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Plasma sheath model and ion energy distribution for all radio frequencies
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The spatiotemporal structure of the sheath and the ion energy distriljLEiDn at the electrode of

a collisionless electropositive glow discharge were studied with a model that is valid for arbitrary
radio frequenciesrf). The model is based on the work of P. A. Miller and M. E. Ri[8y Appl.
Phys.82, 3689(1997] and uses an effective electric field to which the heavy ions respond. Given
the plasma density and electron temperature at the sheath edge, and the waveform of either the
potential or total current across the sheath, the spatial and/or temporal profiles of the following
quantities were obtained: sheath thickness and capacitance, electron and ion densities, potential, and
individual components of the current. An analytic expression for the energy split of the IED function
was also obtained. The produet; of applied radian frequenay and ion transit timer; is a critical
parameter for describing the sheath dynamics. 1999 American Institute of Physics.
[S0021-897€09)02207-0

I. INTRODUCTION sheath in a short time compared to the field oscillations. Un-

der this condition, an ion traversing the sheath experiences

the sheath voltage prevailing at the time the ion entered the
Understanding the dynamics of the sheath formed over gheath. In the absence of collisions, the IED function will

radio frequency(rf) powered electrode immersed in a plasmayeflect the variation of the sheath voltage with time. This

is important from both the fundamental and practical pomt%uasi-steady-state condition efr,<1 is satisfied for low rf

of view. The sheath dynamics controls the energy and angyrequencies or short ion transit times, i.e., thin shedliw

lar distribution of ions bombarding the electrode, which ingnastn voltage and/or small Debye lengibr ions of small

turn affect the surface reaction rate and wall profile of mi-,a¢5 At the other extreme afr;>1, ions experience many

croscopic features etched into wafers resting on the elege|q oscillations while in transit through the sheath. lons will

trode. High density plasma reactors have the advantage @fen respond to the time-average sheath potential, and the
quasi-independent control of plasma density and ion bompp function should exhibit a single peak.

bardment energyThis is achieved by separating plasma The two extreme conditions discussed above are more

production from the bias voltage applied to the substrate,\onapie to analysis since, in both cases, the sheath can be
eleé:trlode. In addmclm, thg small Deb]}/e Iengtr;:n sh:aat.m described as a dc sheath; actually a series of dc sheaths at the
and low pressure(long ion mean free pajhresult in different moments in time during the rf cycle whewr

EOLI.'S'O(T:E)e)e Zheath which mln[[ralzez the ion fngﬁl"’.‘r distri- 1, and a dc sheath at the time-average voltage whgn
ution - FOwWever, even In the absence of CollISIoNS, ANy, 4 - rne gt difficult situation to analyze is whewr;

ion energy distributiodlED) at the substrate electrode could ~_
result due to the sheath potential oscillation, even if ions
injected at the sheath edge were monoenergetic.

The critical parameter that controls ion modulation in rf
sheaths isv7; , wherew is the frequency of the applied field,
and 7; is the ion transit time through the sheath. The ion
transit time can be estimated by assuming a collisionles
Child—Langmuir(dc) sheath, and neglecting the velocity of
iozns(Bohm velocity entering at the sheath edge. The result
is

