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Abstract. We present a review and analysis of ion energy distributions (IED) arriving at the
target of a radio frequency (rf) discharge. We mainly discuss the collisionless regime, which
is of great interest to experimentalists and modellers studying high-density discharges in
which the sheath is much thinner than in conventional reactive ion etching systems.

We assess what has been done so far and determine what factors influence the shape of the
IEDs. We also briefly discuss collisional effects on the IEDs. Having determined the
important parameters, we perform some particle-in-cell simulations of a collisionless
current-driven rf sheath which show that ion modulations in an rf sheath significantly affect
the IEDs whery;,,/7,s < 1, wherer,,, is the ion transit time and., is the rf period.

1. Introduction mirror analysers [28-34] or retarding grid analysers
[4,5-7,35]. In some cases, quadrupole mass spectrometers
In processing plasmas, the ion energy and angularwere used to make mass resolved measurements, making it
distributions (IEDs and IADs) arriving at the wafer target are possible to compare the IEDs of different ionic species in the
crucial in determining ion anisotropy and etch rates. High- same discharge.
density plasma sources are widely studied and characterized  In this paper, we review and discuss IEDs within an rf
due to their growing use in semiconductor manufacturing sheath. In a collisionless dc discharge, we expect the IEDs
and fabrication [1-4]. These plasma sources are typically to be monoenergetic abou¥/,, whereV, is the dc sheath
operated at higher densities and lower pressures in order toyoltage drop. However, in rf discharges, ion modulation
obtain higher etch rates and better ion anisotropy atthe targetcan cause large ion energy spreads, which can also give
Furthermore, most high-density sources operate with reducedrise to angular spreads. First, we examine some analytical
sheath voltage drops in order to reduce ion bombarding models of the collisionless rf sheath in both tigh- andlow-
damage and achieve ion energy control. In this regime, thefrequency regimes. These regimes will be described below.
ion motion in the radio frequency (rf) sheath is essentially For the low-frequency regime, we introduce an analytical
collisionless since the sheath width is much smaller than the model for an rf sheath. This model compares well with the
ion mean free path. lon energy and angular spreads due tanore accurate numerical model of Meteal [36] (1986),
collisions within the sheaths are minimal. and it provides analytical solutions for the voltage and current
In contrast, due to high operating pressures (approxi- waveforms in a low-frequency rf sheath. The model is also
mately a few hundred mTorr) and large sheath voltage dropsused to simplify the calculations made by Saetgal [37]
(~1000 V), the sheaths in conventional reactive ion etching (1990) in deriving the bias voltage between electrodes in
(RIE) sources are typically collisional. Most of the ion en- an asymmetric discharge. Second, we look at some more
ergy spread is caused by ion—-neutral collisions, and the IED complicated numerical models of the collisionless rf sheath.
was shown to have multiple peaks and a large spread [5-8]. Third, we briefly discuss the effect of collisions on IEDs and
Because of the complexity of rf sheath dynamics, most |ADs. Fourth, we describe some of the experimental results

calculations of IEDs rely on numerical methods. Closed on IEDs in rf sheaths. Finally, we discuss the results of PIC
form analytical expressions for IEDs in rf plasma reactors simulations of an rf sheath.

are rare and obtainable only after making very limiting
approximations. IEDs have been calculated by approximate
analytical models [9-11], the numerical integration of the
equations of motion[5, 6, 8, 12-14], Monte Carlo simulations 5 1 High- and low-frequency regimes
[7,15-18] and particle-in-cell (PIC) methods [19, 20].

The energies of the bombarding ions have been measuredn collisionless sheaths, the crucial parameter determining the
by electrostatic deflection analysers [3,21-27], cylindrical shape of the IEDS i8;,,/t.f = @/wjon, Wheret,; = 2 /w

2. Theory of the collisionless rf sheath
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Figure 1. A bimodal ion energy distribution.

is the rf period and;,, = 27 /w;,, is the time an ion takes

to traverse the sheath when the sheath drop is at its dc value
If we assume a collisionless Child—Langmuir space charge
sheath, then the spatial variation of the sheath potential is

given by
Vi(x) = C1x*? @)

whereCy = (9J; /(4€0))%3(M/(2¢))*/? is independent af,
andx = 0 is defined at the wall. Herg; is the ion current
density in the sheath anif is the ion mass. Also, if we
neglect the initial ion velocity, then the ion velocity is given
by v(x) = (2¢V(x)/M)Y2. So,

5 12,5
Tion =/ dr = M / X—Z/de
o v(x) 2eCy 0

M \Y2 M \L2
2€C1 2e Vs

wheres is the time-averaged sheath thickness &nés the
mean sheath voltage. Dividing by, we obtain

3w ( M )1/2
T 2n 2eV, '

For thelow-frequency regimet,, /7., < 1), the ions

)

Tion

®3)

T,f

frequencyw;,,. For typical parametersy,; andw;,, may

be close in value. We define the ion plasma frequency
wpi = (nge?/(eoM))Y2, where ng is the bulk plasma
density, and the ion transit frequeneay,, = 27/ti,, =

21 (2eV,/ M)Y?/(35). Then,

®pi _ﬁ( noe )1/2
Wion C2n 260‘_/5 ’
We obtain the_ mean sheath widfhin terms of the mean
sheath voltag®; by using the collisionless Child—Langmuir

(4)

law 1/4 1/2
_ 2(2e € —3
=Z(= =) v 5
*T3 ( M) <Ji ) * ©)
The ion current density in the sheath is given by
J; = ensup ~ 0.61nqup (6)

whereng is the bulk plasma density, is the ion density at
the presheath—sheath boundary agd= (k7,/M)/? is the
Bohm velocity. This implies

1/4 1/2
o (Vo Y
3\ kT, 0.61nge §

wp 09172 \V_,, 091/V,\"*
~— ) Wir—I) - ®
Wion T \kT, T \W1

7

and

For typical operating conditions, the presheath voltage drop
Vi = kT,/(2¢) ~ 1V and the dc sheath voltagé ~ 100 V

so thatw,; /wi,, ~ 1. Thus, it is not surprising thab,,;
andw;,, are used interchangeably in the literature. However,
strictly speaking, it isv;,, that determines the ion behaviour
in the sheath and na#,;, which is the natural frequency of
the ions in the bulk plasma.

cross the sheath in a small fraction of an rf cycle and respond

to the instantaneous sheath voltage. Thus, their final energie€.3. Analytical calculation for the high-frequency regime
depend strongly on the phase of the rf cycle in which they
enter the sheath. As a result, the IED is broad and bimodal
and the IED widthAE; approaches the maximum sheath
drop. The two peaks in the distribution correspond to the
minimum and maxi'mum shea}th drops (i.e. where the voltage sheath voltageV, (1) = V, + V, siner and (iv) zero initial

IS most slowly varying) (see flgure 1. . ion velocity at the plasma—sheath boundary. The resulting

For thehigh-frequency regimet,,/z,s > 1), the ions expressions fon £; and the IED are

take many rf cycles to cross the sheath and can no longer
respond to the instantaneous sheath voltage. Instead, the ions 2eV. (2eVA\Y2 3V T
AEl — _ s s — 5 T
K0) ( M > b4 <r,-un)

Benoit-Cattinet al [9] analytically calculated the IED and
'AE; in the high-frequency regimer, /., > 1) for a
collisionless rf sheath. They assumed (i) a constant sheath
width, (ii) a uniform sheath electric field, (iii) a sinusoidal

respond only to an average sheath voltage and the phase of the 9)
cycle in which they enter the sheath becomes unimportant,
resulting in a narrower IED. In this high-frequency regime, gnd
AE; was calculated analytically for a collisionless sheath by
Benoit-Cattiret al[9] and found to be directly proportional to
Tr7/Tion- THUS, 8Sr;,,/ 7, increases, the IED width shrinks
and the two peaks of the IED approach each other until, at

some point, they can no longer be resolved.

" WwAE;

dn 4 - 5 -2
r = (- spE-en?] o)
wheren, is the number of ions entering the sheath per unit
time.

The calculations yield a bimodal IED with two peaks
symmetric aboutV, and A E; proportional tor, 1/ Tion (SEE
Some authors take the natural frequency of ions in the sheathfigure 2). Asw or M is increasedAE; is reduced and the
to be the ion plasma frequeney,; rather than the ion transit  two peaks of the IED approach each other. The two peaks

2.2. lon plasma frequency and ion transit frequency
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Ch et (1)
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Figure 2. The analytical IED derived by Benoit-Cattét al [9] @
for the high-frequencyt,, /7, > 1) case. The singular peaks are 2l o (1)
due to the assumption of a monoenergetic initial ion velocity — Vi
distribution.
of the calculated IED are singular because of the assumed @@T
monoenergetic initial velocity distribution. (See the appendix Ch J
for a derivation of (9) and (10).) ) = C/D —— . Vo

In a later paper, Benoit-Cattin and Bernard [10] assumed " c
amore realistic Child—Langmuir space-charge sheath electric VoCpwcosot @)1 ¢
field rather than a uniform sheath electric field when T
computing IED and\ E; in acollisionless rf sheath. They still

only considered the high-frequency regime,(/t.r > 1) — —— —

and assumed constant sheath width, sinusoidal sheath voltage (b)
and zero initial ion velocity at the plasma—sheath boundary.
The expression fof (E) is unchanged and the revisads; Figure 3-h (@ Cr?]irhCant fg?di'_Of discharge dri_\/e?] by an rf V?ltage
differs by iust a factor of 43 from the previous one: source through karge blocking capacitor. Discharge is voltage
Y 3 P driven. (b) Circuit model of discharge driven by an rf voltage
¥ >\ 1/2 o source through amallblocking capacitor. Discharge is essentially
AE; = 8e_V5 <2e VS) = % <T’7f> (11) current driven, and the circuit in (a) is redrawn with a Norton
o\ M T\ Tion equivalent current source.

