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Abstract

We develop a global model for high pressure (0.1-1 Torr) electronegative
radio frequency (RF) discharges and apply it to model capacitively driven
plasma etchers. The molecular gases considered consist of either pure chlo-
rine species or a mixture of chlorine and helium species. The charged and
neutral heavy particle densities together with the electron density and elec-
tron temperature are calculated by using the equations of particle balance
and power balance for the input discharge parameters RF power or RF cur-
rent, inlet pressure, gas flowrates, reactor diameter, and gap spacing. The
power is deposited in the electrons via ohmic heating and in those ions ac-
celerated across the DC sheath potential. The voltage across the sheath is
calculated self consistently with the densities and the electron temperature
by using a collisional Child law sheath model. Analytic scaling laws for the
dependence of charged and neutral particle densities, electron temperature,
RF voltage and current, sheath width, and plasma impedance on pressure
and absorbed RF power are presented and used to explain the numerical
results obtained from the global model. The model results are compared to
recent experimental measurements in a chlorine discharge over a range of
absorbed power P,;, = 20 — 180 W at an inlet pressure p;, = 0.4 Torr and a
range of pressure 0.1-1.6 Torr with fixed input power of 100 W. We obtain

reasonable agreement for P,,; < 200 W and for 0.2 Torr < P, < 1 Torr.



1 Introduction

High pressure electronegative discharges are used in the microelectronics in-
dustry for etching of sub-micron integrated- circuit devices and liquid crystal
flat panel displays. For example, the chlorine/helium discharge in a Lam
490 etcher is typically operated at an inlet pressure of few hundred mTorr
and a radio frequency (RF) power of several hundred watts!. The discharge
consists of two parallel plates with a radius of 10.16 cm and a separation of
2.0 cm. In processing microelectronics devices, the input parameters such
as pressure, RF power, and gas flows are varied to achieve optimal etch rate
and etch uniformity.

Recently, global models have been developed for different molecular gases
and successfully applied to model high density, low pressure discharges such
as RF driven transformer-coupled-plasma sources>®. We develop a global
model for a high-pressure electronegative RF discharge and apply it to model
capacitively driven plasma etchers. In this model, the densities of the neu-
tral species are uniform throughout the discharge. We also assume that the
electron density is uniform throughout the plasma except at the sheath re-
gion near the edge of a discharge. For each neutral or charged species, we
construct a particle balance equation that includes volume generation and
destruction and diffusion loss to the wall. Neutral species also flow into and
out of the discharge as a result of pumping. For the charged species, we use
the approximation that the positive and negative ion densities have parabolic
profiles and we assume a uniform density for the electrons*=¢ except at the
sheath interface. The scale length of the profile is in principle determined

by the Bohm condition applied at the edge of the plasma, but in a high



pressure discharge with high electronegativity, the scale length of the profile
is approximately equal to the plasma length®. The ambipolar diffusion co-
efficient of the positive ions is taken to be constant throughout the plasma,
which includes the presence of both electrons and negative ions. The flux of
positive ion loss to the wall is then calculated by using the ambipolar dif-
fusion coefficient and the parabolic profile. Negative ion loss to the wall is
neglected since these ions are strongly confined by the ambipolar potential.
The gas and ion temperatures are assumed to be constant independent of
the discharge condition. The electron temperature is assumed to be uniform
throughout the plasma and its value is determined by the particle balance
of charged species in the discharge. These assumptions constitute our global
model.

To obtain a complete model we introduce the heating mechanisms and
sheath characteristics as follows. The RF power is deposited in the elec-
trons via ohmic heating (with sheath heating neglected at the high pressures
considered) and in those ions accelerated across the DC sheath potential.
The power deposited in the electrons balances the energy losses due to the
processes of electron-neutral collisions such as elastic scattering, rotational,
vibrational, and electronic excitation, ionization, dissociation, dissociative
attachment, and electron detachment. The DC voltage across sheath is cal-
culated self consistently with the densities and electron temperature by using
a collisional Child law sheath model’. The complete set of particle continu-
ity and power balance equations are solved self consistently to obtain the
densities for all the species and the electron temperature.

In the next section, we describe the formulation of the global model for

capacitively driven discharges. The set of particle continuity and power bal-



ance equations is given. In Section 3, we apply the global model to mixed
chlorine/helium feedstock gases and to chlorine feedstock gas with discharge
dimensions corresponding to the Lam 490" etchers. The densities of all the
species together with the electron temperature are calculated for a range of
inlet pressures of 200-600 mTorr and absorbed RF power densities of 0.01-
0.3 Wem™2 or RF current densities of 0.001-0.1 amp-cm™~2. In Section 4, we
derive analytic scaling laws for the dependence of the densities, electron tem-
perature, total absorbed power, current, and voltage on inlet pressure and
RF power deposited in electrons and show that the scalings are consistent
with the more general numerical results of Sec. 3. In Section 5, we compare
the model results to recent experimental measurements performed with Lam
490 plasma etcher. Our results agree reasonably well with the experimental

measurements. We present the conclusion of our paper in Section 6.