A. Sheath dynamics

The literature on rf sheaths is voluminous. Both ffid
and kinetic (e.g., Monte Carl¥~1? simulations have been
reported. One of the most important results of such simula-
tions is the IED. Most models are for either the low or the
Ié]igh frequency regimes. Monte Carlo simulations have been
performed in the intermediate frequency regithé?
Lieberman’s modélapplies to high rf frequenciesu(r;
>1) for which ions respond only to the time-average electric
field. Lieberman assumed a sinusoidal waveform for the total
7,=3sym;/(2eVyy), (1) rf current passing through the sheath. The ion cloud was not
modulated in time, and ions entered the sheath with the
wheres s the sheath t_hicknesmi is the ion massygpis the  gopm velocity. A sharp(step function moving front was
sheath voltage, and is the elementary charge. For an rf 555umed for the electrons inside the sheath with the electron
sheath, the sheath thickness and voltage across the Sheﬁ@hsity equal to the ion density on the plasma side of the
could be approximated by the corresponding time-averaggont and zero on the wall side of the front. There was no
values when using Eq1). Whenw <1, ions traverse the = gjactron particle current to the wall, i.e., the dc component of
the discharge current was not required to vanish. Godyak and
dElectronic mail: economou@uh.edu Sternber§ used a sheath model similar to that of Lieberman
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but they took into account the electron and ion conduction
currents in the sheath. On the other hand, the sheath model of
Metze et al® is applicable to the low frequency regime
(w7;<€1) for which ions are able to respond to the instanta-
neous voltage across the sheath.

However, there are many cases of plasma density and rf
bias voltage encountered in high density plasma reactors for
which neither the low nor the high frequency sheath models
are applicable. A sheath model developed by Miller and
Riley® bridges the gap between the low and high frequency
regimes. The main feature of this model is to introduce a
damped potential to which ions respond. Actually this
damped(or effective potential was used before for reactor
scale fluid plasma simulatiortd;**but had not been used for
sheath simulations. Miller and Riley made thd hoc as-
sumption that the damped potential has the same spatial detG. 1. Schematic of a sheath adjacent a biased electrode where a periodic
pendence as the actual potential. They used their model t@ltage is being applied. The time-dependent sheath thicknegs)is
calculate the electrical characteristics of a high density
plasma reactor. They also reported the IED derived from
their model but did not study the effect of process variablesabove expressions related to the IED function are valid for
on the IED. Finally, Miller and Riley did not calculate the high frequencieswr,>1. We are not aware of published
spatiotemporal profiles of important sheath varialffdseath  expressions that are valid for arbitrary valuesuwaf; .
thickness, potential, electron, and ion densjties In the present work, the model of Miller and Rifeyas
adopted to calculate the spatial and/or temporal profiles of
important sheath quantities such as: sheath thickness and ca-
pacitance, electron and ion densities, potential, and indi-

Benoit-Cattin and Bernatfl analytically calculated the Vidual components of the current. Knowing the sheath thick-
IED and the energy dispersidpeak separatioAE; for the  ness allows one to calculate the actual ion transit time. By
casew ;> 1. They assumed a constant sheath width, uniforngolving the sheath equations numerically it was found that,
electric field within the sheath, a sinusoidal sheath voltagéndeed, the damped potential has the same spatial depen-
V(t) = Vet VacSin(wt) and a zero initial ion velocity at the dence as the actual potential. The ion energy distribution
plasma-sheath boundary. The derived expressions for the efunction for arbitrary values ob 7; was also obtained, and an

V,=t(t)

Presheath

Electrode

w
[}
(o]

x=0 X=Xs

B. lon energy distribution

ergy dispersion and the IED function are analytic expression for the peak separation of the IED was
8eV, | [ 2eVy,| 12 derived.
_ ac c
el Pl
5N 4 _1p Il. MODEL FORMULATION
Y= S — L 2 .
f(E) (wAEi> 1 (AE?)(E' e Vo) } : (3)  A. Model equations

A model was developed for a collisionless sheath in an
electropositive plasma containing only one type of positive
ions (Fig. 1). Extension to multiple positive ion species is
tion and obtained IED profiles assuming constant Sheatﬁtra_ughtforward. The model may be app_hcable to elec_:tror_le—

gative plasmas as well in cases for which the negative ion

width, a linearly varying electric field within the sheath, ad ity i tiall t the sheath ed F |
sinusoidal sheath voltage, and a Maxwellian ion velocity dis- ensity Is essentially zero at the sheath edge. For examp'e,

tribution at the plasma-sheath boundary. Okamoto an&lectronegaﬂve discharges often separate into a core contain-

