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A model is described for predicting equilibrium ion charge state distributions and soft x-ray
emissions for highly charged ion plasmas confined in magnetic mirrors. Such a plasma would
be generated and sustained with electron cyclotron resonance (ECR ) heating. The model is
then used to analyze a typical laboratory-sized ECR mirror plasma such as MIMI { Phys.
Fluids 28, 3116 (1985)]. Computations suggest that an experiment of this size should readily
achieve a highly charged ion operating regime of relevance to siudies of ECR highly charged
ion plasma. In particular, these devices may be promising candidates as steady-state soft x-ray

sources for x-ray lithegraphy.

f. INTRODUCTION

Electron cyclotron resonance heated {ECRH or ECR)
mirror-trapped plasmas have been demonstrated to be viable
sources of highly charged ions.! Most recently, as discussed
inn Ref. 1, these high Z ions have been successfully extracted
for injection into cyclotron accelerators. Other applications
for such highly charged ion plasmas may include: accurate,
controlled measurements of atomic processes and struc-
tures, semiconductor fabrication and materials studies, gain
media for soft x-ray lasing, and incoherent soft x-ray sources
{e.g., for x-ray lithography). Theoretical and experimental
investigations are currently underway to evaluate the feasi-
bility of using ECRH highly charged ion mirror plasmas for
these applications.'™” In particular, the recent performance
of such plasma as ion sources for ion cyclotrons has been
very impressive. Many of the achievements, however, have
been attained by designs and improvements based on simpli-
fied scaling laws, empirical “tuning,” and intuitive under-
standing. Further improvements are likely to require better
understanding of the complicated atomic and plasma phys-
ics processes—both equilibrium and dynamic—present in
these plasma environments.

The purpose of the simulation study reporied was three-
fold: (1) to extend the theoretical predictive capability for
the behavior of these plasmas, (2) to evaluate the feasibility
of using highly charged ion mirror plasmas for soft (incoher-
ent) x-ray sources for x-ray lithography, and (3) to deter-
mine whether a typical laboratory-sized ECR mirror plasma
experiment (specifically, the Michigan Mirror Machine
“MIMI” located at the University of Michigan®) might
achieve a highly charged ion operating regime of relevance
to studies of ECR highly charged ion plasmas.

The remainder of this paper is organized in the follow-
ing manner: Sec. II describes the model and computer code,
while Sec. III covers typical code input parameters and the
parameter space investigated for this study. Section IVisa
presentation and discussion of the simulation results. In Sec.
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V we present a simplified model to assess the feasibility of
this sort of plasma as a soft x-ray source. A summary and
conclusions are presented in Sec. V1.

ii. DESCRIPTION OF THE MODEL AND SIMULATION
CODE

A. General mode! description

The simulations reported were performed with a zero-
dimensional, two-part computer code entitled the electron
cyclotron resonance ion and x-ray source (ECRIAXS)
code. The first part (ECRIAXS-I) is a revised version of a
previously developed cede entitled ECRCSD”® which calcu-
lates an equilibrium ion charge state distribution (CSD) for
a given input hot electron distribution (e.g., density and
average energy or “temperature”}. Conseguently, only a
general description of the underlying physics will be present-
ed. For further details, the reader is referred to Ref. 9 and the
references contained therein. The second part (ECRIAXS-
11y calenlates the soft x-ray emission power spectral density
{for photons between 10 and 3000 eV} and spectrally inte-
grated emission power density (for photons between 50 and
3000 eV) for a set of equilibrium plasma conditions predict-
ed by ECRIAXS-I.

In many thegretical calculations involving multiply
charged ion species, one assumes that the equilibriem CSD
results from a balance between electron impact ionization
and either three-body recombination {SAHA equilibrium)
or radiative recombination (coronal eguilibrium).'® For
mirror-irapped ECR plasmas, however, the ion magnetic
confinement time is often less than or equal to the radiative
recombination time, and typically much less than the three-
body recombination time. Thus, a proper estimate of equilib-
rium CSDs in ECR mirror ion sources reguires a model
which includes such processes as eleciron impact ionization,
magnetic and electrostatic ion confinement, charge ex-
change, and recombination. ECRIAXS-f (ECRCSD) rep-

© 1988 American institute of Physics 1055




COLLISIONAL SCATTERING
WITH (ONS, NEUTS., & ELECS.

IONIZ. BY Rl
HOT 8 THERM.{
ELECS.

ONiZ. BY
COLLISIONAL " HOT & THERM.{
SCATTERING W/ioNs, L ELECS.
NEUTS., & ELECS. AS
MODIFIED BY @ | IONIZ. BY
HOT & THERM. {
MAL _ ELECS. o

ELECTRON

ONIZ. BY
THERM & HOT

RADIATIVE RECOMBfNATEON

~. CHARGE EXCH.
Y7 W/ IONS
oF Z22

| WITHIN
\_PLASMA_/

SPATIAL DIFFUS.
ACROSS PLASMA
SURFACE

FIG. 1. Atomic and plasma transport physics in ECRIAXS.

resents an intent to incorporate these atomic and plasma
processes in a single, simplified model, as indicated in Fig. 1.

Generally, the most difficult processes to mode! are the
iom, electron, and neutral confinement processes, as they de-
pend on the magnetic field, electrostatic potential, and plas-
ma dénsity spatial profiles. For the work presented, it was
assumed that the ion and electron confinement were domi-
nated by losses along the axis (i.e., parailel to magnetic flux
lines ). The neutral density transport, cn the other hand, was
assumed to be predominantly radial, consistent with an as-
sumption that the plasma length was much greater than its
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FIG. 2. Assumed plasma configuration for ECRIAXS.
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characteristic radius. To guantitatively model these pro-
cesses, the plasma configuration of Fig. 2 was assumed.
Magnetic plasma confinement is achieved with an MHD-
stable (minimum-B) magnetic mirror. Such confinement
determines both the length L and the characterisiic cross
section of the plasma. For the cases investigated in this
study, plasma cross-section shapes appropriate for several
different multipole, minimum-B configurations were con-
sidered. Generally, this was only relevant for the neutral
transport, and the results were relatively insensitive to the
choice of cross section, provided they all had approximately
the same “characteristic radins.”

The ambipolar potential profile plays an important role
in the confinement of ions and electrons. For this study, the
simplified “square-well” profile shown in Fig. 2 was consid-
ered representative. The potential ¢ is generally large (typi-
cally 26-100 V) and positive within the mirror region. In
addition, a small potential well A¢ (typically 0-20 V) is
maintained near the mirror midplane by 2 well-confined
ECRH “hot” electron population. The confinement of low-
energy “thermal” electrons is heavily dependent on the vai-
ue of the potential peak ¢, whereas ion containment is a
sensitive function of the potential dip Ad.

