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Source characterization for x-ray proximity lithography
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Calibrated x-ray spectra from laser-produced plasmas of materials with atomic numbers varying between 12 (Mg)
and 83 (Bi) were recorded to optimize the conversion efficiency for proximity lithography in a 0.5-nm band centered
at 1 nm. The highest efficiency (~0.8%) was found for L-shell emitters such as Cu and M-shell emitters such
as Ba. First-order debris measurements were carried out by measurement of the layer thickness deposited on
witness plates 2 cm away from the target. Layers of 30-nm thickness were deposited in a single laser shot with

Au and W targets.

Proximity x-ray lithography is one of the leading
approaches to the fabrication of future high-density
computer chips. Laser plasmas are increasingly be-
ing considered as an attractive x-ray source for this
approach because of their compact size, flexibility,
and cost.! The complex interplay between mask
opacity and energy absorption in the mask and the
resist currently sets the optimum x-ray wavelength
at ~1 nm.

To our knowledge, a full examination of the opti-
mum laser and target parameters for a production-
line x-ray facility, in which x-ray conversion efficiency
is evaluated together with the undesirable effects of
target debris and the relative cost of long-term opera-
tion, has not yet been made. In this Letter we report
concurrent absolute x-ray conversion efficiencies and
first-order debris measurements for a range of target
materials under laser conditions currently deemed to
be achievable in a high-repetition-rate (>10-Hz) re-
liable source.?

The experimental setup is shown in Fig. 1. Plas-
mas were created by a Nd:glass laser delivering 15 J
of energy in 17 ns and a laser intensity of 5 X 102
W/cm? on target. The conversion efficiency to x rays
was estimated with the use of a high-resolution crys-
tal spectrograph. Targets were selected according to
conversion factors obtained with a Be-filtered x-ray
diode for an x-ray energy exceeding 1.5 keV (Ref. 3)
to be representative for x-ray emission of different
atomic shells.

To obtain absolutely calibrated x-ray spectra within
a 0.5-nm bandwidth centered at 1 nm, we used both
rubiduim acid phthalate (RAP) and potassium acid
phthalate (KAP) crystals with known integrated
reflectivity* and absolutely calibrated Kodak DEF
x-ray film.>* Thus we determined the absolute x-ray
emission according to the following equation:
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where Eg is the x-ray energy emitted by the source
within the 0.8—1.8-nm band, e; is the energy den-
sity on the detector, r is the source—detector dis-
tance, dw,; is the size of the detector element in
the dispersion plane of the crystal, Ak, is the de-
tector size perpendicular to the dispersion plane, Ry,

Es (1)
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is the integrated crystal reflectivity, and ¢(A) is the
filter transmission.

The integral was solved by numerical integration
of densitometer traces. Tabulated data of absorp-
tion coefficients® have been fitted with a third-degree
polynomial to account for the wavelength-dependent
spectrograph response arising from the x-ray trans-
mission through light protection foils (Be, Al). To
convert optical density into x-ray energy density,
we used a two-dimensional polynomial fit (energy
density on the detector as a function of wavelength
and optical density) of Henke’s calibration data for
Kodak DEF film.5 The wavelength dependence of
the integrated reflectivity (Ry,) in the band of inter-
est is rather weak (7—9 X 10~ for KAP; 1-1.4 X 10
RAP). Hence we assumed an average wavelength-
independent value for the reflectivity for the
whole band.

Table 1 summarizes these elements and shows the
emission of different atomic shells in the 0.8-1.3-
nm band along with the elements/compounds used in
our experiments.

Table 2 shows our experimental results for the con-
version efficiency of laser energy into x-ray energy
for different Z elements. The highest conversion ef-
ficiency was obtained for x-ray emission from a Cu
plasma. The dominant emission features are the
3-2 transitions in Ne-like ions.” The lower conver-
sion efficiency observed for Fe results from the 4-2
transitions in Ne-, F-, and O-like ions with lower os-
cillator strengths.®® Figure 2 shows recorded spec-
tra of x-ray emissions illustrating the strong 3-2
emission features of a Cu plasma and the 4-2 tran-
sitions of an Fe-plasma, respectively.
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laser camera

Fig. 1. Experimental setup used to characterize x-ray
emission and debris from laser-produced plasmas.
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Table 1. Elements That Emit in the 0.8-1.3-nm Band and
the Targets Used to Measure Conversion Efficiencies

Atomic Shell
L M N
Z of elements with emission partially covering
0.8-1.3-nm band® 7-14 23-37 48-68 >78
Z of elements with emission covering whole
0.8-1.3-nm band® 10,11 28-31 56—58
Elements/compounds used 2Mg %Te 508n tw Au
30Cu 56Ba (BaCl) 82Pp
31 7n SSBi

%Ref. 3.

