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ELETTRA is a third generation synchrotron radiation source. The energy spectrum allows the
design of beamlines suitable for x-ray lithography from soft to hard x-ray wavelengths. An
appropriate lithographic window for micro- and nanofabrication can be obtained by a combination
of selected filters and mirrors. As the beamline is interfaced to a vertical x-ray stepper, a uniformity
in the beam intensity better than 3%~3s! in the horizontal direction has to be reached. The present
beamline is designed by taking into account the main factors which can affect the beam quality,
namely, thermal loading on mirrors and filters, slope errors, and surface roughness of the mirrors.
The resulting lithographic resolution at soft x-ray wavelengths is better than 100 nm. ©1999
American Institute of Physics.@S0034-6748~99!02303-5#

I. INTRODUCTION

In this article we present a complete design of a litho-
graphic beamline working from soft~1.5 keV! to hard ~10
keV! x rays to be installed on a third generation synchrotron.
In particular, the design is referred to ELETTRA, the syn-
chrotron radiation facility operating at Trieste~Italy!.1 Syn-
chrotrons of the third generation are optimized for the use of
insertion devices such as wigglers and undulators, but some
of their characteristics are advantageous even for litho-
graphic beamlines based on bending magnets. The high
brightness of the electron beam makes it possible to collect
intense photon flux with only a few milliradians of horizontal
acceptance. As a consequence, the source is symmetric in the
horizontal plane so that the lithographic image can be opti-
mized by using one toroidal mirror and avoiding the complex
aspherical optics used for asymmetric sources with high
horizontal acceptance~.30 mrad!.2 Another advantage of
the high brightness is that the divergence of the beam at the
focal plane gives small runout. The field distortions on the
mask/wafer plane is then in the range of few nanometers, a
value compatible with a high placement accuracy~,20
nm!.3 Finally, the intensity distribution at the mask/wafer
plane is uniform within 3%~3s!. This uniformity is needed
when using high sensitivity resist for high throughput
processes.4

This article includes a comparative study of two beam-
line configurations distinguished by different mirror arrange-
ments. The difference between the two cases is the relative

location of the plane mirror with respect to the toroidal one.
The design includes a study of the impact of the slope error
of the mirrors on the expected lithographic image, as well as
the calculation of the downstream power from the source to
the mask/wafer plane at the exposure station. A comparative
study of the thermal properties of a SiO2 and a Si mirror has
also been performed.

The peculiarity of the present design consists mainly of
its wide lithographic window. This is achieved by combining
high-pass filters~beryllium windows or other suitable mate-
rials! with low-pass filters~mirrors at increasing angles of
incidence!. Our design allows the continuous change of the
spectral range of interest from the soft to hard x-ray region.
While in the soft x-ray range~photon energy between 1 and
2 keV! one achieves the highest lithographic resolution, in
the hard x-ray region~photon energy higher than 5 keV!
sensitive materials of thickness of tens of microns can be
exposed.

Many new applications can be envisaged both at hard
and soft x rays, such as fabrication of hard x-ray optics,5

micromachining devices,6 photonic band-gap crystals,7 and
SiO2 refractive index modulation,8 quantum wires and quan-
tum dots devices.9 Quantum wires, quantum dots, and pho-
tonic band-gap arrays with high filling factor can be imple-
mented as active layers of novel photonic and optoelectronic
structures. State-of-the-art quantum wires and quantum dots
are presently fabricated by epitaxial regrowth on periodically
patterned semiconductor substrates. The intrinsic limitation
of the current technology lies in lithographic processes
which do not allow high-density patterning by optical meth-
ods. X-ray proximity lithography allows fabrication of higha!Electronic mail: difabrizio@iess.rm.cnr.it
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density quantum wire and quantum dot arrays over large
areas, with high reproducibility and considerable benefits
with respect to the time consuming electron-beam lithogra-
phy ~over small areas!. The fabrication of high density het-
erostructures is a primary requirement if one wants to over-
come the main limitations of present nanodevices. This will
produce high gain quantum dot/wire optical devices for pho-
tonic applications~lasers, nonlinear optical modulators, etc.!.
Similar challenges are encountered in the fabrication of pho-
tonic band-gap structures for visible radiation, one of the
major tasks of future photonic research.10 The approach de-
scribed above could be easily extended to photonic band-gap
structures. An increasing demand for small periodicity grat-
ings is invading the market for the realization of blue and
ultraviolet distributed feedback and surface emitting lasers
~based on GaN or II–VI materials!, which represent the tech-
nology of choice for short-wavelength optical memory de-

vices. Any technology developed to produce high-density
quantum-wire arrays could also be applied to the fabrication
of ultrafine gratings.