7 : : .~ _Iing the negative ions, and a periphery which is essentially
ZaEm?c?ratvr\]/é h?grllc?rlséiin?:narl()a/g?riléytgf}(iandenergy dispersion devoid of negative iongp. 324 of Ref. 1. This depends on
! y the ratio of electron to negative ion density and the ratio of

AE~ 8eV,, electron to negative ion temperatdte.
B~ r ) The potential distribution within the sheath is described
by Poisson’s equation

wheres is the constant sheath thickness, ahdthe number
of ions entering the sheath per unit time.
Tsuil® numerically integrated the ion equations of mo-

which is identical to Eq(2) when Eq.(1) is taken into ac-

count. They also verified experimentalljor frequencies VZV——ﬂ ©)
from 20 to 80 MH3z that the energy dispersion scales in- e

versely with frequency and the square root of ion niase
also Eq.(2)]. Coburn and Kalf extended the ion mass range
studied by Okamoto and Tamagawa and also showed th
AE;cm; Y2 A review of ion energy distributions in capaci-
tively coupled rf electrodes can be found elsewtefithe p=e(Zn,—ny), (6)

whereV is the instantaneous potential,is the charge den-
{ty, and ¢, is the permittivity of free space. The charge
ensity is given by
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whereZ is the relative charge of the positive ion in units of B. Boundary conditions

€ N is the ion density, anah is the electron density. For lons entering the sheath from the bulk plasma have ve-

simplicity, it was assumed that=1. . ..., locities equal to the Bohm velocity
The electrons were assumed to be in Boltzmann equilib-

rium (p. 40 in Ref. 3 with the electron density given by (eTe) 2
UB: y

m (16)

V(x,t) —V(Xg,t)

T , (@)

whereM is the Mach number anbll = 1. The Bohm criterion

. guarantees that the ion density within the sheath is always
Whergxs denotes the sheath edgfeg. 1). .In the above ex- greater than the electron density. Whenever there was a vio-
.pres.S|_on,Te is the electron temperature in Volts. L}se'ﬁg‘ lation of this condition in the sheath, the Mach number was
implicitly assumes that electrons have a Maxwellian eNer9Yncreasefiso that the ion density was always higher than the

distribution. It was also assumed that the electron tempergsiaciron density. The potential at the sheath-presheath
ture is constant in time and space. Furthermore, ass“mi”tgoundary was set equal to zero.

collisionless sheath, the ion densityand ion fluid velocity
u; are described by the following conservation equations At x=Xxq(sheath-presheath interface V=0. a7

ne(x,t)=ne(xs,t)exp(

N (X, D u(X,t) =n;j(Xs, tui(Xs,t), (8)  This means that the wall voltag, is identical to the sheath
voltage. The latter is given by

ImuZ(x,t) +eV(x,t) = tmu?(xe,t) +eVixs,t), (9

MU (X, 1) FeVx,h) =z miui(xs,H) teV(xs,t),  (9) At x=0(electroda, Vy(t)=f(1). 18)

Equation(8) assumes adiabatic ions, an assumption made in

Ref. 6 as well. Combining these two equations, the ion den\—Nheref(t) can be any periodic function. It was assumed that

sity can be expressed as f(t) is given by the following expression:

-1/2 .
— — f(t)=Vget D Vac COSjwt+6)), (19
. =n. 1—-———(V -V - G J
nI(Xat) nI(X81t) m|U,2(XS,t)( (X,t) (X31t))) ]
(10 The electric field at the sheath-presheath boundary was

lons do not respond to the actual_potential but rather t&€t equal tcEs.
an effective damped potentiédr field) V oV

N [V(XH)=V(X)]

at 7 ’ 1D The value ofE suggested by Rilé) was used,

where; is a time constant that controls the amount of “av- E__ Elo (€2) 21)
eraging” involved inV. This time constant should be the ion S N ge,

transit time through the sheath. For an unbiased sheath, theh is th tio of the elect Debve lenath to the i
ion transit time is equal to the inverse of the ion plasmaW erefe IS eﬂ:a 10 ot the electron Debye lengih to the ion
frequency based on the plasma density at the sheath edgemean ree path,

A
1 _ —be
Tizw_pi' (12 € N (22
wherew-.. is Finally, the electron temperature and the i@gual to
P! the electrom density were both specified at the sheath-
e?n,\ 12 presheath interface.
on=| ] 13 | |
€M At x=X4(sheath-presheath interfadg andng are given.