This slight change suggests that while the ion modulation ]
is very important, the precise profile of the electric field in and the grounded electrode sheath G. Each sheath consists

the sheath does not change the overall ion modulation resultof the parallel combination of an ideal diodk representing

significantly. the resistive flow of electron current through the sheath to
Equations (10) and (11) show that in an rf discharge the wall, an ideal current sourdg, representing the steady

with different ion species, for each ion species, there will be flow of ions, and a nonlinear capacitar€erepresenting the

two IED peaks centred atV, with a peak splitting which flow of displacement current. In this model the bulk plasma

decreases with increasing ion mass. This feature can be use&esistance and inductance are assumed to be negligible (point

to crudely mass resolve experimental IEDs [25-27]. P in the figure).

Okamoto and Tamagawa [22] did a similar calculation to Due to the blocking capacitdr,, no dc current can flow
Benoit-Cattin and Bernard and obtained the sanig (11). to either electrode. This implies that the plasma potential
They also experimentally verified the dependenca &f on Vp(t) must be positive with respect to either electrode;
frequency ¢1/f), ionmass{M~Y?)and applied rfvoltage ~ otherwise, due to their greater mobility, more electrons than
(~Vy). ions will reach the electrodes.

We will consider a symmetric reactor in which both the
2.4. Analytical calculation for the low-frequency regime grounded and powered electrode have the samefarbiate

) ) o that the sheath voltage at the target electrode is given by
We now introduce an analytical model for collisionless rf v, ) — v, () — V;(r) while the sheath voltage at the
sheaths in the low-frequency regimg, /z,; < 1. In this ground electrode is given by the plasma poteritialr). Due
regime, the ions traverse the sheath in a fraction of the rf symmetry, we expedt,r(r) and V(1) to have the same

period andespond to the instantaneous sheath voltage drop shape but be radians out of phase with each other. We will
The purpose of this model is to derive analytic expressions yis.uss asymmetric reactors in a later section.

for the voltage and current waveforms in a collisionless rf
sheath in the low-frequency regime. A circuit model of the
discharge is givenin figure 3(a). The dischargeis driven by an do de
rf voltage sourcé/y sinwt through a blocking capacitar;,. G = av. — €0AdV
We use a simple model in which the discharge is represented

as the series combination of the powered electrode sheath Twhere Q is the charge on the wall/; is the sheath voltage

The low-frequency sheath capacitance can be written as

(12)
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and¢ is the electric field at the wallt. For a high voltage (@
(Child-Langmuir law) sheatlV; > kT,, the wall electric 200
field is (Lieberman and Lichtenberg [38, section 6.3]):
7\1/2 1/4 150
£ = 2(ﬁ) (M%) (13) s
€0 2e \5
g. 100
where the dc ion current density in the shedtlis given by
(6). Inserting (13) and (6) into (12), we obtain 50
K
€= (14) 628 314 0 314 628
s phase (rad)
where
kT A\Y4 0.04 (b)
K ~ 0.327(engeq)? (—) A. (15)
¢ 0.02
The use of an ideal diode and current source to determine '
the flow of electron and ion conduction currents, and the use < 0
ofthe capacitance (14) to determine the displacementcurrent, 2 W
is an approximation that provides considerable insightinto =~ _gop
the sheath dynamics. More accurate expressions, valid for
both low and high sheath voltages, are given by Metzal -0.04
[36]. (See also Lieberman and Lichtenberg [38, section 6.2].)
Metze et al's numerical model will be described in a later -6.28 -3.14 phaseo(rad) 314 6.28
section.
o1 (©
2.4.1. Large blocking capacitor (figure 3(a)). There are 0.075
two limiting cases depending on whether the impedance of 0.05
the blocking capacito€, is small or large compared to the — 0025
discharge impedance. For large blocking capacitors, the < 0
discharge is essentially voltage driven. In this case one or £ -0.025
the other diode is alternately conducting and the voltages _6 05
Vp(t) and Vrp(r) must sum to equal the applied voltage: o 675
Vrp + Ve = Vosinor. (16) 628  -3.14 0 314 628
phase (rad)

For ideal diodes, the conducting state has negligible voltage

drops. In this approximation, the voltage across each sheathFigure 4. Results of the simple analytical model for a

is a half-wave rectified sinusoid, as shown in figure 4(a) voltage-driven sheath: (a) sheath voltagdr), (b) displacement
current/pq(¢) and (c) total current, ;(r) versus phaser for

—2r < ot <2r. Vo =200V,C, =1F andf = 100 kHz.

Vo Sinwt O<wt (Mmod2r) <7
Vp(t) = (17)
0 7 < wt (mod2t) < 2.
A similar expression is found fofrp for the target sheath.
0 0< wt (Mod27) < 7 Ipg(¢) is plotted in figure 4(b). The singularity in (20) at
Vrp(t) = 18 = i igh- imati
Tp(F) Vo sinwr 7 < wt (Mod 27) < 2. (18) wt = 0,7 (mod 2r) is due to the high-voltage approximation

(14) for the sheath capacitance. The singularity is integrable,
Giventhese voltages, the currents in the two sheath capacitorsyhich leads to non-singular behaviour for the chage.
and in the circuit can be determined. For the grOUnded Sheath,This singu|arity is resolved in the more accurate model

we have do dv (Metze et al [36]). Summing the displacement and
Ipg = d:G = CGd—tP (29) conduction currents, we obtain for the total currents
which yields TG (1) + i = Ipg (1) + JiA
coswt
In = " Snondd 0 <@rmod2n) < Ly(t) = 0 = wr(mod2n) < (21)
PG = Irp(t) — I; = Irp(t) — J;A

0 otherwise. 0) 7 <ot (Mmod 27) < 21

T Theuse oD = CV is not strictly valid for a Child's law diode which has as shown in figure 4(0) We compare this simple analytical
field lines ending on internal space charge as well as at the walls. See the . ’ .
analysis by Llewellyn in [49] which is repeated by Birdsall and Bridges in model with the more accurate numerical results from the

[50], whereC = 0.6C,, at low frequencies. model of Metzeet al [36] in figure 5.
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Figure 5. Results of the more accurate numerical model by Metze
et al[36] for the voltage-driven sheath: (a) sheath volt&gér),

(b) displacement curretik (1) and (c) total current, ;(r) versus
phasewt for =27 < wt < 27. Vo =200V,C, =1 F and

f =100 kHz.

2.4.2. Small blocking capacitor (figure 3(b)). Now
consider the opposite limit of a small blocking capacitor
where the impedance of the blocking capacityris large

and the discharge is essentially current driven. The circuit is
redrawn by introducing a Norton-equivalent current source

L (t) = wCyVp coswt, as shown in figure 3(b). We neglect

the current through the blocking capacitor in figure 3(b) and

lon energy distributions in rf sheaths
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Figure 6. ¢, and¢; versus-.

Ipg (1) in (22) passes through zero, which yields

¢ = —cos iy (24)
wherer = I;/wC,V; is the ratio of ion conduction current
to rf current amplitude. We assume thak 1 (a strongly
driven system). The integration constaatlies in the range
—n/2 < ¢ < 0. The diode stays open over the time interval
¢1 < ¢ < ¢2, Whereg, is the phase at which the voltage
Vp in (23) passes through zerg, is given implicitly as the
solution of the equation

Sing, — singy = (¢2 — ¢1) COSP1. (25)
Hereg;, lies in the range O< ¢, < 3r/2, with ¢ ~ —2¢1
for ¢, <« 1, and¢, = 37 /2 for 1 = —m /2. A graph ofp,
and¢; versusr is given in figure 6. Hence we finally obtain
the ground sheath current

1< <2
otherwise.
(26)

@Cp,Vo(COSp — COSeH1)

Ipg(t) = 0

Similarly, we obtain the sheath voltage

CpyVo . . .
1K [sing — sing; — (¢ — ¢1) COSP1]
a,.N _
Ve (1) = 1< <¢2
0 otherwise
(27)
Vp has a maximum apmax = —¢1, given by
Cp Vi .
bomar =~ (1 COSP1 — SiNGy). (28)

2K

first consider the ground sheath. Assuming that the ground

sheath diode is open circuited, then

Ipg(t) = Ly (t) — I diode open (22)
Inserting (22) into (19) and integrating, we find
VoCyp . . .
V) = L Ising — singy — (¢ — ¢1) cosi]
diode open (23)

where¢p = wt and¢; = wt; is the integration constant. The

Forr — 0, such thay; — —m/2, we find thatv,f/c“,m

CyVo/2K.

