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The laboratory-scale Micro-Exposure Tool (MET) for Extreme Ultraviolet projection Lithography (EUVL),
realised at the Frascati ENEA Centre within the context of a National Project, was successfully operated in
2008 by achieving a 160-nm resolution imaging of mask patterns onto a polymethylmethacrylate (PMMA)
photoresist through 14.4-nm radiation (EPL 84, 58003 (2008)). The MET uses a laser-produced plasma
as EUV radiation source, a couple of twin ellipsoidal mirrors as collecting optics to gather the 14.4-nm
radiation from the source to the mask, an efficient combination of ambient gas and mechanical device as
debris mitigation system (DMS) and finally a low-cost Schwarzschild objective (SO) as projection optics
to image the patterned mask onto the wafer. The paper gives details of the ENEA MET components and
of the aforementioned successful operation along with subsequent related investigations.
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1. Introduction

In [1, 2] the successful operation of the laboratory-scale EUVL MET, realised at the ENEA
Frascati Research Centre in the frame of an Italian National Project [3], was reported, describing
the achieved high-resolution patterning on a PMMA photoresist.

EUV (A = 10-15 nm) lithography has come a long way in the last 25 years [4]. The idea
of EUVL as a possible extension of the conventional optical lithography traces back in fact
to 1985 [5], whereas the first experimental results, showing the possibility of resolving 0.5-pm
structures using a Schwarzschild objective as the projection (demagnifying) optics, synchrotron
radiation as the source and a reflective-type mask, were reported in 1989 [6]!. Such a result is to
be compared with the recent achievement by AMSL, whose NXE:3100 tool has printed lines and
spaces of 18 nm [7].

A survey of more than 130 attendees at the 2010 SEMATECH Litho Forum [8] confirmed
the general trend, emerged as well at previous such forums, to continue lithography’s current
course being considered the best way to manufacture next-generation chips. Indeed, 193-nm
immersion double patterning continues to be considered the suitable lithographic technology for
volume manufacturing in 2012 at the 32-nm half-pitch node, whilst EUVL stands out as the only
candidate for semiconductor manufacturing at the 22, 16 and 11-nm half-pitch nodes. Its placing
into manufacturing is expected in 2014, with EUV extension being the technology of choice for
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!The work was presented at the 33rd International Symposium on Electron, Ion, and Photon Beams, Monterey,
California, May 30-Jun. 2 (1989). In this regard, in the EUVL historical perspective, addressed to in [4] (Chapter
I, by Kinoshita and Wood), one can read: “At the EIPB symposium banquet..., a Russian scientist, Dr. Tanya
Jewell of AT&T, cornered Dr. Kinoshita and proceeded to deluge him with questions. The combination of poor
Japanese English and poor Russian English made conversation extremely difficult, so the discussion continued for
a long time with Obert Wood of AT&T acting as interpreter. The following year, AT&T announced the printing
of 0.05-um patterns using SXPL. The authors of this chapter regard the discussion that night in Monterey in 1989
as having been “the dawn of EUVL”.”



2016. Several, however, are the EUV technology challenges; in particular, source power, mask
defects, exposure tool throughput, and cost of ownership are rated at the top of the list.

Discharge-produced plasma and laser-produced plasma (LPP) are the leading technologies for
generating high-power EUV radiation. In both technologies, hot plasma of ~ 20-50 eV of the
chosen fuel material is generated, which produces EUV radiation. Xenon, tin and lithium are
the fuel materials of choice for EUV sources [6,9]. Radiation at 13.5 nm is currently explored
for printing. Yet, the ever increasing resolution demand of the semiconductor industry prescribes
that future lithography equipment operates at an even shorter wavelength (6.X nm), i.e. beyond
the EUV range (BEUV) [10].

The radiation emitted by the plasma, possibly debris-cleaned by an appropriate DMS, is
gathered by the collector optics and focused to the intermediate focus (IF), from where it is
relayed to the scanner optics and finally to the wafer. It is at the IF that the source specifications
are settled in accord with the high-volume manufacturing requirements, so that the appropriate
exposure tool, and particularly its illuminator, does not depend on the EUV source features.

LPP sources seem to offer the most promising technology to reach the power levels needed
for high-volume manufacturing. Indeed, the requirements for source power have increased over
time as it has become clear that high resist dose is needed to simultaneously meet resolution and
linewidth-roughness targets. Thus, it is estimated that for the 22-nm half-pitch generation an
EUV power ~ 400 W at the IF within a 2% bandwidth window around the standard exposure
wavelength for EUVL is required for 10-mJ/cm? photoresist sensitivity to enable > 100 wafer per
hour scanner throughput.

