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A fluid description of the presheath of a magnetized plasma is used to model a divergent
electron cyclotron resonance (ECR) plasma source. The fluid equations are moments of the
time-independent Boltzman equation when cross-field particle motion occurs only

through a static EXB drift. Closure is obtained by neglecting third-order moments. The
electrons are assumed to have constant temperature along the magnetic field, to obey a
Maxwell-Boltzmann potential-density relationship, and to be warmer than the ions.
Interactions between plasma and neutral gas are included by specifying the profile of the gas
density along the magnetic field and collision cross sections. A form of the equations is
derived that can be used to study ions with anisotropic temperatures. The model is used to
estimate the axial profiles of the density, ion flow, and ion temperature of an ECR

plasma source. The calculated global relationships between (1) the electron temperature and
the equilibrium neutral gas density, and (2) the absorbed microwave power and the
equilibrium plasma density are comparable with experimental measurements. Furthermore,
the calculated ion temperature is comparable to recently reported measurements

[Appl. Phys. Lett. 57, 661 (1990) and Appl. Phys. Lett. 58, 458 (1991)].

1. INTRODUCTION

Since the introduction of microwave plasma sources
that make use of electron cyclotron resonance heating
(ECRH) to etch fine-line patterns on semiconductors,l’2
several experimental investigations have characterized the
operation of ECR plasma sources. These studies have doc-
umented (1) variations of the plasma density and potential
with changes in neutral gas pressure and microwave
power,>® (2) the role of magnetic field gradients’ and
magnetic field topology,® and (3) the conditions leading to
anisotropic etching.’ More recently, the importance of con-
trolling the ion impact energy was demonstrated by opti-
mizing the plasma etch process through the application of
a radio frequency (rf) bias to the substrate surface. The
plasma etch rate was enhanced,'” and etch selectivity was
achieved.!! In addition, measurements of the energy and
temperature of the plasma ions and neutral atoms have
been made with spectrographic'? and laser-induced fluo-
rescence (LIF) diagnostics.!*'> The LIF measurements
are noteworthy since they show the perpendicular ion ther-
mal energy to be relatively small (7, £0.5 eV) and con-
sistent with the observation of anisotropic etching.

In this article, we describe a relatively simple fluid
model for the discharge equilibrium of a divergent ECR
plasma source. We further show that equilibria calculated
with the model resemble many aspects of actual ECR
source measurements. The model is an extension of the
fluid equations for the plasma presheath developed by
Scheuer and Emmert'® modified to include an axial varia-

*Present address: Fusion Energy Division, Oak Ridge National Labora-
tory, Oak Ridge, Tennessee 37831.
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tion of an applied magnetic field. By construction, kinetic
effects are not included, but these effects should be small in
an ECR source. For instance, Chodura has shown that a
“magnetic presheath” occurs when the magnetic field is
oblique to the plasma-wall boundaries,'’ but the magnetic
field in most ECR sources is nearly perpendicular to the
boundaries. The conduction of ion perpendicular and par-
allel thermal energy (represented by the higher-order mo-
ments of the ion distribution) is also lost in our fluid treat-
ment, but conduction was shown to be small in Ref. 16,
especially when 7> T; as found in ECR sources. Finally,
Sato and co-workers'® have performed a fully kinetic treat-
ment of the collisionless magnetized presheath, but we note
that the potential drop and flux reduction which they show
results from the flux expansion of a divergent magnetic
field is also calculated by the fluid model presented here.
The fluid description of an ECR source can be used to
estimate the source’s global operating parameters and to
calculate the axial profiles of the parallel 7 and perpen-
dicular T, ion “temperatures” along a magnetic field line.
For the ions, we use the word “temperature” to refer to a
moment of the ion distribution function, but we do not
imply that the ions are characterized by a Maxwellian or
bi-Maxwellian. On the other hand, we do assume that the
plasma electrons are represented by a Maxwell-Boltzmann
distribution with a constant temperature T, and we explain
when this approximation is reasonable. By making use of
estimates for the power loss due to line radiation,'® the
rates of collisions between plasma and neutrals,20 and the
Pastukhov formula for the total magnitude of the plasma
potential,** we show that the fluid model (1) reproduces
the recent LIF measurements of the ion temperature of an
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ECR source, and (2) reasonably predicts the microwave
power and neutral gas density required to achieve a par-
ticular plasma density # and electron temperature in an
ECR source.

Section 11 presents the equilibrium fluid equations for
the density, parallel flow, and kinetic energy of the plasma
ions. These equations describe the steady flow of plasma
along both directions of a magnetic field line to perfectly
absorbing sheath boundaries. Differential equations for the
perpendicular and parallel ion temperatures are derived by
finding the moment of the product of the collisional Boltz-
mann equation and the perpendicular ion Kinetic energy.
These equations reduce to those presented in Ref. 16 when
the axial variation of an applied magnetic field vanishes.
Section II also describes the numerical procedure used to
solve the fluid equations. Because a plasma discharge has
an equilibrium relationship between the electron tempera-
ture and the neutral gas density?® and because the axial
magnetic field is not symmetric, the magnitude of gas den-
sity and the location of the point of stagnant ion flow are
not known a priori. This difficulty is overcome by numer-
ical iteration. A unique solution for the discharge equilib-
rium is found by simultaneously adjusting the magnitude
of the neutral gas density and the location of stagnancy
until the Bohm sheath criterion is satisfied at both bound-
aries.