2 Global Model Formulation

2.1 Neutral particle balance

We consider a one-dimensional cylindrical discharge geometry with its radius
R much greater than its height ;. A schematic drawing for the cross section
of the discharge is shown in Fig. 1. At high electronegativity, the positive
and negative ions have approximately the same parabolic densities. Since the
edge region of the electropositive plasma and the sheath is small compared
to the bulk, we can approximate the plasma length to be I, the gap spacing
of the discharge and the scale length of the parabolic profile to be {,/2. The
electron density is taken to be uniform and is sufficiently small that it is not

shown on the figure. The particle loss to the side of the cylinder is neglected



since it is small compared to the particle loss to the ends. The density of each
neutral species is determined by the balance between the flowrate into the
system, or the rate of dissociation of molecular into atomic species, and the
residence time at a given partial pressure. For example, for the two neutral

species of most interest, Cl, and Cl, the equations determining the density

are
Din QCl, nci,
—2.222 4+ Get, = Ley, + 1
kT Qg + G, Cla gl (1)
n
Geoi = Lo + $, 2)

where p;, is the total inlet pressure (pressure of the gas in the absence of any
plasma), T is the neutral temperature in kelvins, &k is Boltzmann constant,
7 is the residence time, G and L are the volume generation and destruction
rates, gci, is the flowrate of chlorine gas, and gy, is the total flowrate of neu-
tral species into the discharge. The residence time depends on the pressure of
the discharge that is calculated based on all neutrals as p = 3° n;kTo, where
n; is the density of the j-th neutral species.

For chlorine atoms which can undergo surface recombination, we estimate
the loss flux due to this process in terms of an equivalent volume loss rate as
D.ys/A?, where D,y and A are the effective diffusion coefficient and length,

respectively. Both D,,; and A are calculated as in Refs. 2 and 3.

2.2 Charged particle balance

The continuity equation for a charged species is written as

d
EF;' =G; — L, (3)

where ['; is the flux. Integrating Eq.(3) and using the boundary condition

that the flux is zero at the center of the discharge, we obtain the global



particle balance
Ii(l/2) = /o *(Gi - Lz, (4)
where ! is the plasma length. For negative ions the sheath voltage repels the
ions such that I'_(1/2) = 0.
In general, in order to solve these equations it is necessary to obtain the
spatial dependence of G; and L; by means of coupled diffusion equations, by

substituting for the flux in Eq.(3) the relation

Fi = —D;% + p,-n,-E, (5) |

where D; is the diffusion coefficient and y; is the mobility. All the species
are coupled through the electric field E. In a global model we make the
assumption that the profiles n;(z)/ny; are known, where n; is the positive
or negative ion density and ng; is the value of the density at the center of
the discharge. In addition, we argue that a reasonable assumption is to use

a parabolic profile for both the positive and negative ions*~® with a scale

length of {/2
2

ne(z) = 7o, (1 - W) . (6)

Since we are concerned with highly electronegative plasmas, we can ap-

proximate the ambipolar diffusion coefficients of positive ion species as®~3
Di,a+ = 2Di.+7 (7)

where the factor of two is a consequence of the weak electric field necessary to

confine the negative ions and D;,,. = 35— with M; the positive ion mass, T;

the ion temperature in eV, and v, ; the total ion-neutral momentum-transfer

collision frequency. With this approximation, we have

dn,-(:z:)
prt (8)

[iv=-2D;,



Substituting Eq.(6) in Eq.(8) and taking the derivative, we obtain the flux

for positive ion loss to the wall as

4D; .ny;
1'\’ + -— |+noa

V- ®)

Since we are considering strongly electronegative plasmas with both neg-
ative species assumed to be in Boltzmann equilibrium, the internal electric
fields are detérmined mainly by the cold negative ions and are small. Hence,
D; o+ = 2D; . is much smaller than the ambipolar diffusion coefficient in the
absence of negative ions,*® D; ., = D; . (1 +T,/T;), where T, is the electron
temperature. As a further consequence, the electrons are nearly uniform
within the plasma,

ne(z) = ng .. (10)

Using Egs.(6), (9), and (10) in Eq.(4), together with the various produc-
tion and loss processes, we obtain a set of coupled species equations involving
the densities and the electron temperature. For each positive ion species,

Eq.(4) becomes

4D;ymoi _ (12 2\’
l/2 = /0 {kzzno,cnni - krec,;no,-nﬁ,; (1 - (1/2)2 de’, (11)

where k;, is the ionization rate constant, n,, is the density of the neutral
species that generates the positive ion, and k. ; is the rate constant for
recombination with negative ions, which we assume is the dominant recom-
bination term. For the negative ions the diffusion term is absent and k;. is
replaced by kg;. Other terms such as charge transfer are also included in the
particle balance (see Tables 1-3). In the appendix, we discuss how to include

the contributions from those reactions in the particle balance equations.



2.3 Power balance

The total power balance in the discharge is written as
Pabs = Pcbs,e + Pabs,iom » (12)

where Py, is the power deposited in the electrons and Fass ion is the power
deposited in those ions accelerated across the DC sheath potential.

The power balance of the electrons is

-Pabs,e = P,, + Pew, (13)

where P,, is the power lost by electrons due to all electron- neutral collisions
and P,, is the power lost by electrons striking the wall. The average energy
lost per electron striking the wall is small, ;. =~ 2T, (Ref. 5). Using the energy
loss €. per electron-ion pair created due to all electron-neutral collisions, we

can write the electron power balance as

T 1/2
Papse = AY (ET,iFi.-i- +2 /0 krcc,in-n-!-,iec,idx) ; (14)
=]

where €7; = €.; + €.y, the summation is over all positive charged species in
the plasma, and A = 27 R? is the surface area of the discharge, ignoring the
small contribution from the side surface.