At this point we refer back to Fig. 1 for a brief overview
of the steps leading 1o establishment of the equilibrium plas-
ma. The actual individual processes are nonlinearly coupled,
but a qualitative understanding is possible with the following
simplified model. Neutral atoms entering the plasma volume
become ionized by electron impact. An ion CSD is estab-
lished via a balance between further charge stripping by hot
electrons and the collision-induced ion losses which depend
on magnetic confinement as modified by the midplane dip in
the ambipolar potential (A¢). The confined ions generate a
positive ambipolar potential peak (4} which confines suffi-
cient thermal elecirons to ensure charge guasineutrality.
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Having established a model for the plasma configura-
tion, the code aims to predict the equilibrium CSD resulting
from stepwise stripping of ions from neutral to highly
charged states by the energetic “hot” electrons. To accom-
plish this, several other important assumptions were made to
facilitate the identification of mathematical formulas for the
germane atomic processes. First, it was assumed that ioniza-
tion is a single-step process and that the time between ioniza-
tions for a given ion is much longer than the time for the de-
excitation of excited levels. The electron distribution was
assumed to be comprised of two components: an energetic
“hot” population (characterized by an average energy or
“temperature” of 7" = 1-10 keV ) resulting from the ECRH
and a thermalized cold component (characterized by a tem-
peratare 77 =~ 10-20 eV ). Such two-component modeling of
ECRH electron mirror distributions is guite common and
supported by many experimental studies (e.g., see Ref. 8 and
the references contained therein ). The ions were assumed to
be thermalized at their energy of formation of a few V. This
assumption is justified by the fact that for typical ECR mir-
ror plasmas, the ion-electron relaxation times are long com-
pared to confinement times.

8. Solving for the eguitibrium CSD in ECRIAXS-}

For neutral atom density, it is assumed that equilibrium
consists of a balance between the radial flux of neutrals into
the plasma volume and the burnup of neutrals within the
plasma via electron impact ionization and charge exchange
with ions having a charge of two or greater. Denoting the
neutral densities interior and exterior to the plasma as n,,
and n,,, respectively, this balance condition can be written
as

vy, S 72V
(UthS/ZV) '+' vbu

where vy, is the neufral thermal velocity, v, is the nevtral
burnup rate, ¥ is the plasma volume, and § is the plasma
surface area. For the cases considered in this study, charac-
teristic mean-free-path lengths for neutral-particle collisions
were larger than typical radial vacuum chamber dimensicns.
Hence, it was assumed that the neutral temperature was in
equilibrium with the chamber walls, rather than the warmer
plasma ions.

Calculation of the ion CSD was based on steady-state
solutions to the ion rate equations (for charge states £, >2)

(1)

2 npt oy

dn;
o
dt
h th
ZVion gy i + Vion,, _ i + Vexgp o i
7 th
+ Vergo ot (Vi"“f,.(i-;» ) + Vion_is 1,
'+ ch,-‘(,- T + Vrv',._,“‘ 1) + E/Ti)ni;
i=2,3, .. - (2)
Here, v/ and " are the hot and thermal electron impact

ionization rates, respectively (muitistep ionization processes
are not considered), v, is the rate of charge exchange be-
tween ions and neutrals {again, only single-step processes
are considered}, v, is the rate of radiative recombination,
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and 7, is the ion confinement time for midplane ions. These
coupled equations can be solved recursively® in terms of the
density of singly ionized ions. We formally write these solu-
tions as
h B h
n; =f,-{rzpne,n:, fTe?TZ-h’ﬂonsnnpi s

X [Zj;q’fj(ﬁl!nZ’ ce ’Aé) }};
F=23 ...

5

(3}

where C, represents the atomic structure parameters (bind-
ing energies, etc.). By invoking quasineutrality and using /;
defined in Eq. (3},

‘max

Z mZ, =n, +

i=1

ln\&‘(

Z~ <==f'Zth+?2h,
Z Iﬁ e e

=2

(4

one can perform an inversion described in Ref. 9 toobtain a
separate equation for the midplane density of Z = 1 ions #,
which we formally write as

h 3 L h
g :f;{ne,ﬁi],TQ,th ?Tiqmﬁnpp
X[ZCorilny, ..o ony, L8 1k

P=12, .. . (3)
The model for ion confinement time is based on the sugges-
tions of Refs. 11 and 12, generalized for charge states higher
than one, Thus,

Ti:Tf(ﬂon!&¢) +7=s(iTion9A¢)f' (63)
T \ 172 AGZN,
TionsAd) = RL§ —222 £y, 6b
7 Fions89) (2&“) e"p( ) 0
7, (Fion ) =~‘f§"—%—5—m<m L P AS),  (60)
P
AZ, <A¢Z,. ) A$Z,

p; CXp ’ > 1
P (Aé) . ion T?ion T;on (6d
i = ASZ, )

1, <1,

T

1080

where R is the mirror ratio (R=8,.,/Buigptanc }» 77 18 &
collisional fiow time, 7, is the mirror confinement time due
1o scattering and adjusted for electrostatic confinement by
the potential well Ad,'* and 7, is the classical 90° scattering
time according to Spitzer."*

The general algorithm behind solving for steady-state
CSD involves the following four steps:

(a) Assign irial values for n,, #™, w2, T2, T Ti.
and Ad;

{b) Calculate 2 new value of n, using Eq. (5};

{c) Use the new value of r, and Eq. (3) to calculate new
values for (#,;i>2); and

(d} Iterate uniii convergence is achieved.

In practice, however, several! more calculations are
performed between steps {(c¢) and (d} toc improve
the accuracy and self-consistency of the model. For
example, an alternative equation for the density of
Z=1 ions n, which is independent of Eg. (5) can
be derived by considering the equilibrium solution to the rate
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equation

dny _q
dt

[

th
- Vion - nnpl + Vion -, iyinpl + vcx (nz)l—uinnpl
01 0-.1

bmax

+nnpl Z Vex (ni)iﬁ(i«—ﬂ)
f=2

(7)

The difference between Eq. (7) and Eq. (2) is a consequence
of the fact that charge exchange between singly ionized ions
angd neutrals does not change the value of #,. In contrast,
every (single-step} charge-exchange reaction between a
multiply ionized ion (Z; »2) and a neutral atom generates a
new singly ionized ion. Furthermore, for these low charge
states, radiative recombination is negligible. The solution to
Eq. (7} can be written as

- (Vi}:mj_,z + v;gn;"_z + 1/7'1)1"31.

tmax

(v

th
iong Ly + viono_‘; + vcxzv_l + _Zz vcx,-_(,-w I >nnp1

Ry =

V::)nx_,z + "/;:“1..2 + E/Tl
(8}

Sotutions (5) and (8) for #, can be equated and solved for
n*® We formally write this solution as

th __ h kb pith
T, "'F{anefTe !ﬂ()ﬂ’nnpl!izisq:fi(nls .
i=12,...