In Sec. III, sample solutions of the equations are pre-
sented by modeling the discharge equilibrium of the ECR
source used in Refs. 4, 11, and 12. Solutions to the colli-
sionless equations ( Tﬁ":T" ) are compared to those ob-
tained when ion collisions are assumed to be sufficiently
rapid to insure T~ T . In addition, the equilibrium rela-
tion between T, and the neutral gas density is calculated
and compared with experimental measurements obtained
using a Langmuir probe. In Sec. 1V, the total microwave
power required to maintain the discharge is calculated and
this relationship is also compared with experimental mea-
surements. Using the model, we are able to illustrate the
relative magnitudes of the various power loss channels. A
discussion of the implications of this model for optimizing
an ECR source is provided in Sec. V.

il. FLUID EQUATIONS FOR THE PRESHEATH IN A
MAGNETIZED PLASMA

A. Basic assumptions

In this section, we derive a set of differential equations
describing the equilibrium flow of plasma along a magnetic
field line typically found in a divergent-field ECR source.
These equations will be used later to model the steady-state
situation depicted in Fig. 1. Electromagnetic waves are
launched through a vacuum window, and the waves prop-
agate along the magnetic field to the electron cyclotron
resonance where the plasma electrons are heated. The
heated electrons ionize a continuous flow of neutral gas.
Once ionized, the plasma ions are assumed to flow along
the magnetic field to one of the sheaths, either at the mi-
crowave window or at the process surface. An auxiliary
magnet is sometimes used to adjust the field strength at the
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FIG. 1. A schematic drawing of a divergent ECR source illustrating the
locations of the quartz window, process surface, and gas feed ring. An
auxiliary magnet is sometimes used to adjust the axial magnetic field
profile at the process surface.

process surface. We further assume that the materials at
both ends of the field line are nonconducting so that the ion
and electron flow is ambipolar. For simplicity, cross-field
transport is ignored, although a “rotational” EXB drift of
electrons and ions ¥ is included since the difference in the
speeds of the ions and the (stationary) neutral gas is a
source of heat to the ions. Magnetic drifts could also be
included, but, since the radial gradient scale length of the
electrostatic potential is usually much shorter than the ra-
dius of curvature of the magnetic field lines, the magnetic
drifts are much smaller than V. As suggested in Fig. 1, we
have in mind a source which is approximately axisymmet-
ric having electron and ion distributions that are constant
in the direction of the azimuthal EXB rotation.
Generally, the electron temperature 7T, in an ECR
plasma source is much larger than both the ion and neutral
gas temperatures. Since the electrons are much less massive
than the ions, a positive electrostatic potential forms within
the plasma to accelerate ions to the sheaths (i.e., the
presheath) to maintain ambipolarity. Typically, an elec-
tron bounces nearly JM/m, ~ 500 times between the
sheath boundaries before escaping from the electrostatic
well. Furthermore, the electrons are fast enough that the
mean-free path for electron energy loss, proportional to
LM /m (nT,Cy P,), is many times the distance between
sheaths, L~50 cm (see Sec. IV). (In other words, the
average electron transit frequency is much less than the
electron cooling rate.) For this reason, the average electron
energy should be approximately constant along a field line.
In contrast, electron pitch-angle scattering is more fre-
quent. ECR sources usually operate with neutral gas pres-
sures near 1 mTorr, with plasma densities near 102 cm—3,
and with electron temperatures near 7 eV. Under these
conditions, the mean-free path for electron—electron and
elastic electron—neutral collisions is of the order or slightly
less than L. Since the electron collision rates are nearly two
orders of magnitude larger than electron loss rates, it is
reasonable to assume the electrons are well thermalized
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having a Maxwellian distribution with temperature T..
ECRH in magnetic mirrors has been observed to produce
non-Maxwellian electrons,?* but in a divergent-field ECR
source, anisotropic, energetic electron tails are not con-
fined. Thus for these reasons and those stated in the pre-
vious paragraph, we assume in our calculations that T, is
approximately constant along a field line. In fact, compar-
isons of the electron temperature measured at the high
magnetic field region and at the low field region of ECR
plasma sources support this assumption (see Refs. 4 and
5).

The assumption of a Maxwellian electron distribution
is very important. The relationship between the electron
density and the electrostatic potential becomes local and
characterized by the simple relationship

e dp kT,dlnn

M;3 M; 0s
In addition, the details of microwave absorption and elec-
tron heating can be ignored. (For example, the fact that
the electrons may be heated at the Doppler-shifted cyclo-
tron resonance, and at a magnetic field higher than 875 G
for 2.45 GHz microwaves, does not enter the plasma power
balance.) The absorbed microwave power enters the
presheath problem only as a source of energy needed to
maintain the given value of T,.

The coupling between the neutral gas and the plasma is
complex in general. For reasons of simplicity, the approach
used here is to assume that the neutral gas density along a
field line has the form

no(S)=f70 h(S), (2)

where 1, is a constant to be determined by the boundary
conditions and 4(s) is a predefined function of the distance
along a field line 5. This assumption could be replaced with
a self-consistent calculation of the neutral gas density tak-
ing into account the gas feed and pumps, but this requires
a coupled, two-specie, plasma-gas approach that was not
pursued in this analysis.