Similar expressions to (26) and (27) hold for the target
sheath. Th&p andl»; waveforms are plotted in figures 7(a)
and 7(b) and the total current waveform across the discharge
is shown in figure 7(c). A comparison with the results from
the model of Metzet al[36] for this case is shown in figure 8.

Let us also note that, fer> 1, the diodes always remain
inashort-circuited condition, and therefore the sheath voltage

—

ground sheath changes from a short to an open circuit whenis zero for the ideal diode model. In this limit of low driving
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Figure 7. Results of the simple analytical model for the Figure 8. Results of the more accurate numerical model by Metze
current-driven sheath: (a) sheath voltager), (b) displacement et al[36] for the current-driven sheath: (a) sheath volt&gér),
current/pq(¢) and (c) total current, ;(r) versus phaser for (b) displacement curretik (1) and (c) total current, (r) versus
-2 < wt < 2. Vo =6315V,C, = 20 pF andf = 100 kHz. phasewt for =27 < wt < 27. Vo = 6315 V,C, = 20 pF and
f = 100 kHz.
current, the sheath voltages actually tend toward their values
for an undriven (dc) sheath: From the above analytical model, we see that, in the low-
frequency regimet,,/7,; < 1), the voltage drops across
kT, (1 M . ) . .
Vi & Z4ln—). (29) the sheaths are non-sinusoidal due to the nonlinear properties
2 \2 2mm of the sheath capacitances and the conduction currents. The

sheath voltages are at a minimum value for a longer portion
capacitorC,. For the largeC, case (figure 4), there is a _of the rf cycle than at a maximum valug. This implies that
negligible voltage drop acros, and the discharge is voltage 10N are accelerated by a small potential drpp for a Iarger
driven. The total voltage drofr(r) = Vrp(t) + Vp(t) fraction of the rf cycle than for a large potential drop. This
across the discharge equals the drive voltsigsinwt and effect results in IEDs vyith dominant low-energy peaks. The
is sinusoidal. However, the total currehy (r) across the ~ More accurate numerical model of Metzeal [36] shows
discharge is non-sinusoidal. In contrast, for the sidattase similar results.

(figure 7), there is a significant voltage drop acr6sand the

d?scharge is currentdriven. The to_tal qurre,l_g_(t) acrossthe 2.5. lon energy distribution at the electrodes

discharge equaleC;, Vp coswt and is sinusoidal. However,

the total voltage dropg/r(¢) across the discharge is non- Since the sheath voltage waveform is periodic, the engrgy
sinusoidal. But, in both cases, the voltage drop across eachof an ion hitting the target depends on the phase angle
sheath(Vp(¢) or Vpr(t)) is non-sinusoidal and resembles a at which the ion enters the sheath. ThusP{fE) dE is the
half-wave rectified signal. fraction of ions hitting the target with energies betwéeand

Let us compare the cases of large and small blocking
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E + dE, and P (wtp) d(wtp) is the fraction of ions entering
the sheath during the phase anglesandwzy + d(wtp), then
P(E)dE = P(wty) d(wtg) or

-1
P(E) = P(wty)

(30)

dE
d(wtg)
For both the low-and high-frequency regimes, we can
assume that the flux of ions entering the sheath from the

presheath is a constanE; = n,ug = constant. For the
low-frequency case, this is true because the sheath motion

lon energy distributions in rf sheaths

is slow compared to the Bohm velocityg. For the high-

frequency case, this is true because the ions see a constant

time-averaged sheath width. SB(wtp) = 1/(2r) for both

the low- and high-frequency regimes. This implies that for

the low- and high-frequency regimes

1 -1

dE
d(wtp)

(31)

Furthermore, for the low-frequency regime, we have

E(wty) & E(wto) ~ eVy(wto) (32)

wherets — g is the ion transit time across the sheath, so that

1 -1

dv;

d(wto) 33)

V,=E/e

1
()
o 01
°
o
1S
©
L2
5 o0t
<
=
a
£
o
£
= 1E3
w
=
A
0 50 100 150 200
E (eV)
1
(b)
T 01
o
o
£
©
2
5 oo
[
c
a
£
S
= 1E3
w
=1
=
1E-4 + : : : :
0 50 100 150 200
E (eV)

Therefore, for the low-frequency regime, given the sheath Figure 9. IEDs derived from the analytical model. (a) From the

voltage waveforn¥(z), we can deduce the IEDs.

As an example, let us derivB(E) for the case of the

voltage-driven case; (b) from the current-driven case.

voltage-driven low-frequency symmetric rf reactor described P(E), the average oP (E) over the energy window E

in the previous section. From (17) and (32), we have

eVoSinwt O<owtg<m
E(wty) = (34)
T < wty < 27.
ForO0< wtg < m,
dv; .
— Vocoswty = Vo(1 — siffwig):.  (35)
d(wto)

Noting that there are two values of, during one rf cycle
for each value ofz, we have for O< wity < 7,

1 .
P(E) = — (Vg — Vg sinf wt) "2

1

= Z((eVo)? — E?))"2 0<E <eV, (36)
T

Form < wty < 27 (an interval ofA(wtg) = 7), E(wig) =

eV (wtg) = 0, and (31) yields

b4 1
P(E) = ZS(E) = ES(E)' (37)

Expressions (17) and (28) fov,(¢) in the voltage- and
current-driven cases, respectively, can be used toHie)

for the analytical low-frequency regime model (see figure 9).
These can be compared with the IEDs derived from the
voltage waveforms of the more accurate Meéteal [36]
model (see figure 10). For both figures, we pltE)
assuming a rectangular window withe = 0.5 eV. As
expected, the IEDs have dominant low-energy peaks because
in the low-frequency regimg; (¢) is ata minimum value for a
longer fraction of the rf cycle thanitis ata maximum value. In
contrast to the analytical model, the Metteal model takes
the finite dc sheath floating potenti} (29) into account so
that the lowest value of ion impact energyis eV rather
than zero.

2.6. Sheath impedance, resistive or capacitive

Whether or not the high-energy peak or low-energy peak of
the IED dominates at low;,, /7., depends on whether or not
the sheath voltagg, (¢) is mostly at a maximum or minimum

The total IED is the sum of (36) and (37). The distribution during an rf cycle. The sheath voltage waveform depends
is broad and independent of ion mass since, in the low- strongly on the nature of the sheath, i.e. whether itis resistive

frequency regime, all ions of any mass respond to the full or capacitive. A sheath is resistive Jf > J; and it is

range of the slowly varyingV,(t). The distribution is

capacitive ifJ. <« J;, whereJ, is the conduction current

singular (but integrable) at the peaks due to the assumptiondensity and/; is the displacement current density.

of monoenergetic initial velocity distribution.

As arough approximation, let us neglect the contribution

If an energy analyser has a finite energy resolution of the electrons to the conduction current density. This
of width AE, then an experiment will actually measure impliesthat/. ~ J;, whereJ; istheion current density across
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Figure 10. |IEDs derived from the Metzet al [36] model.
(a) From the voltage-driven case; (b) from the current-driven case.

a maximum value. As a result, the two peaks of the bimodal
collisionless IEDs are more or less of equal height.

For a resistive sheath, the plasma poteritjalr) is non-
sinusoidal even when the sheath is driven by a sinusoidal
target potentialz (¢). In general, for resistive sheath; (r)
follows the positive excursions & (¢) and resembles a half-
wave rectified signal clipped at the floating potentigl.
Thus, the target sheath voltade(r) = Ve (t) — Vr(¢) is
non-sinusoidal and at a minimum value for a longer fraction
of the rf period than it is at a maximum value. As a result,
the bimodal collisionless IEDs have a dominant low-energy
peak at energf = eVpg.

Hence as;,, /7., increases, we see a transition from a
low-frequency €./t < 1), resistive {./J; > 1) sheath
with a broad bimodal IED and a dominant low-energy peak
to a high-frequencyt,,/t.r > 1), capacitive {./J; < 1)
sheath with a narrow bimodal IED and peaks of more or less
equal height.

