due to artificial inelastic losses.

[8]
IV. CONCLUSION

In this paper, we discuss how negative absolute mobility as[9]
observed in dc afterglow plasma [13] is also observed in RF
swarms. In addition, we show that the distinction betwegli
andflux drift velocities is not just in the opposite directions but [10]
also in a large phase delay introduced forlk drift velocity.

The flux velocity is required in most situations when plasmay; ;
is modeled and one should bear in mind that a possibility that
it may become slightly negative rather than positive will affect
the calculated power balance. In addition, the cases where NM g5,
observed are very similar to standard mixtures used for plasma
etching and many other applications.

The key issue in discussion of the negative absolute mobility
is whether it may be realized in practice and even yield somegi3]
practical applications. The thermodynamic study of Robsion
al. [29] actually points out that the total entropy of the systemy 4
increases as evidenced by the positive bulk drift velocity. One
should bear in mind that it is only tHaulk drift velocities that
are measured in standard swarm experiments. However, if son[lleS]
property depending on tHeux drift velocity only can be iden-
tified then one may be able to point out a way to either observé-el
the negative mobility or even to use it.

Another issue is whether the system would be useful at all. 1.7
the dc case studied so far in the literature, the price of negative
mobility is pied by a rapid decay of plasma. In this paper, Wey1g]
propose a system, which may provide a possibility to actually
achieve and apply NM. It is possible that during some parts o{l !
the period the field would be high enough to provide ionization
and, thus, compensate for the losses of electrons in the other
parts of the period. One option to achieve this would be to ad
the third component into gas mixture with a very low threshold
for ionization (such as cesium vapor).

20]

715

ACKNOWLEDGMENT

The authors would like to thank Prof. A. Napartovich and Dr.
N. Dyatko for suggesting the problem of negative mobility and
Dr. R. E. Robson for useful discussions.

REFERENCES

R. E. Robson, “Generalized Einstein relations and negative differential
conductivity,” Aust. J. Phys.vol. 37, pp. 35-46, 1984.

S. Bzenig Z. Lj. Petrovic Z. M. Raspopovicand T. Makabe, “Drift
velocities of electrons in time varying electric field§gn. J. Appl. Phys.

vol. 38, pp. 6077-6083, 1999.

S. B. Vrhovac and Z. Lj. Petrovj¢Momentum transfer theory of non-
conservative particle transport in mixtures of gases: General equations
and negative differential conductivity?hys. Rev. E, Stat. Phys. Plasmas
Fluids Relat. Interdiscip. Topvol. 53, pp. 4012—-4025, 1996.

J. M. Warman, U. Sowada, and M. P. De Haas, “Transient negative mo-
bility of hot electrons in gaseous xenohys. Rev. A, Gen. Physl.

31, pp. 1974-1976, 1985.

A. |. Shchedrin, A. V. Ryabsev, and D. Lo, “Absolute negative conduc-
tivity in Xe/Cs mixture under photoionization conditions).” Phys. B,

At. Mol. Opt. Phys.vol. 29, pp. 915-926, 1996.

B. Shizgal and D. R. A. McMahon, “Electric field dependence of tran-
sient electron transport properties in rare-gas moderatehy$. Rev. A,
Gen. Phys.vol. 32, pp. 3699-3680, 1985.

Z. Rozenberg, M. Lando, and M. Rokni, “On the possibility of steady
state negative mobility in externally ionized gas mixturels,Phys. D,
Appl. Phys.vol. 21, pp. 1593-1596, 1988.

N. A. Dyatko, I. V. Kochetov, and A. P. Napartovich, “Absolute negative
conductivity of low temperature plasma produced by an electron beam,”
in Proc. 19th Int. Conf. Phenomena in lonized Gased. 4, Belgrade,
Yugoslavia, 1989, pp. 926-929.

N. A. Gorbunov, A. S. Melnikov, I. Smurov, and |. Bray, “lonization
kinetics of optically excited lithium vapor under conditions of negative
electron mobility,”J. Phys. D, Appl. Physvol. 34, no. 9, pp. 1379-1388,
2001.

N. A. Dyatko and A. P. Napartovich, “Electron swarm characteristics in
Ar:NF; mixtures under steady-state Townsend conditiodsPhys. D,
Appl. Phys.vol. 32, pp. 3169-3178, 1999.

N. A. Dyatko, M. Capitelli, S. Longo, and A. P. Napartovich, “Electron
energy distribution function in decaying Ar:Nplasma: The possibility

of negative electron mobility,” ifProc. 16th Int. Conf. Phenomena in
lonized Gasesvol. 1, Toulouse, France, 1997, pp. 24-25.

