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Calculated sheath dynamics under the influence of an asymmetrically pulsed dc bias

E. V. Barnat and T.-M. Lu
Department of Physics, Applied Physics, and Astronomy, and the Center for Integrated Electronics,
Rensselaer Polytechnic Institute, Troy, New York 12180-3590
(Received 20 May 2002; published 5 November 2002

A one-dimensional model is used to describe the evolution of charged particles in a plasma sheath driven by
an asymmetrically pulsed dc bias in the frequency range of 100 kHz to 10 MHz. The temporal-spatial evolution
of the sheath is obtained through the simultaneous solution of Poisson’s equations, the ionic fluid equations and
a Boltzmann treatment of the electrons. Calculations are performed to demonstrate the effects ionic inertia and
sheath restructuring have on the temporal dependence of current and energy of the ions arriving at the driven
electrode. The temporal scale is observed to depend on the bulk density of the plasma. The pulse frequency, the
pulse duty, and the capacitive coupling of the pulse to the driving electrode are varied to demonstrate the
influence of these factors on the energy distribution of the ions extracted from the plasma to the electrode.
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[. INTRODUCTION total period of the pulsewas adjusted to introduce asymme-
try in the pulse to capitalize on the asymmetry of the ionic
Plasma based systems are used extensively for the modind electronic response to the applied fields. This asymmetry
fication of materials. The flux of charged particles from theseultimately led to the control of the energy spectrum of the
plasmas are typically responsible for the interactions thaions extracted from the plasnj§,15].
govern the modifying processes. For example, both the en- In the mentioned studig$—15, the sheath was assumed
ergy and the number of charged particles impacts the deptto be quasistatic and the ions were assumed to respond in-
and concentration of implanted species and can modify thetantaneously to the transient potentials of the driving elec-
electrical[1] or mechanical2] properties of a material. En- trode. The validity of these approximations was discussed in
ergies of ion extracted from a plasma can also influence theerms of the limitations placed on the time scales of the pulse
etch rate and selectivity of the etched matef&¥H]. During  period. Limiting time scales were expressed in terms of the
plasma based vapor deposition, such as sputtering, the eionic response time and the ratio of displacement currents to
ergy of the ions can influence the nature of microstructuratotal ionic currents to the electrodé4,15. These limiting
evolution of thin films being growm5,6]. time scales were functionally dependant on the plasma den-
In typical plasma based processing, an electrical bias isity and pulse amplitude. For typical conditions of interest,
applied to the electrode exposed to the plasma to control thie limiting time scales are on the order of one microsecond,
extraction of charge. When a dc bias cannot be employed;orresponding to critical frequencies of 1 MHz.
because of the nature of the material being processed or cou- In this study, we employ numerical calculations to de-
pling of the electrode to the power supply, a radio frequencyscribe the response of the ions to a pulsed electrode when the
(rf) bias is typically used. It is well documented that thetime scales of interest make previous approximations invalid.
energy spectrum of the ions extracted from the plasma by aiihe time scales examined in this study correspond to pulse
rf powered electrode is bimodal in nat&8]. Several stud- frequencies in the range of 100 kHz—10 MHz. The treatment
ies related the shape of the spectrum, including peak widthsf the charge in the sheath, as initially suggested by Widner,
and intensities, as being governed by the time scales of thalexeff, and Jone$16] and subsequently used by Emmert
ionic response to the applied rf field8—12. The energy [17] is employed to predict the effect of the transient poten-
spectrum was broad at low frequencies because the ions réals in the sheath on the ionic flux to an asymmetrically
spond instantaneously to the rf field and converged as thdriven electrode. This treatment assumes that the electrons
time scales of the rf period became greater than the timeespond instantaneously to changes in the potefigic-
scales of the ion transit time and the ion responds to the tim&onic response time to transient fields are much smaller than
averaged rf field. the times scales of interestnd the spatial electron density is
A series of previous articles had discussed the topic oflescribed by the Boltzmann distribution. Spatial and tempo-
asymmetrically pulse biasing a substrate for the control ofal responses of the ions to changes in the potential are ob-
charge accumulation and ultimately the control of the flux oftained through the solution of the one-dimensional ion fluid
ions extracted from the plasnia3—-15. Asymmetrical puls- equations. Poisson’s equation is used to solve for the poten-
ing was described as offering a unique alternative to standariifl in terms of the ion and electron densities. The temporal
rf techniques through the ability to control the energy distri-and spatial evolution of the sheath’s potential is obtained to
bution of the ions extracted from the plasma by varying notdemonstrate the transient nature of the sheath under the in-
only the amplitude and the frequency, but the duty of thefluence of a pulsed bias to the electrode. Energies and cur-
pulse as well. The duty of the pulgdefined as the ratio of rents of the ions to the electrode are examined as functions of
time the pulse is in the electrically biased low state, to thetime to illustrate the effect of the ionic inertia and the sheath

