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Dynamics of ion-ion plasmas under radio frequency bias
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A time-dependent one-dimensional fluid model was developed to study the dynamics of a positive
ion-negative ionion-ion) plasma under the influence of a rf bias voltage. The full ion momentum
and continuity equations were coupled to the Poisson equation for the electrostatic field. Special
emphasis was placed on the effect of applied bias frequency. Due to the lower temperature and
greater mass of negative ions compared to electrons, the sheath structure in ion-ion plasmas differs
significantly from that of conventional electron-ion plasmas, and shows profound structure changes
as the bias frequency is varied. For low bias frequenci€® kH2, the charge distribution in the
sheath is monotonitswitching from positive to negatiyeluring each half cycle. For intermediate
frequencies 10 MHz), when the bias period approaches the ion transit time through the sheath,
double layers form with both positive and negative charges coexisting in the sheath. For high
frequencieg60 MHz), beyond the plasma frequency, plasma waves are launched from the sheath
edge, and the sheath consists of multiple peaks of positive and negative Gmaittjple double

layers. For a relatively large range of bias frequendiag to the plasma frequengyeach electrode

is bombardedlternatelyby high energy positive and negative ions during a rf bias cycle. For bias
frequencies greater than the plasma frequency, however, the electrode is bombarded simultaneously
by low energy positive and negative ions with ion energies approaching the thermal value. The ion
energy was found to increase with the applied bias potential. Also, at relatively high pre@res
mTorr), the ion energy at low frequencié$00 kH2 is limited by collisions. The peak ion energy

may then be increased by using an intermediate bias frequéfcyHz). At lower pressures,
however, the effect of collisions is mitigated while the effect of ion transit time becomes significant
as the bias frequency increases. In this case, a low bias freq&d@ys of kHz is favorable for
extracting high energy ions from the plasma. 2001 American Institute of Physics.
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I. INTRODUCTION characterized by such weak electrostatic fields that negative
Eons are now able to diffuse to the walls. Thus, in contrast to

lon-ion plasmas are plasmas that consist of positive an . . ; o
o . electron-ion plasmas, it is possible to extract negative ions
negative ions only(electron-free plasmasin practice, a Lo
out of an ion-ion plasma.

small number of electrons can coexist, provided that the g . L
P The electrostatic fields in an ion-ion plasma are deter-

dominant negative charge carriers are negative ions; see R?Tffined by ions instead of electrons. In conventional electron
1 for quantification. lon-ion plasmas may be formed in the, y '

afterglow of pulsed discharges in electronegative géses ion plasmas, the reason of existence of electrostatic fields is
Simulations of a pulsed chlorine discharge, for exan’lplé,to balance wall losses of the lighter and more energetic elec-
showed that once the power is switched off, the electrorirons out of the plasma with those of the heavier and colder

density decays rapidly as a function of time due to diﬁusionPOSitiYe ions. However, by replacing electrons with negative
and dissociative attachment with neutral molecules. In thdonS in the plasma, the mass and temperature of the nega-

presence of a significant number of electrons, negative iondvely charged and positively charged species become com-
remain trapped in the reactor due to the electrostatic fieldParable. lon-ion plasmas, therefore, are characterized by
and are unable to diffuse to the walls. Therefore, while thdnuch weaker electrostatic fields, with a plasma potential of
average electron density drops in the afterglow, the averagde order of the ion temperatuteithout external bias In
negative ion density increases due to dissociative attachmerfie ideal case of a positive ion-negative ion plasma in which
Thus, the plasma becomes increasingly electronegative asP@th ion species have equal masses and temperatures, ion-ion
function of time in the afterglow. Eventually, there is a tran-Plasmas are characterized by the absence of electrostatic
sition to an ion-ion plasma® when the electron density and fields and the absence of sheatisen no bias voltage is
temperature are low enough that negative ions become tHPplied. The spatial profiles of positive and negative ions
dominant negative charge carrier in the plasma. This state igoincide throughout the length of the reactor, and both ions
are able to diffusdreely to the walls. Other salient features
acurrently with General Electric-CRD, Schenectady, NY 12065. of ion-ion plasmas includé:® @ only heavy part|cles par-

YAuthor to whom all correspondence should be addressed; electronic mai'ﬂl(:ipate in plasmq chemistd(b) Fhe plafsma imlped.ance can
economou@uh.edu be changed drastically by light irradiatiénegative ion pho-
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todetachmentthat creates electrong&;) the potential distri-
bution in an ion-ion plasméwithout a bias or with a low
frequency biasbehaves as in liquid electrolytés(d) ion-

ion plasma properties can be measured by a Langmuil
probe!?

It is also possible to form ion-ion plasméasith a small
number of electronsunder steady state conditions by oper-
ating a strongly electronegative discharge at relatively high
pressuré3~>When the ratio of negative ion to electron den-
sity (electronegativity becomes greater than about 1000,
electrons do not play a significant role and negative ion ex-
traction should be possiblé An ion-ion plasma(with a
small number of electronscan coexist in the same vessel
with a conventional electron-ion plasif&*® The transition
between the two plasmas can be smooth, or double layer =
may separate the two plasmds?®

lon-ion plasmas offer unique possibilities for plasma
etching applications. In contrast to conventional electron-ion (@)
plasmas in which negative ions remain trapped in the bulk

X=L

plasma, negative ions can participate in etching in ion-ion
plasmag~2* possibly reducing charging damage and etch-
profile distortions associated with electron-ion plasma
etching®® lon-ion plasmas are also important in negative ion

100
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- — — -~ 1=0.25

- 1=0.75

1=0.50

source€®?” the D layer of the atmospheré&,and in dusty
plasmas-?