This is the ratio of the Bohm velocity of ions to the electron @3
Debye length. The final sheath equations consist of a two-point bound-
Equations(5)—(11) may be combined to yield the fol- ary value probleniEqg. (14)] coupled with an ordinary dif-
lowing two equations which describe the sheath dynamics, ferential equatior{Eqg. (15)], and the boundary conditions,

— 12 Egs.(16)—(23).
( B 2_V) —ex;{lﬂ (14 Solving Eq.(15) at the electrode, using Eq&l8) and
M?T, Te) |’ (19), one obtains the following analytical solution for the
damped potential at the waN,,,

(15 Ve

€0

N V)= VY]

at Ti Vw(t)=Vdc+2 W[COS{]&)IH‘ 0])
for which the boundary conditiorj€qs.(16) and(17)] have . '
been taken into account. +(jor)sin(jot+6))], (29
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FIG. 2. Solid line shows the harmonic potential applied to the electrode, §
which is also equal to the sheath potential. This was taken to approximate
the measured potential shown in Fig. 13 of Ref. 6. The damped pot¥htial
calculated by using Eq15) is shown as broken lines for different values of
 Tj.
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The potentials at the wall,, andV,,) are plotted as a func-
tion of time for a number of different frequencies in Fig. 2.
For this particular case, the potential applied at the wall was T T
taken to approximate the experimental waveform measured -110-100 -90 -80 -70 60 -50 -40 -30 20 -10 0O
by Miller and Riley shown in Fig. 13 of their pap&wWhen Potential (V)

wT; is much less than unityy,, almost coincides with/,, . _

. . — . FIG. 3. Relationship between damped potentiato real potentialvV as
Increasingw 7 reduces the amp“tUde Ofy, and mtrodu_ces a  calculated numerically. Each line corresponds to a specific time in the rf
phase shift. For large values afr; , the modulation o¥%,, is  cycle and represents values of the potentials across the thickness of the
negligible. she_ath at that time. Poi(ﬁ),o)_ corresponds to the sheath-presheath boundary

The sheath thickness is not knowrpriori. This is why while the other end of the line represents the electrode.
three boundary conditiorj€gs. (17), (18), and(20)] are re-
quired for solving Poisson’s equation. The extra boundanfgated at point0, 0) while the other endpoint of each line
condition serves to fix the sheath thickness such that theorresponds to the electrode, i.e., each line spans the whole
value of the electric field at the sheath-presheath boundary @heath for a particular point in time during an rf cycle. The
E.. The Poisson Eq14) was discretized by a fourth order relationship between the two potentials is nearly lindar,
finite difference stencil and the resulting system of equations= a(t)V, an assumption that was maalé hocby Miller and
was solved simultaneously with E¢L5) using LSODE?*  Riley® Based on this observation, the following semi-
The solution provided the spatial and/or temporal profiles ofanalytic model was derived as a simplification of the initially
sheath quantities such as thickness, potenfialamped po- posed sheath problem.
tential, V, and electron and ion densities. In Fig. \3,is
plotted as a function of for two different frequencie$2.0 Ill. SEMIANALYTIC SHEATH MODEL
and 27.12 MHL The electron temperature was set at 3 eV, The time-dependent proportionality constant between
and the plasma density at the sheath edge was6  the damped potential and the actual potential can be derived
X 10**m~3. These base case values were kept unchangedom the values of the potentials at the electrgHgs.(18),
unless noted otherwise. The sheath-presheath boundary is I@9), and(24)].