Z. Lj. Petrovig Z. M. RaspopovicS. Saka#ic, N. A. Dyatko, and A. P.
Napartovich, “Negative electron mobility in a decaying Ar:flasma.
The correlation between Monte Carlo and Boltzmann equation calcu-
lations,” in Proc. 21th Int. Conf. Phenomena in lonized Gases. 4,
Warsaw, Poland, 1999, pp. 197-198.

N. A. Dyatko, A. P. Napartovich, S. Sakad, Z. Petrovi¢c and Z.
Raspopovi¢ “On the possibility of negative electron mobility in a
decaying plasma,J. Phys. D, Appl. Physvol. 33, pp. 375-380, 2000.

Z. M. Raspopovi¢cS. Sakadic, S. Bzeni¢cand Z. Lj. Petrovig“Bench-
mark calculations for Monte Carlo simulations of electron transport,”
IEEE Trans. Plasma Scivol. 27, pp. 1241-1248, Oct. 1999.

R. D. White, M. J. Brennan, and K. F. Ness, “Benchmark simulations
for electron swarms in crossed electric and magnetic fieldl$?hys. D,
Appl. Phys.vol. 30, pp. 810-816, 1997.

A. M. Nolan, M. J. Brennan, K. F. Ness, and A. B. Wedding, “A bench-
mark model for analysis of electron transport in nonconservative gases,”
J. Phys. D, Appl. Physvol. 30, pp. 2865-2871, 1997.

S. Bzeni¢ Z. M. RaspopovicS. Saka#ic, and Z. Lj. Petrovic“Relax-
ation of electron swarm energy distribution functions in time-varying
fields,” IEEE Trans. Plasma Scivol. 27, pp. 78-79, Feb. 1999.

K. Maeda and T. Makabe, “Time-dependent RF swarm transport by
direct numerical procedure of the Boltzmann equatialpi. J. Appl.
Phys, vol. 33, pp. 4173-4176, 1994.

K. Maeda, T. Makabe, N. Nakano, S. Bzeraod Z. Lj. Petrovi¢c“Dif-
fusion tensor in electron transport in gases in a radio frequency fields,”
Phys. Rev. E, Stat. Phys. Plasmas Fluids Relat. Interdiscip, V@p55,

pp. 5901-5908, 1997.

R. D. White, R. E. Robson, and K. F. Ness, “Anomalous anisotropic
diffusion of electron swarms in a.c. electric fieldéust. J. Phys.vol.

48, pp. 925-938, 1995.



716 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 31, NO. 4, AUGUST 2003

[21] —, “Nonconservative charged particles swarms in ac electric fields
Phys. Rev. E, Stat. Phys. Plasmas Fluids Relat. Interdiscip, i@p60,
pp. 7457-7472, 1999.

[22] A. Jelenak, J. V. JovanoviS. A. Bzeni¢ S. B. Vrhovac, S. S. Manola,
B. Tomcik, and Z. Lj. Petrovi¢ “The influence of excited states on
the kinetics of excitation and dissociation in gas mixtures containir
methane,'Diamond Rel. Matervol. 4, pp. 1126-1130, 1995.

[23] R. D. White, “Time-dependent multi-term solution of Boltzmann’s
equation for charged particle swarms in temporally-varying electr Experimental Physics, Institute of Physics, Zemun,
fields,” Ph.D. dissertation, James Cook Univ. Cairns, Northern Quee Yugoslavia. His interests include transport of elec-
land, Australia, 1997. trons and ions in ionized gases, physics of swarms,

[24] R. E. Robson, R. D. White, and T. Makabe, “Charged particlgas discharges and nonequilibrium collisional plasmas, plasma technologies
transport in harmonically varying electric fields: Foundations andnd microwave technologies. He has been a Visiting Professor with Keio
phenomenology,Annal. Phys. (NY)vol. 261, pp. 74-113, 1997. University, Yokohama, Japan, and a Part-Time Professor with the Department

[25] R. D. White, K. F. Ness, and R. E. Robson, “Development of swarmf Electrical Engineering, University of Belgrade. He has published 100 papers
transport theory in radiofrequency electric and magnetic fieldpgl. in refereed journals.

Surf. Sci, vol. 192, pp. 26-49, 2002. Dr. Petrovic is a member of the American Physical Society, the American

[26] R. Winkler, S. Loffhagen, and F. Sigeneger, “Temporal and spatial rinastitute of Physics, and the Serbian Academy of Sciences and Arts (SASA).
laxation of electrons in low temperature plasmasppl. Surf. Scj.vol.

192, pp. 50-71, 2002.

[27] D. Uhrlandt, D. Loffhagen, S. Arndt, and R. Winkler, “Current progress
in the modeling of weakly ionized plasmas in contact with electrode
and insulated walls,Surf. Coat. Technalvol. 142, pp. 517-525, 2001.

