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Abstract

We present a review and analysis of ion energy distributions (IEDY arriving at the
target of an of discharge. We mainly discuss the collisionless regime, which is of great
intereat to experimentalista and modelers studying the high density discharges in which
the sheath is much thinner than in conventional RIE systems. We assess what has been
done so far and determine what factors influence the shape of the IEDs. We also briefly
disruss collisional effects on the [EDs. Having determined the important parameters,
we perform some particle-in-cell (PIC) simulations of & eollisionless current-driven of
sheath which show that ion modulations in an 1f sheath signifiecantly affect the IED=
when Ty /Ty < 1, where T,y is the ion transit-time and 7 is the of period.



1 Introduction

In processing plasmas, the ion energy and angolar distributions (IEDs and 1ADs) arriving ab
Lhe waler target are crucial in determining ion anisotropy and eteh rates. High density plasma
sources are widely studied and characterzed due to their growing use in semiconductor
manufacturing and fabrication [1, 2, 3, 4]. These plasma sources are typically operated
at higher densities and lower pressures in order to obtain higher etch rates and better ion
anisotropy at the target. Purthenmore, most high density sources operate with reduoed
sheath woltage drops in order to redoce ion bombarding damage and achieve on energy
control. In this regine, the ion motion in the o sheath is essentially collisionless since the
sheath width is much amaller than the ion mean free path, lon energy and angular spreads

due to eollisions within the sheaths are mindmal.

In contrast, due to high operating prssures (~ few hundeed mTorr) and large sheath
voltage drops (~ 1000 V), the sheaths in conventional reactive ion etching (RIE) sources are
typically collisional. Maost of the ion energy spread is caused by lon-neutral collisions, and
the IED was shown to have multiple peaks and a large spread [3, 6, 7, 8.

Because of the complexity of of sheath dynamics, most caleulations of IEDs rely on
numerical methods. Closed form analyvtical expressions for IEDs in el plesma reactors ave rare
and obtainable only alter making very limiting approcimations. IEDs have been caleulated
by approcimate analytical models [9, 10, 11], the numerical integration of the equations of
motion [12, 13, 5, 6, 8, 14], Monte-Carlo simulations [15, 16, 7, 17, 18], amd particle-in-cell
(PLC) methods [19, 20].

The energies of the bombarding lons have been measured by electrostatic deflection anal-
vaers [21, 22, 23, 24, 25, 26, 3, 27|, cylindrical mirror analysers [28, 20, 30, 31, 32, 33, 34|
or retanding grid analysers [53, 6, 7, 4 35, In sons casesgquadrupole mass spectoometers
were used b male mass resolved measurements, making it possible w compare the IEDs of

different lonic species in the same discharge.

In this paper, we review and discuss [EDs within an of sheath. In a collisionless de

discharge, we expect the IEDs to be monoenergetic about eV, where V, is the de sheath



voltage drop. However, in ol discharges, ion modulation can canse large ion energy spreads,
which can also give dse to angular spreads. First we examine some analytical models of
the collisionless ef sheath in both the high and low frequency regimes. These reglowes will
b deseribed below. For the low Fequency regime, we intraduce an analytical model for an
rf sheath, This model compares well with the more accurate numerical model of Metze ot
al [36] (1986), and it provides analytical solutions for the voltage and current wavelorms in
a low [requency of sheath, The model is also used to simplify the caleulations made by Song
et al [37] (1990) in deriving the bias voltage between electoodes in an asynunetric discharge.
Second, we look at some more complicated numerical models of the collisionless of sheath,
Third, we briefly discuss the effect of collisions on IEDs and IADs. Fourth, we describe
gome of the experdmental results on IEDs in of sheaths. Finally, we discuss the results of

particle-in-cell (PIC) simulations of an of sheath.