(1)

B. Basic equations

With these assumptions, the procedure for deriving the
fluid equations for the presheath described by Scheuer and
Emmert (Ref. 16) can be applied directly. The equilibrium
Boltzmann equation for the ion distribution is

af (e&p yaB)af af

Vi3 A_{,EEU—{,EE E’H:E +S, (3)

col

where v, is the component of velocity parallel to the mag-
netic field (defined by Y =bhev), s is the measure of distance
along the field line, @ is the electrostatic potential, M is the
ion mass, u=v+ M,/2B, 3f/3t|., represents the change of
f due to collisions, and S is a particle source. Note that any
function of the total energy E=1"M/2+ e is a solution to
Eq. (3) in the special case when df/dt] .,;=S=0. An ar-
bitrary equilibrium EXB drift, V= (EXB)/B* can also
be included in Eq. (3), but, since we have assumed that the
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distribution is constant around a drift surface at each s, ¥
only appears as a relative velocity between the plasma and
neutral gas.

Expressing the distribution function in terms of the
coordinates (s,vy,u), three moments of Eq. (3) can be
found for the density, parallel momentum, and the kinetic
energy. Defining the moment [---] and average (***) op-
erators as

[...]= fdv" dy B(s)... (4)
and

<)E[1/H(S)]V(S,V//,/.L)], (5)

we have (V)=Vp+V, V})=Vi+2(u)B/M, and
(PY=( )+ P+ ).

Atomic and collisional effects are included in the mo-
ments of the right-hand side of Eq. (3). The moments of §
are represented by the cross sections for ionization o; and
charge exchange o, reactions,

[S]1=S,=nny{on)., (6)
[Vll Sl=-S,V= —””och?V’ (7)
[v2S]= (Si+Se) GKT/M42V5) — ()Ser,  (8)

2uB 2T,
II( Vé+%)sl= (S,~+Scx)(——M. +2V2E) — (V] )Sx -

(9

Here, S; is the ionization source rate, S, is the charge-
exchange rate, the root-mean-square speed of the ions with
respect to the neutrals is approximated by ¥'=(+*)!/?, and
T is the temperature of the source particles. In Egs. (8)
and (9), the average energy of an ion immediately follow-
ing ionization or charge exchange from a neutral atom is
assumed to be 1.5 kT4 M V% (i.e., the sum of the average
energy of the neutral gas and the energy resulting from
acceleration by the radial electric field). Elastic scattering
from neutrals is modeled with a “smooth” sphere model
(Ref. 20) and denoted by the cross section g, For Cou-
lomb collisions, we use the formula used by Spitzer,?® and
denote the characteristic electron Coulomb collision time
as 7, and the ion—ion Coulomb collision time as 7, This
gives

of ﬂ
a0 =0, (10)
ot col

af
(i COJ=*R0V’ (11)
I
1 .9f
5V % ﬂ=Qi—RoAEo: (12)

col
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i) 3
<u>B) }

1
:Qi,l_RO[AEO,.L_E ( VE (Mn )*““—Ml
(13)

Here, Q, represents energy transferred due to Coulomb
collisions, and R, represents elastic scattering. The average
total and perpendicular energy lost to the neutrals from the
streaming ions per collision are denoted by AE, and AE, |,
respectively. The definitions of the moments in Egs. (10)-
(13) are taken to be the expressions

R0=nn000?, ( 14)
mn (3kT, 2{u)B
o=jz. (30—~ ) (1)
(@B

0u=3 0+ (( by ) (16)
3kT,

2AE0~ (t >_W QY]
kT,

2AE01~ = (18)

Making use of these definitions, the three moment
equations become

B 9 (n¥ S (19)
2.
a(n 5 en dp n{u) dB
B&(E(V + (uj >))=_A_L5§_ M, 35
~V(Ro+Se0)s (20)
d [nV 2{u)B
Al a7
Bas[ZB (V +VE+3u) )+ M, )
n 2(ul“u)B
+E§ ((u“ )+T)
,6 ep 1, kT 2
=—nV 5 (E > Ve )-i—Ql S+(S+ng) E
~AEy(2S,+Ry). (21)

Equations (19)—(21) reduce to Egs. {(2) and (3) of Ref.
16 when S, =Ry=0;=Vy=38B/3s=0.

Closure of the moment hierarchy requires expressions
for (uﬁ ) and (u ). These terms represent the conduction

KT (%) 20 30T/ M) (Si+ Seu+Ro) + VE(Si+Sex—1Ro)

of parallel and perpendicular ion thermal energy. As pre-
viously mentioned, these third-order moments can be jus-
tifiably ignored whenever T,»7; Indeed, even when
T,~ T, Scheuer and Emmert (Ref. 16) have shown heat
conduction contributes only about 10% of the total heat
flux to the sheath in an unmagnetized plasma.

The fluid equations can be applied in two cases. The
“collisional™ case corresponds to conditions when pitch-
angle scattering is  sufficient to ensure that
(u” Y= ) B/M;=kT/M; The “collisionless” case corre-
sponds to conditions when (u“ Y= kTH /M z=kT = (,u YB.
In the following two subsections, we present first-order
equations for dn/ds, 3¥/3s, and 7/ 3ds for these two cases.