1063-651X/2002/66)/0564019)/$20.00 66 056401-1 ©2002 The American Physical Society



E. V. BARNAT AND T.-M. LU PHYSICAL REVIEW E 66, 056401 (2002

restructuring have on the ionic fluxes. In discussing the enence point through extrapolation of thth tracer cells that
ergies and currents of the ions, we examine the factors thafre in the spatial domain bound by the reference gell$
ultimately influence the final energy distribution of the ionsand j+1. The interpolation of the charge to the reference
extracted from the sheath. These factors include the plasnispintj is done by a linear weighing technique over the tracer
density, the shape of the applied pultiee asymmetry of the  cells in the domain of intere§18]. The electron densities are
pulse and the frequency of the pulsand the capacitive given by the Boltzmann relation as given by
coupling of the pulse to the driving electrode.

Ne=nge®kTe, 3

Il. SHEATH MODEL

) ) ) Two boundary conditions are required to solve the Poisson’s
As mentioned in the Introduction, the model used to Pr€-equation. The first boundary condition isb(x,t)

dict the evolution of the sheath was introduced by Widner,_ constant0, defining the bulk plasma potential. The sec-
Alexeff, and Jone$16] and employed by Emmefi7]. The  ,, condition is placed on the electrode’s potentiaka.

one-qlimensional equations and the procedures to obtain thqlfere, the electrode is driven by an asymmetrically driven
solutions are the same as those employed by Emmert. V\f?ulsed bias as prescribed by

briefly describe the equations and the methods used to solve

these equations for completeness. N
The evaluation space is bound by the driven electrode at ®(01)=eVejectroae= Ao+ 2y A, Sin(Nwt)
x=0 and the “bulk” plasma ak=xg, wherexg is given by n=1
N
SokTe
Xs=Npepye= N\ 2, 0 + 2 Bycognot), (43)

e“ng

whereN is a number that establishes the width of the evalu2 Fourier series, where is the angular frequency of the
ation in terms of\ pepye, the Debye lengthe, is the permit-  applied pulse of frequency, andA, andB, are the Fourier
tivity of free spacekT, is the electron temperature,is the  coefficients as prescribed by

elementary charge ant, is the ionic and electronic density

of the bulk plasma. For the calculations presented in this _€
studykT, is assumed to be 2 eV amdlis set to 30 to ensure Ao=71VLowLowt ViignTHignl: (4b)
that sufficient space is provided to shield the bulk plasma
from the fields induced by the electrode’s bias. e TLow
The evaluation space is divided into evenly spaced cells, An=ﬁ{VLOW cos< 2n - )— 1}

the reference cells, which are bound by reference points.

These reference points, and in turn the width of the reference

cells, remain fixed for the calculations. Each reference cell is +Vhigh

subsequently subdivided into cells, tracer cells, which are

bound by tracer ions. Tracer idrrepresents the average ion o

Qen3|ty and yel_ocny of t.he tracer celhs b(_)und by tracerllon Bn=-—[Viow— Vhign] Sin

i and tracer ion +1. Initially, each tracer ion of magss, , is nm

assigned the bulk density,, and an initial drift velocity,

—Ugohm [=(kTo/m;)*?], the Bohm velocity. The Bohm Viow andVyig, are the electrical potentials the electrode is

drift condition is imposed to ensure a constant flux of ionspulsed between\, o, <Vyign), 7is the pulse period (1),

from the plasma to the sheath region and can be considergd 7 ,,, and 7gn are the times that the pulse is in the low

as being caused by an acceleration from some presheath @Ad high states7= 7 oy, + Thign) . As described in more de-

gion (not treated hene The direction of the drift is from the tail by Emmert, Poisson’s equatio(®), is then scaled and

plasmax=x, to the electrodec=0. For our discussion, we iteratively solved by linearizing Poisson’s equation and using

divide the evaluation space into 180 reference cells and inia finite differencing technique. The Thomas algoritfib9]

tially begin with 1800 tracer ionsubdivide each reference was the specific technique used to carry out the finite differ-

cell by 10. encing procedure. When the obtained potential profile was
To obtain the evolution of the sheath under the appliedvithin 0.1kT, (0.2 V) of the potential profile of previous

potential to the electrode, we begin with Poisson’s equatioriteration, the iterative process was ended and the spatial po-