[28] D. Loffhagen, R. Winkler, and Z. Donko, “Boltzmann equation anc
Monte Carlo analysis of the spatiotemporal electron relaxation in no
isothermal plasmasE. Phys. J. ARvol. 18, pp. 189-200, 2002.

[29] R. E. Robson, Z. Lj. PetroVjcZ. M. Raspopovicand D. Loffhagen,
“Negative absolute electron mobility, Joule cooling and the Secor
Law,” J. Chem. Phys., submitted for publication.

Zoran Lj. Petrovic (M'85) was born in Belgrade,
Yugoslavia, in 1954. He received the M.Sc. degree
from the Faculty of Electrical Engineering, Univer-
sity of Belgrade, Belgrade, Yugoslavia, in 1980, and
the Ph.D. degree in the physics of swarms from the
Australian National University, Canberra, Australia,
in 1985.

He is currently the Head of Department of

Toshiaki Makabe was born in Japan in 1947. He re-
ceived the B.S., M.S., and Ph.D. degrees in electrical
engineering from Keio University, Tokyo, Japan, in
1970, 1972, and 1975, respectively.
In 1975, he became an Instructor of electrical
engineering at Keio University, where he has been
a Professor in the Department of Electronics and
N Electrical Engineering since 1991 and had bee Head
: of the department from 1996 to 2000. Currently, he
’g‘ is the Director of the Graduate School of Integrated
Design Engineering. His research field is in plasma
electronics closely related to low-temperature, nonequilibrium plasmas for
material processing, and to the electron(ion) swarm transport theory based on
the Boltzmann equation. His recent research interests are in the computational
design of the plasma source interacting with wall(wafer) and of a damage
free plasma etching. He developed a vertically integrated computer-aided
design for device processing (VicAddress) in 2000. VicAddress will be
expected to predict and design a plasma structure and trench(hole) etching on a
wafer, and to predict an electrical damage to lowernano-scale-elements under
charging in future plasma etching. In addition, three-dimensional emission
: . : - . '(absorption)-selected computerized tomography (CT) of a low-temperature
g(l)t())/fri]ﬂl\(leeir?ct:)llj?rfei‘tall)?L?giir?gL%rv?gsd I#gﬁ_lg\g_aalg_plasma has_been establi_shed in _hi_s laboratory, a_nd the CT images form a
gree at the Laboratory of Gaseous Electronics, |nstgounﬁerpart in the numencalhpr?dlctlon. Thes_e projects r;]ave been supported
tute of Physics, Zemun, Yugoslavia. y the ng!conductor Technology Academlp Researc C_:enter (STARC),
His research interests include modeling of RFthe _Assouatlon of S_uper—Advanced Elec_tronlcs Technologies (ASET), a_nd
plasmas and MC studies of transport phenomena i emiconductor Leading Edge Techn‘ologles(SeIete).‘Recgntly, he organized
weakly ionized gases. he 21st century COE program for optical and electrpnlc device technolpgy for
access network. He is the author®éseous Electronics and Its Applications
(Norwell, MA: Kluwer; 1991), Plasma Electronics (in JapaneséJokyo,
Japan: Baifukan; 1999), aktvances in Low Temperature RF Plasmas; Basis
for Process DesignAmsterdam, The Netherlands: North-Holland; 2002).
He has published more than 130 journal papers and presented more than 250
conference papers. He had the opportunity to give his invited talk at more than
35 International Conferences. He granted 16 Ph.D. degrees to his students in
the field of plasma electronics.

Dr. Makabe is a Fellow of Institute of Physics. He has been a Guest Ed-
itor of special issues relevant to low-temperature plasmas and related surface
processes in the IEEERENSACTIONS ONPLASMA SCIENCE, Japanese Journal
of Applied Physics, Australian Journal of Physittse burnal of Vacuum Sci-
ence and Technology, AndApplied Surface Scienckle was on the editorial
board of &panese Journal of Applied Physiaad theTransactions of the In-

Zoran M. Raspopvicreceived the Ph.D. degree in physics from the Universitgtitute of Electrical Engineers of Japa@urrently, he is on the Editorial board

of Belgrade, Belgrade, Yugoslavia, in 1999. His thesis investigated the transpsfrPlasma Sources Science and Technola@gnd The Journal of Physics, D:

of electron swarms in time varyinig(t) x B(t) fields. Applied PhysicsHe served as the Division Chairman of Plasma Electronics in
He is currently an Assistant Research Professor with the Institute of Physittse Japan Society of Applied Physics. He was the Co-Chair of the Maui Joint

Zemun, Yugoslavia. His research interests include modeling of nonequilibriutbonference between International Conference on Reactive Plasmas (Japan) and

RF plasmas, electron swarms, and modeling of inductively coupled plasmasGaseous Electronics Conference (USA).

Sasa Dujko graduated from the Faculty of Physics,




	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


