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Simulations of ion transport in a collisional radio-frequency plasma sheath
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A hybrid theoretical model, capable of describing the characteristics of a collisional sheath driven by a
sinusoidal current source and determining the energy and angular distributions of ions incident onto the
substrate, is proposed. The model consists of one-dimensional time-dependent fluid equations coupled with the
Poisson equation determining spatiotemporal evolution of the sheath and the Monte Carlo simulation predict-
ing the energy and angular distributions of ions striking the electrode, in which charge-exchange collisions
between ions and neutrals are included. Additionally, an equivalent circuit model in conjunction with the fluid
equations is adopted to self-consistently determine the relationship between the instantaneous potential at a
rf-biased electrode and the sheath thickness. It is found that the collisional effects would influence the height
of the energy peaks in the ion energy distributions and the ion angular distributions.
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I. INTRODUCTION work [14], Lieberman studied collisional effects on the rf
sheath dynamics based on the step model, but the author
In processing plasmas, it is well known that the ion en-assumed that the average ion potential energy gains from the
ergy and ion angular distributiof$EDs and IADS arriving  rf electric field dissipate fully in the charge-exchange colli-
at the substrate are crucial in etching and deposition rates gions between the ions and the neutral particles. However,
the film as well as the surface topography evolution. In ordesuch a collisional rf sheath model is only suitable to describe
to produce the desired anisotropic etching, an electrode othe sheath characteristics at very high-pressure discharges.
which the substrate is placed is usually biased independentin extended Lieberman’s mod¢l5,16 was proposed to
by a radio-frequencyrf) power generator. The role of the describe the collisional rf sheath dynamics over a wide pres-
bias is to yield a sheath electric field which accelerates thgure range. It is found that the increase of the pressure can
ions from the plasma toward the substrate surface. In gemesult in reduction of the ion bombardment energy and the
eral, the motion of the ions as well as the IEDs and IADs arehin of the sheath thickness. It should be stressed that all the
determined by the spatiotemporal variations of the sheattime-dependent terms in the ion fluid equations were ne-
electric field and the collisions the ions undergo while tra-glected in the above collisional sheath model, which is ad-

versing the sheath. equate only to extremely high rf sheath voltages or high bias
To control anisotropic etching, some low-press(te50  frequencies.
mTorr), high-density (1610 cm %) plasma sources, In addition, the effects of the rf sheath collision processes

such as inductively coupled plasma source, is often used ion the IEDs and IADs have been simulated with the Monte
the plasma etching processes. In this case, due to the she&hrlo method17—-20 which includes both the charge- and
thickness being much less than the ion mean free path, it imomentum-transfer collisions of ions with neutrals. In these
reasonable to neglect the collisional effects on the motion o§imulations, however, some parametric models describing
ions in the sheath. Thus, the ions strike the surface with higlthe sheath electric field were used to simulate the ion trans-
energy and momentum concentrated in the direction normalort for reducing the costing in computation. The parameter-
to the surface. For the collisionless rf sheath, the characteized sheath electric field depends on the sheath thickness and
istics of the sheath can be well described by the cold iorthe potential on the electrode. Recently, the spatiotemporal
fluid model coupled with Poisson’s equatifih-10]. In par-  sheath electric field given by extended Lieberman’s model
ticular, it has been found both theoretically and experimenwas used in the Monte Carlo simulatiofl].
tally [5,10—-13 that, at low-pressure discharges, the IEDs are Actually, when the bias frequency is less than or equal to
bimodal when the rf-biased source frequency is less than thihe ion plasma frequency, one has to consider the time-
ion plasma frequency. dependent terms in the ion fluid equations. In this case, the
In the field of film deposition, however, discharge pres-motion of the ion is determined by the instantaneous sheath
sures can be up to hundreds of mTorr, which would leacklectric field, not the time-averaged field. For collisional rf
the ion mean free path close to the sheath thickness. Thusheaths, to the best of our knowledge, there were no studies
one has to consider the collision effects on the motion of ionseported on the sheath characteristics by including the time-
in the sheath. In recent years, significant progress has beelependent terms in the ion fluid equations. On the other
achieved in studies of the characteristics of the collisional rhand, it is well known that, due to the effects of the sheath
sheath using various approximate methods. In a subsequepiding, the potential on the electrode is not exactly equal to
the sinusoidal voltage supplied by the bias power. Thus, it is
not suitable to simulate the ion trajectories in the rf sheath
*Email address: daizhl@dlut.edu.cn using the parametrized sheath electric field.
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In this paper, we wish to use a hybrid model to study thefield. In contrast to the step modél4—16, here we consider
characteristics of collisional sheaths. The hybrid model willthat the electron density in the sheath changes continuously
include two parts: the dynamics model of the collisional rfand is given by the Boltzmann distribution
sheath and the Monte Carlo model of the ion transport across
the sheath. This paper is outlined as follows. In Sec. Il the ()= ex;{ev(x’t)) @
dynamic model of the collisional rf sheath is described by e 0 kgTe |’
the ion fluid equations which includes all the time-dependent
terms and an equivalent circuit model. Some numerical rewhereng is the plasma density . is the electron tempera-
sults of the amplitude of potential on the electrode and thdure, andkg is the Boltzmann constant.
average sheath thickness as well as the spatiotemporal varia- It is necessary to choose the appropriate boundary condi-
tion of the electric field are also shown in the section. Thentions before solving Eqsi1)—(3). According to Riemann’s
in Sec. IIl, the spatiotemporal variation of the electric field istheory[24], the Bohm criterion is not valid for the collisional
further used in the Monte Carlo simulation of the collisional sheath boundary. In this case, one should consider the exis-
jon transport across the sheath to determine the IEDs arf@nce of a presheath region between the bulk plasma and the