TLow
1—cos<2n7-r . )“ n=1, (40

, nh=1. (4d)

TLow
2nmT ——
T

relating the charge to the electrical potential, tential for each reference point for a given tirhgvas ob-
tained. The potential and the electric fields, as obtained by
PP (x,1) e the spatial derivative of the potential, were then interpolated
o S—O[ni(x,t)—ne(x,t)], (2 for each of the tracer ions.
The collisionless ionic equations of motion,

where® (x,t) is the potential at positior, at timet, andn,

is the ionic and electronic densities at positigrand at time m-ﬂ m-u-ﬂ _ —e@ (53)

t. The ion densitiem; are assigned to each of thith refer- Lot N ox ax’
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0- . : X T—xh)| -
e n#on(xut):ngon(xat_At)(WjT_))(!t)TAt- )
< -104 "Bulk" Plasma t
T—; The density of trace cejlat timet is related to the density of
= -204 —0—-90ns the same trace cell at timte- At and the ratio of the initial
%’a _30_' 145 ns cell volume(at timet— At) to the new cell voluméevalu-
a ] el ?gonis ated at time.t). After determini'ng the response of th_e trace
_f‘g 40 —o— 450 s ions to the fields and calculating the resulting trace ion den-
g —<— 900 ns sity for each cell, the new trace densities used to calculate the
7] -504 densities of the fixed reference points and the procedure de-
Electrode scribed in this section is continually repeated for tens of
60 F— ' : . . . pulse cycles.
0.0 0.2 04 0.6 0.8 1.0
(@) Position (mm) Ill. SHEATH DYNAMICS
. A. Transient sheath evolution
Sheath Expansion ) ) _ _ )

—~ 504 Using the model Qescrlbed in the preceding section, we
"~’E o calculated the evolution of the sheath under the application
* lonic Density of a 50-V pulse V ow=—60V,Vyjgh=—10V). Figures
kS 4.0 —8—-90ns 1(a) and 1b) are the calculated spatial evolution of the
e A sheath’s potential and charge density for different times after
= 3.01 —v— 1350ns the electrode is pulsed froMy;q, to V. The density of
> —e— 1800ns the argon (,=6.68<x10 ?°kg) plasma is set to 5
2 204 E'e‘mgoDe“s“Y X 10 ions m"® and the pulse frequency is 100 kHz with a
8 :'g__;s nr;s 50% duty. Two points are illustrated in Figsial and 1b).
2 1.0 —2— 180 ns First is the stability of the sheath after being pulsed, illustrat-
5 —v— 1350 ns ing the ability of the model to predict the sheath’s equilib-
5 0.0 —o— 1800ns rium structure. The second point illustrated in Fig&) and

i) 10 1.2 1(b) is the transient nature of the sheath in response to the

applied pulse. The ions require a finite time to respond to the

transient potential and require some time after the pulse to
FIG. 1. Spatial and temporal evolution ¢ the electrical po- ~ Obtain an equilibrium distribution. For the given plasma con-

tential and(b) the charge density after the application of a 50-Vv ditions, the sheath obtains an equilibrium distribution in a

(b) Position (mm)

pulse. time on the order of 500 ns.
IX B. Transient ionic flux and energy
a Ui (50) Because of the finite response of the ions to the transient

potential of the driving electrode, the temporal dependence
describe the motion tracer ions under the influence of th@f the ionic flux and the energy these ions posses when they
electric fields in the sheath. The acceleration and displacd™Pact the electrode will become complex functions of time.
ment of the ions are solved with E(sa) and Eq.(5b) using The manifestation of this temporal dependence of the ionic
the leapfrog algorithm(20] and incrementally increasing flux is in the form of displacement currents associated with
time by At. The interval of timeAt was chosen in such a the restructuring of the sheath to shield the electrode’s po-
manner as to keep the displacement of a tracer particle drifténtial from the bulk of the plasma.
ing at a speed ofig,p, from advancing more than one trace F|gures 2@) illustrates the ionic flux to the electrode as a
cell width. This prevented the draining of the sheath and ledunction of time for the 50-V pulse at 100 kH50%). Note

to a stable sheath solution. the break in the horizontal scale, to illustrate the effects of
The ionic density was obtained by employing the ionicthe transient sheath on the extracted current of the ions.
continuity condition When the electrode is pulsed fro¥fign (—10 V) to Vi 4y