C. Fluid equations with drifting, isotropic ions

The fluid equations for a collisional, isotropic plasma
are found when defining (uﬁ Y= {u)B/M~kT/M, In this
case, the moment equations become

an -1 S,7? s din 8 din B 2
i W( D+ +n ER ), (22)

v L (2, e pedmB)
3 n(C =¥ (3Q"+ Cetnbes 75 ) @
Oy (MyK) [, ., 2T,
3 nV(Ci—VH I\ 3M;
2, s 2\ KT
X(ng—( i+Sex+ Ro) )— M,
dln B
® (2Si+Scx+R0+nV En ) l, (24)

where we have defined a net ion heating density Q, as

1, 3k
Vs V;g—a,—M (T;— Ts))

Q=0:+(S; +SLX+R0)( 3

KT, 1 o
—S;~— RO( 2312

3k T
111[ +—1‘Z( i s))

In the collisional equations, the sound speed is defined to
be C2=k(T,+5T/3)/M, The average squared ion veloc-
ity is (+?) =V 4+ Vi+3kT /M.

Notice that the fluid equations are singular as | V| - C,
and as ' —0. The singularity when the flow becomes sonic
corresponds to the location of the electrostatic Debye
sheath, and this singularity is forced to occur at a sheath
boundary by adjusting the neutral gas density. As shown in
Ref. 16, the singularity at the stagnation point F(s*)=0is
removed by an appropriate choice of T [i.e., Qy(s*)=0].
This requires the ion temperature to be

M, 55,438 +3R
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At s=s*, we assign n(s*) =n*. Equations (22)-(24) indi-
cate dn/ds=dT,/ds=0 at s*. Notice, that since V is small
at s* S., and R, are small compared to S, and
kT (s%) ~3kT/5+M,(2Q/S;+ V%) /5. Since T, is small
in ECR sources, even a modest radial electric field usually
dominates central ion heating, and kT (s*) ~M ,-V,ZE/S.

D. Fluid equations with drifting, anisotropic ions

When collisions are infrequent compared with the ion
transit time from the plasma source, the ion distribution
will not be a drifting Maxwellian. In this case, separate
equations for 97T /ds and JT, /ds can be constructed.
First, the moment of Eq. (3) with uB/M,+ V%/2 is found,
and, then, this equation is subtracted from Eq. (21) in
order to find the equation for the conservation of parallel
energy. The moment of the perpendicular energy is

d nV VE {u)B
3s 2
_ Va lV2 (uYB3In B Ro425 A
=" as(z E)Wr a5 | Rot25e)Ako,
kT, 2
+Q1.I.+ S i+ VE(S +Scx)
(p)B
2
(V VE+< ||>— M, ), (26)

and the equation for the axial variation of the parallel en-
ergy is

8 2
Bas( v +3<u,.>))

v e dp {u)B3dlnB kTsS

=" (M M, 3 ) (@—=Qu) +337, 5
1

—(AEy—AE,, )(ZScx+RO)+1_2'R

<i>—B) (27)

(V Vit (i ) —

Equations (19), (20), (26), and (27) can now be rewrit-
ten as coupled nonlinear equations for the equilibrium pro-
files of n, V, (uﬁ Y=kT| /M, and (u*yB=KT,. These
equations are

on -1
— 12
& NC—7) [2Q0+SxV +nV
2, dln B
x(V —~(T1—3T.,)) , (28)
v 1 ) o
5‘;_”(6?_'/2) [ QO+SI s+nV
dln B
(Cz—}— (TJ_—3T” )) - » (29)
ary  (Myk) 5 )
5 ~n(C V) {(c2 y2— )[2Q V2(S;

KTy 1,
V (ZS +Scx+R0)

+Scx+R0)]_ M

k dlnB
+nV(C3+A—{-,-(Tl_3T”))_8s—-”’ (30)

9T, (M/k) St St R V2 k I,
1, , 3k
—T9) |+ Ro| 5 V=5Vi+37 (Ti—T))
k r kT, dIn B
_ZM( “))-i-nV Eral B (31)

where, for these equations, Q, is defined as

k
Qo=(0;— 0. )+ (Si+Scx+Rp) ( Vz—% (Ty— TS))

KTy 1 2, 2, 3k
—S; _M_+ 12 Ro(ZV + VE+1T{—,» (T”— Ty)
k
+}l_{;» (T,—Ty ))-
In the collisionless case, the sound speed is

k(Te+3T )/M, and the average square velocity is
<v2> =V VE+k(T||+2Tl Y/ M,

As was the case for the collisional equations, the sin-
gularity at ¥'=0 is removed by choosing appropriate val-
ues of T, and T, at the stagnation point. Since
Q< (Ty—T ), this requires the simultaneous solution of
Eqgs. (30) and (31) as ¥-0. At the point of stagnancy,
n(s*)=n* V=0, and

M, 38i+Scx+ (Ry/2)

’

(32)

kTy(s%) Q= (Ro/12) (L= T )+ (KT M) (Si+SextRo/2) + (V/2) (Si+Sex—1Ro)