S
i=1

TTTTTTTTR

Va
v, Vet TG aryeleotiott 6)+(om)sinjat+6)]
alt)= = . (25

V.
v Vet > Vag COgj wt+ 6))
J
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FIG. 4. Potential in the sheath as a function of space and time. Thick linestheir value at the sheath-presheath bouridasya function of time and space
numerical solution. Thin lines: semianalytic solution. The frequency was 10n the sheath. Conditions as in Fig. 4.
MHz, the electron temperature was 3 eV, and the plasma density at the

sheath edge was,=6x10m™3,

Using Eq.(25), the sheath equatiofgqgs.(14) and(15)]
can be decoupled, and the Poisson equation can be solv

independently
PV en L 200 vz Vv 06
prcamiit | vES A B S o B

Multiplying each side of Eq(26) by dV/dx and integrating
over x, the electric field in the sheath is derived as

(o, 2enT, M?2 2a(t) )1’2_
E(x,t)= (Es—i— (a(t) MZT, 1

A

€0

+

state shealhis also superimposed on the figure. As expected,
the sheath thickness responds to the waveform of the sheath

tential(Fig. 2, solid ling. When the(negative sheath po-

tial is minimum(maximum the sheath thickness is maxi-
mum (minimum).

A question arises as to what value to use for the ion
transit time in Eq(15). Miller and Riley’ used the reciprocal
of the ion plasma frequend¥Eq. (12)] and this is what we
have also used up to this point. Another approach would be
to calculate the ion transit time iteratively. One would then
assume an ion transit time, solve the sheath equations, inte-
grate the equation of motion for the ions to find the actual
transit time, and then iterate this procedure until the assumed
and calculated ion transit times agree to within a specified
tolerance. Figure 6 also compares the sheath thickness as a
function of time calculated using the reciprocal of the ion

Figure 4 shows a comparison between the spatiotemporgjasma frequencysolid line) and the iterative procedure just
profile of the potential calculated numerically by solving yescribed for determining the ion transit tirféotted ling.

Egs.(14) and(15), and that calculated analytically using Eq.

Conditions were at their base case values. Using the ion

(27), for a frequency of 10 MHz. The correspondence be-
tween the two is quite good. Similar results were obtained

for both smaller and larger frequencies.

Once the potential profiles are known, the ion and elec-

tron density profiles in the sheath can be founds&es Egs.
(7) and(10)],

ZV —1/2 vV
n;=ng 1_MTTE , Neg=ngex T_e

The ion density(Fig. 5 drops substantially near the

. (29

sheath-presheath boundary at a rate that depends on the value

of the electric field at that pointEs. The ion density is

always higher than the electron density within the sheath.
When the sheath thickness reaches its minimum value, there
is a substantial electron particle current to the electrode. As

the electrode potential becomes more negative, electrons are L T T
repelled, and the electron density at the wall becomes ex- Fraction of rf cycle
tremely low.

Figure 6 shows the time dependence of the sheath thiCl{—lG' 6. Sheath thickness as a function of time for the conditions of Fig. 4

ness for the base case conditions. The sheath thickness ¢

olid line). The sheath thickness resulting from the Child Law model is also
iown for comparisoridashed ling Dotted line was found by using a

culated by the Child law formuléassuming a quasi-steady- self-consistent calculation of the ion transit time.
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plasma frequency to calculate the ion transit time does not Te Vae '

introduce considerable error in calculating the time-  Eima—7% *+Vact m[sm(wtmax)

dependent sheath thickness. However, an accurate value of '

the ion transit time is necessary to compute the correct ion —(wT)cos wtmay 1 (333