The power deposited in the ions accelerated across the DC sheath poten-
tial is

r

Paps,ion = €VpcAD iy = eVpcA)
i=1

i=1

4D; 1m0
1/2

where Vpc is the DC voltage across the sheath. In a capacitive collisional

(15)

sheath model’, the DC voltage across each sheath is related to the RF voltage

across the sheath as

Voe = 0.8V}, (16)



where V] is the fundamental RF voltage amplitude across each sheath. The

RF current amplitude is related to the RF voltage as’

Jy = 1.52‘18’-5"-1/,, (17)

m
where J; is the RF current amplitude, w is the RF frequency, and s,, is the
sheath width.

In our model, we assume there is a single dominant positive ion species
in the discharge, as will be shown in Section IV. Thus, we can approximately

calculate the sheath width using the collisional Child law® as

Mi’ 83{2 ’

where i denotes the dominant positive ion species in the discharge, Ay is the
ion mean free path, and M, is the ion mass.

Solving Eqgs.(16) and (17) for Vpc in terms of J; and substituting for
these quantities in Eq.(18) we obtain the following expression for the sheath

width, where we have substituted for I'; | from Eq. (9)

(19)

m

L7082 (2e0\?
= (1.52)3/20.)3/26(]]/2 Mi’ 4‘De’ 0

0,5

Substituting Eq.(19) into Eq.(17) and using Eq. (16), we obtain the DC

voltage as

bC (20)
i 4+ 0,

1/2
The power deposited in the ions is then written in terms of the current

_ 1.7(0.8)%%  (2e); 12 g
B (1.52)5/2w5/2€g/2 M; 4D, _n i °

from Eq.(15) as

L7084 (20 \ o (21)
abs,ion (1.52)5/2(05/263/2 M{ 1 -



We have replaced the summation in Eq.(15) by a single term due to the
dominant ion species.
Substituting from Eqs. (14) and (21), we can write the total power bal-

ance as

r 12
Py =AY (ET,J‘ i+ +2 /0 krec,in—"+.i€c,id$) +

i=1

1.7(0.8)524  (2e);\"?
(1.52)5/2,528% \ My
(22)

We calculate the RF current density by using Eq. (14) for the power

balance of the electrons. Expressing Py, . in terms of J; via Ohm’s law gives

J? r 1/2
2—V = Az: ET,,'F,',.;. + 2/ k,ec‘,-n_n+,,~ec,gd:c , (23)
where V is the volume of the plasma, o is the plasma electrical conductiv-
ity given in terms of the electron mass m and the electron-neutral collision

frequency v as

nee?

myv

o= (24)

Together with the equations for the neutral species, the set of Eq. (11)
and Eq. (22) for the power balance can be solved simultaneously for the
neutral species densities, the ion species densities, and for n, and T,. The
results, including the less important terms that we have neglected in Egs.

(11) and (14) for the sake of clarity, are given in the next section.

3 Application to Capacitive Discharges

We have applied the global model to calculate the densities of heavy species,
electron density, electron temperature, RF voltage, and current, sheath width,
and plasma impedance in a discharge with either chlorine gas or a mixture

of chlorine and helium gases. We formulate the problem for the more general

g



case of chlorine/helium feedstock although the comparison with experiment
will be done for pure chlorine feedstock.

Using the global model for chlorine/helium discharges, we calculate the
densities for the neutral species, Cly, Cl, He, and metastable He*, and the
densities for the charged species, Clj, Cl*, CI~, and He*, in addition to
the electron density and temperature. The electron-neutral collisions in-
clude elastic scattering, excitation, ionization, dissociation, and dissociative
attachment. In addition, we include charge-transfer for ion-neutral colli-
sions, negative-positive ion mutual neutralization, and Penning ionization of
neutral chlorine atoms, molecules, and negative ions by metastable helium
atoms. In Tables 1-3, we summarize the reactions included in the global
model.

In Table 4, we present our numerical results for a discharge powered
by a RF source of 205 W and operated at an inlet pressure of 425 mTorr
and at flowrates for He and Cl, of 340 sccm and 160 sccm, respectively. The
surface recombination coefficient for chlorine atoms is assumed to be 0.2. The
densities for the charged ions presented in Table 4 are the values at the center
of the discharge. The results show that the species in the discharge consist
primarily of neutral chlorine molecules and helium atoms. The fraction of
dissociation of chlorine molecules is approximately 6%. The densities of
charged species consist mostly of Clj and Cl~. The density of helium ions is
relatively low because of the high ionization potential of helium atoms and
the low temperature in the discharge. The discharge is highly electronegative
with a value of ag = ng,— /ng = 51.4. This is consistent with the result that
the fractional dissociation in the discharge is low; hence the source term for

production of negative ions is large.

10



The most direct electrical control parameters to describe the variation of
the plasma parameters are the RF power deposited in the electrons, Fops,e,
or the RF current. To investigate how the densities of the species and the
electron temperature in the chlorine/helium discharge scale with inlet pres-
sure and the RF power deposited in the electrons or the RF current, we
have performed calculations by using the global model for a range of electron
power densities of 0.01-0.3 Wem™2 or RF currents of 1073-10"! amp-cm™2
and pressures of 200, 425, and 600 mTorr. The results are shown in Figs.
2a-2f as a function of electron absorbed power.

The atomic and molecular chlorine ions and the negative chlorine ions
are practically independent of pressure, showing a very small increase in
-their densities with pressure. The densities of those ions, on the other hand,
increase significantly with the RF power absorbed by the electrons. However,
the degree of increase with power varies differently among those ions. The
atomic chlorine ions show the largest increase in density with power.

The densities of electrons and chlorine atoms increase linearly with ab-
sorbed power. However, each has a very different dependence of density on
pressure. The density of chlorine atoms increases with pressure, while the
density of electrons decreases with pressure.