2.7. Asymmetric discharges and bias voltages

In section 2.4, we analysed a symmetric capacitively coupled
rf reactor in which the grounded electrode areais equal

to the driven target electrode arga. Due to symmetry, the
sheath voltage waveforiify (¢) at the grounded electrode and
the sheath voltage waveforii7 (¢) at the target electrode
had the same shape but wereradians out of phase with
each other. Alsoyp(r) was positive with respect to either
electrode to ensure that no dc current flowed to the electrodes;
otherwise, because of their greater mobility, many more

the sheath. For a collisionless Child—Langmuir sheath, the electrons than ions would reach the electrodes.

ion current density is given by

‘-/3/ 2

. 46() 2e 12
N M 527

J; 5 (38)

Let a displacement current magnitude be defined by

4
Jg =200 (39)
N
This implies that
2y (Vi) 2V
Sy 2 (Yo 2V (40)
Ja 9ms\v, M

Finally, by usingr;,, = 35(M/(2¢V,))Y/2, we see that for a
collisionless sheath

Je o.2<‘:/s) (Lf)
Jd Vi Tion
For a high voltage sheath with, ~ V,, J./Js ~ T.f/Tion-

Thus, if 7;,,/7-¢ > 1, the sheath tends to be capacitive,
whereas, ifr;,, /7,y < 1, the sheath tends to be resistive.

(41)

However, most capacitively coupled reactors are
asymmetric A > Ar) since more electrode surfaces are
grounded rather than driven. In this case, not only must the
plasma be biased positive with respect to either electrode, but
the smaller electrode must be biased negative with respect to
the larger electrode to ensure zero dc current.

Figure 11(a) is the model of a low-frequency voltage-
driven asymmetric capacitively coupled rf reactor proposed
by Songet al [37]; the discharge densityy is assumed to
be uniform while the sheaths are assumed to be collisionless
and resistive. In figure 11(b), we introduce an equivalent
circuit model. The purpose of this model is to simplify
the calculations made by Sowg al in deriving the voltage
drop across each sheath and the bias voltage between the
electrodes.

Here, I,; = enougAg and I,y = enougAr are the
ion conduction currents in the grounded sheath and target
sheath, respectively. The diodes represent the resistive flow
of electrons to the electrodes. The circuit model is similar to
figure 3(a) for the voltage-driven, low-frequency analytical
model except that it ignores the sheath capacitances and
displacement currents. This approximation is valid in a
low-frequency regime where the sheath conduction currents

For a capacitive sheath driven by a sinusoidal target dominate sheath displacement currents (i.e. resistive sheaths).

potential Vr(¢), the plasma potentialVp(r) is nearly
sinusoidal so that the target sheath voltage) = V(1) —
Vr(¢) is also nearly sinusoidal. Due to the symmetryjc),
the fraction of the rf cycle in whiclV,(¢) is at a minimum
value is equal to the fraction of the rf cycle in which it is at
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Both Vp(¢r) and —Vpr(r) = Vrp(t) are plotted in
figure 12(a). Since the plasma must always be positive
with respect to the electrodegp (t) and Vpr(¢) are never
negative. Instead, the sheaths are rectifying, &nck)
and Vpr(r) are alternately positive and clamped near zero.
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Figure 11. (a) The model of an asymmetric rf discharge. (b) The
equivalent circuit model of an asymmetric rf discharge with
resistive sheaths.

The electron currents can reach the electrodes only when

the sheath voltages are near zero. Thus, one or the othe
sheath alternately limits the current to that of the ions alone.
As a result, the total current.;(r) has the square wave
shape shown in figure 12(b). Leétt; and Azg, as shown

in figure 12(a), be the time intervals for electron collection
by the target and grounded electrodes, respectively. The
blocking capacitor €, in figure 11) ensures thdf,(¢) has

no dc component. Then from figure 12(b), we must have
enougAg Aty = engugAr Atg Or

Aty _ At

= <1
At Ag

(42)

At can be eliminated by usingytr + Arg = 27 /w to obtain

At

_— 43
A+ Ag (43)

wAty = 2

Inorderto getArr /Atg < 1, adc self-bias voltag®,; .
builds up between the electrodes so that
Vr() = Ve(t) — Vpr(t) = Vosinwt — [Viias|.  (44)

From figure 12(a) withVz(¢) given by (44), we see that
Vr(t1) = Vosinwty — |Vpias| = 0 OF
wl] = Sin_l(|vbia.v|/v0)- (45)

Also from figure 12(a) and (44), we see thef (1) =
Vosinwty — |Viias| = Vr(t) = Vo Sinwty — |Viies| SO that

lon energy distributions in rf sheaths
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Figure 12. (a) Sheath voltage waveforms and (b) rf current of an
asymmetric rf discharge with; /A7 = 3.

Sinwt; = Sinwt,. Since, siwt; = Sinw(r — wt1), we also
have

wly =T — wtq. (46)
Combining (45) with (46), we obtain
wAtr = w(tr — 1) = (T — wt1) — oty
=7 — 28I (| Vias|/ Vo). (47)
Equating (43) to (47) and solving oV}, |, we obtain
Viias| = Vosin (%%) . (48)

r
The maximum potentials at the target and grounded
electrodes aré(Tmax = V0+|Vbias| andVGmax = 0_|Vhias|v
respectively. Using (48) it can be shown that fof /A7 not
far from unity (e.g.Ag/Ar < 5),
>7r/2

g

Equation (49) which has a scaling factormof2 is in closer
agreement with many experiments than an earlier high-
frequency analysis by Koenig and Maissel [40], which gave
a scaling factor of 4. Note that for a symmetric discharge
with Ag = A7, Vpiaes = 0 and the maximum target sheath
voltageVr,..x = Vo, while for a very asymmetric discharge
with AG > ATv |Vbias| = VO andVTmax = VO+Vbias = 2V0

In a related paper (Fielet al [14]), the sheath
voltage waveforms derived by Sorgf al were used to
calculate the IEDs at the smaller electrode of a capacitively
coupled asymmetric rf reactor. The spatial variation of the
sheath potential was assumed to follow the collisionless
Child—Langmuir law (1). Monte Carlo techniques were
employed to follow the ion trajectories in a time-varying
sheath. The ions were directed toward the target electrode
at a randomly chosen rf phase from a fixed plane of origin
x = l,qax Qreater than the maximum sheath width. The initial
ion velocities were randomly chosen from a Maxwellian
distribution with temperaturel;. Field et al calculated

VTmax AG

At

49
VGmax ( )
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IEDs at frequencies of 100 kHz and 13.56 MHz. (Strictly observed a systematic narrowing of the IEDs but the precise
speaking, the low-frequency regime voltage waveforms shapes of the IEDs exhibited rapid variations; they observed
derived by Songt al were not valid at the higher frequency a ‘quasiperiodic’ behaviour in the relative prominence of the

of 13.56 MHz.) They obtained the familiar collisionless low- and high-energy peaks.

bimodal IEDs. At the higher frequency, the peak splitting

was narrower and the peaks were more equal in height. 3. Numerical models of the collisionless rf sheath
2.8. Analytical model for the intermediate-frequency 3.1. Numerical model for the low-frequency regime
regimes

Metze et al [36] presented a numerical model for a

Sofar, we have seen thatin the low-frequency resistive regimecollisionless planar rf plasma reactor operating in the low-
the collisionless IED is broad and bimodal with a dominant frequency regime. Unlike the low-frequency analytical
low-energy peak. As;,/t.; increases, the peak splitting model described in section 2.4, this numerical model is valid
AE; narrows systematically and the two peaks become morefor both high and low sheath voltages. Besidgs/7.; <
equal in height. However, we often see an asymmetry in 1, Metzeet al assumed: (i) the electrons and ions had
the peak heights even when the sheath is not resistive butMaxwellian velocity distributions inside the plasma with
approaches the capacitive case (gg/t,; > 1 but not constant in time temperatures @f and 7;, respectively

much greater than 1). Sometimes the asymmetry favours(Zi < T.); (ii) the electrons had a Boltzmann density
the high-energy peak. distribution in the presheath and sheath; (iii) the electric field

Faroukiet al [11] used an idealized analytical model of \Was zero at the boundary between the bulk plasma and the
the collisionless rf sheath in order to extract the qualitative Presheath; (iv) ions entered the sheath from the presheath at

features of IEDs. I their model, they assumed a sinusoidally the Bohm velocity s = (k7./M)>. _ _
oscillating plasma-sheath boundary. Between the electrode  Figure 13(a) illustrates the electron and ion conduction
and the plasma—sheath boundary, the electric field is uniform;currents and the displacement current that flow through an
outside this region, itis zero. The extent of the sheath is given T Sheath. In the model, the potentialx) at a positionx
by —d < x < d, with the plasma-sheath boundary described ywthln the sheath is negative because the zero of potential
by x,(r) = —d coswt +), wherep is the phase of the sheath 1S chosen to be at the plasma.' A presheath voltage drop
oscillation at the time = 0 when an ion enters the sheath. Y1 = —k7./(2¢) accelerates an ion from the near zero ve-
All the ions enter the sheath from the plasma with initial OCiti€s inthe bulk plasma t@;. The ion conduction current
speed:p and initial positionx = —d. The ions impinge on dens_ltyJ,- in the sheqth IS given by (6.)' '_I'he electron con-
the target electrode at= +d. The monoenergetic incoming dUCt'OT current density, in the she?th IS given bye(v“? =
ion flux is assumed to be independent of the phase of the rf ~(¢7200./4) xp(eVs/(kT.)), wherev, = [8kT./(xm)]> is
cycle. The ion equation of motion is given by the mean speeq of the electrons. Figure 13(b) shows the
equivalent circuit model for the rf reactor proposed by Metze
dx eV, et al[36]. For the target sheatl; = V;r — Vp while for the
= mH[X — x;(1)] (50) ground sheath, = —V,. Thus, the total conduction cur-
rents reaching the target and ground electrodes are given by
where H(z_) = 1Iif z > 0andH(Gz) = 0 otherW|§e. Ir = Ar[J; + (Vy — V)]
Thus, an ion travelling toward the electrode experiences 1 1 Ve — Vp
an alternating sequence of constant-velocity and constant- = ATeno[uB exp( — 7> — =1, exp<e7>]
acceleration intervals as the oscillating plasma—-sheath ! 2 4 kT,
boundary intersects its path. The dimensionless parameterdc = Acg[Ji + Jo(=Vp)]