energy distribution function, as shown below. T
e

Ei mn=—+V +L[sin( tmin)
imin= 75 dc 1+(w7'i)2 Olmin

IV. ION ENERGY DISTRIBUTION —(wT)cos wtmin) ] (33b

As described above, the damped poterviatlescribes 1 "e_€nergy dispersion defined @;=E; max—E;min

the motion of the heavy ions through the sheath. The poten?Vmax_Vmin is

tial that ions experience in their journey through the sheath is Vae 1 3T

the difference of the damped potential between the wall and AE; =m{005{ tan | — E) + 7}

the sheath-presheath boundary. Becaliss always zero at ' '

the sheath-presheath boundary, the sheath potential ions ex- . _ 1 3w

perience is equal to the value of the damped potential at the +oTsintan 7| - _T. * 2 (34

wall (V).

The most critical parameter that controls ion motion in
the (collisionless sheath isw7;. At low frequencieswr;
<1 andV,,=V,= a(t) =1 since the variation of the electric Low frequency regime: wr<1, AE;~2V,, (353
field is slow and ions respond to the instantaneous changes
of the field. As a resulty andV coincide. At high frequen-

Depending on the value @b 7, the above expression can be
simplified as follows:

High frequency regime: wr>1, AE=~2V,J/oT;.

cieswri>1, EQ.(24) reduces to, ) ) ) (350) )
Therefore, the energy dispersion of the IED is not a function
_ Ve Sin(j wt+ 6;) of the applied frequency whew <1, while at the high
9 ! ; .
Vi=Vee+ 2 Gor) (29 frequency regime\E;xV,./w7,, a dependence reported in
! ' the literaturet®’
The higher the value of the critical parameter;, the The ion energy distribution function was calculated
smaller the amplitude of the oscillations'8f,. For the sake ~based on the observation that the minimum and maximum
of simplicity, V,, will now be assumed sinusoidal, energy of ions striking the wall correspond to the minimum
_ and maximum values, respectively, of the damped potential
Vi(t) =Vt Vacsin(wt). (30)  at the wall. The range of the damped potential at the wall

Knowing the time-dependent sheath potentigre the wall  (Vmax—Vmin) Was then divided into a large numb@ormally
potential, V,,), the damped potential\7w, can be found 500 of intervalsAV,,. For eachAV,,, the corresponding
readily by integrating Eq(15). The minimum and maximum time slot At from the known “damped potential versus
values of energy of ions striking the electrode correspond tdme” waveform was obtained. Since ions enter the sheath

the minimum and maximum values . which are found yvith a unifo_rm distribution_in phase_angles, the number of
ol ions AN; striking the wall is proportional ta\t. The IED

b
y function was then obtained by plottinN; vs ion energy
dv,, ) (Vw+kTe), whereV,, is the value of the damped potential at
gt~ 0= (em)sin(wt)+cogwt) =0. GD  the midpoint of theAV,, interval in question.

) , , . Figure 7 presents the IED for an argon plasma at differ-
Solution of Eq.(31) gives the times at which the damped gn frequencies under otherwise the base case conditions. As
sheath potential reaches its maximum and minimum values,q applied frequency is increased the energy dispersion de-

1 creases. The low energy peak of the IED is higher than the

tma—— | tan | — o +r|, (329 high energy peak. At very high frequencies, the amplitude of
' the oscillations o/, is very small and the two peaks of the

1 . IED tend to merge. It must be emphasized at this point that

tmin:; tan | — _| +2m (82 the IED depends critically on the sheath potential waveform.