The electron temperature is only very weakly dependent on pressure and
on the RF power absorbed by the electrons. The temperature varies between
2.15 and 2.33 eV over the range of absorbed power densities of 0.1-0.3 W
cm~2 and an inlet pressure range of 200~ 600 mTorr.

As expected, the densities of chlorine molecules and helium atoms are
approximately independent of the RF power absorbed by the electrons, but

increase linearly with pressure. This results from the low dissociation and

11



ionization of chlorine molecules and the low ionization of helium atoms in
the discharge. We do not show those results here.

The results presented in Figs. 2 use a surface recombination coefficient
of chlorine atoms equal to 0.2, which is poorly known. Using a value of the
surface recombination coefficient of 0.1, we find that the densities of chlorine
atoms and ions increase approximately by a factor of two, as expected, since
most of the loss of chlorine atoms is to the discharge walls. However, the
change in densities of the other species and the electron temperature is at
most 10%. We can understand these results in terms of the low dissociation
of Cl; in the discharge.

In Fig. 3 we plot the RF current density versus the electron power, for
the three values of pressure. The current is found to be proportional to
the power and inversely proportional to the pressure. When the densities
and electron temperature are plotted as a function of current, there will
be new dependencies on the pressure that reflect the power and pressure
dependencies of the RF current as given in Fig. 3. All the proportionalities
in Figs. 2 and 3 are easily obtained from the basic equations, as obtained in
the next section.

Our calculations show that the ionization and the excitation of helium
atoms are very low in the discharge. Accordingly, helium atoms play a minor
role in determining the charged particle balance and power balance in the
discharge. To confirm the effect on the densities of chlorine species due to
the presence of helium atoms, we have performed a calculation in which the
rate coefficients for all the collisions between helium atoms and the chlorine
species are set to zero. The results show that the densities of the chlorine

species are changed by less than 3 percent. The densities of the helium ions
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and metastable helium atoms, on the other hand, increase significantly due
to the neglect of Penning ionizations. We conclude that helium atoms play a
very minor role in determining the equilibrium parameters of the discharge.
As a result, the densities of the heavy species and the electron density and
temperature in a discharge containing only chlorine gas will follow the same

scalings as those in Figs. 2-3.

4 Analytic Scaling Results

4.1 Scaling with pressure and RF power deposited in
electrons

Using Eq.(4), for the example given in Table 4, we calculate the ratio R of

positive ion diffusive loss to recombination loss to be

E ; 4Di.+n0.|
R= JE ~ 0.09 (25)
25 fo/* Krecno,-mo(1 - g )2ds

which indicates that the diffusive loss to the wall is of minor significance.
This is true for all of the cases studied. We note, however, that for an R-
value given by Eq. (25), the Boltzmann assumption is not strictly valid for
the negative jons®. The result is that the electron density is not constrained
to be uniform in the plasma. However, numerical comparison of the global
mode] with more general analysis indicates that the parabolic profile is still
a reasonable assumption.

We can therefore greatly simplify our treatment by setting the rate of
production of positive ions by electron-neutral ionization equal to the rate of

recombination. Accordingly, we describe the power absorbed by the electrons

13



in the discharge in terms of the volume recombination rate alone as

P, abs,e = Vzec,in—n+,ikrec,i- (26)

i=1

Here, we do not include the profiles of the charged particles which do not
affect the scalings, within our approximation that the profiles remain con-
stant. In the folloWing discussion, we consider only species of chlorine and
electrons, as the calculations indicated that helium species played a minor
role in determing the equilibrium parameters.

Since the dominant positive ion species in the discharge is CL and its

value approximately equals the density of Cl~, we simplify Eq.(26) to
Pabs,c = Eckrecnza'z*'v- (27)

Then, solving Eq.(27) for n¢s gives

P, IX 172
noy =nor- = (ecife;v) . (28)

If we neglect the weak temperature dependence of €. and k., we find that
the densities of Cl7 and Cl~ are approximately independent of pressure and

scale with power as P2

abs,er S shown in Figs. 2a and 2c.

For negative ions, the dominant loss process is also positive-negative ion
recombination and those ions are produced by dissociative attachment. Then,

the particle balance equation for negative ions takes the form
kattnenict, = krechot-nert (29)

where kg, is the rate coefficient for dissociative attachment.
Again, setting nei- = negy and ignoring the weak temperature depen-
dence, we solve Eq. (29) for n., and using Eq. (28) for gy, We obtain

F, abs,e
MNe =

= ——t 30
ecka.ttnCle ( )
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This shows that the electron density increases linearly with absorbed electron
power. Since the neutral density ncy, increases with the inlet pressure, the
electron density scales approximately with the inverse of pressure. These
scalings are seen in Fig. 2d.

In the discharge, chlorine atoms are produced primarily by dissociation
of chlorine molecules and destroyed by surface recombination. The particle

balance equation for Cl becomes

nencl kaiss = nerYDess /A2, (31)

where 7 is the surface recombination coefficient for Cl, A = (volume of the
discharge)/(surface area of the discharge) is a diffusion scale length, and D,
is an effective diffusion coefficient.

At high pressure D,;, has the scaling

C
Dcici, = ';g, (32)

where p is the pressure of the discharge that is calculated based on all neutral
densities and Cj is a function of gas temperature, the masses of Cl and Cl,,
and the parameters in the intermolecular potential describing the interaction
between the two species. Then, using Eq.(31) together with Eq.(30) for n.,

we find

noy = Fdiss PFaps.e (33)

kar €Co’
i.e., the density of chlorine atoms scales linearly with both pressure and
electron power, as seen in Fig. 2e.