As mentioned above, an ide&wo ions with equal
masses and temperaturésn-ion plasma without an applied
external bias potential is characterized by the absence 0§
electrostatic fields and free diffusion of ions to the walls. The E 0
profile of positive-ion density simply overlaps with that of
the negative-ion density. In the presence of a bias potential @
however, the positive and negative ions separate to form & -39
sheath near the electrode. In this article, the influence of ar
external rf bias on an ion-ion plasma is examined. A time-
dependent one-dimensional fluid model is developed which 190
resolves the sheath regions near the electrodes. The mod
includes the Poisson equation for the electrostatic field
coupled with the continuity and momentum equations for the ®)
ion density and velocity, respectively. The effect of varyingriG. 1. (a) Schematic of the one-dimensional parallel plate system consid-
the bias frequency, bias potential and operating pressure amed.(b) Spatiotemporal evolution of the potential at base case conditions
the dynamics of the plasma, and the flux and energy of ion&r @ bias frequency of 100 kHz.
bombarding the electrode are examined. Although the spa-
tiotemporal dynamics of conventional electron-ion plasmas
have been studied extensivély*?we are not aware of any N _
published reports on the dynamics of ion-ion plasmas undef@y be generated due to capacitive coupling under the ap-

the influence of an external rf bias voltage. plied bias are neglected.
(3) The parallel electrodes are assumed to be of equal

area(one-dimensional systemA sinusoidal bias voltage is
applied to the driverfleft) electrode, while the othgright)
electrode is groundeldrig. 1(a)].
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IIl. MODEL DEVELOPMENT

A low-pressure ion-ion plasma formed in the late after-
glow of a pulsed chlorine discharge is considered. The model
assumptions are outlined below.

(1) A high degree of gas dissociation is assumed. Thu
the only ions present are Cland CI" both at an ion tem-
perature of 300 K. A one-dimensional fluid model for an ion-ion plasma

(2) The electron density is assumed to have decayed tander the influence of a externally applied bias potential is
low enough values compared to the ion dengitectronega- developed. The model consists of the following set of gov-
tivity greater than 1000so that the presence of electrons erning equations: The continuity equation for the positive
may be completely neglected. Similarly, any electrons whichand negative ions is given by

s ) .
A. Governing equations
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on; J &Zni an; &2(niui2) Siq &(rhE)
—=——(nu)+R — = —| =
at ax (MU + R, @) PR X2 M, ax
wheren; is the ion densityy; is the ion fluid velocity, andr; E an; 5)
represents the rate of generation or loss of ions through M/ ax? "

chemical reactior{ion-ion recombination in our case, with ) . ) )
rate coefficient of 5 10 8cm?/s); i=p andi=n for posi-  This equation shows the nonlinear nature of ion transport in

tive and negative ions, respectively. The ion fluid velocitiesthe plasma. The nonlinearities are due to spatial inftttiad

are computed by the momentum balance equations: term from the left hand side in Eq5)] and electrostatic
fields (fourth term). Assuming an initially flat density profile
a(mu;)  d(muiy;) [ siq KT;\ an; (np,=ny=ng) and small perturbations of that density, £5).
g T ax :<M_i)”i ~m ax may be linearized to give
@ #n,  an, nod\ 9E [KT;\ o°n,
whereM; is the ion massT; is the ion temperature;; is the oz Ve T _(M_I>W+(M_, ox? ©

ion-neutral collision frequencys; is the charge number of o )
the ion, andq is the value of the elementary charge. Thefor the positive-ion density and
terms in Eq.(2) (from left to right represent the time rate of 2
L . . L . a°n, oan, noq\ JE
change in ion momentum or temporal inertia, spatial inertia, >+ v—— = +(_>_
electrostatic force, pressure gradient, and collisional drag, Jt Jt M; ) ox
respectively. The ion-neutral collision frequency was take
as proportional to the ion velocitflow pressure constant
mean free path case, see Ref).Ibhe electrostatic field is
governed by the Poisson equation:

)

kTi ﬂznn
M| ox% "’
Yor the negative-ion density. Equatiof® and(7) may now
be combined to identify two modes of propagation.

(a) The total density if,+n,), evolves according to the
relation

J*(Np+ny)
ax°

JE _ g(np_nn)' 3 d*(ny+ny) . d(np+np) :(ﬂ @

X €o &tZ Vi ot M i

where the electric fieldE, is related to the plasma potential, For time scales greater than the characteristic collision time

V, by E=—4dV/dx. Hereg, is the permittivity of free space. (7.=1/y,), temporal inertia is negligible and E) reduces
The potential at the drivefleft, x=0) electrode is assumed g

to be of the form
a(ny,+ny) F(ny+n,)
V(x=0) - Vysin(ot), (4) =D 9

where V,, is the amplitude andv is the frequency of the \yhere D; is the ion diffusivity given byD;=(kT;/»M,).

applied bias. The potential at the grounde@ht, x=L)  Therefore, over relatively long time scales, the overall den-

electrode is fixed at zerdrig. 1(@)]. sity of an ion-ion plasma simply decays due to ion diffusion
The governing equations of the fluid model, therefore,and is independent of the applied bias potential and fre-

consist of two continuity equations for ion densitigsand  quency. Of course, over even longer time scales, ion-ion re-

Ny, two momentum equations for ion velocitieg andu,  combination(nonlinear term enters the picture.

and the POiSSOﬂ equation fOI’ the e|eC'[I’OSta'[iC f|e|d |n|t|a| For t|me Scales Shorter than the Characteristic Co”ision

conditions were: identical positive and negative ion densitftime 7, temporal inertia is dominant and E@) reduces to
profiles as obtained in an ion-ion plasma with equal mass

and temperature of the iorigearly parabolic if ion-ion re- az(np+ Np) 2(92(np+ ny)

combination is slowwith a peak ion density of Z&cm3, T P S (10
and potential equal to zero everywhere. Boundary conditions

included zero positive and ion density on the walls. wherec; is the ion sonic velocity given bg;=VkT;/M;.