IADs striking the substrates. Finally, a short summary issheath. At the presheath-plasma boundaryd,, the ion
given in Sec. IV. density should be equal to the bulk plasma density,

ni(dp,t)=no, ®)

II. DESCRIPTION OF SHEATH MODEL

We consider that a rf-bias power is applied to a planalar_‘d ions co_ming from the bu_Ik plasma enter the presheath
electrode inside a plasma. Then, a rf sheath will be formedVith @ velocity equal to zero, i.e.,
near the electrode surface where collisions in the sheath u(d,,t)=0 (6)
should be included. The plasma which consists of single neRe '
charged ions and electrons is described by a two-fluid mode|n addition, the potential at the boundary is assumed as zero,
We may neglect the ion thermal motion effects since the ione
temperature is much smaller than the directional kinetic en-
ergy in the sheath regions. In the following, a one- V(d,,t)=0. (7)

dimensional configuration, with the electrode placedxat
=0, is adopted. Thus, the one-dimensional spatiotempordP” the other hand, at the sheath-presheath boundary,
variation of the ion densityy,(x,t), and the ion drift veloc- —Js(t), we assume that the ion density is equal to the elec-

ity, u,(x,t), are described by the cold ion fluid equations TN density, i.e., the quasineutral condition,

an;  a(ny;) _0 n ni(ds,t) =ne(ds,t). (8
dt IX ' Here we should stress that, in contrast to the presheath-
plasma boundary, the sheath-presheath boundary is instanta-
ML Mo e N " (zy Neous in the time.
at ' ox m; dx Yt Finally, we assume that at the electrode=(Q) the poten-

tial is equal to an instantaneous voltage, i.e.,
wherem; is ion mass ane is the electronic charge. In Eq.
(2), vm=Uu;No(u;) is the total collision frequency for mo- V(0t)=Ve(t). 9
mentum loss, wherH is the neutral gas density,(u;) is the ) .
total collision cross sectiofi22,23. The electric potential !t iS well known that the instantaneous voltage depends on

inside the sheath is governed by the Poisson equation ~ not only the applied rf power, but also instantaneous charac-
teristics of the sheath itself. The relationship between the

2V e instantaneous voltag®.(t) and the instantaneous sheath
— = —(ni—ny), (3)  thicknessdg(t) can be determined self-consistently by the
IX o equivalent circuit model10]

where the electric potentiaV(x,t), is related the sheath () = 1o(t) = 1 g(t) = maxSiN(27f1). (10)

electric field, E(x,t), by E(x,t)=—dV(x,t)/dx. Heregq is

the permittivity of free space an,(x,t) is the electron den- Here, the first two terms on the left-hand side are the ion
sity. In a previous sheath modél4—16, the time-derivative current and the electron current incident on the electrode,
terms in Egs(1) and(2) are omitted and the potentidlx,t) respectively, and the third term is the capacitive displace-
in Eq. (2) is replaced by a time-averaged potential, which isment current due to temporal variation of the voltage at the
valid at high frequencies. In the present model, we retain alelectrode, whereas the term on the right-hand side is the
the time-dependent terms in the ion fluid equations, so theapplied rf-bias current with the amplitudg,,, and the fre-

the model is valid over a wide bias frequency range. guencyf. The expressions df,(t), 1.(t), andl4(t) can be