In this article in Sec. II we describe the possible beam-
line layouts and their performances in terms of transmittance.
In Sec. III we discuss the optimization of the image, as ob-
tained by ray-tracing simulations. Section IV is devoted to a
study of the thermal load of the optical elements and the
consequent effect on the lithographic image. In the Sec. V
and the last section we discuss the performances of two dif-
ferent layouts for lithographic applications. We will also dis-
cuss the three main figures of merit of the exposure processes
in lithography: resolution, placement, throughput. For soft
lithography all of them are important, while in deep lithog-
raphy the first two quantities are less critical than the third
one.

II. GENERAL DESCRIPTION OF THE BEAMLINE
LAYOUTS

Two optical layouts have been studied for this beamline.
Layout A, as seen in Fig. 1~a! consists of one plane mirror
~M1! placed at 12 m from the source and of a second toroidal
mirror ~M2! placed at 2 m from M1. The total length of the
beamline, calculated from the front end port, is 12 m. Layout
B @Fig. 1~b!# has an identical geometry, but mirror M1 is
toroidal and M2 is plane. The distance between the mirrors
in layout B is 7.3 m. The total length of the beamline in B is
12 m.

FIG. 1. Optical layout for the lithographic beamline~a! layout A: plane mirror1toroidal mirror,~b! layout B: toroidal mirror1plane mirror.

TABLE I. Values of the grazing angles on M1 and M2 for both layouts.

Layout A Layout B

Mirror 1 Mirror 2 Mirror 1 Mirror 2
u1 ~deg! Height ~cm! u2 ~deg! u1 ~deg! Height ~cm! u2 ~deg!

2.8 217.49 2.75
1.8 212.58 1.89 1 220.25 1.9
1.5 210.48 1.52 0.8 216.2 1.35
1 26.98 0.9 0.5 210.12 1
0.7 24.89 0.53 0.27 no mirror
0.28 No mirror No mirror

1606 Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Di Fabrizio et al.
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As shown in Fig. 1 an adjustable slit, a beryllium win-
dow and an additional filter are located before M1. The ad-
justable slit selects the solid angle under which the synchro-
tron radiation is collected. As will be discussed later, the
collection angles have been fixed at 6 mrad in the horizontal
plane and 0.83 mrad in the vertical plane. The latter value
corresponds to the natural divergence of the synchrotron ra-
diation in the soft x-ray range under the standard operating
condition of the beamline. An adjustable slit, a photon shut-
ter, and a second beryllium window are placed after M2.

The geometrical constraints to the optical design are:~i!
the height from the ground of the image;~ii ! the size of the
image.
The optical system has to produce an image of the source at
the wafer/mask location whose size isV3H53350 mm2

~V3H stands for vertical by horizontal size!. This is lowered
by about 10 cm from the optical axis. According to constrain
~i!, both layouts can operate at several grazing angles on M1
and M2 (u1 ,u2). Selected values ofu1 andu2 are reported
in Table I. These values cover a spectral region wider than
the standard lithographic window11 ~1.5–12 keV!. The better
resolution is reached at lower energy~higher u1 ,u2!. At
higher energies for deep lithography, where lower resolution
is needed12 the image quality becomes poorer. Figure 2 dis-
plays the spectra of the beamline for layout A, as a function
of anglesu1 andu2 . As shown in Fig. 2, the spectral region
of interest can be selected by varying the optical and geo-
metrical parameters. The second geometrical constraint~ii !
can be fulfilled by a suitable choice of the mirror curvature
parameters, as will be discussed in the next section.

III. RAY TRACING SIMULATION

A. Synchrotron source

The ray tracing simulation was performed using the
SHADOW code.13 The bending magnet source was simulated
with the ring parameters of ELETTRA14 and reported in
Table II. We consider 6 mrad for the horizontal acceptance
angle and 0.83 mrad~the natural divergence in the x-ray
energy domain! for the limiting vertical spread. The value of
the horizontal divergence, due to the ELETTRA design, is
smaller than the usual values adopted in the lithographic
beamlines operating in synchrotrons of a previous
generation.11 Due to the small divergence, of the the photon
beam, the synchrotron source is symmetric~see Fig. 3! and it
can be imaged by a toroidal mirror of medium size. More-
over, the high brightness of ELETTRA guarantees a high
flux beamline.