(=60 V), the electrons are instantaneously repelled from the
g electrode, exposing an ionic matrix, as described by Liber-
+—(n;u;) =0. (6) mann[21]. The exposed ions that are drained from the
X sheath, to the electrode, during the restructuring of the sheath
constitute the displacement currents. As the sheath ap-
The density of thgth tracer cell was obtained by imposing a proaches the equilibrium distributidfigs. 1a and Xb), for
fixed number of ions in any given tracer cell for all times. exampld, the displacement currents decay and the ionic cur-
With this condition, the solution of Ed6) takes the follow- rent approaches that of the Bohm curréhe product of the
ing form, Bohm velocity and the ionic density of the bulk plagmar

an;
at
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FIG. 2. Temporal evolution ofa) the ionic currents ancb) the (b) Normalized Time (t/TPuIse)

ionic energies in response to a 50-V bias pulsed at 100 kHz. . L -
9 P P FIG. 3. Evolution of the(a) ionic currents andb) the ionic

conduction current. Approximately 500 ns after the pulse, theenerg|es as functions of normalized tirtrmalized to the pulse

S . . . eriod for a 100-kHz, 1- and 10-MHz pulse.
ionic current to the electrode is primarily the Bohm current” J P

that had diffused from the plasma into the sheath, calculateﬁial across the sheath. Again, this effect is manifested in the

to be 18.1 Am?. Likewise, when the electrode is pulsed ; :
. form of a lag between the ion energy and the potential across
from Vo t0 Vyign, the electrons instantaneously flow from the sheath

the plasma into the sheath because of the reduced fields in
the sheath, leaving a depleted “pre-sheath” region. Conduc-
tion current flowing from the bulk plasma will “fill in” this

depleted region, reducing the current to the electrode until an |, this section, we discuss factors that ultimately influence
equilibrium distribution of charge is once again establishedine final energy spectrum of the ions to the electrode. We
Figure 2b) illustrates the finite response of the ions to thejnitially consider the transient time with respect to the time
transient fields in the plasma that arise from the ion’s inertiagcales of the driving pulse and the impact of these time
Again, note the break in the horizontal axis used to highlighiscales on the resulting energy spectrums. We then consider
the phenomenon of interest. During the initial period after anhe factors that influence the transient time scales, in particu-
applied pulse fromVyign t0 Vi, the ions in the sheath, |ar, the density of the plasma. Finally we couple the pulsed
close to the electrode, would not obtain a kinetic energygjectrode to the applied pulgérom the “generator) by a
prescribed by the “new” voltage drop across the sheath. Agapacitor and examine the influence of the displacement cur-

time progresses and the ions in the sheath immediately aftegnts, from the restructuring of the sheath, have on the rate of
the pulse are drained to the electrode, subsequent ions thgiarge accumulation.

enter the sheath will obtain a kinetic energy prescribed by the
potential drop across the sheath. The effect of this ionic in-
ertia is manifested in a “lag” between the ionic energy to the

electrode and the potential across the sheath. The time scale The shape of the pulsed waveform, in particular, the fre-

associated with this inertial effect is on the order of 200 nsquency of the pulse and the asymmetry of the pulse, will

After the electrode is driven frond| o, to Viign, ions in the  determine the relative impact the transient behavior of the
sheath have energies prescribed by their position in theheath’s response will have on the total ion flux and energies.
sheath before the pulse, which is in excess of the new poten- Figures 3a) and 3b) illustrate the ionic flux and the en-

IV. RESULTS OF TRANSIENT SHEATH DYNAMICS

A. Pulsed waveform
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O.SW o t,, correspond to the times the ionic current to the electrodes
A : have energies in the domain &+ AE/2. The normalized