Due to the electron plasma frequeney,. being much found in Ref.[10].

higher than the rf frequency, we can assume that the elec- Now we get a set of closed nonlinear equations that
trons are inertialess and respond to the instantaneous electdetermines the spatiotemporal dependence of the collisional
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FIG. 1. The dependence ¢d) the amplitude of the potential at 0.0

the electrode anéb) the average sheath thickness on the pressure
for different plasma densities. All the graphs have the same rf-bias
powerP=50 W, bias frequency=13.56 MHz, and electron tem-
peraturekgT.=3 eV.

1.00

) ) N FIG. 2. The spatiotemporal profiles of the sheath electric field
rf sheath. The above equations with the boundary conditionfor (a) the collisionless case arfh) a discharge pressure 300 mTorr.

will be solved numerically by using a finite difference The plasma density is 1:010'° cm~2, and other input parameters
scheme with an iterative proce$40]. In the following are the same as those used in Fig. 1.
simulations, we take an argon discharge as an example

in which all the base values of the input pr?:ﬁrameters, SUCkhe collisional effects play different roles in variations of the
askgTe=3 eV, f=13.56 MHz, andA=325 cnf (the elec-  potential at the electrode for the different plasma densities.

trode area The amplitude na, Of the rf-bias current can be  \jeanwhile, we observe that, whether for the low or high
fixed by the rf-bias power as follows: plasma density, the average sheath thickness decreases as the
pressure increases.
1(- : We show in Fig. 2 that the spatiotemporal profiles of the
P= ?jo At ImaxSIN27 T Ve(1), (1D sheath electric field fofa) the collisionless case ant) a
given pressurgpg=300 mTorr. We notice from the figures

wherer=1/f is the rf cycle. Furthermore, for convenience in g:)?]t g}etﬁg”g'e%?ﬁé eﬁf;?gtfn'sr;ggiﬂzegﬁgaiﬁal?;gmtﬂzrﬂggrr'ii'
calculations, we use the Debye length, the ion plasma _ . . : P .
f . .~ field oscillates fast in a rf cycle and decreases with an in-
requencyw,;, the Bohm velocityug, the plasma density X .

P . . creasing distance from the electrode. Therefore, we may ex-
ng, and the electron temperatukgT./e to nondimensional- gy oo i
: . . . . . pect that the collisional effects on the electric field will affect
ize the positionx, the timet, the ion velocityu;, the ion . .

. - ) the ion transport in the sheath.
densityn;, and the potentiaV/, respectively.
Figure 1 shows the effects of the pressure(@nthe am-

plitude of potential at the electrode arid) the average Il ION ENERGY AND ANGULAR DISTRIBUTIONS
sheath thickness for the same power value, 50 W. It is clear
that, as the pressure is increased, the amplitude of the poten- In this section, with the spatiotemporal variation of the
tial decreases in the low-density case, while the amplitude oélectric field obtained in Sec. Il, we simulate the ion trans-
the potential increases slightly in the high-density case. Theort across the presheath and sheath by the Monte Carlo
results illustrate that, if keeping the rf-bias power constantmethod and further determine the IEDs and IADs impinging
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on the electrode. For the collisionless sheath, an ion is accelhese processes has its own collision cross section which is
erated only by the electric field and its trajectory is a linedependent upon the energy. For elastic scattering, the hard
normal to the electrode surface. For the collisional sheathsphere model is adopted:

besides the electric field acceleration, the ion will collide

frequently with neutrals, which results in momentum and g1=¢ COS(6,2), (13)
energy transfer. Thus, one may expect that ion-neutral colli-

sions in the sheath can alter the IEDs and IADs from theyheres, ande are the energy of the incident and scattered

collisionless case. ion, respectively. The scattering angle in the center of
Assume that the ion enters the presheath from the bulkyass can be obtained by

plasma, with an initial velocity which is picked randomly
from a Boltzmann velocity distribution with temperaturg, f.=cos L(1—2¢) (14)
whereT;=580 K. The motion for the ions due to the electric ¢ '

field acceleration is determined by the equation where¢; is a random number from 0 to 1. According to the

theory of the elastic two-body collision, the scattering angle
d2x(t) 0, in the laboratory can be written as
=eE(x,t). (12
d? tanf,=sin6./(1+cosé,). (15

m;