B. Beamline

Figure 4 shows the images at the entrance slit of the
exposure station~stepper! for two selected optical configura-
tions of layouts A and B. The exit slit of the beamline has a
rectangular shape whose vertical and horizontal sizes areV
3H57350 mm2. The sagittal and meridional radii of cur-
vaturer andR of the toroidal mirror are obtained from the
Coddington’s equations:15

r5
2pq sinb

p1q
, ~1!

FIG. 2. Calculated transmission spectra of the beamline for different values
of the incidence angles. The absorption from two beryllium windows of
various thicknesses is included in the calculation.

FIG. 3. Map of the synchrotron radiation emitted by a bending magnet of
ELETTRA, as simulated withSHADOW.

FIG. 4. Images produced by both layouts A and B at the mask/wafer plane.

TABLE II. Selected beam and ring parameters of ELETTRA.

Beam energy 2 GeV
Bending magnet field 1.2 T
Average ring current 300 mA
Horizontal emittance 7 nm rad
Vertical emittance 0.7 nm rad
Horizontal e-beam dimension~rms! 371 mm
Vertical e-beam dimension~rms! 43 mm
Horizontal rms divergence 698mrad
Vertical rms divergence 14mrad
Critical energy 3.2 keV
Bending magnet radius 5.5 m

1607Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Di Fabrizio et al.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

132.204.37.217 On: Wed, 10 Dec 2014 17:51:20



R5
2pq

~p1q!sinb
, ~2!

wherep is the distance between the source and the mirror,q
is the distance between the mirror and the focal point, andb
is the glancing angle.

Assuming that the wafer is located at a distanceL from
the mirror, and that the horizontal size of the beam atL is w,
the distanceq is given by

q5
pL

p2~w/tga!
, ~3!

wherea is the total divergence of the photon beam imping-
ing on the mirror.

In Table III we report the values of the image size at the
wafer plane, and the resulting mirror radii obtained for con-
figurations of lowestu1 andu2 values in Table I. The mirror
parameters have been chosen in order to optimize the image
in the soft x-ray spectral region~photon energy;1.5 keV!,
where the highest resolution is required. However, the beam-
line can operate at photon energies higher than 4 keV for
deep lithography. In the latter case, even if the image quality
is poorer, the required resolution is lower than that needed
for soft x-ray lithography.
The size of the mirrors obtained by the simulation for both
layouts is 65310 cm2. Figure 5 shows the size of both the
plane and the toroidal mirror, as well as the footprint of the
rays impinging on their surfaces for layout A.

Figure 6 shows the runout and penumbral blur for both
layouts A and B. We obtained a significant uniformity of the
horizontal angular distribution at the wafer location, whose
limits are62.5 mrad in the case of layout A, and61.1 mrad
for layout B. The exposure field distortion is compatible with
the standard design rules for devices of critical dimensions in

the sub-100 nm range.16 Figure 7 finally shows the intensity
distribution of the image on the horizontal plane. The inten-
sity distribution uniformity on a 5 cmwide exposure field is
better than 3%~3s! when 106 rays used for the simulation.
This value confirms the high uniformity of the beam at the
wafer location.

C. Mirror roughness

The influence of the mirror roughness on the quality of
the image has been evaluated by three different simulations
assuming an average roughness of 2, 5, and 10 Å, respec-
tively, for gold coated mirrors~see Fig. 8!. The enhancement
of ray scattering induced by the increase of roughness pri-
marily affects the average value of the intensity, whereas the
uniformity of the intensity distribution does not change sig-
nificantly due to the random nature of the scattering process.
As shown in Fig. 8, an acceptable tradeoff between image
quality and manufacturing feasibility is obtained by choosing
a roughness of 5 Å.

One may notice that, even an increase of the roughness
as small as 10 Å results in substantial changes of the image.
This behavior is due to the Debye–Waller factor,17 which is
more sensitive to the roughness when working at small graz-
ing angle.