Both the positive ions Cl* and ClJ are created by electron impact ion-

ization and destroyed by negative-positive ion recombination. The particle
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balance equations for these ions are
kiz.ctonencr, = krecnoi-neyg (34)

kiz cinenct = krecnar-nei+, (35)

where k;; ci, is the ionization rate coefficient of Cl, and k;; ¢ is the ioniza-
tion rate coefficient of Cl. The rate coefficients for those two species are
approximately equal at a given electron temperature of the discharge. Then,

combining Eqs.(34) and (35), we find,

no+ _ Noif

(36)

nci nci, '
l.e., the degree of ionization is the same for both Cl and Cl; .
Substituting Eq.(28) for ey and Eq.(33) for n¢; into Eq.(36) gives
3/2

P kdiss abs,e
L (37)
nct, kattkrl‘ég 62/200‘/3/ 2

N+ =

Since ncy, increases linearly with p, ng;+ becomes approximately independent
of pressure and scales with absorbed electron power as P:,,/:e, as seen in Fig.
2b.

Since the loss rates for positive and negative ions are the same within our
approximation, we can combine Eq.(29) and Eq.(34), to obtain an equation

for the electron temperature as
ko (kTe) = kizc1, (KTe). (38)

This yields T,=1.92 eV, which is independent of both pressure and power.
The weak dependence of temperature on pressure and power as shown in Fig.
2f arises from the effects that we have neglected such as the positive ion loss

to the walls.
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'To obtain the scaling of RF current with power absorbed by electrons and

pressure, we solve Ohm’s law together with Eq.(30) to obtain the current as

\/Z'CP abs,e

J =
! (mueckaunc;, ) 1/ 2y ’

(39)

where v is the electron-neutral collision frequency given in terms of the rate

coefficient < vo, > as

V=mncp < V0> . (40)
Substituting Eq. (50) for v into Eq. (39), we obtain

\/ieP abs,e

= .

(41)

The RF current scales linearly with power deposited in the electrons and
inversely with inlet pressure as shown in Fig. 3.

We write the ion mean free path as

1

—, (42
nenoery )

’\Ct; =

where o¢y+ is the ion-neutral momentum transfer cross section. The diffusion

coefficient is then expressed in terms of A+ as

T;
-— )
nci, UCl;' vMClz

DCl; + = (43)

where 7 is the average ion thermal velocity.
Substituting Eq. (28) for ngy+, Eq. (41) for Ji, Eq. (42) for Agy, and
Eq. (43) for D¢,y , into Eq. (20), we have

(44)

‘ 1/4
Al 1.7(0.8)%% 7w (Ucz;MClz)2 "p s,
nClz

be = -175 (1.52)5/225/4(.05/263/2 Tx (m < vo, >)5(€ckatt)3 2
The DC voltage scales with the square of power deposited in electrons and

inversely with the square of pressure as seen in Fig. 4a.
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Similarly, by substituting Eq. (41) for J; and Eq. (42) for Ag;# into Eq.

(21), we obtain

p A 1.7(0.8)3/227/4¢3 Polre
abs,ion — Vs/2 (1,52)5/2(4}5/262/2 (UC,;-MClz)llz(m < vo. > eck‘m)5/4 ’n:&l,‘l2 .
(45)

The RF current, DC voltage, and P,s o increase with RF power deposited
in the electrons and decrease with inlet pressure. However, Pyp; ion Shows the

largest increase with electron power and the largest decrease with pressure.

4.2 Scaling with pressure and RF current

Solving Eq. (41) for P,ps, in terms of J; and substituting the result into Eqs.
(28) and (30), we obtain

/4 1/2
_ mllkcuncg ! (J1V)
e = | —o—r— mJ (47)
° 2325ckattnClz r

These scalings agree with the numerical results in Figs. 2 and 3 taken to-
gether. Substituting Eqs. (42) and (43) together with Eq. (46) for the
density of charged species into Eq. (20), we obtain the DC voltage in terms

of the RF current as

5/2 7 [ (0q+Mow,)2€cka 14
Vo = 1.7(0.8) v (( cir Mci,) u) 2. (48)

(1.52)5/229/452 P T; \ m <o >
The DC voltage scales with the square of RF current, but is independent of
inlet pressure, as shown in Fig. 4b.

Substituting n, given in Eq. (47) into Eq. (24) and the result into Eq.

(22), we obtain the total absorbed RF power in terms of the current J; as

1.7(0.8)"24 (mc,; ) " o

(mveckattnClz ) 12 (49)
wS/ 253/ 2 M Cls . 1

21/2¢

Pps =V J1 +

18



Further, substituting Eqs.(40) and (42) into Eq.(49), we express the total
absorbed power in terms of RF current and inlet pressure as

' ~ 1/2
< V0, > €ckay)l/? 1.7(0.8)%/24 2e
y{m <voe > eckan) 7+ 1:7(08) ( ) J52,

Pyps = Nl J1+
s 21/23 2 w5/2€g/2 Mc[2 nc,,ac,;-

(50)
The first term represents the RF power deposited in the electrons and the
second term gives the power deposited in the ions. The total absorbed power
depends on the electron temperature through ko and v. However, as shown
in the previous subsection (see Fig. 2f), the electron temperature varies less
than 10% over the wide a range of power density and inlet pressure. Accord-
ingly, we can neglect the temperature dependence in Eq.(50) and consider the
total absorbed power to depend only on the inlet pressure and the RF cur-
rent, as given explicitly in Eq.(50). To exhibit how the total absorbed power
scales with current, we plot in Fig. 5 the quantity P,;s/(nci,J1) as a function
of J;. At low current density the sheath voltage is relatively small, so that the
power absorbed by the electrons (ohmic heating) dominates, while at higher
currents the larger sheath voltage results in increasing power deposited in
ions, o Jf' /2 There is also a pressure dependence. Ohmic heating being
relatively more important at high pressure favors the linear term, while at
low pressure the RF power is mainly deposited in the ions accelerated across

the potential of the sheaths.