o = eV, /(Mw?d?) ~ (t.1/Tion)? aNdB = ug/(wd) govern A 1y _ 1. Vp
: . : = e —=)—--v.e — . (b1
the ion trajectories. Gerto| tp &XP 2 4U xP ekTe (1)
In the low-frequency limit, the model yields a broad The displacement current is given by
bimodal IED with singular but integrable peaks At =
Epin = MM%/Z andE = Euu = Epin + 22V, In the I, = d£ = dQ av. = SdVA (52)
high-frequency limit, all the ions arrive at the electrodg with dr dvs dr dr
energyeV;, resulting in a-function IED centred ak = e V. where Q is the surface charge on the electrode @hds

This simple modelyields the expected qualitative features. At the sheath capacitance. For a planar electrode of el
very low frequencies, the IED is broad, bimodal and peaked electric field€ at the surface,

at the smallest and largest possible ion bombarding energies. do 9 9

At very high frequencies, the IED is singly peaked &f. Cs = qv. = —60/ 3V dA = —eoAaV . (53)
In the intermediate-frequency regime, the ion trajectory g s s

for a giveng depends on the number of times the oscillating From (i) the ion continuity equationnup =

plasma-sheath boundary crosses the ion’s path. The resulting: (X)v; (x), (i) energy conservatiod v; (x)?/2 + e¢ (x) =
energy distributions are bimodal. lons in the high-energy O and (iii) Poisson’s equation?d/dx? = (e/€o)[n; — no
peak generally have one less encounter with the sheath field®®XP(e¢ (x)/(kT.))], we obtain

than ions in the low-energy peak. The former group of ions 1

have a longer unimpeded final run in the field before hitting ¢ _ _ 2n5kT, [exp(M> + Ve _ 2} 2. (54)
the electrode. As the rf frequency is increased, Fareti&l €0 kT, Vi
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Electrode  Sheath | Presheath  Plasma In a related paper, Metzet al [13] used the sheath
{// voltage waveforms obtained from their equivalent circuit
. ) % ) model to determine the IEDs for rf frequencies of 100 kHz and
| 'n X on 5 ) 13.56 MHz in an rf argon plasma reactor. Strictly speaking,
d . 7

their model was not valid at the higher frequency of 13.56

! _ MHz because the argon ions in the rf reactor they modelled
le /// could not respond to the instantaneous sheath voltage drop
= §¢ at frequencies higher than about 1 MHz. Metze al
i j j//j saw bimodal IEDs in which the peak splitting decreased as
- 3// frequency (orr;,, /1,) increased. They also observed that
‘ % forlow frequencies (ot;,, /7, < 1), the IEDs had dominant
5/ low-energy peaks.
7
V:: v V=0 3.2. Numerical model for the intermediate frequency

regime

The rf sheath model developed by Meteal is valid only
b V. in the low-frequency regime where the ions are essentially

c
Vrf T
inertialess and respond to the instantaneous sheath voltage
drop. A generalization of this model which includes ion
c, inertia and is valid for a broad range of frequencies was

I
proposed by Riley [41,42]. As in the Metzt al model,
A the electrons are assumed to be inertialess with a Boltzmann
distribution in the sheath. The ions in the model are
I Ce assumed to respond to a damped poterifjdk, r) which
is derived from the actual instantaneous poteritial, ) by
a relaxation relation.

Vax,t) = =(Va(x, 1) — V(x, 1))/ Tion- (56)

b

® The ion transit time across the sheagl, controls the ion’s
Figure 13. (a) A schematic representation_of ashe_ath_near an response in the rf field. |f—i0n/rrf < 1, then the damped
glfeacrtlr?fdsiggm f'\r/loer:wz‘l\e/lteilzgﬁa{i [gbg]The equivalent circuit model pote_ntiaI_Vd approaches the actual potentiéland the ion§

are inertialess. It;,,/7,, > 1, then the damped potential

V,; approaches the true time average of the actual potantial
and the ions are inertial.

The use of the damped potentigldoes not affect the ion
continuity equationg; (x,t) = n;(xo, t)v;(xo, t)/v; (x, 1),
where xo is some reference point within the plasma.
However, the ion energy conservation equation is now given

The sheath capacitancés(V,) are obtained by inserting
(54) into (53). The target sheath capacitance is given by
Cr = Cy(Vr — Vp) while the ground sheath capacitance is
given byCs = C,(—Vp). Kirchhoff’s current law applied

to the equivalent circuit model in figure 13(b) yields

d d by mivZ(x,1)/2+eVy(x, 1) =mjvi(xo,1)/2+eVy(xo, 1).
0= Cba(vrf —Vr)+ CT&(VP —Vr)t+Ir These two equations are combined to obtain the ion density,
d d ni(x, )
O0=Cr—(Vp = Vp)+Ir +Cc—Vp + 5. 55 2 —12
Tag T TG T 59 = n;(xo, 1) [1— — 2 (Valx, 1) = Vaxo, r))]
m;v; (xo, 1)

The set of circuit equations together with the expressions (57)
for Cr, Cg, It and I were solved numerically to obtain
the voltage waveformd/;(r) and Vp(r). The results of In the Metzeet al model, the first integral of the
this model have already been seen for a voltage-driven andPoisson equation was solved to obtain the electric field as
current-driven symmetricA; = Ag) rf reactor in figures 5 a function of potential. This, in turn, enabled the calculation
and 8, respectively. The sheath voltage drops are half-waveof the displacement currents in the sheath. However, for
rectified signals clamped at the floating voltage. This is the generalized sheath model, an exact first integral of the
typical for sheaths in the low-frequency resistive regime. Poisson equatiory/” = (e/€o)(n; —n.), cannot be obtained
Since the sheath drop is at a minimum value for a longer because of the dependence:pbn the damped potentid,.
portion of the rf cycle than at a maximum value, the resulting Instead, an approximate solution is obtained by assuming that
bimodal IEDs have dominant low-energy peaks as previously V andV; are related by a function only of the time variable:
seen in figure 10. Metzet al also simulated asymmetric ~ Va(x,?) = a(t)V(x, ).
rf reactors and found (as in section 2.7) that a dc self-bias  Riley tested his generalized sheath model in both the
voltage developed between the electrodes so that the smallefow- and high-frequency limits.  Fot;,, = 1,,/1000,

electrode was negatively biased with respect to the largerthe calculated sheath voltage waveform was close to the
electrode. one obtained by the low-frequency model of Metteal.
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For 7;,, = 10,4, the calculated sheath voltage waveform

was close to the one obtained by an analytic high-frequency i Vo o Yo

sheath model developed by Lieberman [39]. -4 o%ee 322k F(')R ‘f‘lzcm re1356MHz
In a related paper, Miller and Riley [43] compared the 5 30132xi07 1.0 T

predictions of the generalized sheath model with experiment ¢ 2° g 8]2&‘,"%—2 _‘2

for an rfargon discharge operated at 13.56 MHz. They found &

substantial agreement between the predicted and measured & 5[

rf sheath voltage, current and power. The numerical model 'uz: 2’

was used to calculate sample IEDs for varying inductances g ©f 3

and capacitances in the external circuit while keeping the * 2

frequency and power fixed. The calculated IEDs were 51 | \ b

bimodal, the low-energy peak did not vary much with f—_‘

variations in the external circuit. However, the high-energy e e 4 e e

peak shifted when the external circuit components were NORMALIZED ION ENERGY DISTRIBUTION (E/Epc)

varied. One possible explanation is that the IEDs were Figure 14. IEDs from Tsui [12] for different values of

calculated in a Iow-frequency regime. I.n this case, the low- a; ~ (1, /Tion)2. The unexpected disappearance of the low-energy
energy peak is determined by the floating poteritial(29) peak at highex; (lower 7, /1,/) is due to Tsui's assumption of
which is a function of the electron temperature and the ratio constant sheath width.

of the ion and electron masses, whereas the high-energy peak
is determined by the maximum sheath voltage drop which is width than the high-energy ions which enter the sheath near a

sensitive to external circuit parameters. maximum voltage. Due to their shorter path, low-energy ions
can traverse the sheath without seeing a significant voltage
3.3. Numerical model with constant sheath width spread while, due to their greater acceleration, high-energy