Equation (10) represents the propagation of ion-acoustic
waves. In ion-ion plasmas, ion acoustic waves propagate
slowly due to the thermal motion of the ions, whereas in
electron-ion plasmas, ion-acoustic waves can also propagate
A preliminary analysis of the system of equations is in-due to the presence of electrostatic fields, which are gov-
structive to estimate the time scales of important physicaérned by theelectrontemperature. Therefore, the sonic ve-
processes. First, the time scale for ion-ion recombination folocity of ions is significantly lower in ion-ion plasmas com-
a peak ion density of #cm™2 is long compared to other pared to electron-ion plasmas, since the electron temperature
physical processes and is neglected in this analysis,R;e., is normally much greater than the ion temperature.
=0. If, in addition, a constant ion collision frequency is as- (b) The other mode of propagation obtained from Egs.
sumed for the moment, Eg&l) and(2) may be combined to  (6) and(7) is the charge densityn—n,)), which propagates
yield the following equation for ion density: according to the relation

B. Linear analysis (Ref. 33)
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TABLE |. Base case parameter values used in the simulation. TABLE II. Time scales of important physical process.
Peak ion density Bem Collision frequencyy; (evaluated at;=c;) 300 kHz
lon temperature 0.026 eV . o .
lon mass 355 amu Frequency of ion diffusion across discharge length 1 kHz
Pressure 20 mTorr (L=3.8 cm)_ _ .
Bias potentialpeak to peak 130 V Frequency of ion drift across sheath thickness 3 MHz
(Lg=0.2cm)
Frequency of ion diffusion across sheath thickness 75 kHz
(Ls=0.2cm)
2
d“(Np—np) N d(np—ny) __,[9% JE Plasma frequency,; (evaluated at sheath edge 30 MHz
at? T M; | 9x n=10"cm?)

KT\ #*(np,—ny)
+(|\/|_) (9)(2 ’ . . -
' corresponding to the ion-plasma frequency is important. If

(11)  the time period of the bias is greater than the ion-plasma
frequency, the ion-plasma frequency determines the time
scale over which quasineutrality is restored. Therefore, the
ion-plasma frequency is a measure of the transit time of the

ions through the sheath and may be expressed as

W
M;

For long time scales compared tp, Eq. (11) reduces to

d(Ny—ny) JE d*(np—ny)

o~ (2uing) —— +Di—— 75—, (12
whereu;=(g/v;M;) is the ion mobility. Equatiori12) gives
the rate of decay of charge density due to ion drift and ion U,

diffusion. Since the time scales for ion drift and ion diffusion == , (14
are signifi i i Ls 2oV
gnificantly less than those associated with electrons, the
charge density decays at a much slower rate in an ion-ion 2qno
plasma compared to an electron-ion plasma. whereu,, is a characteristic velocity of ions in the sheath
For short time scales compared tp, Eq. (11) reduces and L, is a characteristic distandsheath thicknegsover
to which charge separation occurs. Similarly, for time periods
20 _ N\ 920 less than the plasma frequency, there is insufficient time for
d (np nn) 2 le d (np nn) . .
Tz—wi(np—nn)Jr M (13 quasineutrality to be restored and plasma waves may be
' launched.
wherew;=(2qg°nq/e,M;) is an ion-plasma frequency. Equa- Although linear analysis provides much physical insight,

tion (13) was derived by substituting E€B) for the electric  linear analysis cannot be used to provide quantitative infor-
field gradient into Eqs(6) and (7). Equation(13) represents mation on the dynamics of ion-ion plasmas. This is due to
propagation of plasma or Langmuir waves in an ion-ionthe following reasons:
plasma. These plasma waves are similar in nature to the (1) Linear analysis is valid only for small perturbations
plasma waves in electron-ion plasmas and represent oscillé the ion density with an initially uniform profile. However,
tions in charge density due to electrostatic fields and particl¢he ion-ion plasma formed in the afterglow is initially non-
inertia. For frequencies greater than the plasma frequencyniform with a maximum at the center and a minimum at the
these oscillations in charge density propagate in space due &ectrodes. Consequently, the ion plasma frequency is not
thermal motion to produce a plasma wave. For frequenciesonstant but varies spatially along the length of the reactor.
less than the plasma frequency, the oscillations are unable the ion plasma frequency is lowest at the electrode and in-
propagate in space and decay within a few Debye lengthgrease significantly towards the center.
Since the ion-plasma frequency is significantly less than the (2) Application of a bias potential results in large pertur-
electron-plasma frequency, plasma waves may be present bations in the charge density since the magnitude of the ap-
ion-ion plasmas even for relatively low-frequency perturba-plied potential for practical interest is several orders of mag-
tions. nitude greater than the ion temperature. Therefore,
Table | shows the parameter values used as a base cgserturbations in the ion density are of the order of the density
in this study and Table Il summarizes the important timeitself and cannot be considered small. Also, the contribution
scales which emerge from the linear analysis. The respons# the electrostatic fielfourth term from left in Eq(5)] is
of an ion-ion plasma to a rf bias may be divided into differ- nonlinear.
ent regimes based on the characteristic time scale for colli- (3) At low pressures, the collision frequency is not con-
sions and the ion plasma frequency. Over long time scalestant; a constant mean free path is a better approximation.
compared to the collision time, the total density in the bulkFor length scales less than the mean free path, the nonlinear-
plasma decays simply due to ion diffusipg. (10)] and is ity due to spatial inertidthird term from left in Eq.(5)]
unaffected by the presence of the applied bias. Similarly fobecomes significant. The collision frequency is a function of
long-time scales, the evolution of charge in the sheath rethe ion velocity and the collisional drag term in the momen-
gions will evolve simply due to ion drift and ion diffusion tum equations also becomes nonlinear. For these reasons, a
[Eq. (12)]. For short-time scales compared to the collisionnumerical solution of the governing Eq4)—(3) is required
time, the sheaths become collisionless and the time scate obtain quantitative results.
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IIl. NUMERICAL METHOD