M, Si+S.,+ (Ro/2)
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In the collisionless equations, the temperature and density
profiles have a finite axial gradient at the stagnancy point
due to the p dB/Js force,

an * k(Tl—3T" ) aln B

95| - MC: ds ’

aTy N PILY. “
—aﬂ—— "( MG )as’ (33)
aTl Jdin B

3 . L Bs

The central ion temperatures in the collisionless case are
approximately — ATy~kT/3+2M(Q;—Q, )/3S; and
kT ~kT+M{Q/S;+Vi/2). When kT, <MV3/2,
T,> T at s=s*

lil. EXAMPLE EQUILIBRIUM OF AN ECR PLASMA
SOURCE

A. Numerical solution technique

In practice, both the collisional and collisionless fluid
equations are difficult to solve because of the complex ge-
ometry of an ECR source. The nonuniform magnetic field
and the nonuniform neutral gas density prevents the use of
symmetry arguments to identify the location of the stag-
nation point s¥ where ¥'=0. Furthermore, for a given dis-
charge length (defined as L=ys,—s; with the quartz win-
dow located at s, and the process surface at s,), the
requirement that | V| —C; at both sheath boundaries de-
fines an equilibrium condition between the electron tem-
perature and the neutral gas profile. If Eq. (19) is inte-
grated, then

nC|*=% sy ds
= f — nng{on),,

- .7 (34)

§=85y

and the generic equilibrium scaling between T, and ng,
ny~Cy/L{ow),, is clearly illustrated. However, in a mag-
netic field, we have noticed that unusual neutral gas and
magnetic field profiles may prevent satisfying simulta-
neously the Bohm sheath criterion at both boundaries. For
instance, if dB/ds is sufficiently negative, dV/ds may also
become negative when the decrease in density due to the
expansion of the plasma’s flux tube exceeds a critical ion-
ization rate. In this case, a steady-state flow equilibrium
could not be found. However, for all of the profiles which
we will discuss here, a discharge equilibrium always exists
for any given value of T, provided the profile of the neutral
gas density is properly normalized.

The “collisional” equations [Eqs. (22)—(24)] or the
*“collisionless” equations [Egs. (28)—(31)] can be solved
for given values of T, and peak density n(s*)=n* using
well-known integration schemes.?® A single integration de-
termines the axial locations at which | V| —C,. In general,
this will not correspond to the actual sheath locations (i.e.,
s; and $) so new choices of the neutral density
ng(s) =#oh(s) and stagnation point s* are repeatedly cho-
sen until sonic flow occurs at both sheath boundaries. Since
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we have prescribed an axial profile of the neutral gas [Eq.
(2)], an equilibrium is identified uniquely by the values of
7y and s*. With this iteration scheme, a solution with ac-
curacy of one part in 10* could be obtained on a personal
computer in approximately 2 min.

B. Example solution

Figure 2 illustrates a solution to the collisional fluid
equations for a typical operating condition of the ECR
plasma source described in Refs. 4, 11, and 12. The quartz
window was located at s;=10 cm, and the electrically iso-
lated stainless steel substrate was located at s,=72 cm. In
order to best represent the actual operating conditions of
the source, the peak density #* and electron temperature
corresponded to those measured with a Langmuir probe
that was inserted from the side of the vacuum chamber to
the axis at s=44 cm. The probe characteristics were ana-
lyzed using standard methods.”” For the example in Fig. 2,
the injected microwave power was 1500 W; the operating
gas was argon; the gas flow rate was 50 sccm; and the
probe measurements were T,=6.1 eV and n*=0.79 x 10"
em >, The gas feed ring was located at s=30 cm, and a
high capacity vacuum pump was located behind the sub-
strate. The argon pressure in the source could only be mea-
sured in the absence of the plasma, and, for this example,
the initial argon fill pressure was 1 mTorr. When the mi-
crowave power was switched on, a steady, uniform plasma
was generated with a diameter of approximately 20-25 cm
at s=44 cm.

Figure 2(a) shows the “inputs” used in the fluid equi-
librium calculation. The magnetic field strength along the
central field line of the source B(s) and the assumed axial
profile of the neutral gas density A(s) are shown. This
particular neutral profile was selected (1) to represent the
rapid pumping of the plasma due to ionization and the gas
recycling at the window and the substrate, and (2) to place
the stagnancy point between the quartz window and the
gas feed ring, 5;=10 cm <s* < 30 cm. This later condition
insures that the axial acceleration of the ions created near
the gas ring is directed to the pump, s> $=72 cm. The
neutral argon temperature was assumed to be 580 K (Ref.
15), and, for this density, the atoms had a mean-free path
for ionization of approximately 9 cm. No direct measure-
ment of ¥ was available so, for this example, V', was
taken arbitrarily to be 0.3 kT /M,

Figure 2(b) shows the axial profiles of the calculated
equilibrium profiles, n(s), ¥(s), and T,(s) (i.e., the “out-
puts’'). The magnitude of the presheath is calculated to be
approximately 0.8 kT /e, and kT increase from 0.15 eV at
the stagnation point to 0.35 eV at the sheaths. The argon
density was calculated to be 5x 102 ¢cm ™3 (~0.3 mTorr)
at the process surface but only 0.8 10'2 em ™ within the
plasma.