W g4 —0— 100 kHz ion count is then calculated and plotted as a functiokaf

$ o— 1 MHz Figure 4 is the resulting energy spectrum of the iops ex-
o | 10 MHz tracted to the electrode for the three pulse frequencies dis-
S 03 4 cussed100 kHz, 1, and 10 MHg using aAE of 0.5 eV. The

8 100-kHz distribution is bimodal, displaying two sharp peaks
- 0.21 centered about 10 and 60 eV, respectively. This is expected
ﬁ because the majority of the ions possess an energy as pre-
T 1. scribed by the potential across the sheath. A slight asymme-
g é:s‘..'i. try is observed for the 100-kHz spectrum caused by a small
Z 0.0 tomn o, SR Py _,_;'/,;_"_:.wu‘ contribution of the displacement currents to the total currents

10 20 30 40 50 60 per cycle. The 'sharp bimodal distribution was also predicted
using the quasistatic treatment of the sheath’s response to the
lon Energy (eV) transient pulse, as discussed in previous stuffies4,13.
_ Only slight discrepancies arise from the small but finite con-
FIG. 4. The calculated energy spectrum of the ions to an elecyption of the transient effects on the ionic flux. Factoring
trode pulsed at 100 kHz, 1, and 10 MHz. in these displacement currents, there are slightly more high-

ergy of the flux to the electrode as functions of normalizedenergy ions~60 eV) than low-energy iong~10 eV). The
time for a 50-V pulse at 100 kH&0%), 1 MHz (50%) and ~ 1-MHz spectrum is also bimodal in nature, but the two peaks
10 MHz (50%). The density of the argon plasma is 5 are broadened by the increased role ionic inertia plays in the
%X 10'® jonsm 3. The period of 100-kHz pulse, 1@s, is energies of the total ionic flux to the electrode, per cycle.
large compared to the time for the sheath to undergo restrud=inally, the 10-MHz spectrum is broad, with only a small
turing (on the order of 0.5us). As a result, only a small peaks in the high and low extreme ends of the energy spec-
percentage of the extracted current is in the form of displacetrum.
ment currents. The resulting energy of the ions extracted The degree of asymmetry of the pulse can be changed by
from the plasmaFig. 2(b)] for the 100-kHz case is predomi- changing the duty of the pulse. Figure&5 5(b), and %c)
nately the energy difference between the plagdefined as jllustrate the effect of increasing the pulse duty from 50% to
0 V) and the electrode’s potenti@itherVyygn Or Vi oy). 90% for the 100 kHz, 1-, and 10-MHz pulses. The duty of

For the 1-MHz case, the period of the pul€e us) is  the 100-kHz pulse is changed from 50% to 90% in Fig) 5
comparable to the time the sheath takes to reach an equilibxs 3 result of the change in the duty, the 10-eV peak de-
rium distribution. The_ionic flux to the elgctrode is dpmi- creases and 60-eV peak increases. This is essentially the
nantly in the form of displacement currefitSg. 3@)]. lonic g5 me pehavior as predicted from calculations using a quasi-
'”erF'a' effects are manifested more clearly in the ENErgy Oktatic treatment of the sheath’s response to the transient fields
gzg)ﬁons extracted 1o the electrode for the 1-MHz piisg. [5,14,19. The effect of varying the duty of the 1-MHz pulse

' is shown in Fig. ®). Unlike the 100 kHz, the time scales of

The final case, 10 MHz with a period of 100 ns, iIIustratest e pulse are comparable to the sheath’s time scales. With an
the behavior of the sheath when the time scales of the puls P b ‘

become smaller than the time scales of the sheath’s responé@?rease in the dgty, from 50% to 90%, the time the elggtrode
Like the 1-MHz case, the current to the electrode is in thd> pul_sed_ tVhign IS re_duced from 500 to 100_ ns, msufflcu_ant
form of a displacement current, but unlike the 1-MHz caseliMe iS given for the ions to achieve an equilibrium configu-
the sheath never obtains equilibrium. As a result of thd@tion [see Figs. @) and 3b)]. As a result, the bimodal
sheath’s inability to reach an equilibrium distribution, the Nature of the energy spectrum exhibited for the 50% duty is