FIG. 5. Illumination of the mirrors M1 and M2 of layout A. The box as
drawn in the figure represent the mirror surfaces.

FIG. 6. Runout figure~top panels! and penumbral blur~bottom panels! for
the image of the layouts A and B.

FIG. 7. Horizontal intensity distribution of the image in the mask/wafer
plane. The sampling of the distribution is obtained by use of 106 rays.

TABLE III. Image size and radii of curvature for the toroidal mirror of
layouts A and B.

Layout Vertical size~mm! Horizontal size~mm! R ~m! r ~m!

A 2 50 340 0.55
B 2 50 719 0.31

1608 Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Di Fabrizio et al.
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D. The mirror slope error

The slope error of the mirrors has also been considered
in the simulation. Suitable mirror surfaces have been gener-
ated by using theSHADOW routine.18 We tested the influence
of the slope error for layout A atu1588.2° and u2

588.11°, this operating condition being the most critical
from the lithographic point of view. The results are shown in
Fig. 9 for selected values of the slope error. In Table IV we
report the rms values of the image size resulting from the
simulations. In the same table we show the horizontal~sag-
ittal! slope errorDs , the vertical~meridional! slope errorDm

and the value of the slope errorD* in the vertical plane seen
by the radiation. The latter takes into account the incidence
angleu through the relation:

D* 5
Dn

cosu
. ~4!

One may notice that the broadening in the horizontal plane is
hidden by the large horizontal size of the image. On the
contrary, the vertical size increases by a factor of 2 by vary-
ing Dm from 8 to 60mrad.

IV. THERMAL LOAD

Due to the high radiation flux, thermal load is a critical
issue in synchrotrons of third generation. This may change
the ideal optical surfaces, causing defocalization and disper-
sion of the image. In this section we estimate the thermal
load on the first beryllium window and on both mirrors, and
we calculate their equilibrium temperature.

The calculation of the power delivered by the synchro-
tron and absorbed by the optical elements~filters and mir-
rors! is performed by using TRANSMIT.19

A. Thermal load on the Be window

The thermal load on the Be window isQ525 W/cm2 for
a current 350 mA in the ring and in the soft X-ray lithogra-
phy mode~see Table VI!. Assuming that irradiation is the
only thermal exchange mechanism, one can estimate the
equilibrium temperatureT* of the Be window. In the frame
of the grey-body theory20 we consider a convex surfaceA1 ,
contained in a box of inner surfaceA2 . The power densityQ
exchanged betweenA1 andA2 is given by

Q5
A1s~T* 42T2

4!

1

e1
1

A1

A2
S 1

e2
21D , ~5!

wheres is the Stefan–Boltzmann constant,e represents the
emittivity of the surfaces.T* , and T2 are the equilibrium
temperatures. In the case of the beryllium window located at
the front end, Eq.~5! can be used in the limitA1 /A2→0. For
Q525 W ande50.8221 one obtainsT* 51640 K. This value
indicates the need for water cooling the window, since the
melting temperature of beryllium isTm51551 K. Cooling
could be avoided by the use of a carbon window, whose
equilibrium temperature ranges between 1173 and 11273 K,
~assuming 0.8,e,0.93!. Those values are much smaller
than the melting temperature of carbon (Tm53925 K). How-
ever, a limitation to the use of carbon window for litho-
graphic applications, arises from poor uniformity on thick-
ness, which may affect the intensity distribution of the beam.
Other filter materials, such as aluminum or copper can be
used for deep lithographic applications. Also in this case
water cooling is needed, due to the low melting temperature
of those materials~TAl5933 K andTCu1357 K!.

FIG. 8. Plot of the lost rays in the mask/wafer plane due to the roughness of
the mirror surface coated with Au.

FIG. 9. Image broadening produced by layout A at the mask/wafer plane
due to the mirror slope errors.

TABLE IV. Values of the slope error and rms value of the image size
obtained from the simulation.

Ds ~mrad! Dm ~mrad! D* ~mrad!
Horizontal

rms size~cm!
Vertical rms

size ~cm!

0 0 0 1.249 0.0586
113 8 222 1.249 0.0646
150 18 516 1.249 0.0760
339 31 888 1.249 0.0858
408 41 1175 1.248 0.100

1939 48 1375 1.246 0.104
569 58 1662 1.246 0.129

1609Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Di Fabrizio et al.
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B. Thermal load on the first mirror

In this section we consider the distortion of mirror sur-
faces due to the thermal load. In particular, we have studied
two materials widely used for beamline optics, namely fused
silica (SiO2) and silicon~Si!.