01 Adh
(9)

Note that Eq. (9) represents a relation between #%" and Ad.
An alternative, independent relationship between 1" and Ag
can be obtained, however, by generalizing a modei in Ref. 12
for multiply charged ions. First, it is assumed that the hot
electrons are well trapped near the mirror midplane so that
closer to the mirror throat (region 2 in Fig. 2}. There are few
hot electrons, and consequently

9Imax N

h th

o~
e,m Nne,m M

ne,m = n‘e},]m + n
Here, the additional “m” subscript refers to mirror throat
quantities, as distinct from mirror midplane (region 1 in Fig.
2) quantities. Second, it is assumed that quasineuntrality ex-
ists near the mirror throat so that

fmax

th
ne,m = 2 nz’,mzi'
=~

Third, it is assumed that the thermal elecirons are Boltz-
mann distributed between regions 1 and 2:

nih, onl exp (AGT™).
Finally, axial fluxes of ions and electrons out of both regions

i and 2 are balanced so as to ensure sieady-siate ambipolar
potentials. This results in the approximate relation®!?

nt‘tl —~ Tf L

or
nt~exp ( — A¢) Ty i .
T e T {Ag)
Equations {9) and (10} can now be solved simultaneously
by the Newton~Raphson method to obtain self-consistent
(within the limits of the models} solutions of 22 and Ad.

(19}

1058 J. Appl. Phys., Vol. 84, No. 3, 1 August 1988

A sclution can also be obtained for the peak potential ¢
which 1s self-consistent with the thermal electron density by
invoking a balance of ambipolar endloss currents:

ni‘ ”Zh 2

atETIT (He)
where

h=r (T0e) + 7, (T8, (11b)

and 7, and 7, have been previously defined in terms of ion
parameters and A¢ [cf. BEgs. (6)]. Equations (11} can be
rearranged to solve for self-consistent values of ¢ via the
Newton—Raphson method, as described in Ref. S.

In summary, BEgs. (1), (3), (5), and (9)-(11) are
solved iteratively for equilibrium values of n,, n', 6, Ad, and
1,51, Which are self-consistent within the model approxima-
tions. Although this appears to be a monumental numerical
task, for the cases considered for this study it was usually
possible to determine the existence of an equilibriom and the
equilibrium solutions within 10 to 50 iterations.

C. Theoretical models for atomic processes in
ECRIAXS-

The dominant atomic processes required for the model
described above include ionization, ion-neutral charge ex-
change, and radiative recombination. Charge-exchange
rates were computed from the cross-section model of Ref.
15, averaged over a Maxwellian ion distribution. From the
formula for dielectronic recombination found in Ref 16 it
can be determined that for the plasma conditions considered
in this study (e.g., T75>1000 eV, T¥ =10 eV, n,, ~ 10"
cm ™, n, ~ 101102 cm™?, and Z, <20) dielectronic re-
combination is much less than charge exchange for all rel-
evant ion states.

The tonization rates in ECRIAXS-I were calculated us-
ing the model of Lotz.!” This formula includes inner—as
well as outer—sheli ionization processes. The ionization rate
calculations were supplemented by the ionization potentiai
and subshell binding energy formulas of Carlson ef al.!® Fin-
ally, radiative recombination was calculated by the model
used in Ref, 19.

2. Model fimitations in ECRIAXS-

In order to obtain an understanding of some of the basic
physics of ECR ion and x-ray sources and yet avoid excessive
numerical complexity, we have attempted to use the simplest
model that is still relevant to the physical system of interest.
In so doing, we Baveignored some effects that may be impor-
tant in actual experimental devices. It is intended that future
advanced studies will incorporate some of these effects into
the modeling so as to ascertain their relative importance. It
has been suggested®?° that for the very highly charged ions
(e.g., Z, 2 10-15 in argon) ion-ion collision rates become so
high that the ion confinement time represented by Egs. (6) is
more accurately described by an axial spatial diffusion time.
While ECRIAXS-I does include inner shell ionization via
the Lotz formula,!® it ignores the possibilities of inner sheil
excitation (i.e., excitation not resulting in ionization) and/
or metastable excited state formation (see, for example, Ref.
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21 and references contained therein}. Electron confinement
time models in ECRIAXS-I do not consider the effects of rf-
enhanced diffusion.?? Possibilities for increased particle end-
losses due to microinstabilities are ignored. In addition, reso-
nant radial ion transport due to the nonaxisymmetric
minimum-B fields is not considered.

E. Theoretical models used in ECRIAXS-H

The bulk of the computations in ECRIAXS-II invoive
caiculating model x-ray emission power spectral densities
{(i.e., power emitted per unit volume per unit photon fre-
guency or energy). In particular, ECRIAXS-II computes
these spectral densities as if they were measured with a spec-
trally resolving diagrostic having a minimum spectral reso-
fution of 3 eV:

W H
,f.i;_,_ (E)) m——
dv AE Jg,- (aEs2)

E;+ (BE /2

aw

dE —
av

{EYW/(cm® eV).