Several are the proposed and implemented methods to control and/or mitigate the source-
emitted debris with the intent of protecting the collector mirror, one of the most costly element
in a EUVL setup. DMSs based on the use of ambient gas for moderating the species [11, 12]
(also combined with a protective covering over the collecting optics [13]), or of foil traps for
particle capture [14] as well as on the application of electric [15] and/or magnetic fields [16] for
deflection or velocity reduction (also combined with an ambient gas [17]) are well documented
in the literature, with the specific DMS structure being devised and optimized according to the
EUV source of concern [18,19].

The DMS, implemented in the ENEA MET, combines Krypton as ambient gas at a suitable
pressure with a gas filter and a specifically designed fan. It effectively cleans the A > 13.8 nm
Kr-penetrating radiation, which is firstly collected by one of the two twin ellipsoidal mirrors to
the IF and then redirected by the other mirror to the reflective mask through further two Mo/Si
multilayer mirrors. Finally, a SO is the projection (demagnifying) optics, deputed to replicate
the patterned mask onto the wafer (Fig. 1.1).

The main features of the ENEA MET components are synthesized in Sect. 2. Indeed, following
the radiation path, we will highlight the characteristics of the source, the DMS, the collector, the
mask illuminating mirrors, and the imaging optics. Emphasis will be put on the latter, the SO
design, mounting and alignment being described in detail. Section 3 gives an account of the
successful operation of the device, reported in [1], and of the SO transmission measurement,
subsequently carried out in order to identify the cause of the unexpectedly poor performance (as
to the overall reflectivity, indeed) of the objective. Concluding notes are given in Sect. 4.

2. ENEA MET: setup

Figure 2.1 shows the top view of the EUV lithographic setup of the ENEA MET, displaying
the source, the collector and the printer modules. These are suitably embedded into two vacuum
chambers, which are connected through a flexible duct. One chamber contains the source, the col-



Ellipsoidal
collector

Flat mirror -
XeCl

7 (=308 nm)

Mask Schwarzschild Wafer
Objective

Bypass
. ) »”
connection -~ ¢ Quartz

window

EXPOSURE CHAMBER SOURCE CHAMBER

Figure 1.1: Layout of the ENEA EUVL MET, which uses a laser-produced plasma as a radiation source, a couple
of twin ellipsoidal mirrors as collecting optics to gather the 14.4-nm radiation from the source eventually to the
mask, an efficient combination of ambient gas and mechanical fan as DMS and finally a low-cost SO as projection

optics to image the patterned mask onto the wafer.

lector and the DMS, whilst the other the illumination and projection optics. All the illumination
and projection optics lie on a vibration isolated and temperature controlled Invar board.

2.1. Source module

The ENEA MET exploits the LPP solid-tape-target source of the EGERIA (Extreme ultraviolet-
radiation Generation for Experimental Research and Industrial Applications) facility, which emits
over a wide and fairly tunable range from ~ 40 eV to ~ 2 keV.

Characteristics and performances of the EGERIA source, which presents unique features
among similar sources as regards the pulse energy and duration, are detailed in a number of
papers [12,20,21]. Here, we briefly recall that the characteristics of the emitted radiation such as
spectral range and purity, peak intensity, pulse width, and conversion efficiency can be controlled
by the intensity, pulse duration and repetition rate of the drive laser and by the target material.
The source can alternatively be driven by two different high peak-power high repetition-rate XeCl
lasers (A = 308 nm); precisely, the laser facility Hercules (developed by ENEA Frascati) whose
pulse energy, width and repetition rate are respectively £, = 6 J, 7, = 120 ns and p.r.r. < 5
Hz and the commercial Lambda-Physik LPX-305 laser having E;, = 0.5 J, 7, = 30 ns and p.r.r.
< 50 Hz. Target materials such as Sn, Cu, Ta and In are available for different applications
and/or investigations as well as operating wavelength. For instance, Sn and In are appropriate
for lithographic processing at respectively A = 13.5 nm and A = 14.4 nm. The choice for the drive
laser is dictated by whether a high energy per pulse or a high number of laser shots is required.
In any case, emission in the EUV spectral range, which is basically favoured by a long laser pulse
width, is further optimized by a proper out-of-focus condition of the laser beam.
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Figure 2.1: Top-view of the ENEA MET, showing the two vacuum chambers; one chamber contains the plasma

source, the collector and the DMS, whilst the other chamber houses the illumination and the projection optics.

In fact, as can be seen in Fig. 2.2, by moving the target out of the focus of the 12-cm focal
length triplet lens, one can “tune” the emission spectral range as the laser irradiance is made
to vary from keVs (at the focal position) to tenths of keVs. Specifically, at about 2 mm away
from the focus, the laser irradiance is Iy, = 10 W/cm?2, by which EGERIA is made to convey
EUV radiation in a beam with a half-power beam width of tenths of mm and with a relevant
conversion efficiency up to ~ 0.7% per eV over the 27 solid angle. Moreover, when defocusing the
laser beam, the laser irradiance is very less sensitive to both fluctuations of the target position,
and laser energy/divergence instabilities, thus yielding a very good shot-to-shot stability.