By taking into account the energy fall at the beryllium
window, the absorbed power density on the first mirror M1,
as calculated by TRANSMIT, turns out to beQ
50.1 W/cm2 at the lowest incidence angle. In the following
we discuss the effects on the image of the M1 distortion
induced by the thermal load. The power density absorbed by
the M2 mirror isQ50.0017 W/cm2, which results in a neg-
ligible distortion of the image. We will neglect this distortion
in the following.

A first estimate of the additional curvature of mirror M1
is obtained following Smither,21 and by assuming a continu-
ous cooling by liquid water. Referring to Fig. 10, we identify
two main thermal effects: a bump on the surface of the mir-
ror exposed to the radiation and slope induced on the whole
mirror. The former effect can be modeled by using a Gauss-
ian shape for the bump, whose slope is given by

Du51.4S H

FWHMD ~6!

where H is the height of the bump. For a SiO2 mirror, H
54 mm and full width at half maximum~FWHM!525 cm,
so thatDu522mrad. For a Si mirror of the same size,H
50.2mm andDu50.1mrad. Both values of the bump ob-
tained are compatible with the required average slope error
reported in Sec. III D.

Concerning the thermal slope of the whole mirror, its
radius of curvatureRt is calculated through the equation:

Rt5
k

aQ
, ~7!

where a is the expansion coefficient andk is the thermal
conductivity of the mirror. The temperatureT* of the ex-
posed surface at thermal equilibrium is:22

T* 5DT121DT231DT31Tf , ~8!

where

DT125T12T25
DQ

k
, ~9!

DT235T22T35
Q

h
, ~10!

DT35
Qt

mcs
. ~11!

Equation~9! is the well known Fourier relation for the heat
flow in stationary condition between two surfaces placed at
distanceD in a medium of thermal conductivityk. In Eq.
~10! h represents the heat transfer coefficient at the crystal-
fluid surface. Finally, Eq.~11! describes the increase of the
temperature of the cooling fluid, whose specific heat iscs .

In order to obtain the equilibrium temperature of Si or
SiO2 mirror, we consider a water flow of 4.6 1/min which
thus givesh>1.21 As the power density on M1 is very low,
both DT23 and DT3 can be neglected in Eq.~8!. The only
relevant termDT12 is then evaluated for both Si and SiO2 by
assuming a mirror thickness of 10 cm and an inlet fluid tem-
perature of about 20 °C. In Table V we report the equilibrium
temperatures and the induced radii of curvatureRt . The ther-
mal curvatureRt of the Si mirror provides a slope of about
10 mrad. This value is compatible with those reported in the
first row of Table IV which provide undistorted images~ac-
cording to ray-tracing simulation!. For the sake of complete-
ness, we have also studied the effect of thermal distortion on
the SiO2 mirror.

The thermal distortion of mirror M1 has been introduced
in the ray-tracing simulation of both layouts A and B. Sev-
eral curved surfaces have been numerically prepared as in-
puts for SHADOW. The surfaces were generated by the fol-
lowing procedure. In the sagittal~meridional! plane of the
mirror, we assumed that the equation for the curvature of the
mirror surface is given by the superposition of the toroidal
surface and of the cylindrical surface originated by the ther-
mal load distortions. This equation can be written as

y5~R12Rt!12R1A12
x2

R1
21RtA12

x2

Rt
2, ~12!

whereR1 is the radius of curvature of the unperturbed sur-
face in the sagittal~meridional! plane, andRt is the radius
induced by the thermal slope. Since the mirror dimensions
are small with respect toR1 andRt , one can expand Eq.~12!
in x/R, neglect the third order terms. The surface can then be
rewritten as

y5
x2

2 S 1

R1
2

1

Rt
D5px2. ~13!

Consequently, when considering both meridional and sagittal
planes, the original spherical surface of the undistorted mir-
ror becomes a parabolic surface, whose equation is

FIG. 10. Schematics of the cooling geometry, as proposed in Ref. 22.