magnitude of the displacement currents become reducegliminated when the duty is set to 90%. The energy spectrum
Likewise, ions in the sheath during a pulse are never comof the 10 MHz, Fig. %c), further illustrates the impact of
pletely drained to the electrode, preventing the ions froniransient response of the sheath on the energy spectrum of
obtaining a kinetic energy as prescribed by the potential ofhe ions with a change in the pulse duty. The bimodal nature
the sheath. of the distribution is suppressed at 50% duty, as discussed
The ionic inertial and ionic displacement phenomenonpreviously in terms of the sheath’s response time to transient
are taken in combination when considering the ion energyotentials. With an increase of the duty and subsequent re-
spectrum. For our discussion we obtain the ion energy spectuction of allotted time for the sheath’s response to the ap-
trum by calculating the normalized ion couqN(E;)), pos-  plied V4, the energy distribution narrows towards the

sessing energies betweBn* AE/2, as prescribed by high-energy end of the spectrum. At 90% duty, the spread of
ty: the energy is less than 20 eV. The quasistatic treatment used
E.+(AER2) ftllion(t)dt to describe the sheath’s response to lower frequency pulses
<N(Ei)>|E:7(AE/2): Trerodiion(D)dt” 8 (<100 kH2 [5,13-15 would not be able to predict the en-

ergy spectrum of the 1- and 10-MHz cases calculated in this
The bounds on the integral in the numerator in @&j.t; and  study.
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10 20 30 50 FIG. 6. The calculated evolution of tl{e) ionic currents andb)
() lon Energy (eV) ionic energies andc) the resulting ion energy spectrum for various

plasma densitie§.Vpyse=50 V at 1 MHz(70%).]
FIG. 5. Energy spectrum of ions extracted from the plasma to an

electrode driven ata) 100 kHz, (b) 1 MHz, and(c) 10 MHz at

¢ ! The impact of the plasma's density on the extracted
various dutieg50%, 70%, and 90%

charge from the plasma, to an electrode driver-80 V at 1
B. Plasma density MHz with a 70% duty, is plotted in Fig6). In Fig. 6a), the

. . current is normalized to the Bohm current from the plasma.
The sheath is a non-neutral space charge that establish P

el . 5
the potential difference between the electrode and th;ﬁleowdensmes considered range fromx 50 to 5

. 73 . . .
plasma, shielding the plasma from the potential of the elec-" ", lons m °. Clearly, as the density INCréases, th_e time
trode. The length scales associated with the screening of p(gt_equwed for the sheath to reach an eqU|I|br|um_d|str|but|on
tentials in the plasma are typically discussed in terms of théiecrease(egauged by the tlme_scales of th.e. tran§|ent c.urrents
Debye length, prescribed in E€L). The effectiveness of the and energies The decrease in the transition time with an
plasma to screen the potential is proportional to the squardicréase in density is due to a decreased sheath width and
root of the plasma’s densityl,. As a result of the screen- ultimately shortened times for the ions to transit the sheath.
ing’s dependence on the density of the plasma, it is expectehe behavior of the low density (610'° ionsm °) sheath's
that the transient nature, in particular, the amount of disfesponse to t?_e pulsegat 1 MHz is analogous to the behavior
placement current and the time the sheath requires to urf the 5x10'°ionsm * sheath’s response at 10 MHz. For
dergo restructuring, will depend on the plasma’s density. both cases, the ions do not have enough time to reach an
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equilibrium distribution. The ion energy spectrum for the —0— Transient —o— Quasi-Static ——V,__._
four densities are plotted in Fig(& using the information in 40
Figs. &) and Gb). — 1.
95 63 %) PY i — 103
. . -20
C. Capacitive coupling gg 0 120
The previous discussions had focused on the response of < '2O"F§ 2
. . . - ] -40 &
the plasma to an asymmetrically pulsed bias applied to a 5 40 3
conducting electrode. In this section, the electrode is coupled 5 604 1-50 =
to the applied pulse through a coupling capacitor. The cou- 80 160 &
pling capacitor is typically used when a dielectric material is 100l . 5 nF F 70
placed on an electrode, and is chosen to prevent deleterious 40 45
potentials from being induced across the dielectric. Because (@ Tme(l*s)
of the capacitive coupling, charge extracted from the plasma
will accumulate on the electrode and a potential will be in- —0— Transient —o— Quasi-static ——V,_,
duced across the capacitor. The rate of charge accumulation, = 10k —— e
the subsequent potential evolution of the surface and the im- S
pact of charge accumulation on the currents and energies of S -201
the charged particles extracted from the plasma had been the é
subject of previous studig$,13—19. Of particular interest 3 -301
in this discussion is the increasing importance of the dis- S .40
placement charge on the rates of charge accumulation. 8
To account for the effects of charge accumulation on the g -50-
potential of the capacitively coupled electrode, the boundary e o e 0.0
condition as prescribed by E(a is modified through the E;_ -607 &= . . ' S nF
modification of the dc termd\, in Eq. (4b). The modification g 4.0 45 5.0 55
of A is given by (b) Time (us)
Ag(t)=— lVLOWTL0W+VH|ghTH|th+ ° Q(t). (4b) —0— Transient ——O— Quasi-Static