. ) ) ] __ions can also cross the sheath without seeing a significant
Tsui [12] nun_wencally_mtegrat_e_d the equations of motion in voltage spread. However, if we assume constant sheath
order to obtain IEDs in a collisionless rf sheath fay, /7, width, the low-energy ions stay longer in the sheath and see a
ranging from about 1 to 20 (intermediate- to high-frequency greater voltage spread, resulting in the disappearance of the
regimes). He ngfd the dependzence _of IEDs onthe paramete[OW_energy peak. If;,,/7,s ~ v > 1, the oscillating sheath
a; = 8eV /(M%) X (1, /Tion)”. TSUI calculated IEDs for 4 ndary should cross the ion’s path abptimes, resulting
a; in the range of 0.526 t0.84 x 10™" which corresponds o, ,, intervals when the ion experiences zero electric field.
Tion/Try 1N the range of about 1 to 20. ) However, for constant sheath width, the ion is continually

~In his calculations, he assumed (i) a constant sheath ;¢ qelerated once it enters the sheath, resulting in IEDs shifted
vy[dth, (]|) a spaually Imearly-varyln.g sheath electric field, toward higher energies. This is why in Tsui's IEDs the
(ii) a sinusoidal sheath voltage, (M), = 7., whereT; low-energy peaks become smaller as,/7,; enters the
and7, are the buI!( plfs\s.r.na.lon and glec@roq temperatures, intermediate-frequency regime. This implies that sheath
and (v) a Maxwellian initial ion velocity distribution at the qth oscillation must be included in order to obtain correct

H _ ' 1/2 g . . .
shezth edge W't,hfh — ('kT'l/MI?d - In generil.,T, < T, . |EDs for all 7;,,/7,¢, but constant sheath width is a valid
so that assumption (iv) is invalid. However, this assumption assumption for the high-frequency regime.

did not affect the overall results, since in Tsui's calculations

T; is important only in determining the initial ion velocity

distribution; and, for final velocity ; much greater than the 4. Collisional effects and ion angular distribution

initial velocity vg (the usual case), the IEDs are insensitive

to initial ion velocities. Also, although the assumption The ion angular distribution (IAD) in a plasma reactor is

of sinusoidal sheath voltage (assumption (iii)) is valid in anisotropic atthe presheath—-sheath boundary and at the target
the high-frequency regime, it is not strictly true in the surface. The electric field is normal to the target surface in

intermediate-frequency regime. both the presheath and sheath. So, when an ion traverses the
As shown in figure 14, Tsui also saw bimodal IEDs presheath and sheath, only its velocity component normal
centred ateV,. For lowera; (e.g.a; = 2.64 x 1073 or to the target surface is accelerated. In a typical discharge,

Tion/Trs ~ 20), the IEDs became narrower and the peaks 7. > T;. The Bohm criterion dictates that before an ion
became more equal in height. For highgfe.g.a; = 0.526 enters the sheath from the presheath, its velocity component
Or Tjon /75 ~ 1), the IEDs became wider and the low-energy normal to the target surface mustbe accelerated from aninitial
peak disappeared. Since Tsui did not lookzats> 1, he low thermal velocity in the bulk#£(kT; /M)/?) to the Bohm
had no calculations of IEDs in the low-frequency regime velocity, ug = (kT,/M)Y?. Since its velocity component
Tion/Try K 1. parallel to the surface is not accelerated from the low thermal
The unexpected disappearance of the low-energy peakvalue, the ionis anisotropic atthe presheath—sheath boundary.
for highera; (lower z;,,/7.f) is due to Tsui’s assumption of ~ The anisotropy is enhanced at the target as the ion’s velocity
constant sheath width. If;,,/7,; < 1, the ions traverse = component normal to the target surface is further accelerated
the sheath in a fraction of the rf cycle. If sheath width by the sheath electric field. This implies that faster higher
oscillation is taken into account, the low-energy ions which energy ions hit the target with narrower impact angles than
enter the sheath near a minimum voltage see a shorter sheatblower lower energy ions.
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Figure 15. IEDs measured in a collisional rf argon discharge for
various pressures from Wild and Koidl [6]. The secondary IED
peaks arise from a combination of charge exchange collisions and
rf modulation.

Let us measure the angle of incidence of an impinging
ion relative to the target surface normal. For the high-
frequency tion/7,r > 1) regime, the IED is narrow and
centred aboutV,, whereV; is the dc sheath voltage drop.
Typically, eV, > kT;. So, in the high-frequency regime,
most of the ions hit the target with high energies and narrow
impact angles, resulting in a narrow IAD. In contrast, for the
low-frequency regimet(,, /7., < 1), the IED is broad and
bimodal with a dominant low-energy peak at the dc floating
potential Vr (29) and a high-energy peak at the maximum
target sheath voltage droBy,.... Typically, Vi > kT;,
but Vi < Vrnae. SO, in the low-frequency regime, many
ions hit the target with relatively lower energies and wider
impact angles, resulting in a wider IAD. In other words, for
Tion/Try < 1, the IAD width is closely related to the low-
energy component of the IED.

In collisionless sheaths, given the initial ion velocity

lon energy distributions in rf sheaths

among the first to present experimental measurements of
IEDs indcglow discharges. Their measurements were made
at relatively high pressures where the sheaths were highly
collisional, and most ions arrived at the target with low
energies. They also presented a simple model to describe
IEDs in a dc collisional sheath, which compared well with
their empirical IEDs and which has been verified by other
experiments and simulations (Vaheeli al [45]). They
calculated the IED resulting from ion collisional drift across

a time-averaged linear sheath electric field, assuming no
ionizing collisions within the sheath. The resulting IEDs
were broad, smooth and skewed toward lower energies.

Inrf sheaths, charge exchange collisions can lead to the
formation of secondary IED peaks which are atlower energies
than the two primary IED peaks (see figure 15). The number
of secondary peaks is roughly equal to the average number of
rf periods it takes anion to cross the sheath. Thus, secondary
IED peaks are observable only foy, /7., > 1. The origin of
these peaks was first described by Wild and Koidl [5]. Recall
that the two primary peaks are due to the rf modulation of
slow ions which entered the sheath at the sheath edge and did
not experience collisions. Similarly, the secondary peaks are
due to the rf modulation of the slow ions created by charge
exchange collisions within the sheath. These peaks are at
lower energies, because the slow ions that are formed inside
the sheath do not experience the full potential drop of the ions
entering at the sheath edge.

Suppose an ion is traversing an rf sheath with/t,; =
y withy > 1,i.e.ittakes anion aboutrf periodsto cross the
sheath. Astheiontraversesthe sheath, the electronsfront
will be periodically sloshing back and forth from the target
abouty times. Suppose we look at a positighinside the
sheath at a timg when the electron front passesdyon its
way to the target. During the time interval it takes the electron
front to reach the target, bounce back and passlagain,
the local electric field afy is zero. Thus any secondary ions
created ato during this time interval will be virtually at rest
and accumulate ap. However, when the receding electron

distribution at the sheath edge, the IAD can be deduced fromfront passes by, again, the electric field ap reappears and

the IED. This is because both the velocity component normal
to and parallel to the target surface contribute to the total
ion impact energy, but only the velocity component normal

accelerates the bunched ions towards the target. The bunched
ions reach the target with the same impact endfggausing
a peak in the IED. In other words, for a fixegl we get an

to the target surface is accelerated by the electric field and!ED peak, when d/d(wto) = 0.

differs from its initial value. Thus, given the final ion impact
energy and the initial ion velocity, one can determine the final

The above analysis, however, is missing one crucial
point. Secondary ions can be created at every pginithin

velocity components both normal to and parallel to the target the sheath so that IED peaks generated by bunched ions
surface. This, in turn determines the angle at which the ion created at differento will wash each other out. Thus, not

hits the target surface.

only must the secondary ions be created at phase angles

However, for collisional sheaths, the above is no such that &/d(wto) = O, but they must also be created at

longer true since collisions can affect motion parallel to

positionssg within the sheath such thatFfdsg = 0. This

the target surface. Collisional effects become important in occurs only at discretey, resulting in discrete secondary
conventional RIE reactors operated at high pressure. BothlED peaks. While an ion traverses the sheath, the electron
elastic and charge exchange collisions occur in the sheath andront will be moving back and forth from the target about
affect the IED and IAD. In elastic collisions, fast ions scatter y times. Thus, there are at mogt positions within the
against slow thermal neutrals more or less isotropically. In sheath where the electron front can intersect the ion’s path,
charge exchange collisions, fast ions transfer their chargeThis explains qualitatively why the number of secondary IED
to slow thermal neutrals, resulting in fast neutrals and slow peaks roughly equalg = t,,/7, .

thermal ions.

Thus, collisional IEDs consist of both a broad continous

Both types of collisions broaden the IED and shift it time-averaged background skewed toward lower energies
towards lower energies. Davis and Vanderslice [44] were (described by Davis and Vanderslice), as well as structures
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due to rf modulation and charge exchange collisions
(described by Wild and Koidl). Also note from figure 15 that
at higher pressures elastic scattering (which only contributes
to the stationary background) begins to dominate over charge
exchange collisions and washes out the IED peaks.