TABLE V. The expansion coefficient and the thermal conductivity of Si and
SiO2, together with the thermal slope radius and the equilibrium tempera-
ture.

a ~°C!21 k ~W/cm °C! Rt ~m! T* ~°C!

Si 4.231026 1.2 57 000 20–21
SiO2 0.5831026 1.4731022 5000 88–89

1610 Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Di Fabrizio et al.
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z5p1x21p2y2. ~14!

The coefficientsp1 andp2 are calculated from Eq.~13! using
the curvature radiusR1 for the sagittal and the meridional
planes, respectively.

Equation~14! can also be used for layout A, where M1
is a plane mirror, by settingR15`. When including thermal
distortions, M1 in practice becomes a cylindrical mirror,
whose symmetry axis lies in the meridional plane. Figure 11
shows the images in the case ofRt55000 m@Fig. 11~a!# and
Rt52500 m@Fig. 11~b!# for layout A. In both cases, neither
the vertical nor the horizontal dimension of the image exceed
the vertical size~6 mm! of the aperture slit of the stepper
~snout!.

For layout B, where M1 is toroidal, the distortions on the
sagittal plane can be neglected, as the radiusr is consider-
ably smaller thenRt . Therefore, we have adopted the fol-
lowing expression for the M1 surface:

z5py22Ar22x21r2, ~15!

with

p5
1

2 S 1

R
2

1

Rt
D . ~16!

Figure 12~a! represents the image obtained for layout B in
the case ofRt55000 m, while in Fig. 12~b! is the image
reported for Rt52500 m. In both cases@Figs. 12~a! and
12~b!# there is a clear increase in the number of lost rays due
to an enlargement of the image. In conclusion, layout A turns
out to be more stable than B, once thermal effects are taken
into account.

Finally, we have applied the gray-body theory to the
case of mirror M1 in order to evaluate its equilibrium tem-
perature in the absence of cooling. We have considered a flat
mirror of size 10365310 cm3 made of silicon and contained
in a stainless steel chamber. WithQ560 W and T2

5300 K, we obtained from Eq.~5! T15340 K which corre-
sponds to a value ofRt not acceptable by the optical design.

V. FIGURES OF MERIT OF THE BEAMLINE

In this section we evaluate three important parameters
for the fabrication process using x-ray lithography; the reso-
lution, the placement accuracy, and the throughput as a func-
tion of the beamline characteristics.

A. Resolution

In proximity lithography23 the resolution has to be in-
tended as the patterning ability, i.e., the capability to realize
a given pattern under certain imaging conditions. In soft li-
thography one is interested in printing features whose size is
smaller than 100 nm. In proximity imaging the resolution
depends on many factors, such as the illumination system
~source and beamline!, the mask, and the interaction of the x
rays with the resist material.

The following relation24 links the characteristics of the
optical system to the sized of the smallest feature in the
exposed pattern:

d5K1Alg. ~17!

Here, l is the average wavelength of the spectrum,g the
distance between the mask and the wafer~gap distance!, and
K1 is a factor given by the Rayleigh criterion.25

FIG. 11. Effect of the thermal curvatureRt of the mirror M1 on the image
at the mask/wafer plane;~a! Rt55000 m, in~b! Rt52500 m. The box indi-
cates the snout of the stepper.

FIG. 12. Effect of the thermal curvatureRt of the mirror M1 on the image
at the mask/wafer plane.~a! Rt55000 m, ~b! Rt52500 m. The box indi-
cates the snout of the stepper.

FIG. 13. The MRF function~full triangle! and the spectral band S of the
beamline~continuous line! as calculated by TRANSMIT for soft x-ray li-
thography. The efficiency achieved is about 72%.
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It has been shown elsewhere26 that K150.6 may be ob-
tained with an appropriate design of the beamline and of the
x-ray mask. According to these results we expectd>50 nm
wheng510mm in the soft lithography regime.