(12}
Here, dW /dV(E,} represents the “discreetly sampled” x-
ray power spectral density as defined above and AE =3 eV,
ECRIAXS-I] also computes the spectrally integrated power
density between 50 and 3000 eV (a band of interest to x-ray
photolithography):
) W/om?®,

dPs.ota! _ J:-}()O(Jev dE ( dWﬂ- N
50eV
(13}

av av
The subscripts “,” “bf,” and “bb” refer to free-free (brems-
strahlung), free-bound (recombination}, and bound-bound
(line) radiaticon, respectively.
To compute the bremssirahlung emission we model the
plasma with hydrogen like jons to obtain™

AW,
av

dW, dW,,
av dv

Zy

B , XH 172 .

k=T th :’ZI nenlzz(Tf) FEP ( Tf)

W/ (em? eV}, {14}
wherex,; =7.17 X 1073 (Wem?)/eV, n, and n, are the elec-
tron and ion densities in cm 3, Z, is the atomic number of
the element, yy is the hydrogen ionization potential, and all
energy quantities (e.g., yu. & and T, ) are in eV, We note
that rigorously, Eq. (14) lacks generality due to the omis-
sion of Gaunt factors (i.e., we have assumed that ge ~ 1, for
all cases}. An extensive discussion of the Gaunt factors for
hydrogenic ions is presented in Ref. 24, while a more abbre-
viated description can be found in Ref. 25. A careful study of
Fig. 1.3.4 on p. 91 of Ref. 25 reveals, however, that the Gaunt
factors only have significant deviations from 1.0 when
Ziyu/T, and E /(Z lyy ) are both less than 1.0. Hence Eq.
(14) is only in ervor for low Z,, high T,, and low photon
energy . In the particular case where E~50eVand T, =3
keV, gy (the free-free Gaunt factor) only deviates signifi-
cantly from 1.0 for Z, =~3-5. Bven in this case, there are
several mitigating factors. First, for 50-eV photons, the
bremsstrahlung emission at 7, =3 keV is significantly re-
duced below its peak value (at 7, =100 eV) due to the
T 7 Y2 scaling. Second, as we shall see later, for the param-
eter regimes investigated in this study the bremsstrahlung

(E) Ky
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emission is usually insignificant compared to line emission in
the 50- to 3000-eV photon energy band. Nevertheless, future
applications of the model over larger parameter ranges will
require addition of these Gaunt factor corrections to the
bremsstrahlung emission.

From Refs. 23 and 26 one can estimate the x-ray power
spectral density from all free-bound electron transitions (in
hydrogen-like ions) as

def Z,y o ) Xﬁ 3/2
2 (E) =k e, ( )
arV ! k= hth i;! ™ émixl Tf
35 /my —
X(xf ) 8 o (M)
Xu/ m re

W/ {em? eV), (15}

where v, is the ground state ionization potential to elevate a
Z;_ 1 lonto the Z, charge state, m is the excited state quan-
tum index (hydrogenic model), and m,;, is the smallest
positive integer satisfying

mmin>(Xi/E)1/2°

Estimating the x-ray emission from bound-bound tran-
sitions is a more complicated effort and generally requires
modeling approximations. The model described here was
based on equations and suggestions taken from Refs. 23 and
26. Basically, it assumes that within a specific charge staie
there exists a coronal equilibrium between collisional excita-
tion due to electron-ion collisions and spontaneocus radiative
decay. First, the x-ray power density emitted by /th-type ions
(with charge state Z;) undergoing bound electron decay
transitions from the E, (upper) to the E, (lower) energy
level can be writien as

dp,
d;? (hP*‘*q) zflﬁﬁ,(l)X( TgaEhEp)

X4ipg)/ > Alpa)ixipg). (18)

G<p
Here, 1" is the hot electron density, n, (1) is the density of
those /-type ions which populate the ground (p = 1) state,
X{T,E,E,) is the collisional excitation rate coefficient for
ground state (F,) i-type ions undergoing transition to the
upper excited state (£, ) due to collisions with electrons hav-
ing temperature 7,, A{p,g} is the transition probability for
the radiastion transition from £, to £, and y{(p,q) is the
energy difference, y(p.q3=E, — E,. For n} and n,(1) in
em™, X(TLELE,) incoy’/s, and y (p.g) inJ, dPy, /dVisin
W/cm?®, From Ref. 10, X(T,,1,p) can be estimated as

(8.5 10~ %)gflp,1)
(T3 2y (p.1)

Xexpl — [(1.16X10%y, (.13 1/T,},
(17}

where f (p, 1) is the oscillator line strength for the ground-to-
z-level transition, y, {p,1} is the excitation energy of the p
level (relative to the ground state) in eV, g is an“averaged”
Gaunt factor, and 7, and X(7,,L,2) are in K and cm’/s,
respectively. The above formula was obtained by performing
a Mazxwellian average (over electron velocities) of the elec-
tron impact excitation cross section due to Seaton.”’

X(Tlpl=
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The first approximation made is to assume that of all the
possible radiative decay transitions from the p level to any
lower g level,the p-to-ground (p—1) transition dominates.
Svmbolically, this is expressed as

p-1

g=1
Hence,

deb .
i ""q)
% 7 (ip

ap,,
av
ol (D{(1L.4X 107 2)gf(p, 1) |/ (T2
xexp{ ~ [(1.16X10%)y, (p, 1} ]/ T23). (18)
In Eq. (18), the power density is in W/em® if #” and #, (1)
areincm ™3, T2 isin K, and y, {p,1) isin eV units. The next
important assumption is to assume that most of the radiation

from (excited) i-type ions will come from the resonance line
(ie, E,—»E = &,-E,). Symbolically,

deh d‘pbb .
, s
225y (bp=1)

o~
~

2 gy

aP,
2 (i2-1).

—
~

av
For quantitative purposes, Griem®® recommends
dP,
N 0)
av
APy .
= ip—1}
3T

o (14x107)g
e (Th)l/2

XZ (1 Ap,1) exp ( _
P

(L.16X 10%(y, (p,,l))

T
R (1.3X1072%) ( ~xe(2,1)>
mph m T F(0.5)n, —L
n [THeV) ] [(0.5)n, Jexp Th VS

(19}
where in Eq. (19), n,=Z n,(p) is the total density of all ith
charge-state ions {(in cm™?), ¥, (2,1) is the energy of the
resonance transition (in eV), #” is the hot electron density
(inem™?), and (dP,, 74V} (i) isin W /cm®. To quantitative-
ly specifiy v, (2,1}, we consider the hydrogen like atomic
{Bohr) model for bound electron energy levels:

E,~E,/p*, p=123,... 00, (20)

where | is the ground state energy and p is the principal
quantum number. From Eq. (20) it is clear that the energy
of the resonance transition for hydrogen-like ions is approxi-
mately

Y. (2,1) = |E, ~ E,| = (D.75)E,. (21)

Strictly speaking, a self-consistent calculation based on the
Bohr model would use

E()=Z%y, {22)
where £, (7) is the ground state ionization potential for the
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outermost electron of Z; charge-stateions and yy =13.6eV
is the ionization potential for monaiomic hydrogen (also
known as Rydberg’s constant). For our calculations, how-
ever, we chose a “hybrid” resonance line model based on Eq.
(21) but using tabulated values for E| [e.g., see Ref. 28 in-
stead of BEq. (22} ]. To convert the power density into a pow-
er speciral density, we incorporate a Dirac delia function
notation, consistent with the dominant resonance line as-
sumption. Finally, it has been recommended® to use g~0.2
for the averaged Gaunt factor. The resuit of all these consid-
erations is

dWy, Za E .