The governing system of Eq&l)—(3) was discretized in 3
space using a finite-difference scheme based on a staggered .~
mesh®* lon densities and plasma potential were evaluated on § 2
one set of grid points while other dependent quantities
cluding ion velocities, fluxes, and electric fighere evalu-
ated on a staggered set of grid points. Upwind-biased finite-
difference operators were employed to approximate the
spatial inertia terms in the ion momentum equations. Dis-
cretization in space converted the original set of Efjs-(3)
into a time-dependent differential-algebraic equatibAE)
system. This set of DAEs was solved using LSODI, a fully
implicit, variable order, variable time step integrator based
on backward difference formulds.A nonuniform mesh of
301 grid points biased towards the sheaths near the elec-
trodes was employed. Typical CPU times for each run were
about 10—20 min on a 125 MHz Unix workstation dependingF_'G- 2. Spatiotemporal evolution of net charge at base case conditions for a
on the bias frequency. In order to obtain a periodic solution?'s freauency of 100 kHz.
only a few cycles were required for low bias frequencies,
whereas 100s of cycles were required for high bias frequen-
cies. trode x=0) is negatively biased with respect to the bulk
plasma while the right electrode€ L) is positively biased.
Similarly during the period 0.5-1.0, the left electrode be-
comes positively biased while the right electrode becomes

Based on the preliminary linear analysis, the ion-ionnegatively biased with respect to the bulk plasma. At this low
plasma response to an applied rf bias may be divided intérequency, the displacement current is negligible compared
three regimes depending on the frequency of the applied bige the conduction current in the bulk plasma and most of the
o, the characteristic ion collision frequeney, and the ion  potential drop occurs in the sheaths near the electrodes. This
plasma frequency; , the latter evaluated at the sheath edge potential profile of Fig. b) is related to the evolution of
In all figures below,r is the dimensionless bias period; for charge density in the ion-ion sheaths formed at the two elec-
0< 7<0.5 the bias applied to the left electrode is negativefrodes.
and for 0.5<7<1, the bias applied to the left electrode is Figure 2 shows the spatial profiles of the net charge den-
positive [Fig. 1(a)]. All results refer to the base case condi- sity at 7=0.25 and 0.75. During each half of the bias cycle,
tions (Table |) unless stated otherwise. positive ions are attracted towards the negatively biased elec-
trode while negative ions are repelled. This results in the
formation of a sheath with a net positive charge at the nega-

At low bias frequencies, the bias period is greater thartively biased electrode. Conversely, negative ions are at-
the characteristic time scale for collisions. Therefore, colli-tracted towards the positively biased electrode while the
sional drag dominates over temporal inertia and the ion vepositive ions are repelled. This results in the formation of a
locity is in quasisteady state with respect to the local electricheath with a net negative charge at the positively biased
field. In this regime, the bias period is also greater than thelectrode. Therefore, in contrast to electron-ion plasmas, in
transit time of the ions through the sheath and the ions arerhich the sheaths contain a net positive charge, the electrode
able to respond faithfully to the instantaneous value of apsheaths in ion-ion plasmas contain equal and opposite net
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IV. RESULTS AND DISCUSSION

A. Low frequency regime (w<v,<w))

plied bias without a significant phase lag. charges. The polarity of the charge in each sheath is reversed
The spatiotemporal potential distribution between theduring each half cycle of the rf bias.
plates is shown in Fig.(b) for a bias frequency of 100 kHz. Figures 3 and 4 show, respectively, the evolution of the

In contrast to electron-ion plasmas, in which the plasma popositive and negative ion-density profiles near the left elec-
tential is the most positive potential in the system, the spatiairode during the second half of a bias cycle €©#£<1). The
potential profile in ion-ion plasmas is monotonic and is sym-left electrode was previously €07<0.5) negatively biased
metrically distributed between the two electrodes. This symwith respect to the bulk plasma, has no net bias=a0.5 and
metry is a direct consequence of the equal masses and tememains positively biased through the second half of the
peratures of the positively and negatively charged speciesycle. At 7=0.5, both positive and negative ions diffuse to-
assumed for this particular ion-ion plasma. Such monotonievards the electrode as the electrode potential is equal to the
potential profiles are found in liquid electrolyte systemsplasma potential. Since the bias period is comparable to the
where the mass and temperature of positive and negativeharacteristic diffusion time of ions through the sheath
ions are comparable as well. At any instant in time, ongTable ll), the sheath does not have sufficient time to com-
electrode acquires a net positive potential with respect to thpletely collapse byr=0.5 and a relatively small positive
bulk plasma while the other electrode acquires an equatharge persists in the sheath from the previous half cycle.
negative potential. During the periad=0-0.5 the left elec- The electrostatic field due to this charge is responsible for
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FIG. 3. Spatiotemporal evolution of positive ion density near left electrode ) ) )
at base case conditions for a bias frequency of 100 kHz. FIG. 5. lon flux at the left electrode during a bias cycle at base case condi-
tions for a bias frequency of 100 kHz.