0.4+

In Eq. (4B), C is the blocking capacitance, af@(t) is 0.3
the sum of the ionic and electronic charge to the electrode
and is a function of time. Equatio@b’) assumes that the
impedance of the blocking capacitor is less than the total
impedance offered to the pulse through the electrode’s
sheath, the bulk plasma and the sheath between the plasma to
the grounded chamber wall. This assumption of the small
impedance of the blocking capacitor with respect to(td&
pacitive impedance of the sheath-plasma-sheath system al- ) LS e
lows us to treat the voltage drop across the capacitor as being 10 20 30 40 50
only due to the accumulated charge. An order of magnitude (c) lon Energy (eV)
calculation of the sheath’s capacitance is obtained by consid-
ering the charge in the sheath to be on the order of 1 FIG. 7. A comparison of the temporal evolution @ the total
% 10 jons m® for a 5x 10 ions mi-3 bulk plasma. Using currents andb) the electrode potential to an electrode as predicted
the area of 0.031 Fn(O 2 m or 8-inch diametgr a sheath by the quasistatic and transient treatments of the sheath. The result-
width of 1 mm, and a voltage of 100 V, the sheath’s capaci ing (c) energy spectrum of the ions obtained from thecurrents
tance is approximated to be on the order of 0.1 nF. Consic@"d (k) energies[Vpyse=50V at 1 MHz(70%), Cgjoqc=5 NF-]
ering the series combination of the plasma’s capacitance and
the plasma-wall capacitance, blocking capacitances on the made between the transient treatment discussed in this
order of 1 nF satisfy the low impedance approximations restudy and the quasistatic treatment discussed in other studies
quired for the use of Eq4b’). [5,13-153. Figure fa) plots the combined ioni¢positive

For the following discussion, a 200-mm electrode isand electroninegative currents as predicted by both the
driven by a 50-V pulse at 1 MHz and 70% duty through atransient model of the sheath and the quasistatic treatment of
coupling capacitor. The density of the plasma is 5the sheath. The transient currents are mostly in the combined
% 10* jons m™3. The calculated influence of the presence ofform of displacement and conduction currents, as discussed
a 5-nF blockmg capacitor on the total current, the electrodeabove, while the quasistatic currents are just the dc conduc-
potential and the resulting energy spectrum are shown ition currents through the sheath. Figur@)7illustrates the
Figs. @), 7(b), and 7c). For each of the cases, a comparisonevolution of the electrode’s potential in time as a result of the

Norm lon Count
[an]
»
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current extracted from the sheath as calculated in FHig. 7 —0— Transient —o— Quasi-Static