Eyx nin (T2 ex (—- )6 E — )

dV ( ) igl K2 p Th ( l/
W/cm® eV, (23)

where x, = LIX10™%, y*=E,, — E, ,=(CT)E,,, n’
and n; are in cm™°, 7% and E,; are in eV, and Z, is the
atomic number of the element.

e

F. Model limitations in ECRIAXS-H

As in ECRIAXS-I, the radiation section of our model
has omitted several processes. Specifically, we mention two
of those processes, along with estimates of their probable
impact on the model predictions. First, it has been found
that for nonhydrogenic ions (i.e., ions with two or more
electrons in the outer shell) in “low-density” piasmas {1.e.,
n, <10'® cm™?) the hydrogenic model for bound-bound ra-
diation is incomplete.®* Specifically, for such cases,
bound-bound transitions in which the outer most electron
does not change principal guantum number [viz., “p” in Eq.
{20} ] may be important. These transitions are currently not
included within our model. In addition, for the indicated
Ap = Crransitions, use of a Gaunt factor £+-0.2 is also inac-
curate. Based on the results cited in Refs. 19 and 25, it is
estimated that inclusion of these transitions would enhance
integrated radiation power levels by a factor of approximate-
ly two, while using more accurate Gaunt factors would
roughly introduce an additional increase of two.%® Further-
more, the bulk of this radiation component would tend to
occur at photon energies below 100 eV for lower Z, atomic
species (i.e., Z, <10}, whereas for higher Z, materials (i.e.,
Z , > 18} the emission would be concentrated in the 50-150
eV band.”

A second feature not currently included in ECRIAXS-
I involves inner shell processes. While ECRIAXS-I in-
cludes a model for inner shell ionization, cur radiation mod-
el does not include fluorescent vields resulting from the
inner-shell vacancies {see, for example, Ref. 30). Conse-
quently, the computations presented may underestimate ra-
diation power levels at the higher photon energies £~ T,

It is planned that for future studies, revisions wiil be
incorporated in cur model to correct some of the omissions
cited above. For the present work, however, it has been esti-
mated that inclusion of the two line radiation processes de-
scribed above would yield a factor of 2--5 increase in the total
integrated power. The effects of the x-ray spectra, however,
would tend to be offsetting in such 2 manner that the basic
profiles would remain similar to those predicted here (alibeit,
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with considerably more detail).” Hence, for the purposes of
evaluating the feasibility of ECRIS plasmas for soft x-ray
lithography applications, the results presented in this article
are considered to be reasonably accurate with any errors
being on the conservative side.

. TYPICAL CODE INPUTS AND QUTPUTS AND
PARAMETER SPACE INVESTIGATED

Code inputs describe the mirror plasma geometry,
atomic data for the elemental species considered, neutral gas
base pressure, anticipated final eguilibrium values for some
parameters relevant to plasma particle distributions, and ini-
tial guesses for those plasme parameters which ECRIAXS-1
calculates self-consistenily. For example, mirror plasma
configuration input parameters include a characteristic plas-
ma length, “radius,” cross-sectional shape, ete. Atomic in-
put data includes the atomic mass and number, tabulated
ionization potentials, Lotz!7 coeficients, and neutral atom
binding energies. Plasma particle distributior input param-
eters are n" T4 T, and T™. The neutral base pressure is
fixed by specifying an input value for n,,,. Initial guesses for
n'" and A¢ are also required as input.

Code outputs from ECRIAKXS include the self-consis-
tent values for the densities and potentials: n'",Ad,$, and
{n;} (i.e, the CSD). Alsc provided are estimates of the equi-
librium particle and energy loss rates from the plasma, the x-
ray emission spectra between 10 and 3000 eV, and the inte-
grated total x-ray power density for photons between 30 and
3000 eV.

The parameter space investigated for this study was lim-
ited to regimes typical of “small-scale” experimental mirror
devices such as MIMI.% In particular, we considered a (mir-
ror-to-mirror} plasma length of 30 cm, a “‘characteristic
plasma radius” of 2 cm, and a plasma mirror ratio R = 2.
The atomic species considered included hydrogen, helium,
nitrogen, oxygen, neon, argon, iron, and krypton for neutrat
base pressures (external to the plasma) of 0.5, 1.0, and
20X 107° Torr. Hot electron distribution parameters of
7" =0.5 1.0X 107 em ™7 and T? =3, 10 keV were used.
The ion temperature was fixed at a nominal 5 eV and the
thermal electron temperature was chosen to be 10 V.

V. SIMULATION RESULTS AND DISCUSSION

The first simulation results studied were the predicted
equilibriury  values of the hot electron fraction,
n"/(n" + n'), versus elemental atomic number £, for the
different neutral pressures and hot electron parameters con-
sidered. Experimental experience indicates that this fraction
is closely related to both micro- and macrostability of the
plasma. Conseguently, the values of the theoretically pre-
dicted hot electron fractions provide a qualitative measure of
one’s confidence in experimentally achieving the theoretical
equilibrium states. The results are presented in Fig. 3, show-
ing that the lowest hot electron fractions are associated with
the higher Z atomic species. Aithough there is still an incom-
plete physical understanding regarding what fraction of hot
electrons is desirable with respect to plasma stability under
varicus plasma conditions {cf. Refs. 8, 31, and 32, and refer-
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FIG. 3. Hot electron fraction n%/n! + n') vs atomic number Z, (a) for
different neutral pressures (#!=35x10" cm™3, TF =3 keV):
P, = 0.4 107%Forr (circles), 1.0X 107 ® Torr (sqeares), 2.0 X 10 % Forr
(triangles}; (b) for different hot electron parameters {p, = L.OX107®
Torr): 1.0 10" cm 7 and 3.0keV (circles), 1.OX 1072 em ™ and 10.0keV
(squares), 5.0 10" em ™ and 3.0 keV (triangles), 5.0x 10" cm "? and
10.0 keV (crosses).
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FIG. 4. Minimum ECRH power necessary to balance the equilibrium plas-
ma energy loss rate. (a) For different neutral pressures (s = 5x 10t
em ™ and 7% =3 keV): p, = 0.5x107°% Torr (circles), 1.0X 107¢ Torr
{squares), 2.0 167° Torr (iriangles); (b) for different hot electron pa-
rameters (p, = L.OX 10 ~® Torr): LOX 10" em ™ and 3.0 keV (circles),
1.0 10" cm ~—* and 10.0 keV (squares), 5.0 10" cm > and 3.0 keV (tri-
angles), 5.0 10" cm ~? and 10.0 keV {crosses).
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FIG. 6. Equilibrium argon ion charge state distributions predicted for a
MIMI-like ECR ion source. The three curves correspond to neutral argon
gas pressures of 0.5 X 107° Torr {circles), 1.0 107° Torr (triangles}, and
2.0% 107° Torr (crosses). Other, parameters are n” = 10 cm >, 7% = 10
keV, T% = 10eV,and T, = 5 V.
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ences contained therein), one is more likely to believe that
the high Z predictions { with lower hot electron fraction) are
more achievable in experiments than the extremely high hot
electron fractions associated with the lower Z plasmas. The
low Z cases, for example, may be more susceptible to {mi-
cro) instability-enhanced transport in an actual experiment
and this transport mechanisimn is not included in the simula-
tion model.