small fronts in the ion-density profiles at the sheath edge at ) i
x=0.08 cm. Similarly, the potential in Fig.() is not con- The electrode potential decreases durl_ng f[he last quarter
stant for all spatial locations at=0.5 and shows the forma- ©f the cycle ¢=0.75-1.0), the electrostatic field weakens
tion of minor peaks in the sheath regidissnall blips in Fig and the. positive-ions begin to d|ﬁu§e back towards Fhe elec-
1(b), at =0 and 0.. This effect is small at low operating trode(F|g._ 3,7=0.9. The sheath ywdth gradually shrlnks as
frequencies but becomes significant at higher frequencie$!® magnitude of the bias potential decreases. As in the case
and will be addressed in more detail in the following sec-Of 7=0.5, the positive and negative ions are unable to diffuse
tions. back fully to the electrode at=1.0. Therefore, the sheath
After 7=0.5, the electrode potential increases with timed0es not fully collapse and a small negative charge persists
and negative ions are attracted towards the electrode whilf the sheaths for the next cycle. The sheath at the right
positive ions are repelled away from the electrode. There€lectrode also shows similar behavior but is 180° out of
fore, the sheath acquires a net negative charge. A front in thehase with respect to the sheath at the left electrode.
positive-ion density profile is formeFig. 3 which repre- Figure 5 ;hows the evolution of the_ ion fluxes at.the left
sents a competition between repulsion due to the electrostatii€ctrode during a bias cycle. For this low operating fre-
field (ion drift) and ion diffusion towards the electrode. As dUency, the left electrode is bombarded alternately by posi-
the electrode potential increases, this front is gradually distiVe ions and negative ions during each half of the bias cycle.
placed away from the electrode towards the bulk plasma relNiS IS in agreement with experimental daterhe peak in
sulting in an increase in the sheath width. the negative-ion flux is slightly less than the peak in the
positive-ion flux due to continuous depletion of the plasma
(no ionization in the ion-ion plasmaAt this relatively low
operating frequency, a significant fraction of the plasma is
depleted during the course of each half cycle. Note that this
difference in fluxes does not imply an accumulation of a net
negative charge during the cycle. This is because the right
electrode is bombarded by an equal flux of negative (@ss
opposed to positive iongn the first half of the cycle fol-
lowed by an equal flux of positive ions in the second half of
the cycle. In other words, at any instant of the cycle, the flux
of positive ions exiting the plasma at one electrode is equal
to the flux of negative ions exiting the other electrode.
Figure 5 shows that the peak ion flux during a half cycle
is comparable to twice the diffusion flux of the ions in the
absence of a bias. The total flux of ions integrated over a full
cycle is equivalent to the diffusion flux of ions without a bias
e potential. Therefore, for low bias frequencies, the flux of ions
000 j===—=——1 52 —5s bombarding the electrode is independent of the magnitude of
Distance From Left Electrode (cm) the applied bias potential and is limited by the ion diffusion

FIG. 4. Spatiotemporal evolution of negative ion density near left electrodd!UX. The O_”'Y_ effect (_)f th_e applied bias potential is to tem-
at base case conditions for a bias frequency of 100 kHz. porally redistribute this diffusion flux between the two elec-

Negative lon Density (10" cm)
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FIG. 6. Spatiotemporal evolution of the potential at base case conditions fof|G. 7. Spatiotemporal evolution of net charge at base case conditions for a
a bias frequency of 10 MHz. bias frequency of 10 MHz.

trodes. Instead of exiting both electrodes simultaneously, thgions are no longer monotonic, but show the formation of
positive ions exit only the negatively biased electrode whilepotential wells near each electrode when the electrode
the negative ions exit only the positively biased electrodechanges polarity with respect to the bulk plastfég. 6, 7
during each half cycle. =0 and 0.3. This nonmonotonic sheath potential is related
A closer examination of Fig. 5 shows a small phase lago the evolution of the charge distribution in the sheath.
between the ion flux and the applied potential which corre-  Figures 7, 8, and 9 show the net charge density and the
sponds to the transit time of ions through the sheath. At thigon-density profiles in the sheath region near the left elec-
low frequency, the ion transit time is only a small fraction of trode. At 7=0.5, the electrode potential is zero with respect
the bias periodTable 1l). During this period, the electrode to the plasma center. However, due to the relatively long
reverses polarity, and the sheath undergoes a transition frotransit time of ions through the sheath, some positive ions
a net positive charge when the electrode is negatively biase@pntinue to persist in the sheathig. 8) while negative ions
to a net negative charge when it is positively biased withare unable to diffuse back to the electrodeg. 9). There-
respect to the bulk plasma. Since the time for this transitiorfore, a net positive charge exists for some region in the
is short compared to the overall bias period, the charge in theheath (8<x<0.14 cm) near the electrode &t 0.5 (Fig. 7).
sheath regions essentially remains monotonic in nature foeyond this point, there is a region of net negative charge
each half cycle, i.e., either fully positive or fully negative. (0.14 cm<x<0.18 cm) which is formed due to the inertia of
This is not true, however, when the bias frequency is in{ositive ions as they continue to be accelerated from the bulk
creased. plasma towards the electrode evenrat0.5 when the elec-

B. Intermediate frequencies (r<w<w;)

As the bias frequency is increased beyond the collision
frequency, temporal inertia of the ions starts to dominate
over the collisional drag. The ion velocity, therefore, is no % 08
longer in equilibrium with the local electric field. In this *°
regime, the bias frequency can approach the ion-plasma fre'®
guency. Physically, this represents the case when the trans>, 06
time of ions through the sheath constitutes a significant frac-'2
tion of the bias period. a

Figure 6 shows the plasma potential profiles at various § 04
instants of the bias cycle for a bias frequency of 10 MHz. At ¢
this frequency, there is insufficient time for the applied bias &
potential to be fully shielded in the sheaths and a significant& 0.2
electric field exists in the bulk plasma. Therefore, the dis- o1l
placement current in the bulk plasma is greater than in the

L LREN RS REARN LR RAARS RERRE RERED

. . . "l':.lb—/—-.l' bl f | I I T |
low frequency casdFig. 1(b)). Its magnitude, however, is % 0.05 0.1 0.15 0.2
still smaller relative to the conduction current since most of Distance From Left Electrode (cm)

the potential dro_p occurs in the Sheath_s rat_her than the bullg. g Spatiotemporal evolution of positive ion density near left electrode
plasma. Interestingly, the potential profiles in the sheath reat base case conditions for a bias frequency of 10 MHz.