B. Placement accuracy

The beam placement accuracy depends on many factors,
such as the beamline runout, the mask material, the x-ray
exposure tool and the electron-beam mask writer. Here we
consider the role of the beamline runout which is the only
parameter relevant to the present study. As shown in Fig. 5
the runout of the beamline in the horizontal plane is limited
within 61 mrad if one considers an exposure field of 2
32 cm2. The vertical direction is not relevant as it is
scanned by the beam. The resulting contribution to the place-
ment accuracy is610 nm for a gap of 10mm. For deep
lithography both the resolution and the placement accuracy
are less critical due to the beamline performances and to the
scattering processes in the substrate. In fact, in deep lithog-
raphy the resolution ranges from a few microns to hundreds
of microns, because increasing the depth, the resolution has
to decrease due to the fabrication limit of the high aspect
ratio of the structures. As a consequence, even the placement
accuracy can be relaxed~the tolerance on the placement is
'0.1 d!.27

C. Throughtput

In order to evaluate the throughput figure of merit, one
should discuss in some detail the efficiency of the beamline
in different operating conditions. We define the efficiency as
the ratio between the power delivered by the beamline and
that absorbed by the resist material. In order to calculate this
ratio, we utilize a mask-resist filter function~MRF function!
that selects the part of radiation responsible of the image
formation in the resist. All the radiation that is outside the
‘‘lithographic window’’ determined by the MRF is wasted
and does not contribute to the lithographic process.

If the transmittance of the mask isT(E) and the absor-
bance of the resist isA(E) the MRF function is defined as:28

MRF~E!5
T~E!A~E!

max@MRF~E!#
, ~18!

where max@MRF(E)# is a normalization factor that guaran-
tees a normalization equal to 1 for the MRF(E) function. If
the beamline delivers a spectrumS(E), the fraction of power
R falling within the filters is

R5E MRF~E!S~E!dE. ~19!

The efficiency can then be defined as:

h5
R

*S~E!dE
. ~20!

Figures 13 and 14 show the MRF(E) function and the spec-
tral bandpass for soft and deep lithography. The optimized
conditions for the mirror angles and the filter thickness are
reported in the graphs. In both cases the efficiency is higher
than 50%. This optimization can be reached at the cost of
rejecting power. In our case we reached a good tradeoff be-
tween the efficiency and the absolute delivered power. The
power fall for soft and deep lithography is reported in Table

FIG. 14. The MRF function~full triangle! and the spectral band S of the
beamline ~continuous line! as calculated by TRANSMIT for hard x-ray
lithography. The efficiency achieved is about 82%.

TABLE VI. Downstream absorbed power on each optical element of layout A.

Ring parameters: energy: 2 GeV; source power: 86 W; beam current: 350 mA
Soft Lithography

Be No. 2
~thickness!

15 mm

Si3N4

~thickness!
2 mm

PMMA
~thickness!

1 mm

Be No. 1
~thickness!

15 mm

Mirror No. 1
~angle!

2.5°

Mirror No. 2
~angle!

2.2°

Power after each
optical element~W! 63.6 2.1 0.84 0.36 0.23 0.21

Deep Lithography

Be No. 2
~thickness!

15 mm

Si3N4

~thickness!
10 mm

PMMA
~thickness!
100 mm

Be No. 1
~thickness!
175 mm

Mirror No. 1
~angle!

0.3°

Mirror No. 2
~angle!

0.1°

Power after each
optical element~W! 42.0 15.8 11.6 11.2 4.2 3.4
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VI. For soft x rays, for example, a typical threshold dose
density is 100 mJ/cm2. One can expose in this case, an area
of 232 cm2 in 1 s. For deep lithography the delivered power
is higher by more than one order of magnitude than soft
lithography, as the layer of resist to be exposed is 100mm
thick.

VI. DISCUSSION

In this article we have presented a comparative study of
two beamline configurations and two typical mirror materials
for an x-ray lithography beamline at ELETTRA. Their pecu-
liarity lie in a wide lithographic window, which is accessible
to both soft and hard x rays. Both designs give the possibility
of performing high resolution and deep lithography with the
same beamline. Layout B gives a better performance than
layout A in terms of placement accuracy because the hori-
zontal beam divergence is about 1 mrad less than that with
layout A. Nevertheless, we chose to implement layout A at
ELETTRA because the lithographic performance is less sen-
sitive to the thermal load of the mirrors, still preserving a
high resolution capability at soft x-ray regime. The study
includes an evaluation of all the optical parameters that af-
fect the beam quality and the lithography, such as, thermal
load on filters and mirrors, slope errors, mirror coating
roughness, lithographic efficiency, and throughput.

The resolution, the placement accuracy, and the through-
put are optimized to be compatible in the soft x-ray regime,
with a feature printability well below 100 nm.
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