Another feature impacting our confidence in the rel-
evance of the simulations to experimental devices was the
minimum ECRH power levels necessary to sustain the pre-
dicted equilibria. If we assume that the ECRH power levels
maust balance particle and radiative energy loss rates, then
we can see from Fig. 4 that the absorbed ECRH power must
typically be on the order of 100-100C W. Such power levels
are easily achievable with modern cw microwave tubes—
even with allowances for incompiete power absorption.

In Fig. 5, we have plotted the predicted average charge
state of the CSD, (Z osp ), versus the atomic number of the
element used for the plasma. The increase in highly charged
ions gained by using heavier elements is evident. From these
results it is alsc apparent that higher hot electron densities
(n>1.0x 10" cm ™) but more moderate hot electron tem-
perature (T%=3 keV) produce higher average charge
states. Figure 6 is a representative example of the type of
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FIG. 7. Relative (normalized) dependence of the CSD average charge state
{Z csn } vs neutsal pressure. (2) For argon using different hot electron pa-
rameters: 1.0X 10'2 cm ™2 and 3.0 keV (circles), 1.0x 102 em ™2 and 10.0
keV (squares), 5.0X 10" cm ™ and 3.0 keV (triangles), 50X 10* ¢ >
and 10.0keV (crosses); (b) for different atomic species: nitrogen {circles),
oxygen (squares), neon (triangles), and argon (crosses), with hot electron
parameters of 1.0x 102 cm ™2 and 3.0keV.
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equilibrium CSDs one might achieve with a device such as
MIMI and an argon plasma. The difference between the
three cases shown is a result of varying the background ar-
gon pressure between 0.5 X 187° Torr (circles), 1.0X 167°
Torr {triangles), and 2.3 X 107° Torr {crosses). Gtherwise,
all relevant plasma parameters were held constant to the
values indicated in the figure caption. As seen in Fig. 6, ap-
preciable densities (z, 2 10° cm ™) of ions are predicted for
charge states as high as AR XII. Note that at lower neutral
base pressures, there was a tendency towards lower total ion
density concurrent with an increase in the relative fraction of
high Z ions. This is consistent with a combination of lower
ionization rates and higher hot electron fractions [cf. Fig.
3(a}] observed at lower neutral pressures.

In Fig. 7, we have plotied the (normalized) average
charge state versus neufral pressure. These results confirm
that the qualitative trend towards higher average charge
state with decreasing neutral pressure (shown in Fig. 6) was
also true for the other plasmas investigated.

A typical x-ray emission spectrum for an argon plasma
is presented in Fig. 8 where the relative contributions from
bremsstrahlung, line, and recombination radiation have
been separately indicated along with the composite spec-
trum. Perhaps the most important festure to observe is that
the line radiation tends to dominate the emission spectrum,
especially at the lower energies (e.g., less than approximate-
Iy 500 eV}, In fact, the line radiation component accounts
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FIG. 8. Typical x-ray power spectiral density for argon plasma with
P =2X1078 Torr, #* = 1.6 16" em ™3, and T = 10.0 keV. (a) Line
(solid) and bound-free or recombination {dashed) spectra, and (b) brems-
strahlung (dashed) and the total composite (sclid) spectra.

1063 J. Appl. Phys., Vol. 64, No. 3, 1 August 1888

-2
10 T T — T
b/o_______)
o
J
"
=
%)
<
£
>
= —f
~
% (o}
=y !O‘Sl [ S S S N S
g i 5 10 18 2025 3C 3B
Q -
5 10 e
Z
& o
> /o/uwn
2 /ujzs—wm-—;x
X
% ,4
S"‘
(b}
f68 i 1 L 1 | L I
5 10 B 20 25 30 35

Atomic Number, Z,
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electron parameters (p, = 1.0X107° Torr): 1.0X 102 ¢ % and 3.0 keV
(circles), 1.0 10 ¢m 3 and 10.0 keV (squares), 5.0 10 em 3 and 3.0
keV (triangles), 5.0 10! cm % and 10.0 keV {crosses).
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for approximately 90% of the total spectrum-integrated
power density [of. Eq. (13) ] between 50 and 3G00 eV for the
spectrum shown in Fig. 8. This effect was generally true for
all cases considered in these simulations.

The spectrally integrated (5C to 3000 eV) emission
power densities as a function of atomic number have been
piotted in Fig. 9. Clearly, plasmas based on elements having
higher atomic number vielded higher predicted x-ray power
densities. Perhaps not quite so expected are the additional
predictions that higher x-ray emissions are associated with
higher neutral pressures and higher density but less energetic
hot electron distributions. in Fig. IC, we have also plotted
the total x-ray emission power densities (normalized) versus
neutral pressure. Once again, the enhancement of x-ray
emission with increasing neutra! pressure is evident. Figures
9 and 10 can be explained in the following manner. First,
typical electron-ion collision frequencies increase linearly
with electron density but decrease with higher electron ener-
gies above a few keV or so. Consequently, one might expect
that higher hot electron densities but more modest hot elec-
tron temperatures result in higher ion densities and higher
ion excitation rates. This is consistent with the results shown
in Fig. 5. Also, in view of the fact that the x-ray output was
principally line radiation, we can see from the exponential
factor in Eq. (23) that this component of emission is domi-
nated by x-rays coming from transitions in the lowest charge
state ions (e.g., Z; 55). In Figs. 6 and 7, however, it was
observed that higher absolute densities for these lower
charge states were associated with higher neutral base pres-
sures. These facts combine to produce the trends seen in
Figs. 9 and 10.