2.2. Collector module

The radiation pulse, after being debris-cleaned by the patented DMS, sequentially hits a pair of
identical ellipsoidal mirrors, which serve to gather the emitted radiation and to transport it from
the source to the projection chamber (Fig. 1.1).

2.2.1. Debris Mitigation System

Debris in a solid-type LPP source include energetic ions, neutrals and particulates. Of course,
atomic and particulate debris behave differently; hence, an efficient DMS must embed different
tools to effectively affect both kinds of debris.

An accurate speed-size characterization of atomic and particulate debris, emitted by the EGE-
RIA source, has been performed [22,23]. Also, the mitigating efficiency of various tools, i.e.
ambient gas (Ar and Kr), mechanical interdicting device (fans with different numbers of blades
and speeds) and magnetic field, has been tested by observing the plasma debris contamination
of glass slides, exposed - under different enviromental conditions and laser shot numbers - to the
radiation from a Cu tape, irradiated by the Lambda-Physik laser.

As a result of such analyses, the ENEA MET DMS was designed to combine an ambient gas
with a fan, further supported by a gas filter for continuous gas cleaning (Fig. 2.1). The ambient
gas, specifically Kr at a pressure < 1 mbar such to allow for a ~ 86% EUV transmission through
the overall target-to-collector distance (~ 75 mm), serves to slow down and possibly block the
debris of small/moderate sizes, i.e. with diameters up to 1 pm, mostly the atomic component
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Figure 2.2: EGERIA-pulse energy in different spectral intervals and laser irradiance on the target (dashed line) vs.
target position behind the focal plane for a 100-pm thick Cu tape target irradiated by Hercules laser pulses [12,20].

(neutrals and ions). The fan is in turn aimed at interdicting the arrival on the collector of the
particulates which, due to their quite varied sizes (i.e. diameters ~ 1-10 ym) and the mechanism
of their formation, are scarcely moderated by the gas, but have velocities significantly smaller
than those of the atomic debris. Specifically, the 5-blades alluminum alloy fan, shown in Fig.
2.1, were in use during the aforementioned successful operation of the MET. It has a maximum
angular velocity wpq: = 4007 Hz, and is placed at a minimum distance of 4 cm from the source.
The use of Kr (atomic weight = 84 amu) is preferred with respect to Ar (atomic weight = 40
amu), since, as it emerges from both theoretical estimates and experimental tests [12,22-24], the
mitigating power of Kr is definitely higher than that of Ar under comparable operating conditions,
involving also larger ranges of both debris sizes and speeds. However, since Kr unefficiently
transmits the EUV radiation up to 13.8 nm, at which it becomes well transparent, the use of
a Kr-based DMS requires to shift the operating wavelength of the lithographic setup from the
standard 13.5 nm to values > 13.8 nm. Notably, over the wavelength range 14-14.5 nm the typical
Mo/Si multi-layer EUV mirrors maintain the same spectrally integrated reflectivity also after the
multiple reflections occurring along the radiation path from the source to the wafer [22].
Observation of the debris-flux exposed glass plates by both the optical microscope and the
microdensitometer resulted in very encouraging values of the debris mitigation factor (DMF) for
both atomic and particulate debris [22]. In particular, values up to 450 for the DMF relatively
to atomic debris were deduced from the optical density measurements by a microdensitometer.
As described in detail in [24] and also summarized in [23], the analysis of the exposed glass-
slides in relation to the particulate debris (i.e. clusters and droplets with diameters > 1073

pum ), performed by a code specifically developed for the associated slide-image processing, has
confirmed the effectiveness of the DMS. The code, which resorts to some basic image processing
routines of the inherent MATLAB toolbox (V5.4) [25], relies on specific procedures, built on the
basis of an accurate observation of the various images, for debris recognition, spot fine-structure
identification and debris size (both above and below the microscope resolution) evaluation [24].
Indeed, the rather good performance of the DMS has allowed quite a safe operation of the ENEA
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Figure 2.3: (a) Image and (b) surface plot of the optical density spatial distribution induced by the properly
filtered EUV radiation from EGERIA source on a dosimetry film at the IF [1].

MET with the achievement of a 160-nm resolution patterns from a multi-layered mask on a
PMMA photoresist, although a much higher number of laser shots was unexpectedly required [1].

