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Scope of the resear ch

Recently, the 13 nm range extreme ultra-violet emissions of many electron atomic
lons are of interest in relation to the semiconductor technologies. We theoretically
studied the intra N shell (n=4 shell) transitions of Sn and Xe atomic ions. In this type
of theions, especially of the Snions, a peculiar behavior in the emission spectra has
been pointed out by O’ Sullivan and Faukner[1]; they discussed the narrowing of 4f-
4d spectra as due to the configuration interactions. To gain afurther insight of the
effects, we carried out a sophisticated calculation using GRASP92[ 2] and its earlier
versions. We found in Sn 12+ ions, for example, that the positions of main peaks of
al the n=4 orbitalsfall in amost the same radial distances, which enhances the
configuration interactions in the N shell. And these configuration interactions
considerably modify the geometry of the excited electronic states and induce the so
called spectral narrowing. Thiswork is supported by the Leading Project for
advanced semiconductor technology of MEXT.
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Ground State Energy of Xe3* and Xe% lons
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Configurations Included

Excited State Configurations

o 4d(9)4f(1), 4d(7)4f(3), 4d(7)4f(1)5p(2)
o 4d(9)5p(1), 4d(7)5p(3), 4d(7)4f(2)5p(1)
o 4d(9)5f(1), 4d(7)4f(2)5f(1)

o 4d(9)6p(1), 4d(7)4f(2)6p(1)

Ground State Configurations
4d(10), 4d(8)4f(2), 4d(8)5p(2)

4d(8)5f(2), 4d(8)6p(2)
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Energy of Xe3* 4d-4f Transitions
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Configurations for more Sophisticated Calculation
Excited State Configurations

o 4d(9)4f(1) , 4d(7)4f(3), 4d(7)4f(1)5p(2)

» 4d(9)5p(1), 4d(7)5p(3), 4d(7)4f(2)5p(1)

o 4d(9)5f(1), 4d(7)4f(2)5f(1)

o 4d(9)6p(1), 4d(7)4f(2)6p(1)

e 4d(9)6f(1), 4d(9)7p(1), 4d(9)7f(1),

e 4d(9)8p(1), 4d(9)8f(1), 4d(9)9p(1)

Ground State Configurations

4d(10), 4d(8)41(2), 4d(8)P(2)  _m—
4d(8)5f(2), 4d(8)6p(2)

EUVL 3, 2004 Miyazaki



GF Values

GF Value Distributions for Xe™ 10+
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Theoretical and Experimental Xel%* 4d-5p Transitions

Spioen pane

12.5 13.0 13.5 14.0 14.5

EUVA/DPP
TMU

NIST (Part)
Hullac
Cowan

Grasp(Present Work)
A(nm)

EUVL 3, 2004 Miyazaki



1.0

0.8

normalized intensity (a.u.)

| ==e== 52x1010 W/icm?2
| =— 1.2 x 1011 W/icm?

0.6
0.4

0.2

2 x 1011 Wicm?2
9.6 x 1011 Wicm?2

10 15 20

wavelength (nm)

Time integrated Sn EUV spectra

for various laser power

EUVL 3, 2004 Miyazaki



O’ Sullivan and Faukner’s Pioneer Work

Tunable narrowband soft x-ray source for
projection lithography

Gerard O'Sullivan Abstract. EUV emission from laser plasmas produced on low Z-target
Ronan Faulkner materigl such as plastics and araldites thal contain 1 to 10% concentra-
University College Dublin tions of the elements 50 <2<70 emit narrow regions of intense quasi-
Physics Depariment continua in the 6 1o 13-nm wavelength range, The typical bandwidth of
Belfield, Dublin 4, Ireland the emission is 0.5 to 1.5 nm and the features are brighter than any
E-mail: gosullivan@ccvax.ucd.ie Individual lines emitied from the host subsirale malerials. Similar spectra

can ba obtained from hydrated salis of these elements, so suitable 1ar-
gets can be prepared as compressed peliets of crystalline or hydrated
salts or alternatively from oxides mixed into an araldite matrix. Spectra
of tin salts prepared in this way provide an excellent narrowband sourca
for 13.5-nm radiation for use with Mo/Si multilayers, Since the peak shifis
toward shorter wavelengths with increasing 2 plasmas of These sle-
ments provide “tunable” narrowband EUV radiation sources,

Subjact terms: [aser-produced plasmas; XUV emission; XUV sources: ithography;
spectra.

Optical Enginsering 33(12), 39783953 (December 1994)

G. O’ Sullivan, and R. Faukner, Opt. Eng. 33, 3978 (1994)
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Spectral Shift dueto the Configuration Interaction
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Z-Dependence of Single Electron Orbitalsin Neutral Atoms
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Fig. 8-10. Expectation values of r for the various orbitals of neutral atoms, computed by the HXR
method. (The 3s and 3p curves are indistinguishable for 36 = Z = 80.)

R.D.Cowan, The Theory of Atomic Structure and Spectra (Berkeley,1981)
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Z-Dependence of Single Electron Orbital Energiesin Neutral Atoms
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Fig. 8-11. Dr;;-eiectmn binding energies |[E"| =~ | Ent + Eg‘] and effective quantum numbers
n*, = [EV|=1/2 for the various orbitals of neutral atoms, computed by the HXR method.

R.D.Cowan, The Theory of Atomic Structure and Spectra (Berkeley,1981)
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Radial Wavefunction of Snl2+

Radial Orbital Wavefunctions forn =4
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Configuration Mixing
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Orbital Hybridization

(4d +4p)(1) (4d+4f)(2)
+(4d —4p (1) (4d — 4f)(2)
= 4d(1)4d(2) — 4p(L)4f(2)

W = C1¢(dd) + C,@ (pf)



Electron Densities and Transition Probabilities
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GF Values
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=f Factors
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Gf Factor Distributions in Sn 10+ lons
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Gf Factors
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Summary

dd —pf type configuration mixing has been
considered for 13.5 nm band optical radiation
of Sn ions

Strong configuration interactions have been
observed in Sn8* to Snl2* ions

The spectral narrowing isthe effect of interference
between the 4d — 4p and 4f — 4d transition
amplitudes.

Theuseof theionsin therange g=9to 11 might be
plausible to obtain efficient narrow band radiation

around 13.5 nm.
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