A note of caution should be mentioned regarding the
higher x-ray power levels at lower hot electron tempera-
tures. This observation may be infiuenced by the omission in
ECRIAXS-II of fluorescent line radiation associated with
inner shell ionization. Higher hot electron energies, for ex-
ample, permit greater atomic shell penetration possibly re-
sulting in increased line radiation for increasing 7'7 (in spite
of reduced collision frequencies). This behavior is a subject
for future study.

V. SOFT X-RAY SOURCE FEASIBILITY ASSESSMENT

Numerous features must be evaluated on a comparative
basis when proposing a soft x-ray source for photolitho-
graphy. First, it is preferable to have the x-ray photon ener-
gies within the most sensitive photoresist exposure bands
(e.g..approximately 50to 3000 eV ). Of course, it is desirable
to have a large output x-ray flux, although the requirements
on x-ray intensity for a continuously radiating source may be
somewhat less than for a pulsed device, as average power is
more relevant to wafer exposure time. It may also be impor-
tant to consider the impact of an expensive and/or sophisti-
cated source techunociogy versus a more modest-priced,
simpler souree technology, For example, in a comparison of
synchrotron, pulsed plasma (either discharge or laser abla-
tion ), and ECR mirror plasma sources, the synchrotron may
be expensive and require more sophisticated operating tech-
niques, whereas pulsed plasma sources may reguire in-
creased maintenance due to clectrode (or target) ercsion
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and/or other stresses associated with repetitively pulsed
high-power systems. ECR mirror plasmas, on the other
hand, may be able to provide an: alternative source of soft x-
ray using well established and relatively unsophisticated
magnet and microwave source technologies. Of course, this
would not prectude the use of mere exotic {and perhaps
more expensive) superconducting magnet and high-power
gyrotron technoiogies for ECR mirror plasma production if
such an approach resulted in further optimization of the soft
x-ray source characteristics.

An additional feature of possible importance to soft x-
ray source selection is the maximum exposable wafer size
while maintaining a prescribed limit on penumbral blur of
the mask pattern image. A figure of merit can be defined for
x-ray source candidates by combining the time-averaged x-
ray emission intensity and the maximum exposable wafer
area to determine an estimate of expected “wafer through-
put” or wafer exposure rate as the total area of wafer exposed
per unit time (e.g., cm”/h). We now proceed to perform a
simplified estimate of wafer exposure rates for the equilibri-
um ECR plasmas predicted by ECRIAXS.

Consider the geometry of Fig. 11. From one volume
element dV = r dr d6 dz of plasma, it can be calculated that
the x-ray power incident on the wafer is approximately:

me {dyf (chm,)
=j J - ;ig)

where d¥ is a plasma volume element, d€} is the elemental
solid angle into which the x rays from dV are emitted,
$1,(7,0,2) is the solid angle subtended by the wafer (relative
to the volume element d¥ “point source”)}, and it has been
assumed that the x-ray emission is isotropic into 4 st while
the plasma is transparent to the x-ray photons. Further-
more, it is assumed that {3, is approximately independent of
both radius r and azimuthal angle § over the plasma co-
lumn’s cross section. Then

rdrdfdz Q4(r, ,z)( (24)

/1 dP)
P} (§d2)) 25
f (5dz}8e(2) AV (25}
where {1,(z) can be approximated as
Qo(z) =dA /(ry+ 207 (26)
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F1G. 11. Configuration for ECR mirror plasma as an x-ray source for x-ray
lithography.
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Putting Eq. (26) into Eq. (25) and integrating yields
94 <§£} S
T hr NGV rylry + LY
where d4 is the area of the wafer, §is the cross-sectional srea
of the plasma column, £ is the plasma length, r, is the wafer-
to-plasma separation, and 4P /dVis the x-ray power emitted
by a unit volume of plasma into 47 Sr (e.g., W/cm?}.

We now proceed to calculate limits on plasma dimen-
sions to avoid excessive penumbral blurring. The underlying
principle is that in order to realize the opportunity for very
fine pattern replication made possible by x-ray lithography,
one must Emit both plasma source and exposed wafer di-
mensions to avoid “penumbral blurring.” This blurring of
the lines produced on the wafer’s photoresist is a conse-
guence of the noninfinitesimal image size of the plasma
source. For a long and thin plasma “cylinder,” the penum-
bral blurring effects can be estimated by separately consider-
ing “on-axis” blurring, which depends on the plasma diam-
eter {see Fig. 12 (a}], and “off-axis” blurring, which
depends on the plasma column’s length [see Fig. 12(b}].

In Figs. 12{a) and 12(b}, the source diameter is 27,
{wherer, is the plasma radius), the source length is L, and it
is assumed that 27, €L. In addition, g is the mask-to-resist
distance (we assume proximity printing where g<£7,), A, is
the on-axis penumbral blur, and we assume that the mask
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FIG. 12. Simplified schematic emphasizing the geometrical relationships
which are pertinent to {2) on-axis and (b) off-axis penumbral blurring ef-
fects in an x-ray lithography device based on an ECR mirror plasma.
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absorber thickness and the etching depth on the photoresist
are infinitesimally small with respect to g and 7, For these
geometrical conditions we can estimate the on-axis resist
pattern blur to be [cf. Fig. 12(a)]

By =g(2r, /7, (28)

based on simple trigonometric small-angle relationships.
For comparative purposes, we use the design values of g =~ 25
pm and A,<0.25 pm taken from Ref. 33. This yields the
design condition

2, /7 = A, /g S0.01, (29)

for acceptable amounts of on-axis blur. Thus, if we assume
that r,~400 cm, then we must choose 5= 2 cm.