5 Comparison with Measurements

We apply the global model to analyze recent experiments performed with the
Lam 490 etcher. The discharge in the etcher consists of two parallel plates

each with a radius of approximately 10.16 cm and a gap spacing of 2 cm.
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In the experiments, the Cl, flow rate was kept at 300 sccm while power and
pressure were varied. The cylindrical discharge is essentially one dimensional,
with its radius much greater than its height.

In the experiments, 13.56 MHz RF power from a generator is delivered to
the discharge via a matching network®. The time- dependent RF current in
the discharge and the RF voltage across the discharge are measured. Ignoring
any nonlinear effect, we assume both the current and the voltage oscillate at
the same fundamental frequency as the input power source. Thus, the phase

angle between the current and the voltage is obtained from
_ P (V@)())dt

- )
Vrms 1 rms

(51)

where t, is the cycle time, ¢ is the phase angle, V/(t) and I(t) are the time-
dependent voltage and current of the discharge, and Vs and Irm; are the
values of the root mean square voltage and current. The total absorbed

power is given in terms of the phase angle as
Pops = Vemslrms oS @. (52)

This allows one to calculate the power delivered to the discharge by using
the V(t) and /(t) measured in an experiment.

The actual voltage and current at the plasma boundary as used in the
comparison with results from the model cannot be directly measured. The
distributed network element between the plasma and the node of the mea-
surement is characterized with network analyzers (HP 8353 A and HP 85046
A) with the chamber opened. Vypms, Irms, and ¢ are then calculated from the
measured values and the transmission matrix.

Two sets of experiments were performed with the Lam 490 etcher®. In one

set the inlet pressure was kept constant at 400 mTorr and the input power
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from the generator to the matching network was varied to obtain a variation
in the RF power delivered to the discharge system. Taking into account the
power loss in the matching network, the absorbed power in the discharge was
measured in the range of 16-180 W. In the other set of experiments the power
from the generator to the matching network was kept at a predetermined
value of 110 W. The inlet pressure was varied from 100 to 1600 mTorr and
the RF power delivered to the discharge system was measured.

To mode! the experiments, we assume the input parameters inlet pressure,
feedstock gases and their flowrate rates, parallel plate radius, and gap spacing
are given, together with either a total absorbed RF power or a RF current.

Given the RF current, we solve the electron power balance Eq. (23)
together with the equations for neutral species and the set of Eqs. (11) for
charged species to obtain the densities of heavy species, electron density, and
electron temperature. The total absorbed RF power is calculated according
to Eq. (22).

When the total absorbed RF power is specified instead of the RF current,
we solve Eq. (22) together with the equations for neutral species and the set
of Egs. (11) for charged species to obtain the densities of heavy species,
electron density, and electron temperature. The RF current is then obtained
from Eq. (23).

To calculate the voltage across the discharge, we represent the discharge
by an impedance model. The fundamental equivalent circuit models the two
major regions of the discharge, the bulk and the two shéath regions at the
plates. The bulk plasma region is described by the linear elements resis-
tance R,, capacitance C,, and inductance L,, while the two sheath regions

are described by the nonlinear elements sheath resistance R,, and sheath
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capacitance C;. The effect of the sheath inductance on the voltage across
the discharge is assumed small.

The plasma capacitance calculated for a one dimensional paralle]l plate
model is

A2 A2
Cp=€o l/ zéod /

(53)

b
- sm,t

where A/2 is the surface area of each plate, assuming a symmetric discharge,
d is the separation of the two plates, and s, is the total width of the two
sheaths. Ina high pressure discharge with strong electronegativity, the sheath
is very small and ! = d. Both the plasma resistance and plasma inductance

are expressed in terms of C, as®

v

= 54
R, 2. (54)
and
L=—— (55)
P — wg.ecﬁ’

where w, ¢ is the electron plasma frequency.
The capacitance of the two sheaths in series combination is also approx-

imately a linear element and is written as®

C. = 0766, 212, (56)

sm,t

In the global model we approximate sp ¢ by sm given in Eq. (19).
The sheath resistance R, is calculated using the power balance equation

which is rewritten as

2 2
Pas =21LV+E£'(:‘2]ﬂ.

We calculate the voltage across the discharge by solving the following

(57)

equation for the circuit.

Qs(t) dl(t)
C, +Ly dt

+ (2R, + R,)I(t) = V(2), (58)
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where Q;(t) is the charge accumulated on the plate and /(t) and V() are
time time-dependent current and voltage of the discharge. Writing I(t) =

Ims cos(wt) and V(&) = V,ps cos(wt + @) and solving Eq. (58) gives

‘ \ 1 2\ 1/2
Vims = Irms ((ZR, + Rp) + (ZJ—C_': - wL,,) ) (59)
and ]
— wC, UEL:C,,
tanyp = Ty (60)

In Figs. 6a—6c, we compare the rms RF current and voltage and the phase
angle versus inlet pressure from the global model to the datad. In these
experiments the input power from the generator to the matching network
was kept constant at a predetermined value of 110 W. In Figs. 7a-T7c, we
compare the rms RF current and voltage and the phase angle versus total
absorbed power from the global model to the data®. In these experiments
the inlet pressure was kept constant at 400 mTorr and the input power from
the generator to the matching network was varied to produce a variation in
absorbed power from 16 to 180 W. All of the data presented in Figs. 6-7
were from the experiments performed with a Lam 490 etcher.