Applied
The excess displacement charge to the electrode induces a 40 [—-To
potential difference on the order of 5 V, not quite discernable 2 Feperooed |00 <
in Fig. 7(b). The resulting ion energy spectrums for the two e 0 =
treatments are plotted in Fig(cJ, where there is some no- < h-30 £
ticeable difference between the two treatments. The slight g -20 {-40 £
narrowing of the energy spectrum obtained by considering 5 -40 500 pF
the transient nature of the sheath is caused by the lag of the 2 -60 150 §
ions to changes in the electrode’s potential. The differences 2 g {-60 g(%
in the peak amplitudes is a result of the excess displacement 100 70
current predicted by the transient treatment. 30 35 40 45
The same consideration is given for a 500-pF coupling @) Time ()
capacitor in Figs. &), 8(b), and &c). Figure &a) plots the
total currents to the electrodmn_lc and electronix obtained o Transient —o— Quasi-Static ——V
using the transient and quasistatic sheath treatments. The S 20- Asplied
evolution of the currents are similar to the evolution of the o
currents for the 5-nF case, with the exception that the cur- g 01
rents go to zero when the 500-pF capacitor is pulsed to E
Vhigh- For the 500-pF case afyq,, sufficient electronic 2 ool
charge is extracted to bring the surface to the floating poten- £
tial (an equilibrium potential where the ionic flux from the 8
plasma equals the electronic flux from the plagnmasplace- w 401
ment currents are observed to play a more noticeable role in -
the evolution of the electrode’s potential as illustrated in Fig. % -601
8(b). The resulting ion energy distributions predicted by the g 30
two treatments are plotted in Fig(d. Clearly, the distribu- (b) '
tion predicted by the transient treatment is considerably nar-
rower than the distribution predicted by the quasistatic treat- i . .
ment. This narrowing of the distribution results not only 0.25- —0— Transient —0— Quasi-static
from the ionic lag, but the increased role the displacement
charge plays in the evolution of the potential’s surface. 0.201 g
=
3
V. SUMMARY AND CONCLUSION O 0.154 500 pF
A model was used to predict the behavior of a sheath, in ﬁ 0.10-
particular, the restructuring of the sheath and the ionic re- ‘é’
sponse to an asymmetrically pulsed dc bias. The model and S 0.05-
procedures used to solve for the sheath’s evolution in time Z
and space were described. The spatial and temporal evolu- 0.00- NS
tion of the sheath’s charge and potential were plotted to il- 0 10 20 30 40 50 60 70
lustrate the time scales associated with the sheaths response © lon Energy (eV)

to the pulse. Temporal evolution of the ionic current demon-
strated the effect the sheath’s restructuring had on the cur- F|G. 8. A comparison of the temporal evolution @ the total
rents to the electrode. The current was composed of both @urrents andb) the electrode potential to an electrode as predicted
displacement and conduction component. The dependence b§ the quasistatic and transient treatments of the sheath. The result-
the ionic energy in time also illustrated the lag between théng (c) energy spectrum of the ions obtained from takcurrents
applied potential and the kinetic energy the ions obtain. Thisnd (b) energies[Vp =50 V at 1 MHz(70%), Cgjocc= 500 pF.]
ionic lag was discussed in terms of the ion’s motion in the
sheath prior to the application of the transient bias. The laghese transient effects with respect to the total ion flux ex-
was the manifestation of the ionic finite time to cross thetracted from the plasma, per cycle. Specifically, time scales
sheath. lon energy distributions were obtained using the cabf the pulse were discussed with respect to the time scales of
culated temporal response of the ionic current and energiethe transient response of the sheath. For a bulk density of 5
The transient behavior influenced the energy distributions inx 10*¢ ions i 3, the energy spectrum of the ions from the
two ways. First, displacement currents changed the relativplasma driven by the low frequency pul§€00 kH2 was
percentages of the flux to the electrode at any given timessentially unaffected by the transient effects while the spec-
during a cycle. Second, the ionic lag caused a smearing, drum of the ions driven by both the 1 and 10 MHz were
broadening, of the high- and low-energy peaks and a narrowsignificantly influenced by the transient behavior of the
ing of the spectrum, in general. sheath’s response to the pulse. Time scales of the sheath’s
Discussion was given in terms of the relative impact ofresponse were then discussed in terms of the plasma’s den-
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sity. With an increasing availability of charge, correspondingglected in the quasistatic treatment of the sheath in previous
to an increasing effectiveness to shield the bulk plasma fostudies. Comparison of cases employing low frequency
the electrode’s fields, there was a decreasing time for the<100 kH2 or large capacitive coupling suggest that the
sheath to undergo restructuring. guasistatic treatment can be used as a good approximation of
Finally, the effect of coupling the applied pulse to the the sheaths behavior. On the other hand, as the timescales
electrode, was discussed. The evolution of the charge frorﬁpproaeh those associated with the response of the ions to
the plasma and the energy of the ions to the electrode wefge transient fieldshigh frequency limit or the role of dis-
calculated for two capacitive couplings using the transienplacement currents cause a significant induced potential
sheath treatmen@diSCUSSEd he)eand a qua.SiStatiC sheath across a b|0cking Capacit(gma” Capacitance ||mmhe qua-

treatment|5,13—13. Comparison of the currents and ener- sjstatic treatment becomes inaccurate and the transient treat-
gies were made between the two treatments. For the larg@ent described here is required.

capacitance casé® nF little difference is observed between

the two cases, while a significant difference is observed be-
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