Downloaded 18 Sep 2001 to 129.7.12.23. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 V. Midha and D. J. Economou 1109

0.9

0.8

0.7

06

05

04

| LRSS ERES LERRN RERNE ERRRE RRRRE aRRES |

03 2 ‘o

lon Flux (10" cm?s™)

02k

Negative lon Density (10" cm™)

B Negative lon
— — — — Positive lon
AAAAAAAAAAAAAAAAAAAAAAAAAAA No Bias

0.1 =

0 0.05 0.1 0.2 P I ST R

0.15 . L ]
~ Distance From Left Electrode (cm) 0 0.25

L1
0.5 0.75 1
Fraction of Bias Cycle

FIG. 9. Spatiotemporal evolution of negative ion density near left electrode
at base case conditions for a bias frequency of 10 MHz. FIG. 10. lon flux at the left electrode during a bias cycle at base case
conditions for a bias frequency of 10 MHz.

trode potential is zero. The overall charge distribution in the . .
sheath atr=0.5, therefore, consists of a double layer with shoot and a net p03|t|ye charge S gradually f_ormed at the
positive charge near the electrode followed by a sharp negf—igle;f the_sheatlthddéjrmgl thle permet_ 0t.8_'1tlr?(Flg. t7) By i
tive charge spike at the sheath edge. This charge distributioﬁ: 0, an |r1[\r/1ere| tOl(Jj e&i)/grlims S Wld a n(ta ne_%a ve
is responsible for the formation of a “well” in the spatial charge near tﬁ € eﬁ rothe{d .O 1cm) ag 12 ne po_?;]!ve
potential profile in Fig. 6 atr=0.5 and is indicative of a charge near the sheaih edge (0. : _cm). IS
reversal in the direction of the electrostatic field in theChf”lrge distribution s the inverse of the d|str|but|or1 which
sheath. The electric field is positive close to the electrod xisted at the electro'de at=0.5. The overall evolution of
(0<x<0.1cm), and turns negative near the sheath edg € space charge during the course of a half cyple, therefore,
(0.1<x<0.18 cm). At even higher frequencies this develops es_crlbes a complete o_s_cnlatlon with the negatively Ch‘?‘rged
into an oscillatory structure of the potentigee Sec. IV C region becqmlng pos_|t|vely charged and the positively
After 7=0.5, the left electrode becomes positively bi- cha::g_ed regl;g)nhbecommg n?g?tlvelg/tﬁhgrgefcli tthe left
ased and attracts negative ions from the bulk plasma. FigureI tlg(ljJred S Ot\r,1vs € evo ufmr;)p N I(Im TL;]xesf? tef(tah
9 shows that a significant period of time is required for theS!€Clrode during he course ot a bias cycie. 1he eflect of the
negative-ion front to traverse the length of the sheath an ansit time of ions through the sheath is clearly evident in
reach the electrode. The negative-ion front first advance e evolution of fluxes. The positive-ion flux continues until
during the periodr=0.5—0.6 as negative ions are attracted’ _ 0.7 even when the electrodg Is positively biased with re-
towards the electrode, but the velocity of the negative ions igpect to the plagma. Negat|v§-!on flux does noF appear until
still small. At later times, however, negative ions are accelT= 0.8 representing the transit time of the negative-ion fronts
erated and the velocity of the bottom end of the negative-ioﬁhroggh the _She‘?‘th: _AS opposed to the ow frequency case,
front exceeds the velocity of the top end of the front. Thethe lon flux is S ignificantly g_reate_r than the_ corresponc_img
negative-ion front, therefore, spreads as a function of tim iffusion flux W|th-ou.t an gppheq bias potential. At th|§ bias
with the bottom end of the front advancing towards the elecireduency, there is |.nsuff|C|lent time for the gpphed bias po-
trode while the top end retreats as negative ions are deplete 'nt|al to be fully shleldgd n the sheath regions. Due to the
By aboutr=0.8, the negative-ion front first reaches the presence of these eI.ectrl'c flelds,.therefore, the ion flux to the
electrode(Fig. 9 while the positive ions near the electrode walls excee'ds th.e diffusion flux in the bl.“k plasma. Conse-
have been repelledFig. 8). A net negative charge exists quently, a high bias frequency, approaching @ioa) plasma
throughout the entire length of the sheathrat0.8 (Fig. 7) frequency is required to extract ions at a faster rate from the
indicating that the potential distribution is monotonic and theplasma.
electric field is positive. The evolution of the plasma poten—C High f <
tial and the electric field in the sheath region, therefore, & 119N frequency  (vi<w<w)
clearly coupled with the transit time of the negative ions At operating frequencies beyond the ion-plasma fre-
through the sheath region. quency, the time period of the applied bias is significantly
After 7=0.75, the electrode bias is decreasiimgmag- shorter than the transit time of ions through the sheath.
nitude with time, but the negative ions continue to be ex- Therefore, ions essentially oscillate back and forth in the
tracted from the bulk plasma due to ion inertia. The positive-sheath region and exit the sheath only after several bias
ion front atx=0.15 remains essentially stationary since thecycles.
bias period is much shorter than the ion diffusion titR&. Figure 11 shows the plasma potential at various instants
8). As a result of inertia, the negative ions continue to over-of the bias cycle for a bias frequency of 60 MHz. The spatial
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FIG. 11. Spatiotemporal evolution of the potential at base case conditiondt base case conditions for a bias frequency of 60 MHz.
for a bias frequency of 60 MHz.