This waveform is expected to change as the substrate biasing
The corresponding values of the sheath potential are olrequency is varied. In order to predict the shape of the
tained by substituting i, and ty., into Eq. (30). In the  sheath potential waveform, the external circuit supplying
present analysis, ions crossing the sheath-presheath bound@itver to the electrode has to be considered, along with the
from the bulk plasma are assumed to be monoenergetic at thest of the reactor, see for example Ref. 6. In Fig. 7, the same
Bohm velocity. The ion kinetic energy at the wall is equal to waveform was use¢solid line of Fig. 3 for all frequencies.
the sum of their initial kinetic energy and the energy theyTherefore, Fig. 7 should only be viewed as a qualitative de-
gained moving across the sheath. The latter is equ&l,to scription of the IED as a function of frequency on a biased
[Eq. (29)] for the case of a collisionless sheath. Hence, electrode.
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FIG. 7. lon energy distribution as a function @fr; . As the value ofwr; is

in_creased, the_ energy disper;ion_ is decrease_d and the I.ED chan_ges fr%. 8. Waveforms of actual{) and damped\(,,) potential at the elec-
bimodal to a single peak distribution at very high frequencies. Applied P%rode as a result of a prescribed sinusoidal current across the sheath. Total

tential is shown as solid line in Fig. 2. current, 30 A/m for a frequency of 1 MHz and 200 A/nfor a frequency of
50 MHz. lon density at sheath edgex@0®m™3.

V. CURRENT CONTROL

The previous analysis used a specified potential acrosghich one can calculate the time varying potentials in the
the sheath. In this section, the total current flowing througtsystem including the plasma and wall potentials.
the sheath is specified instead. The total current is the sum- Assuming a sinusoidal total current through the sheath,
mation of the electron particle current, the ion particle cur-jiwo=Je tiitia=ioSin(wt), a first-order differential equation
rent, and the displacement current, for the potential at the electrodé,, is obtained, which is
solved numerically along with Eq(15). The actual and
je:leuene:eu‘fns exp(V/Te) ’ (36) damped sheath potentials are then found, and are shown in
4 4 Fig. 8 for a low (1 MHz) and a high(50 MHz) frequency
whereu,=(8eT,/mm,)*2 is the electron thermal velocity, Case. As before, the damped potential approximates the ac-
_ tual potential at low frequencies and is much reduced in am-
Ji=—enug, 37) plitude at high frequencies. Also, the sheath potential is
“clipped” at low frequencies and is more sinusoidal-like at

Jd=foﬁ—E=€o Eﬂ+ﬁﬂ . (38) high frequencies. At low frequencies, whenr,<1, the
at vV at gy dt sheath is resistive and the displacement current is a small
) . fraction of the total current. At high frequencies, whem,
Equation(27) gives >1, the displacement current is a substantial fraction of the
JE 1 enT,[Mm? N 12 } total cur_renl(Fig. 9.8 n all cases, the time-average _electron
i - — -1 current is equal to the positive ion currefaonstant in our
N E ¢ V2 M2T, case ensuring no net charge flow to the electrode over a rf
cycle.
1 v A generalized sheath diagram is shown in Fig2iDif-
+ T—ex [ (B9 ferent regimes of operation are shown depending on the ratio
€ € olv of the applied field frequency to the ion collision fre-
5 — \ 12 qguency(y axis) and the producty = of the applied field fre-
E: l enTe M V[ N 2v quency and the ion transit time through the sheathxis).
N E € V2 M2T, The diagonal {7=1) separates the collisionless from the

"y collisional sheath regimes. Whenr<'1, the sheath is resis-
] tive, meaning that the iofand electroj conduction current

2V
M2T T M2T (400 dominates over the displacement current. On the other hand,
e e for w>1, the sheath is capacitive, meaning that the dis-
Equations(39) and (40) can be substituted into E¢38) to  placement current dominates over the ion conduction cur-
obtain the displacement current in the sheath. EquaB8h  rent. Therefore, four major regimes are shown on the sheath
can also be used to describe the sheath capacitance. This adingram as collisionless resistive, collisionless capacitive,
be used in equivalent circuits of the plasma redctoby  collisional resistive, and collisional capacitive. High density,
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250 - TABLE I. Comparison of the time-average sheath thickness calculated by
C the model of Barnest al? and the present model.
200
o Sheath thicknesénm)  Sheath thicknesémm)
150 :— ng (m™3) wT; Barneset al? This work
—100F 10 4.76 3.2 5.05
‘*’E H 5x10*°  2.13 1.4 2.22
< 50 10 150 1.0 1.55
- 5x10®  0.67 0.44 0.70
c JE 107 0.48 0.32 0.52
g °F 5x107  0.21 0.14 0.29
a3 soF 10" 0.15 0.10 0.23
E aSee Ref. 12.
-100 |-
-150 o very high and very low frequencies. Comparison of the