The comparisons between the results from the global model and the mea-
surements clearly show reasonable agreement especially on the scalings with
inlet pressure and power. The general trends can be qualitatively understand
in the following way. At high pressures, the electron power absorption due
to ohmic heating dominates the ion power absorption in the sheaths. Hence,
the first term on the right hand side of Eq. (50) dominates and FPyps X PinJi-
At constant absorbed power, the current is inversely proportional to pressure
at high pressure as seen in Fig. 6a. Although in the experiment only the

input power was kept constant, the absorbed power was found to be fairly
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constant at high pressure. At low pressure, the second term in Eq. (50)
becomes important, leading to a weaker dependence of J; on pjn.

As Fig. 6c indicates, the phase angle between the total RF voltage and
the RF current changes from resistive at high pressures to capacitive at low
pressures. At high pressures the RF voltage is mainly dropped resistively
across the bulk plasma. Using Eq. (59), we obtain Vipms = IrmsR,. Then,
by using Eq. (50) together with the scaling for n., we obtain Vgr o pin,
as seen at high pressures in Fig. 6b. At low pressures, since the discharge
is capacitive, we obtain V,,; =~ 2R, [, from Eq. (59). Then, solving Eqgs.

(50) and (57) to obtain R, in terms of the current gives V;p, Pays/ D}

in -
This shows the voltage scales inversely with pressure at low pressures.

For the fixed pressure data of Fig. 7, we are in the ohmic heating regime
such that, from Eq. (50) J; o Pass/pin, as seen in Fig. 7a. At high powers,
the discharge is capacitive and Vims ~ Vpc « J? from Eq. (48). Using
J1 & Poys[Din, We seé that Vims o< (Paps/Pin)? Which agrees qualitatively with .
Fig. 7b. At low powers, the discharge is resistive and this yields Vs & pin,
independent of P, as also seen in Fig. 7b.

In general the agreement of the current is much better than the agreement
of the voltage. For the voltage, there are significant disagreements between
our results and the data at low inlet pressure, p;» < 200 mTorr, at high inlet
pressure, p;, > 1 Torr, and at high absorbed RF power, P, > 200 W. Some
of the disagreement between our results and the data might be attributed to
the assumption of a symmetric discharge in our model, since the discharges
in the Lam 490 etcher is not strictly symmetric. Furthermore, as the pres-
sure decreases the collisional sheath model used in our calculation predictes

an increasing sheath width such that at p;, = 100mTorr is 1 ¢cm, compara-

24



ble to the gap spacing of only 2 cm. This model also assumes a constant
diffusion coefficient and mobility, which is not valid at low pressures®. At
pressures above one Torr, nonlocal ionization of the neutral spécies by the
strong electric field in the sheath regions becomes important and secondary
electron emission from the plates may also become important. Taking these
effects into account in the global model would result in a lower voltage than

currently predicted by the model, thereby agreeing better with the data.

6 Conclusion

We have developed a global model for high pressure (0.1-1 Torr) electroneg-
ative radio frequency (RF) discharges and applied it to molecular gases con-
sisting of either pure chlorine species or a mixture of chlorine and helium
species. The charged and neutral heavy particle densities together with the
electron density and electron temperature are calculated by using the equa-
tions of particle balance and power balance for the input discharge parame-
ters RF power or RF current, inlet pressure, gas flowrates, reactor diameter,
and gap spacing. The power is assumed deposited in the electrons via ohmic
heating and in those ions accelerated across the DC sheath potential. The
voltage across the sheath is calculated self consistently with the densities
and the electron temperature by using a collisional Child law sheath model.
Our results show that the discharge is highly electronegative with a value
of ag = mg,-/ng. greater than 50. The fractional dissociation of chlorine
molecules is less than 6%. The densities of charged species consist mostly
of Clj and Cl~. Those ions are mainly lost in the discharge as a result of

negative-positive ion recombination rather than diffusion loss to the walls.
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The helium atoms in the chlorine/helium discharges play a minor role in
determining the densities of charged chlorine particles, the electron density,
and electron temperature. Analytic scaling laws for the dependence of the
charged and neutral particle densities, electron temperature, RF voltage and
current, sheath width, and plasma impedance on pressure and absorbed RF
power are derived and used to explain the numerical results obtained from the
global model. We have compared results from the global model to recent ex-
perimental measurements on a Lam 490 etcher, using chlorine feedstock gas.
We found reasonable agreement between calculation and measurement, over
a wide range of pressures and powers. In our calculations, we have not made
any attempt to adjust the parameters in the model to fit the measurements.
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Table Ia: Chlorine reactions

Number

Reaction

O 00 IO Ui N =

10
11
12

e+Clg=2e+Cl.j

e+ Cl, =e+2Cl

e+Cl, =Cl+CI™

e+Cl=2e+Cl*
Cl"+Clf =Cl+Cl

Cl- +ClT = 2CI

e+Cl =2e+Cl
e+Cly=e+Cl” +Cl*
e+Cl,=2e+Cl+Cl*

2Cl + wall = Cl,

Cl* + wall = ClI

Cl + wall = Cl

Table Ib: Rate coefficients for chlorine reactions

Number Rate Coefficients (cm®/s)

References

N

—
il =~ Y- - SREN IS XS4

12

9.214 x 10~8¢~12:9/T
3.802 x 10-8¢~382/Te
3.69 x 10~1°Exp(X2_, ai/T}),
a) = -1.68
a, = 1.457
az; = —0.44
aq = 0.0572
a5 = —0.0026