quency increase sharply. Since the bias frequency is less than

pOtential prOﬁle is hlghly nonmonotonic thrOUghOUt the CyClethe p|asma frequency Corresponding to these Spatia| loca-
since the applied potential is not shielded effectively in thetions, the plasma waves are unable to propagate in the bulk
sheaths. Since the potential drop in the sheaths is less thglasma and are quickly damped within a few Debye lengths.
the potential drop in the bulk plasma, displacement currentin At 7=0.5, the spatial profile of the ion densities in the
the bulk plasma dominates over conduction current in thisheath region shows several peaks and vallEigs. 13 and
regime. The potential profile in the sheath regions also ShOW§4) This “bunching” of ions occurs during the course of
the presence of finer scale oscillations. These oscillations agveral cycles as the ions are alternately attracted and then
related to the charge density profile in the sheath. repelled away from the electrode. Similarly, the net charge-

Figures 12, 13, and 14 show the evolution of the netdensity profiles show alternate peaks of net positive and
charge density and the ion density profiles near the left e|90negative chargéFig. 12. As a result of this charge profile,
trode during the course of a half cycle. The evolution ofelectrostatic fields are generated which tend to attract the
charge-density profiles in the sheath region describes thgegative-ion peaks towards the intermediate positive-ion
propagation of a high-amplitude, plasma wave in a nonunipeaks and the positive-ion peaks towards the negative-ion
form plasma. These plasma waves are launched from thgeaks. During the course of a half-cycle, ions migrate and
sheath edge corresponding approximately to the positiovershoot due to ion inertia. By=1.0, the charge density
where the bias frequency is equal to plasma frequéRms.  profile becomes the inverse of thatat 0.5 (Fig. 12. The
13 and 14,x=0.25cm. For spatial locations beyond this positive-ion density profile atr=1.0 is similar to the
point, the plasma density and consequently the plasma freregative-ion density profile at=0.5 while the negative-ion
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density profile at-=1.0 is similar to the positive-ion density
profile at 7=0.5. Overall, the positive-ion density profiles electrode is essentially reduced to the diffusion flux of the
show a small net displacement towards the electrode in thi®ns.
half cycle (Fig. 13 while the negative ions are displaced Another parameter critical for etching applications is the
away from the electrodérig. 14). energy of ions bombarding the electrode. Figure 16 shows
Figure 15 shows the evolution of the ion flux at the left the energy of the positive ions at the left electrode during the
electrode during a bias cycle. Since ions are no longer able toourse of a bias cycle for different values of bias frequency.
respond to the applied frequency, the perturbation in the ioThe energy of the negative ions is, of course, identical but it
velocities due to the applied bias is small. The ion fluxesjs shifted in phase by 180. As in the case of the ion flux, the
therefore, are only weakly modulated by the applied biaseffect of the ion transit time is also apparent in the ion-
The electrode is continuously bombarded by both positiveenergy evolution. At low frequenci€400 MH2) the ion en-
and negative ions throughout the cycle with an average fluergy essentially follows the applied bias while at intermedi-
equal to the diffusion flux of ions. As a result of a net dis- ate frequencie$6—20 MH32, the ion energy lags the applied
placement towards the electrode, a peak in the negative-idnias by the ion transit time. For frequencies less than
flux is formed aroundr=0.5 while a peak in positive-ion (5-20 MH2, the peak ion energy also increases with bias
flux is formed aroundr=1.0. frequency as less time is available for collisional drag to
Based on the ion flux evolution at the electrqéigs. 5, retard ions in the sheath. At 30 MHz, the bias period is
10, and 15, operation in the intermediate frequency regimeshorter than the ion transit time through the sheath and the
appears advantageous for rapidly extracting ions from th@ositive ions reach the electrode when it is positively biased
plasma at the conditions studi€@iable I, 20 mTorr pressure (i.e., repelling the positive ionsand the peak ion energy
and bias potential of 130 VAt low frequencies, alternate drops. Beyond this critical frequency, the peak ion energy
bombardment by positive ions and negative ions is possibldrops rapidly(40 MHz) with increasing bias frequency and
but the ion flux is limited by the diffusion flux from the bulk for a value of 60 MHz, the ion energy is essentially the
plasma. In addition, if the bias period is comparable to thehermal energy of iongnot shown. It is clear from this
residence time of the charge on device features duringnalysis that bias frequencies in the intermediate regime are
plasma processing, the device will still have adequate time toptimal for extracting high energy ions out from the plasma,
charge during each half of the bias cycle. Therefore, chargéor the conditions studied.
damage and etch profile distortions may still occur during  In Fig. 16, the peak ion energy is significantly less than
each half cycle of the pulse. Alternate bombardment of thénalf the applied bias potentiaV{,/2=65 V). Half of the ap-
electrode by positive and negative is also possible with inplied bias potential represents the maximum value of the ion
termediate values of the frequency, albeit with a finite phasenergy if the applied potential is symmetrically distributed
lag with respect to the applied bias. There is less time fobetween the two electrodes. Since the ion mean free path at
collisional drag to limit the ion flux at intermediate frequen- 20 mTorr is about 1 mm, while the sheath thickness is of the
cies and ions may be extracted at a faster rate from therder of 2 mm, ions suffer on average of a couple of colli-
plasma compared to low frequencies. Furthermore, less timgions in the sheath before striking the electrode. Similarly,
is available during each half cycle for charging and etchdue to the significant transit time of ions at intermediate
profile distortions to occur. Increasing the bias frequency befrequencies, ions experience a decreasing bias potential as
yond the ion plasma frequency, results in “trapping” of the they accelerate through the sheath, resulting in lower ion
ions (back and forth oscillations and the ion flux at the energy. In order to increase the ion energy, therefore, it be-
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FIG. 18. Positive ion energy at the left electrode during a bias cycle for

FIG. 17. Positive ion flux at the left electrode during a bias cycle for dif- different pressures

ferent pressures.