Elastic scattering can result in ions with appreciable H,0"

velocity parallel to the target surface and can significantly _J\—/\

broaden the IADs of ions hitting the target. Charge exchange \ 4 ) .
collisions result in slow ions with no appreciable velocity © 20 40 60 80L100 (120 140 160 180
parallel to the target surface. When the electric field f—AE—1  lon Energy (eV)
accelerates these ions, most of their velocity will be normal

to the target surface. However, the IAD is still broadened Figure 16. IEDs from Coburn and Kay [23] for § H,O" and
compared to the collisionless case, since charge exchang i‘;C;?{;Z:g;‘fe%rgt’;‘g%dGel\lﬂeﬁgc’de ofa75mTorr argon rf
collisions decrease the ratio of the velocity component normal

to the target surface over the velocity component parallel ) ) .
to the target surface. Because charge exchange collision€!€ctrode spacing was 20 cm and the discharge was driven by

can produce fast neutrals that bombard the target, it may be@ Sinusoidal voltage source of amplitude 1 kV and frequency
necessary to consider neutral energy and angular distributionstO MHz. The ion transit timer;,, across the sheath was

when calculating sputter and etch yields in collisional sheaths Foughly 3 10—7. s which corresponded to 3 rf cycles. The
8, 18]. model included ionizing collisions but no elastic collisions.

When charge exchange collisions were omitted, the PIC
simulations yielded the familiar double-humped collisionless
IEDs. The simulated IEDs were compared to the high-

In order to study collisional effects on the IEDs at the freduency regime IED (10) derived by Benoit-Caténal

electrodes of rf discharges, several authors have used eithefiNd found to be in good agreement. When charge exchange
Monte Carlo or PIC methods to follow the trajectory of was taken into account, the PIC IEDs showed the secondary

particles in the presence of collisions. structures described by Wild and Koidl [5]. Vender and
Boswell also noted that when the frequency was changed
from 10 MHz @;on /7 ~ 3) to 1 MHZ (@ion/7f ~ 0.3),

the sheath voltage changed from a sinusoid to a half-wave
Both Kushner [15] and Barnest al [17] used Monte rectified signal, indicating a transition from a capacitive to a
Carlo simulations to study the IED of ions in low-pressure resistive sheath regime.

capacitively coupled rf discharges. Although both Kushner Surendra and Graves [20] conducted 1D PIC simulations
and Barneset al included collisions in their models, of an rf parallel-plate collisional helium discharge. The
collisional effects were not significant at the low pressures model included elastic and ionizing electron—neutral
they considered. Kushner assumed a time-varying spatially collisions and charge exchange ion—neutral collisions but

5. Simulations of collisional rf discharges

5.1. Monte Carlo simulations

linear sheath electric'field givenByx, 1) = =2V, (t)[S(f)—” no elastic ion—neutral collisions. The neutral pressure was
x_]/S(t)_Z, whereV;(s) is assumed to be a half-wave rectified 250 mTorr, the electrode spacing was 4 cm and the frequency
sinusoid typical of low-frequency resistive sheaths a0l of the voltage source driving the discharge was either 12 MHz

is assumed to be sinusoidal. Bareealassumed a spatially  or 30 MHz. The applied rf voltage varied from 200 to 500 V
nonlinear time-varying electric field given by Lieberman for the 12 MHz case, while it varied from 50 to 200 V for
[39]. BothKushnerand Barnesalsaw the familiarbimodal  the 30 MHz case. As expected, the simulated collisional

collisionless IEDs and noted the dependence of the IED |IEDs were skewed toward lower energiesl In the 30 MHz

shapes on;,, /7. cases, the IEDs showed the secondary charge exchange peaks
described by Wild and Koidl. In the 12 MHz cases, the IEDs
5.2. PIC simulations did not appear to have multiple structures. This leads us to

assume that;,, /7, < 1 for the 12 MHz cases. Recall from
section 4 that;,, /7., > 1 is required to see an IED with
multiple secondary peaks.

PIC simulations of rf discharges are attractive because
the fields and energy distributions can be obtained self-
consistently from first principles [46]. No assumptions need
be made about the electric field or the bulk plasma velocity
distributions. Also, collisional effects can be included in PIC 6. Experiments
models by coupling PIC methods with Monte Carlo collision
(MCC) models [46]. The only disadvantage of PIC methods One of the earliest works to show rf ion modulation was the
is that they tend to be computationally expensive compared laboratory measurements of &Ef21]. He experimentally
to other numerical methods. However, with the growing measured the IED in a Thonemann ion source using an
availability of fast, affordable workstations, this is no longer electrostatic analyser and observed the effect of rf modulation
a significant drawback, especially for one-dimensional (1D) on IED width AE;. His ion energy spectra had the
simulations [47]. characteristic bimodal shape, already shown in figure 1. He
Vender and Boswell [19] simulated a 1D parallel plate rf observed qualitatively that as the applied rf voltage was
hydrogen discharge. The neutral pressure was 20 mTorr, theraised,A E; increased.
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energy peak dominated at lower frequencies (lowgy'z, )
(see figure 17).
100 kHz 13.56 MHz The Kuypers and Hopman experiments [25, 26] were
the first results of energy measurements with an electrostatic
parallel-plate analyser at the powered rather than grounded
electrode of an rf reactor. This was technically difficult be-
cause the potential of the analyser had to follow the rf signal.
Kuypers and Hopman used optical fibres to transmit data
to and from the analyser (i.e. to control the voltage applied
between the plates of the analyser and to measure the bom-
barding ion current). Energy measurements were performed
} on asymmetric low-pressure (2—3 mTorr) argon, oxygen and
55 (‘, 5'0 700 0 2'0 ) CF, discharges driven at 13.56 MHz. For each ion _species,
there were two IED peaks centred:&t with a peak splitting
Figure 17. IEDs at the ground electrode of an rf argon discharge ~ decreasing withincreasingion mass (see figure 18). The mea-
from Kohleret al [24]. Excitation frequencies were at 100 KHz sured energy spectrums agreed well with the high-frequency
and 13.56 MHz. regime IEDs derived by Benoit-Cattét al [9]. Although no
mass spectrometer was used in the experiment, Kuypers and
Coburn and Kay [23] presented experimental measure- Hopman used the theoretical dependence Bf with M (11)
ments of the IEDs of contaminant ion species; (#t,O* derived by Benoit-Cattin and Bernard [10] to mass resolve
and EU) in a 75 mTorr capacitively coupled argon discharge their experimental IEDs. By fitting (11) with the empirical
driven at 13.56 MHz. The ion energies and ion masses wereresults, Kuypers and Hopman also determined the average
measured at the grounded electrode by an electrostatic desheath thickness Thiss was plugged into the collisionless
flection analyser and a quadrupole mass spectrometer, reChild—Langmuir current law (38) to determine the theoretical
spectively. They observed bimodal IEDs with peak splitting ion current entering the extraction hole. This was compared
decreasing with increasing ion ma¥s In fact, for the heav-  to the actual measurements of total ion current through the
iestions (E), the observed IED was singly peaked at the dc extraction hole and found to be in good agreement. This con-
sheath voltage. Thus, for larger valuesgf /7, (e.9. larger firmed that the sheath under study was well represented by a
M), the IEDs became narrower, as expected (see figure 16)collisionless sheath.
Their results also show that for low,, /7., (€.9. smallMf), Wild and Koidl [5, 6] measured IEDs at the grounded
the low-energy peak of the IED dominates. electrode of an asymmetric, capacitively coupled rf discharge
Kohler et al [24] measured the IEDs at the grounded under conditions such that charge exchange collisions
electrode of a 50 mTorr capacitively coupled argon rf plasma dominated the sheath. Wild and Koidl inverted the electrode
reactor for frequencies of 70 kHz to 13.56 MHz. They also geometry so that the rf power source was connected to the
used an electrostatic deflection analyser in combination with larger electrode while the smaller electrode was grounded.
a quadrupole mass spectrometer. The observed IEDs werérhus, they were able to measure ion energies at the smaller
narrower at higher frequencies (highgy, /7.,) and the lower electrode (which has the larger ion bombarding energies)

ArH* Current (arbitrary scale)
Ar; Current (arbitrary scale)

CF, cFy k) cF,

Ion current [a.u.]

300 500 700 900
Ton energy [eV]

Figure 18. IEDs at the powered electrode of an rf {fischarge driven at 13.56 MHz from Kuypers and Hopman [26].
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Figure 19. The PDP1 model of a current-driven sheath.