Due to the considerable length of the plasma column,
off-axis exposure of the resist can result in an effectively larg-
er source size, as the exaggerated illustration in Fig. 12(b)
suggests. Again, based on simple small-angle formulas one
can estimate that the off-axis blur, 4, is approzimately

Ltanb Lr,

A,~g =g s (30)
g 7o Folvy + L)
or, for a specified blur tolerance,
P b, /8)r (1 4 r/L) (31)

gives the maximum wafer exposure radius. Again, using val-
ves of A,<0.25 pm, g=25 pm, r,~400 cm, and L =~ 50 cm,

one obtains
7, ~36 cm. (32)

Using the plasma and wafer dimensions obtained above,

(@

wafer exposure rate, Ty {cm?/hour)

O 20 28

aformic number, Za

30 35

FIG. 13. Wafer exposure rate vs atomic number for two sets of ptasma con-
ditions: 1” = 10X 10" em ™3, T#= 3.0 keV, and p, = 1.OX 107°® Torr
(circles); n? = 5.0 10%em ™3, 7% = 2.0 keV, and p, = 20X 107 Torr
{crosses).
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FIG. 14. Predicted CSI* for an ECR krypton mirror plasma which has been
optimized for x-ray lithography applications. Plasma parameters included:
A" =40%10%em ™3, T4 = 10keV, p, = 7.0X 107° Torr, T¥ = 10.0eV,
Tioe = 5.0V, n® = 32102 ecm™?, and {Z csp ) = 12.0.

we substitute values into Eg. (27) to obtain

P ~(0.28x107%) ﬂdA W, (33)
dav
where dP /dV is in W/cm” and d4 is in cm?,

From Ref. 34, we assume that photoresist exposure re-
guires approximately 24 mJ/cm® of incident x-ray flux.
Hence, to calculate the exposed wafer throughput (neglect-
ing overhead time)} we use

3
T, ( b ): (15X 105)P, =75 (ffﬂ) dA.
h av
Finally, the preceding specification on the maximum wafer
radius 7, <36 cm implies that this system can simultaneous-
ly expose a substantial wafer area without suffering excessive
pattern blur. Hence, we finally obtain

dpmml ( W )
dv iy

neglecting maintenance and overhead time. We note that for
an alternative plasma discharge source,” T, = 120 cm®/h if
we neglect overhead time.

Using Eg. (34) and the previously displayed results for
x-ray emission power densities calculated by ECRIAXS, we
have estimated the possible wafer exposure rates as a fune-
tion of atomic number of the neutral gas species, hot electron
distribution parameters, and neutral gas densities. Two rep-
resentative cases are plotied in Fig. 13 asa function of atomic
number Z , . Generally, it appears that ECR mirror plasmas
based on elements with Z, R 7 may be interesting candidates
for soft x-ray sources with wafer exposure rates exceeding
100 W/cm?. As seen from Eq. (34), the scaling of wafer
exposure rates with hot electron parameters and neutral base

(34)

4
Tw<°‘;‘ ;5:,(1.7’)(105)
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FIG. 15. X-ray power spectral density for the optimized krypton plasma of
Fig. 14. The solid line represents the composite of line, bound-free, and free-
free (bremsstrahlung) spectra; the dashed line indicates only the free-free
component.

pressure is identical to the dependence of x-ray power den-
sity on these factors. Thus, optimization of such wafer expo-
sure rates is achieved by maximizing the x-ray emission pow-
er density {cf. Fig. 9).

To complete this study, we used ECRIAXS to compute
an equilibriuvm krypton plasma which was “optimized” for
maximum wafer exposure rate. The CSD for this somewhat
optimistic case is displayed in Fig. 14 with the corresponding
plasma conditions listed in the caption. The associated x-ray
power density spectrum is shown in Fig. 15. The x-ray power
density integrated over the 50 to 3000 eV band totaled

ap,
el 011 W/em?,

yiciding an extremely attractive wafer exposure rate of
7, = 1.9 10* cm?/h. For comparison, wafer exposure rates
based on other soft x-ray sources have been estimated using
arguments and approximations similar to those described
above. These estimated rates are tabulated in Table £,

TABLE 1. Comparison of wafer throughputs for various x-ray lithography
sources,

Source Wafer throughput (cm?/h)
e-beam bombardment x-ray “tube” 30000

laser-driven plasma 102-10%

plasma discharge 10°-10%

synchrotron 2% 10°-10%

ECRIS 1072 X 10%

* Based on discussion in Ref. 35.

"Based on Ref. 34; assumes a 4-cm? exposure ares, 100 laser pulses per
exposure band between ! and 10 laser pulses per second.

*Based on Ref. 33; assumes a 4-cm® exposure area, and between 13 and 120s
per exposure.

4 Based on Ref. 35; assumes that mask can handle radiation fuxes as high as
1 W/em? and that wafer distortion limits simultaneous exposure area 1o
fess than 1C cm?.

¢ Based on the modeling calculations in this paper.
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Vi. SUMMARY AND CONCLUSIONS

ECR mirror plasmas based on high Z atomic species
involve complicated physical relationships between spatial
particle transport and atomic processes. We have described a
numerical code which represents a collection of simplified
models for the purpose of calculating equilibrium ion charge
state distributions and soft x-ray emission fuxes for such
plasmas. Particular guantitative results were presented fora
range of plasma parameters relevant to modest “laboratory-
sized” devices.

For the cases considered, it was found that the highest
average charge states and the highest sofi x-ray outpuis were
predicted to be associated with the elements having the high-
est atomic numbers. In fact, it was found that the highest
average charge states were associated with low neutral base
pressures {p,<5X 1077 Torr), high hot electron densities
(#">10"% ecm™?), and the modest (7% =3 keV) rather than
high (7%>10 keV) hot electron temperatures. The highest
soft x-ray outputs (in the 50 to 3000 eV band) were also
associated with high hot electron densities and lower hot
electron temperatures { 7" ~ 3 keV) but higher neutral pres-
sures {p, »2x 107°% Torr). These latter observations on -
ray fluxes were correlated with those conditions which maxi-
mized the absolute values of ion densities in the lower charge
states between Z; = 1 and Z, =~ 5. The most important rea-
son for this relationship was the fact that x-ray fluxes were
typically dominated by line emission from the lower energy
transitions (approximately less than 500 eV) occurring
within the lower charge state ions. There remains some gues-
tion on whether the peak in soft x-ray output at lower values
of T# is an artificial consequence of having omitted inner
shell flucrescent processes. This is a subject for future study
with an improved model. Nevertheless, the implication of
these results is that optimization of highly charged ion plas-
mas for different applications will require a capability to
control and “tune” the hot electron fraction and tempera-
ture.

Finally, a very simplified model was described to esti-
mate possible wafer exposure rates for an ECR mirror plas-
ma used as an x-ray photolithography radiation source, The
predicted wafer exposure rates of 100 to 20 000 cm?/h com-
pared very favorably with alternative soft x-ray sources. Ad-
mittedly, numerous approximations were made to obtain
these exposure rate estimates. Nevertheless, the magnitude
of the values calculated was promising and certainly war-
rants further study.
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