Here the electric field is calculated from the simultaneousthus, the deflection angle of the ion velocity after ittie
solution of the sheath model. collision is determined by the formula

In order to model collisions, we consider the two major _ _ _ _ _ _
collisional processes between ions and neutrals, i.e., the cose®=cosel ™ coss" +sinel( =) sin 4V sinw®.
charge-exchange collisions and elastic collisions. Each of (16
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whereWV =217¢, is the azimuthal angle of the ion velocity In the simulation, the cross sections for the elastb
and ¢, is also a random number from O to 1. scattering and the charge-exchar(g®) collisions between
For the charge-exchange collisions, as the fast ion closear™ and Ar are shown as follow£2,23:
to an Ar atom, an electron from the atom transfers to the ion,
neutralizing it. After th_e interaction the onglnal ion which is 061=40.041.0-0.0563 Ine )2 (18)
now an Ar atom continues along its previous trajectory but
will no longer experience any acceleration under the electric
field, while the original atom now becomes an ion with anand
initial velocity chosen randomly from a Maxwellian distribu-
tion. The scattering and azimuthal angles for the new ion can 0ox=47.051.0-0.0557 Ing)?, (19
be randomly determined,
where cross sections are in 16 cn? and the ion kinetic
0.=2més, V=27é&,, (170  energy,e in eV. Thus, the total cross section is given by

whereé; andé, are two random numberbetween 0 and)1 oi(e)=0g(e)+oc(e). (20
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By solving Eq.(12), one can get the ion passage distanceetches. Therefore, one can see that the plasma density and
Ax in the sheath during the time intervat. lons will suffer  the sheath electric fieltbr the amplitude of voltageas well
either an elastic collision or a charge-exchange collisioraes the collision effects are crucial factors in determining the
when the passage distande is smaller than the distance form of the IEDs and IADs.
between collisions]=—\In &, where A\=1/(Nay) is the
mean free path ands is a random numbetbetween 0 and
1). The collisional type is randomly determined by, /o;
and o /o, . After the collision, one can calculate the ion’s  In this paper, we have used a hybrid theoretical model to
trajectory and the new velocity. This process is continuedstudy the characteristics of a rf sheath and the |IEDs and
until the ion strikes the electrode. At this point, we store itsIADs on a rf-biased electrode. A one-dimensional dynamical
energy and angle of incidence. We use typically i tra- model of a collisional rf sheath has been developed to deter-
jectories to obtain the IEDs and IADs with a reasonablemine the influence of the discharge pressure on the spatial
signal-to-noise level. The input parameters in the followingdistributions of some physical quantities in the sheath, such
simulations are the same as those used in the last section.as the amplitude of voltage at the electrode, the average

Figure 3 shows the collisional effects on the IEDs versussheath thickness, and the spatiotemporal variation of the
discharge pressures for different plasma densities. At lovelectric field inside the sheath. The Monte Carlo method has
pressures, a significant number of ions experience no collibeen used to predict the energy distributions and angular
sions when crossing the sheath. As the pressure is increasetistributions of ions impinging on a rf-biased electrode. It
however, due to the ions going through a great deal ohas been shown from the numerical results that both the
charge-exchange collisions, the heights of both peaks deglasma density and the discharge pressure affect significantly
crease, especially for the high-energy peaks. Also, as thie amplitude of the potential on the electrode and the sheath
pressure increases, the location of the high energy peak dthickness. In other words, the plasma density and the dis-
creases at the low plasma density, while it increases at theharge pressure affect the characteristics of the rf sheath, and
high plasma density. The reason for this is that the locatiorurther, affect the IEDs and IADs on the electrode. In the
of the high energy peak depends on the amplitude of voltagéuture work, we will extend the present model to study the
at the electrode; see Fig. 1. effects of the active particles on the characteristics of the rf

Finally, collisional effects on the IADs are shown in Fig. sheath.
4 for different discharge pressures and different plasma den-
sities. As the discharge pressure increases, the IADs spread
to large angle regions, which results from the ions undergo-
ing a number of collisions with neutrals in the sheath. The This work was jointly supported by the National Natural
spreading in angle of the IADs has important consequenceScience Foundation of Chingrant No. 19975008and the
in plasma etching, where an anisotropic delivery of activa-Grant for Striding-Century Excellent Scholar of Ministry of
tion energy to the surface is required to obtain verticalEducation State of China.

IV. CONCLUSIONS
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