T @ W m
without having to use sophisticated optical techniques. Energy(eV)
The lon impact energies were measured by a retardmgFigure 20. PDP1 results showing IEDs of helium ions hitting the
grid analyser located at the grounded electrode. . Energytarget electrode of rf discharges driven at frequencies from 1 MHz
measurements were made on argon and oxygen dischargeg 100 MHz. The maximum sheath drdp,... was about 200 V in
driven at 13.56 MHz at pressures in the range-100 mTorr. every case.
In addition to the two primary IED peaks due to ions which do
not suffer collisions in the sheath, Wild and Koidl observed
several secondary IED peaks which they attributed to a
combination of charge exchange collisions and rf modulation. 1
At the higher pressures, the IED peaks were washed out and
the IED was broadened and shifted toward lower energies, éo_
probably due to the increasing dominance of elastic collisions 3
(see figure 15). To explain the origin of the peaks Wild and <
Koidl presented a model (see section 4) for ion transport 4
through an rf sheath which included the creation of slow
secondary ions in the sheath via charge exchange and a o
parametric expression for the sheath electric field x".
They showed that the position of the secondary IED peaks o.
depended on the spatial variation of the sheath electric field
and a discharge scaling parameter= eV,/(Mw?d?) ~
(Trf/"-'ion)z-

Manenschijnet al [27] used a similar apparatus to Figure 21. Normalized IED width versus, /., for the IED
Kuypers and Hopman to take ion energy measurements atcurves in figure 20.
the powered electrode of a capacitively coupled rf parallel- 200
plate reactor operating at 13.56 MHz, but for a wider range ] o
of pressures (2-300 mTorr) and a wider variety of gases
(Ar, Ar/Ha, N, Oy, Sks/He and C}) discharges. For low
pressures, they saw the typical collisionless bimodal IED
for each ion species with the peak splitting %2, For
higher pressures, they also saw the secondary peaks due
to charge exchange collisions described by Wild and Koidl
[5]. At the highest pressures, they also observed the general 507 o
broadening and washing out of the peaks that occur due to
elastic scattering.
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7. PIC simulation of a current-driven rf sheath s(Voltd

) . . . Figure 22. PDP1 results showing IED width versiis for CFs
We conducted a variety of PIC simulations of a current-driven jons in an rf discharge.

collisionless rf plasma sheath in order to obtain IEDs for

a wide range ofr;,,/7,,. Figure 19 shows our model for and helium ions were emitted from the source electrode at
the current-driven sheath. We used our bounded 1d3v PICthermal velocities. Aselectrons and heliumionsaccumulated
plasma code PDP1 [46,48]. In the simulation, there were between the electrodes, an rf ion sheath developed at the
two symmetric planar electrodes connected by an externaltarget electrode. After a steady state was reached, various
circuit. The source electrode was grounded and the targetdiagnostics were recorded. We chose a current-driven sheath
electrode was driven by a sinusoidal current source. Electronsin order to avoid arbitrarily setting the target potential dc bias.
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Figure 23. PDPL1 results showing IEDs and sheath voltagés) for helium rf discharges driven at 1 MHz and 100 MHz, respectively.
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Figure 24. PDP1 results showing the total, conduction and displacement currents for helium rf discharges driven at 1 MHz and 100 MHz,
respectively.

Figure 20 shows the IEDs for various applied representthe low-and high-frequency limitstor/z;,, <« 1
frequencies. In each case, input parameters were chosemand t.//7,,, > 1. Recall that for the high-frequency

so that the ion transit frequenay;,,/(27) ~ 13 MHz. regime, AE; should increase linearly with, /7., (see

As expected, we see bimodal distributions which become (9)) and for the low-frequency regimeAE;/e should

narrower as the frequency increases. approach the maximum sheath voltage drop. For our
Figure 21 is a plot OfAE; /(eVrmax) VEISUST.f/Tion, simulations, the maximum sheath voltage drop was about

where Vr,,. is the maximum sheath voltage drop. The 200 V. The simulation appears to agree reasonably well with
dots represent the simulation data while the two lines the theory.
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From (9), we also know that for low,/7;,,, AE; is Let o be the time an ion enters the sheath. Lebe the
a linear function ofV,, the rf part of the sheath voltage. time the ion hits the target. Then, integrating the equation of
We conducted a complementary set of simulations in which motion once and assumingt) = 0, we obtain
7,7/ Tion Was held fixed while we varied,. Figure 22 shows
the results of these simulations, showing the expected linear
relation betweem\ E; andV,. For this set of simulations, we

used Ck rather than He ions and kept the frequency of the . . .
current source fixed at 13.56 MHz. Let us define the dimensionless parameter

eV ev,
Mv(ty) = —(t; — t9) + —(COSwt s — COSwtg). (59)
) ws

For low frequencies (i.er;,./7.r <« 1), we expect the 2
sheath voltage to stay at a minimum value for a longer part of M
the cycle than at a maximum value, resulting in an IED with eV,

a dominant low-energy peak, whereas for high frequencies
(i.e. 700 /T > 1) we expect the sheath voltage to be nearly .
sinusoidalfresulting in peaks of more or less equal heights. Ay = 87/9(tion/Trp)?. U;mg E = Mu(i)*/2 for thg
From figure 23, we see that the sheath voltage waveformst@rget energy and rearranging (59), we get an expression for
and the relative dominance of the peaks are as expected. | ﬁhe normalized energy,

the high-frequency regime (e.g. 100 MHz), the IED peaks - 2

are nearly equal in height arid (+) resembles a sinusoidal _ 1 [w(,f — o) — K(cosmf _ coswo)} . (61)
wave. Inthe low-frequency case (e.g. 1 MHz), the low-energy ~ ¢Vs T 24, Vs

peak of the IED dominates arid(r) resembles a half-wave
rectified signal.

Also, from figure 24, we see that for the low-frequency ev, (ty — 10)2
regime (e.g. 1 MHz) the conduction current dominates and $(*) = X () — x(fo) = —— ——
the sheath is resistive, while for the high-frequency regime
(i.e. 100 MHz) the displacement current dominates and the

(60)

H
Ml

From the expression fot;,,/t,s given in (3), we see that

When we now integrate (59), we obtain

. eVi(t; — o) COSwty

sheath is capacitive. The jagged shape of the waveforms is wsM

due to statistical noise. eV (sinwty — Slnwto) (62)
sw?M

8. Conclusion Rearranging terms, we obtain an expressiorfgr

For collisionless rf plasma sheaths, the ratig,/z.f s2Ma? Aty — 1)?

determines the nature of the sheath, the sheath voltageA1 = o 2

waveform and the shape of the IEDs. Fgy, /7 < 1, the o8

sheath is reS|st|ve,_ the sheath vqltage is a half wave rectified + 2wty — to) cOSwio — (SiNwty — sinwro)]. (63)

signal and the IED is broad and bimodal with a dominant low- Vs ;

energy peak. Asi, /7 is increased, the sheath becomes o \when we assume the high-frequency case, then the
capacitive, the sheath voltage becomes sinusoidal, the two, ion transit time across the sheath is much larger than the rf
IED peaks become more equal in height and the peak splitting

eriod. Th|S|mpI|es thab (t; —10) > 1. Italso implies that
ggcrréesegsl\(j;mtll at some point the two peaks merge and cannop ~ (tin/T7)2 > 1. S0, Using (61) for the normalized

energy and (63) foA;, we note that the terms proportional
to w(ty — to) Or w?(t; — t9)? are much larger than the other
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Appendix. Calculation of IED and ~ AE; for oV A1 Ar— vw(ff — o) COSwi
Tion /Trf >1 :

L ) ) ) =1— ——w(ty — fp) COSwty. (66)
We begin with the equation of motion under the assumption VSAl

of a uniform sheath field and a sinusoidal sheath voltage Also, solving fora (¢ — fo) in the expression far; (65), we

dv e - - . obtain
Ma = E(Vs + V; sinwt). (58) w(ty —10) = \/EJr o). (67)
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Note that becausd; > 1, the ®(1) expression may be [8]
neglected. Substituting (67) into (66) for normalized energy,

we obtain [9]
A ~1-— / = coswt - (68)
[10]

This implies that the normalized energy spread is

5 5 5\ 1/2 [11]
AE; 2V,  2Vy (2eV
Ei_, 2% _ 2V (L> (69)
eV A1V, Vs \ M
[12]
This is equivalent to Benoit-Cattit al's expression foA E; 13
(9). To obtain the ion energy distribution, we note that [13]
d dn d
fE) == (7o) 14

E dl‘o dE

If we assume constantion flux, themfzy = n, is a constant. [15]
Substituting (67) and (69) into (68), we obtain

- AE; [16]
E — EVS ~ T COS(a)to + 4/ 2A1) (71)
This implies that [17]
dE AE
241 72 (18]
o (72)

Substituting this into (70) for f(E) and using the
trigonometric identity si®@ = +/1—co$6, we obtain [19]
Benoit-Cattinet al's expression
[20]
dn 2n;

4 ~ -1/2
f(E)=E=7[l AEZ(E evsﬂ . (73)

AEw [21]

Benoit-Cattinet al also made the additional assumption that [22]
V,/V, <« 1. However, from the above derivation, we see
that this assumption is not necessary to derive equations (9)[23]
and (10), provided that we assume that the ion transit time is

much larger than the rf period.
[24]
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