C. lon temperature profile using the collisionless
fluid equations

The equilibrium profiles of an ECR source computed
with the collisionless fluid equations are similar to those

Guan et al. 4182



@ 1200 p——— AR Ra s RAARE R 0.14
P “ ”» Q
£ 100f (2) “Inputs” § o1z
z -t
[R— : 0.10 g
= i 1 om &
CRE 3 K
2 [ 1 006 X
o3 400 b I
3 3 1 004 $
[} E
% WL m2ison -7 1 0; S
S o ] i ] 1 1 1 1 1 . O.m
0 10 20 30 40 5 60 70 80
s (cm)
Gas Feed Location T
Probel@oaﬁon
15 L 2 2 e L e R ¥ T T T T
(b) “Outputs”
10 7
05 ]
2
:&; 0.0 ' 3
05 E
10F 7
08 £
& 0Tk 3
g 06 F T -
) 3 o)
5 0 )
— L 2 =
X 04f g £
b H ] —
2 0F 18116 2
% 02 H — Density s ~
A olf : ===~ Powatid | 12
0.0 FrHrHH e 24
S o4} 1
L ]
®
= o -{
£ 03y
4 o -t
o
a 02 ]
g [ ]
é’ [
= o1b 1
5] [ ]
Pt
0.0 oy g Vs ataaaata s aataazalaa [ NS N

0 10 20 30 40 50 60 70 80

FIG. 2. An example solution of the equilibrium discharge parameters
along a magnetic field line. This solution corresponds to operation of the
source in Refs. 4, 11, and 12, with 50 sccm argon gas and 1500 W of
microwave power. The electron temperature measured with the probe and
used in the simulation was 6.1 eV. (a) The assumed magnetic field and
neutral gas profiles, and (b) the calculated flow, ion density, potential,
and temperature profiles.

shown in Fig. 2 except at low plasma density. When the
source is operated at low plasma density, ion-ion collisions
are sufficiently weak to allow T, £7',. (Remember, in this
context, we do not imply that f is a Maxwellian or bi-
Maxwellian distribution, instead we use the term “‘temper-
ature” only to represent a moment of the ion distribution. )
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FIG. 3. The variation of the paralle! () and perpendicular (—) ion
temperatures along the magnetic field. The four “collisionless” solutions
correspond to plasma densities of n*=0.1, 0.5, 1.0, and 2.0X 10'° cm 3,
The heavy solid line is the collisional solution with n*=4.5x 10! cm—3,
These “temperatures” represent the axial variation of moments of the ion
distribution function.

Figure 3 illustrates the ECR equilibria calculated using
the collisionless equations. The solutions were obtained us-
ing the same geometry as before although lower power
operation with 0.9 kW of microwave power, 40 sccm of
argon, and T,=5.9 eV was simulated. In order to illustrate
significant temperature anisotropy, the plasma density at
the stagnation point was reduced to n*=0.1, 0.5, 1.0, and
2.0x10° cm™3. These low-density equilibria are com-
pared to the solution of the collisional equations when n*
was set to the measured value of 0.45% 10> cm~>. Since
the electron temperature was constant for each example,
the peak argon neutral density and the location of the stag-
nancy point (required to match both sheath boundary con-
ditions) did not significantly change.

Figure 3 is a significant result. It illustrates the mech-
anisms for ion heating in an ECR source, and it shows that
the equilibria calculated from the fluid equations predict
ion temperatures of the same magnitude as recent LIF
measurements (Refs. 13-15). As shown in Eq. (31), near
the stagnation point, the parallel temperature is deter-
mined primarily by the gas temperature (7,~0.05 eV),
while the perpendicular temperature is determined by a
combination of the gas temperature and the radial electric
field. This results in 7', > T near s=s*. As the ions accel-
erate to the sheaths, the axial flow of the ions relative to the
neutrals approaches C, and ionization and charge-
exchange significantly broaden the parallel ion distribu-
tion. This heating effect produces T, > 7', within about 8
cm of the sheath boundaries, and this mechanism is prob-
ably most responsible for ion heating. Since V% and C? are
both proportional to T, we find that the magnitude of T;
scales linearly with T,. This trend was also seen experi-
mentally by Den Hartog and co-workers (Ref. 13). As the
collisionless solutions show, even with the highest plasma
density tested, the ionization of neutrals when the ion flow
is nearly sonic (i.e., at the sheath boundaries) produces
very anisotropic ion distributions. This is consistent with
measurements made by Trevor and co-workers (Ref. 14).
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In fact, they noted that the parallel ion distribution may
become bimodal a few centimeters from the substrate when
the neutral pressure is low and T, and C; are high.

D. The equilibrium relation between T, and n,

To illustrate the equilibrium relationship between the
electron temperature and the neutral gas pressure in an
ECR plasma source, we have calculated equilibria corre-
sponding to a wide range of plasma source operation.
Langmuir probe measurements of #* and T, were made as
the microwave power was increased from 0.3 to 1.5 kW
and the argon flow rate was increased from 15 to 50 sccm.
Then, the discharge equilibrium was found from the fluid
equations for each of the measured operating points. For
simplicity, we assumed in our calculations that the neutral
gas profile was fixed even as conditions changed. The pro-
file £(s) shown in Fig. 2(a) was used for all simulations.
This approximation is probably the least satisfactory in our
study since the measured n* varied from 10" ecm™? to
8 10" em™3, significantly changing the mean-free path
for jonization of the argon gas. Nevertheless, even when
h(s) is held constant, we still find the calculated equilib-
rium relationship resembles the relationship between neu-
tral density and electron temperature measured experimen-
tally.