2 Theory of the Collisionless RF Sheath

2.1 High and Low Frequency Regimes

In collisionless sheaths, the crucial parameter determining the shape of the IEDs is ijflﬂ',.j =
Ll..lll'lu.l,m: where 7rp = Eﬂjn"r.u ia the rf period amd T = Eﬂ]flm,m ig the time an ion takes o
traverse the sheath when the sheath drop is at its de value. If we assume a collisionless
Child-Langmuir space charge sheath, then the spatial variation of the sheath potential is
Eiven by

Wizl = {-:]Iq.,fz: (1)
where ) = (0.5 /(4e,) 3 M/ (2¢))V2 is independent of x, and x = 0 is defined at the wall.
Here, J is the ion current density in the sheath, and M is the ion mass. Also, if we neglect

the initial ion veloeity, then the ion velocity is given by v(x) = (2eV;(x) /M2, So,

¥ d.f- M ]Jr:i ¥ 4 M ]Jr:i M ]JI"_;_
— [ |— y Jl“-:‘.|:,|',_'.: — ( ) 3_];3 = 3_( -) \ 2
Ten Jl; vz (Enﬂ;) J[:I * 2o y : Zel; ' (2




where 3 is the time-averaged sheath thickness, and V, is the mean sheath voltage. Dividing

by 77y, we obtain
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For the low frequency regime I:*r,m_ll"*r,.f < 1), the ions cross the sheath in a small fraction

of an el cyele and respond to the instantanecus sheath voltage, Thus, their Gnal energies
depend strongly on the phase of the of epele in which they enter the sheath. As aresult, the
LED is broad and bimodal, and the IED width AE; approaches the maximum sheath doop.
The two peaks in the distrbution eorrespond to the minimum and maximoum sheath drops

(L., where the voltage is most slowly varying). [See Fig. 1].

For the high frequency regime (Tionftrp 30 1), the ions take many rf cycles to cross the
sheath and can no longer respomnd to the instantaneous sheath woltage, Instead, the ions
respond only to an averape sheath voltage, and the phase of the cycle in which they enter
the sheath becomes unimportant, sesulting in a narrower IED. In this high fequency regime,
MAE; was caleulated analyiically for a collisionless sheath by Benoit-Cattin et al [9] (1967)
and found to be directly proportional o rrﬂ"ﬂm. Thus, as ﬂmfr,.‘r increases, the IED width
shrinks and the two peaks of the [ED approach each other until, ab some point, they can no

longer be resol ved.

2.2 Jon Plasma Frequency and lon Transit Frequency

Some authors take the natural feequency of ions in the sheath to be the ion plasma frequency
wipy rabher than the ion transit [requency wig. For typical parameters, wy Al wigy may be
clese in value. We define the ion plasma frequency wy = (nge? /(e M))V/2, where n, is the
bulle plagma density, and the ion transic frl”.‘l.]_LI.I‘l[ll:J.’ whem = Eﬂ}"'r,m = EﬂI:EnF}fM]]’rﬂfl:ﬁﬁ].

Then,

Y 38 (e )”“ (4
20



We obtain the mean sheath width # in terms of mean sheath voltage V; by using the colli-
sionless Child-Langmuir law
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The ion current density in the sheath is given by

Ji = engug == 0.6ln,up, (6]

where i, is the bulle plasma density, n; is the ion density at the presheath-sheath boundary,

and ug = (KT, /M) is the Bohm velocity. This implies
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For typical operating conditions, the presheath voltage drop V) = £7,/(2e] ~ 1V, amd the
de sheath voltage ¥V, =~ 100 ¥ 30 that I'.I.JF,_II'II'.IJ:m = 1. Thus, it is not surprising that wpi and
ign Are used interchangeably in the literature. However, strictly speaking, it is wy,, that
determines the ion behavior in the sheath and not wy, which is the natural froquency of the

ions in the bulk plasoa.

2.3 Analytical Calculation for the High Frequency Regime

Benoit-Cattin et al [9] (1967) analytically caleulated the IED and AE; in the high frequency
reEine (T /Ty 3 1) for a collisionless rf sheath. They mssumed (i) a constant sheath width,
{#i} a uniform sheath electric field, (i#i) a sinusoidal sheath voltage V,(t) = V, + V,sin wt,
and (#v) zero initial ion velocity at the plasma-sheath boundary, The resulting expressions

for AFE, and the IED are
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