200b e L L e model results with experimental data for intermediate fre-

5 quencies is difficult because published works do not give all
necessary information; for example, the sheath voltage or
FIG. 9. Temporal behavior of displacement current and electron conductiofUrrent waveforms are not provided. For _that reason we hgve
current for two different applied frequencies. Total current, 30 Aan a  chosen to compare the model results with a few theoretical
frequency of 1 MHz and 200 A/frfor a frequency of 50 MHz. lon density reports that are relevant to the intermediate frequency re-
at sheath edge,*10%m™3, gime

Barneset al!? used Lieberman’s modeto calculate the
low pressure plasma reactors with biased rf substrate elegheath thickness of an argon dischargef ats MHz with
trode usually operate in the collisionless-resistive regimeTe=5 €V. Table | gives the time-average sheath thickness
Low density, high pressure capacitively coupled reactordound by Barnest al. and by the sheath model reported in

Dimensionless Time (RF cycles)

|12

usually operate in the collisional-capacitive regime. this article for a range of plasma densities at the sheath edge.
The agreement between the two models is reasonable. Lie-
VI. COMPARISON WITH OTHER WORKS berman’s model is valid whew ;> 1. This is the reason the

h ified sheath model 4 in thi icle has b relative error between the two models increases as the prod-
The uni 1€ 0524eat moadel used in t, 1S article 1aS DE€eHct w1 is decreased. Also, the calculated sheath thickness
shown by Riley®?*to have the right limiting behavior for

depends on the value used for the electric field at the sheath-
presheath interface, Eq20). A larger value ofEg gives a
smaller sheath thickness.

Flender and Wiesemaffhmeasured the ion energy dis-
tribution of an argon plasma at 13.56 MHz. For an applied
voltage (estimated of V,,=—220-212sinwt), T,=5¢eV,
and ng=1.17x10"°m™3, they measured an energy disper-
sion of about 40 eV. For another set of conditiong,
=—87.8-79.95sin@t), T,=3.9 eV, andns~3.95x 10"
m~3, the energy dispersion was found to be about 10 eV.
The present model predicted for the first set of conditions
AE;=46.2 eV, and for the seconklE;=10.0eV. The agree-
ment is fairly good taking into account the experimental un-
certainty in determining the electron temperature and plasma

s

Field Frequency/lon Collision Frequency

- W density.
- Finally, Nitschke and Gravé% used the Godyak—
- G o Sternberg sheath modeilong with a plasma fluid model to
‘ predict the discharge behavior. For the case of an argon
o plasma under the conditions of bulk dengity=1.39x 10'8
: , > m~3, T,=2.19 eV, f=1.59 MHz, andj,=300 A/n?, they
0 resistive 1 capacitive ot found a time-average sheath thickness of 1@M. The
Field Frequency x lon Transit Time present model predicted a time-average sheath thickness of

175 um for the same conditions.

FIG. 10. Generalized sheath diagram for time-dependent sheaths. Differe
regimes of operation are shown depending on the ratioof the applied Q}“' CONCLUSIONS

field frequency to the ion collision frequen¢y axis) and the produck 7 of e ; ;
the applied field frequency and the ion transit time through the shaath The unified sheath model of Miller and erébas been

axis). The diagonal {7=1) separates the collisionless from the collisional Us€d t0 sqlve for the spatiotemporal profiles of important
sheath regimes. sheath variables such as the actual potential, the damped po-
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