The lower conversion efficiency observed for Zn can
be explained on the basis of its different ionization
balance. Since the dominant emission of both ele-
ments in the 0.8-1.3-nm band is caused by Ne-like
ions, a potential explanation for the lower conversion
efficiency from Zn is that there is a smaller fraction of
this ion in the plasma. For a collisionally dominated
plasma the ratio of Ne- to Na-like ions is derived
from the Saha equation. By using the ionization po-
tential of the Na-like ion of each element (670 eV
for Cu and 737 eV for Zn) and an electron tempera-
ture in the 150-250-eV range we obtain a 1.3—-1.55
higher fraction in the Cu plasma, which indicates a
larger Ne-like component in the Cu plasma and hence
less emission from Ne-like Zn. To consider the in-
fluence of laser-plasma interaction dynamics on the
electron energy distribution, we estimated thresholds
for stimulated Raman scattering, two-plasmon de-
cay, and nonlocal energy transport as possible sources
of hot-electron production. The only process with a
threshold (5 X 10 W/cm?) close to our experimen-
tal conditions is two-plasmon decay. Since we could
not detect any indication of 3/2w light, we believe
that even two-plasmon decay is of no importance in
our experiments. At an incidence angle of 45° res-
onance absorption is negligible for our intensity and
laser wavelength.

Another promising candidate for having a high con-
version efficiency in the 0.8—1.3-nm band is Ba. Our
experimental value was obtained with a BaCl target.
The simple assumption of two-times-higher emitter
density in the case of a pure Ba plasma leads to
a conversion efficiency of ~0.8%, which is as high
as the conversion efficiency for Cu. Only poor effi-
ciency was obtained from high-Z elements (the high-
est value was for a Bi target).

After the laser pulse has ceased the ions stream
outward with energies acquired during the inter-
action process. The plasma cools, while further
ablation of the material occurs; thus a number of
neutral atoms are ablated. The ablation process
drives a shock wave in the solid target, producing a
crater along with a variety of particulate emission
(molten target material and clusters).!®! Hence
high-velocity ions, atoms, and molten target material
and clusters are a by-product of the laser-produced
plasma,

Debris produced by the plasma from various tar-
gets was collected on witness plates located 2 cm from

the source. For every target material investigated
we found particles several micrometers in size de-
posited on top of a thin evenly coated layer. We at-
tached an aperture to the top of the witness plates
in the experiments with W and Au targets. This
aperture created an edge between exposed and unex-
posed areas, permitting a determination of the layer
thickness with an atomic-force microscope. Figure 3
shows the topogram of the boundary region between
the Si substrate and the deposited W layer. The
layer thickness is ~30 nm, and it is approximately
the same for Au deposition. Both layers were de-
posited in a single laser shot. W and Au were cho-
sen because of their different melting points (3410
and 1064 °C, respectively), but they produced approx-
imately the same coating thickness on the witness
plate. Hence we estimate to first order that the
same amount of debris is deposited for all targets
selected. Based on the atomic-force microscope data
for the layer thickness and assuming coatings of solid
density, we estimate a deposition rate of 220 ug/sr
per pulse. This deposition rate exceeds by a factor
of ~400 that reported in Refs. 12 and 13, which was
obtained for a laser energy of 3 J. It is known that
the amount of debris scales with laser energy,'* with
the deposition rated varying from 15 to 500 ng/sr per
pulse for energies of 300 mJ and 3 J, respectively.’®
Hence we account for our high deposition rate by cit-
ing the five-times-higher laser energy. Moreover, we
obtained the layer thickness from atomic-force micro-
scope scans, which are not sensitive to the mass den-
sity of the deposited material, whereas the results
reported in Refs. 11 and 12 were obtained from ex-
tinction of light in the coatings. The two different

Table 2. Measured Conversion Efficiency
of Laser Energy into 0.8-1.3-nm X Rays

Target Atomic  Conversion Efficiency

Element  Material Shell (%)

2Mg Mg K 0.05

%Te Fe L 0.25

0Cu Cu L 0.8

817n Zn L 0.3

508n Sn M 0.35

56Bg BaCl M 04

8314 Bi N 0.1
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Fig. 2. L-shell emission from (a) Cu plasma and (b) Fe
plasma.

Fig. 3. Atomic-force of the

microscope
Si—W-on-Si interface of a witness plate obtained in
a single laser shot (Si substrate on the left-hand side).

topogram

methods lead to discrepancies if the density of the
coatings differs from solid density.

From our initial experiments with laser-plasma
sources for proximity lithography we conclude that L-
shell emitters such as Cu and M -shell emitters such
as Ba are promising candidates to obtain high con-
version into x-rays at 1 nm with a 0.5-nm bandwidth.
Our Cu data agree with recently obtained Lawrence
Livermore National Laboratory data for 1-um laser
wavelengths although that group’s results indicate
higher conversion efficiency for 2w light.'®

From the 30-nm-thick layer coated on a witness
plate at a 2-cm distance, a 0.075-nm buildup at 40 cm
is estimated. This implies a deposition of 2.7 um/h
for a source with a 10-Hz repetition rate, exceed-
ing the tolerable buildup by approximately a fac-
tor of 1000. From the scaling of debris production
with laser energy obtained by comparing our results
with Refs. 11 and 12, we suggest that the necessary
laser intensity on target be obtained by means of a
tighter focus and reduced pulse duration rather than
by means of increased energy. Source operation at
lower energy can be achieved at higher repetition
rates to provide the required throughput of a produc-
tion line. In addition, considerable debris reduction
is obtained with a He background gas to reduce the
number of ejected ions and with thin tapes to direct
cluster emission to the rear surface of the target.'2?
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