) . ) ) these pressures, the greater collisional drag at low frequen-
comes necessary to either increase the bias potential or dges gominates over the effect of ion transit time at higher
crease the operating pressure. frequencies. At low pressurés mTorn, however, the effect

of the ion transit time becomes more significant, and the
D. Effect of pressure peak ion energies are comparable at the two frequencies.
Therefore, extraction of high energy ions at high pressures is

Figure 17 shows the positive-ion flux at the left electrodeg,, o e by higher bias frequencies whereas at low pressures
for different values of pressure at a low bias freque(i§0 lower bias frequencies become more favorable.
kHz) and an intermediate frequen¢¥0 MHz). At low bias

frequencies, the ion flux is limited by ion diffusion. There- E. Effect of bias potential

fore at 100 kHz, the ion flux at the electrode increases pro-—

portionately as the collision frequency of the ions decreases Figure 19 shows the ion flux at the left electrode for
with pressure(remember that the peak ion density is keptdifferent values of the applied bias potential. At low bias
constant as pressure varies; in practice this can be achievéegquencieg100 kH2, the ion flux is effectively limited by

by also changing the power of the plasma that eventuallyon diffusion and is nearly independent of the applied bias
turns into an ion-ion plasmaAn increase in the peak value potential. At intermediate frequenci¢$0 MHz), when the

of the ion flux is also seen in the 10 MHz case as the pressuta@ias period is less than the characteristic collision time, the
is reduced from 20 to 5 mTorr. At a pressure of 5 mTorr theion flux shows a small increase as the bias potential in-
ion mean free path is significantly greater than the sheathreases. In contrast, the ion energy at the electrode shows
thickness and ion transport through the sheath becomes cdignificant increase at both frequencies as the bias potential
lisionless. The ion-flux profiles at both frequencies show os-
cillatory behavior. These oscillations represent the formation
of waves(or bunchesin the ion-density profiles as the ions ‘
are trapped in potential wells when the electrodes reverse Y S /
polarity. In contrast to the plasma waves shown earlier at - T 3 “
high frequencie$60 MHz), which are formed mainly due to
temporal inertia of iondi.e., ions continue to overshoot in
time), these low-frequency oscillations are mainly due to the
spatial inertia of iongi.e., ions overshoot in spacesimilar
oscillations in the ion flux profiles may also be observed in
the numerical results of Kanakasabpathy and Ovérzeto
modeled the effects of a low frequency bias on highly elec-
tronegative plasmas under low pressure conditions.

Figure 18 shows the corresponding ion energies at the
left electrode for different values of pressure. For both the
low (100 kH2 and intermediat€10 MHz) frequency values, -
the ion energy increases as the pressure decreases and ior 40 555 ofs 575
transport becomes less collisional. At higher values of pres- Fraction of Bias Cycle
sure(20 and 10 mToix, the peak energy of the ions extracted rig, 19. Positive ion flux at the left electrode during a bias cycle for dif-
at 10 MHz is greater than the peak energy at 100 kHz. Foferent bias potentials.
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Bias Potential intermediate frequencie€l0 MHz), when the bias period
33v approaches the ion transit time through the sheath, double
- - - -6V layers form with both positive and negative charges coexist-
------- 130V A X
ing in the sheath. For frequencies beyond (lo®) plasma
frequency(60 MHz), plasma waves are launched from the
- sheath edge, and the sheath contains multiple peaks of posi-
7 . tive and negative chargenultiple double layers
®=100 kHz / '\.\ w=10 MHz (4) For a relatively large range of bias frequendiep to
ST AN the plasma frequengyeach electrode is bombarded alter-
e AN NN nately by high energy positive and negative ions during a rf
; ' ' bias cycle. This alternate bombardment by positive and nega-
tive ions may help alleviate charging and notching effects
associated with electron-ion plasmas. For bias frequencies
ol N L greater than the plasma frequency, however, the electrode is
% 01 02 03 04 05 06 07 bombarded simultaneously by low energy positive and nega-
Fraction of Bias Cycle . L L . .
tive ions with ions energies approaching the thermal value.
FIG. 20. Positive ion energy at the left electrode during a bias cycle for (5) At low bias frequencies, the peak ion flux in a rf
different bias potentials. cycle is limited by ion diffusion and is independent of the
applied bias potential. The peak ion flux may be increased by
. ) i . _lowering the pressure or by using a bias frequency approach-
is increasedFig. 20. The increase in ion energy, however, is ing the ion plasma frequency.
npt proportional t_o the applie_d pias potential because colli- (6) The ion energy increases with the applied bias poten-
sional drag also increases with ion velocity. It may also b&;g At relatively high pressure@0 mTor), the ion energy at
noted_ that despite a significant increase in ion veIocgy, thefOW frequencieg100 kH3 is limited by collisions. The peak
transit time of the ions through the shedit 10 MH2 iS  jo, energy may then be increased by using a higher bias
only yvee}kly affef:ted. This indicates that the_lncr_ease in 'quequency(lo MHz). At lower pressures, however, the effect
velocity is effectively qffset by a cqrrespondlng INCréase Nyt collisions is mitigated while the effect of ion transit time
sheath length as the bias potential increases. The estimate f0£ .1 1as significant as the bias frequency increases. In this

the ion transit time being approximately the ion plasma fre'case, a lower bias frequendg00 s kH2 is favorable for

quency, therefore, suffices for all values of bias pmentialextracting high energy ions from the plasma
significantly greater than the ion temperature.
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