The results of the calculation are shown in Fig. 4. The
open boxes represent the calculated argon pressure at 580
K at the boundary of the plasma as the electron tempera-
ture increases from 4.5 to 9.0 eV. Since the gas profile was
fixed, the calculated equilibria follow the single relation-
ship, P=4 mTorr (C/L{o¥)./3.5% 10* cm~?). The pre-
fill pressure of argon (measured at room temperature prior
to switching on the microwave power) is also shown in
Fig. 4 although the data are plotted using a vertical scale
3.8 times larger than the scale used to plot the calculated
pressures. The measured relationship between T, and n, is
seen to generally follow the same trend as calculated with
the equilibrium fluid equations. To operate with high T,
low gas pressure is required, and low T, operation requires
higher gas pressure. It is important to emphasize that for a
fixed neutral gas profile, the relationship between T, and n,
is independent of the microwave power and plasma den-

B, 1 s a3
P,= 1-31:2 Bs) [nCy(.—,Z'Mi(Cs—i- Vi) +5 kT +AT,+

where we have made use of Eq. (21). Equation (35) gives
the power balance for a particular flux tube. The first term
on the right-hand side of Eq. (35) represents the sum of
the ion and electron energy flux absorbed at the two end-
walls (i.e., at s=s; and s,). The term A®, represents the
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FIG. 4. The measured and calculated relationship between the electron
temperature and the neutral gas density. For the experiment, only mea-
surements of the argon flow rate and initial fill pressure were available.

sity. On the other hand, the gas profile is not constant in an
actual ECR source. The left-to-right horizontal scatter in
the measured points represent the increase in microwave
power at fixed flow rate. As the microwave power in-
creases, the plasma density also increases, reducing the
argon mean-free path for ionization. For this reason, the
neutral profile 2(s) should change as the power increases,
and this slightly modifies the experimentally measured
equilibrium relationship between T, and n,.

IV. MICROWAVE POWER BALANCE

Once the equilibrium profiles for an ECR source have
been calculated, the microwave power required to maintain
the plasma flow can be estimated. The microwave power is
absorbed by the electrons at the resonant magnetic field B,.
As explained in Ref. 8, this input power balances (1) the
flow of particle energy along the field line to the sheath
boundaries, (2) the heating of neutral gas through charge
transfer and elastic collisions, and (3) the ionization and
excitation of neutrals from electron impact collisions with
neutrals. Since we have assumed that the plasma and mi-
crowave power flux is uniform along an EX B drift surface,
the equilibrium cross-field rotation does not enter the
power balance equation. In this case, the microwave power
flux P, absorbed at the resonant magnetic field required to
maintain the discharge equilibrium is

(35)

acceleration of ions across the electrostatic Debye sheath.
The emission of secondary electrons at the sheaths has the
coefficient 7,.-In order to estimate the size of Ad, we
calculated the total size of the electrostatic potential re-
quired for ambipolar electron loss using the bounce-
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averaged Pastukhov formalism presented in Ref. 22 and
including the effects of secondary electron emission. The
boundary in electron velocity-space separating trapped and
lost electrons is an ellipsoidal surface with a parallel radius
equal to \2e®d*/m,. Pastukhov’s formula adjusts the size
of this boundary so that the collisional current of electrons
from the trapped region of velocity space to the untrapped
region equals the sum of the ion flux to both sheath bound-
aries. Both electron—electron and elastic electron—neutral
collisions were used to calculate this rate. Enhancement of
the electron loss due to electron cyclotron resonance heat-
ing (Ref. 24) was ignored. The term «, was taken to be
2B(s;)/[B,+ B(s;)], reflecting the reduction of the electron
kinetic energy lost to the walls as the trapped-region in
velocity space becomes spherical [i.e., as the mirror-ratio,
B(s;)/B,, vanishes]. The second term in Eq. (35) is the
integral of the ionization losses (y; is the energy required
for ionization), charge-exchange and elastic ion-neutral
scattering losses (proportional to AE;), and line radiation
density p, In order to estimate the magnitude of the line
radiation, the approximation given in Ref. 19 was used.
Griem’s approximation is appropriate when resonant tran-
sitions to the ground state dominate and when the density
is sufficiently small that excitation from multiple inelastic
electrons collisions are infrequent. The third and last term
of Eq. (35) represents the power required to heat the elec-
trons created from ionization to an energy sufficient to
escape from the ambipolar potential barrier. As described
in Ref. 22, this term reflects the fact that electrons born
through ionization within the plasma have initially a neg-
ative potential energy with repect to the boundary surfaces.

For the discharge in Fig. 2, the power required to sup-
ply the ionization, radiation, and charge-exchange losses
[i.e., the second term of Eq. (35)] contributed 57% of the
total power required to sustain the equilibrium. The ion
and electron power lost to the substrate [i.e., the first term
of Eq. (35)] was 27% of the total, and that lost to the
window was 12.5% of the total power absorbed. The re-
maining 3.5% of the power was required to heat the elec-
trons over their confining potential [i.e., the third term of
Eq. (35)]. A figure of merit for ECR plasma sources is the
power required per amp equivalent of ion flux to the sub-
strate. For the discharge in Fig. 2, this figure of merit was
183 W/A. This number is not equivalent to the ratio of the
total microwave power and the total particle current to the
substrate since it does not account for power absorbed on
field lines that intersect vacuum chamber walls or other
radial variations of parameters.