(T./12.96)'/2e12%6/Te 52 a;(log(T./12.96))},

ap = 1.419 x 1077
ay = —1.864 x 10_8
a; = —5.439 x 10~8

a; = 3.306 x 10~8
ay = —3.54 x 1079
as = —2.915 x 10~8

5.0 x 1078
5.0 x 10°8
2.627 x 10~8¢~5-375/Te
8.549 x 10710¢~1265/Tc
3.881 x 1078¢~15:5/T¢
7kloss
2Dcypdngyy /1
2Dcl+4’nC[+ /l
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12
11

13

14
14
15
11
11

16
17



. Table IIa: Helium reactions

Number Reaction
13 e+ He =2e + Het
14 e + He = e + He(2!S)
15 e + He = e + He(2%S)
16 e+ He®* =e+ He
17 e + He* = 2e + He*
18 He* + He* = e + He + He*
19 He* + wall = He

Table IIb: Rate coefficients for helium reactions

Number Rate Coefficients (cm®/s) References

13 e~2480/Te (T, /24.60)/2 T3 _, a;(log(T./24.60) ), 18
ao = 1.4999 x 1078
a; = 5.6656 x 10~1°
a; = —6.0821 x 107°
a3 = —3.5894 x 10~°
as = 1.5529 x 10~°
as = 1.3207 x 10~°

14 Exp(Z?:O ai(log(Te))i) ’ 19
ag = —40.246
a = 21.959
Qg = —10.608
az = —0.569
aq = 1.722
15 Exp(Tio ai(log(Te))’), " 19
ay = —18.769
a) = —19.987
a; = —0.699
16 (k14 + 3/(3]5)820'0/7‘c /4 20
17 7.54 x 1078¢=405/T 21
18 6.2 x 10710 22
19 2DHC+4nHe+/l 23
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Table IIIa: Reactions between chlorine and helium

Number Reaction
20 Het 4+ Cl- =He+Cl
21 He* + Cl, = He + 2Cl

22 He* + Cl; = e+ He + Clj
23 He* 4+ Cl=e+He+Clt
24 He* +Cl” =e+ He+Cl

Table IIIb: Rate coefficients for reactions between chlorine and

helium

Number Rate Coefficient (cm®/s) Reference

20 2.0 x 1077 24
21 6.2 x 10710 20
22 2.7x 1077 20
23 5.8 x 101! 20
24 1.2 x 107! 20
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Neg = 1.20 x 10%m™3
gy = 5.80 x 10" em™?
ne+ = 4.80 x 101%cm—3
no- = 6.16 x 10cm™3
e+ = 3.16 x 108cm™3
nc, = 3.82 x 10%cm ™3
ne = 5.00 x 104cm™3
ny. = 8.66 x 10'°cm—3
nyee = 1.41 x 107cm ™3

T, = 2.18eV

Table IV: Densities and electron temperature
Input parameters: absorbed RF power is 205 W, inlet pressure is 425
mTorr, flowrates for Cl, and He are 340 sccm and 160 sccm, respectively,

discharge radius is 11.25 ¢cm, and gap spacing is 0.9 cm
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Figure Captions

Fig. 1. Schematic drawing of the cross section of the discharge. [, is the
gap spacing of the discharge and [, is the height of the plasma column in
the discharge. {/2 is the profile scale length for the heavy species which is
assumed to be equal to l,/2.

Fig. 2. Molecular chlorine ion density (a), atomic chlorine ion density (b),
negative chlorine ion density (c), electron density (d), atomic chlorine density
(e), and electron temperature (f) versus absorbed power density deposited
in the electrons. The dashed, solid, and dotted lines correspond to the inlet
pressures of 200, 425, and 600 mTorr, respectively.

Fig. 3. RF current density versus power density deposited in the electrons.
The dashed, solid, and dotted lines correspond to the inplet pressures of 200,
425, and 600 mTorr, respectively.

Fig. 4. DC voltage versus (a) power density deposited in the electrons and
inlet pressure and (b) RF current density and inlet pressure. The dashed,
solid, and dotted lines correspond to the inlet pressures of 200, 425, and 600
mTorr, respectively.

Fig. 5. Total absorbed RF power versus current density and inlet pressure.
The dashed, solid, and dotted lines correspond to the inlet pressures of 200,
425, and 600 mTorr, respectively.

Fig. 6. Jyms (2), Vems (b), and phase angle (c) versus inlet pressure from the
global model (solid line) compared to data (solid square) obtained with the
Lam 490 etcher. The input power is fixed in the experiment.

Fig. 7. Jems (), Vems (b), and phase angle (c) versus absorbed power from

the global model (solid line) compared to data (solid square) obtained with
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the Lam 490 etcher. The solid and ‘dotted curves correspond to the inlet

pressure of 400 and 600 mTorr, respectively.
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Fig. 2a: Molecular Chlorine Ion
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Fig. 2b: Atomic Chlorine Ion
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Fig. 2c: Negative Chlorine Ion
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Fig. 2d: Electron Density
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Fig. 2e: Atomic Chlorine
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Fig. 2f: Electron Temperature
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Fig. 4a: DC voltage across each sheath
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Fig. 4b: DC voltage across each sheath
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Fig. 5: Total Absorbed RF Power
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Fig. 6a: RF Current

RF-Current (amp)

2x10! : : A —
10° | 10° 2x10°
Pressure (mTorr)




4x10?

Voltage (volt)

4x10!

Fig. 6b: Voltage Across the Discharge
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