Probably the most important feature of Eq. (35) is the
nearly linear relationship between the plasma density and
the required power flux. Figure 5 illustrates this relation-
ship by plotting the power required to sustain the equilibria
as a function of the density measured by the Langmuir
probe. The calculated power flux scales approximately as
P,=5 W/cm? (n/10'2 cm™2). The small deviation from
linear scaling results from the variation in the gas density
which causes a variation in the electron temperature. The
actual microwave power injected into the plasma source is
also presented in Fig. 5 (plotted with a different vertical
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FIG. 5. The measured and calculated relationship between the absorbed
microwave power flux and the plasma density.

scale). As was the case in Fig. 4, the experimentally ob-
served relationship between the injected power and the
plasma density resembles that calculated with the equilib-
rium fluid equations. The horizontal scatter of the experi-
mental points occurs as the argon flow rate is adjusted at
fixed power. Low flow rates produce high electron temper-
atures and this is seen to increase slightly the power re-
quired to sustain a given plasma density.

Figure 5 is significant because the absolute magnitude
of the required power calculated from Eq. (35) is compa-
rable to measurements even without the use of any adjust-
able parameters. Since the plasma diameter was measured
to be approximately 20 cm at s=44 cm, we can estimate an
average flux of absorbed microwave power. Assuming uni-
form microwave illumination of the plasma, the actual in-
jected power P, divided by the measured plasma cross
section gives approximately 4.3 W/cm? (Pip/1 kW) ab-
sorbed at the resonance zone. As can be seen from Fig. 5,
this average power flux is about 1.5 times larger than the
power flux calculated from the discharge equilibrium. If
the microwave power was absorbed on the central field
lines with 66% efficiency, then the calculated and the mea-
sured power-density relationship would be identical. We
believe that it is not unreasonable that up to one-third of
the injected microwave power can be absorbed at the edge
of the plasma where field lines intersect the vacuum cham-
ber wall and (to a lesser extent) within the source cavity
walls or microwave tuners. Indeed, the close agreement
between Eq. (35) and the measured power-density rela-
tionship over a wide operating range illustrates the useful-
ness of the fluid equations to understand and predict the
operation of ECR plasma sources.

V. DISCUSSION

In this article, we have shown the equilibrium fluid
equations generalized from those presented in Ref. 16 can
be used to estimate the profiles of the plasma density, ion
flow speed, and ion “temperature” along any particular
field line of a divergent ECR source. The equations also
illustrate the primary mechanism for ion heating. The ion
temperature near the point of stagnancy is determined by
the magnitude of Vi and, generally, T > T . As the ion
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flow becomes sonic, the relative speed between the neutral
gas and the ions increase, and ionization near the sheath
boundaries increases the parallel ion temperature. The
fluid equations also allow calculation of the equilibrium
relationship between the electron temperature and the neu-
tral gas density. We find that the measured (7T, ng) rela-
tionship to be comparable to that predicted with the fluid
calculations although the evolution of the neutral gas pro-
file #(s) as the microwave power increases has not yet been
evaluated. In addition, we find the radiation and ionization
losses dominate the microwave power required to maintain
the discharge, and a simple formula, containing no adjust-
able parameters, can reasonably approximate actual ECR
source power requirements.

The results presented here suggest how the operation
of an ECR plasma source will change as its size and con-
figuration changes. For example, we have examined the
equilibrium of commercially available plasma sources
(such as the S1000 or S1500 devices from Applied Science
and Technology, ASTeX). These sources were used for the
measurements reported in Refs. 13-15. The ASTeX
sources have a slightly shorter length between window and
process surface and a much larger ratio of magnetic field
strengths B,/B(s;) than the source described in Fig. 2. The
smaller magnetic field at the substrate widens the magnetic
flux tube and reduces the plasma density and particle flux
nC, at this location. Both the presheath drop and the
length along which the plasma flows near sonic speeds
increase in the ASTeX source. This causes the ion temper-
ature to double relative to that shown in Fig. 2, exceeding
0.7 eV at the process surface.

The fluid equations for an ECR plasma source can also
suggest ways to optimize the ECR plasma source. For in-
stance (without considering details of microwave coupling
to the plasma), the effective ion temperature at the sub-
strate can be reduced by shortening the source length L
and adjusting the ratio of the magnetic field strengths
B,/B(s,) to be near unity. A shorter source length de-
creases T, for a given neutral pressure [see Eq. (27)], and
the high field at the substrate minimizes power require-
ments. Conversely, when T, increases, the fraction of ab-
sorbed power radiated will reduce while the power incident
to the process surface will increase. It seems reasonable to
us that a variety of possible ECR plasma source configu-
rations could be simulated with the technique described in
this article. Also, process gases other than argon can be
simulated provided that the appropriate atomic cross sec-
tions were known.

Finally, we believe the results presented here motivate
several further areas of study. The fluid equations for the
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plasma equilibrium should be combined with an atomic
transport code in order to determine A(s) self-consistently.
Detailed measuremenis of the actual equilibrium profiles
are needed so that local instead of global comparisons can
be made between theory and experiment. In addition, the
assumption of Maxwellian electrons with a single temper-
ature needs to be examined both experimentally and com-
putationally. In particular, energetic electron effects arising
from mirror trapping in a nonmonotonic magnetic field
profile could be simulated using a Fokker-Planck
calculation.®
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