2.2.2. Collector optics

The two ellipsoidal grazing-incidence Ru-coated mirrors have been made by Media Lario Tech-
nologies (Italy) [26]. Their symmetrical configuration is aimed at maintaining the homogeneity
of the source angular distribution at the focus of the second mirror. The first ellipsoidal mirror
is placed in the source chamber (Fig. 2.1). It collects the radiation from the source, emitted
between 9° and 19° with respect to the target normal, and redirects it to the IF with an effciency
> 8% (over a 27 solid angle) and an integrated reflectivity of ~80% in the EUV. Actually, before
reaching the IF, the radiation is spectrally filtered by a 50%-EUV-transmittance, 150-nm thick,
Ni-mesh supported Zr filter (Luxel Corporation, USA), which blocks most of the out-of-band
radiation and also isolates the 1lmbar Kr-gas in the source chamber from the 10~%-mbar vacuum
in the projection chamber.

Figure 2.3 shows the spatial distribution at the IF of the 0.8-um-Al-foil filtered radiation,
as measured by the optical density variation induced on a Gafchromic HD-810 Radiochromic
Dosimetry film. The relationship between EUV intensity and optical density is almost linear in
the explored range [1].

2.3. Printer module

The second ellipsoidal mirror is placed in the projection (and exposure) chamber. It conveys
the filtered radiation gathered from the IF to the mask illuminating optics (Fig. 1.1). As such,
it can be considered as a component of the printer module, whose central part is indeed the
Schwarzschild objective, by which the pattern reflected by the mask is eventually imaged on the
wafer.
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Figure 2.4: Image of the optical density spatial distribution induced by the properly filtered EUV radiation from
EGERIA source on a Q-plate at the mask plane. The dashed circle highlights the high-resolution object field of
the SO [1].

2.3.1. Mask illuminating optics

Two Mo/Si multilayer mirrors, sequentially spherical convex and flat, serve to focus the EUV
radiation, conveyed by the second ellipsoidal mirror, on the patterned mask. Both mirrors along
with the Mo/Si mask were made by the INFN Legnaro Laboratories (Italy) [27] with up to 65%
reflectivity peak at the operating conditions, as tested at the BEAR beam-line of ELETTRA
in Trieste (Italy) [28], whereas the absorbing patterns on the mask were made by CNR-IFN in
Rome [29]. Thanks to the high convex-mirror magnification and to the suitable compensation of
the convex-mirror spherical aberration by a slight longitudinal shift of the second ellipsoidal mirror
from the relevant confocal position, the mask comes to be nearly homogeneously illuminated over
a 3-mm-size area as shown by the image in Fig. 2.4. This fits well with the high-resolution
projection field dimension of the SO, evidenced by the dashed circle in the figure. The image
has been obtained exposing at the mask plane an Ilford Q-plate to the incoming radiation; the
shadow of the Ni-mesh wires supporting the Zr filter is clearly distinguishible in the figure. The
EUV energy density (fluence) on the mask has been measured by an IRD photodiode model
AXUV20BNC and results to be ~ 10 xJ/cm?/shot [1].

2.3.2. Mask imaging optics

The optical system, specifically designated to transfer the desired pattern from the illuminated
mask on the semiconductor wafer, is of preminent relevance within the context of the EUVL.
SO-based configurations have been proved to be good condidates for such an issue. The SO is a
convex-concave mirror system, in which the mirrors are concentric [30]. Accordingly, it conveys
the simplest optical scheme that can be devised as an effective projection system for EUVL, when
configured as a reductor, i.e. with the illumination field from the object hitting firstly the convex
and then the concave mirror, as exemplified in Fig. 2.5.
The SO is characterized by the object-to-image formula,

sin «v

Vit,a) =t (2.1)
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Figure 2.5: Typical arrangement of a SO-type reductor in an EUVL imaging setup, showing the mask (i.e.

object) plane and the wafer (i.e. image) plane. (C = common centre of curvature of the two SO mirrors)

where V' and ¢ denote the axial positions Z, and Z; of the on-axis object and image points (in
the respective object and image space) scaled to the curvature radius of the convex mirror, i.e.

V= % andt = %, whereas o and o are the inclination angles to the optical axis of the incoming
and emerging ray. The latter are related by
t
o (t,o) = 2sin” ! (tsina) — 2sin~ (= sina) — a, (2.2)
r

with r addressing the concave-to-convex mirror curvature radii ratio: r = %.

The “standard” SO configuration provides an easily feasible system, and so convenient as
regards manageability, costs and alignment issues in comparison with multi-elements projection
optics. Also, it is capable of yielding the high resolutions required by the EUV lithography, albeit
over a rather limited exposure field.

ENEA MET SO: design As a basic characterization, the ENEA MET SO has been designed to
have an image-space numerical aperture NA = 0.23, a magnification M ~ 1/9.7, mirror curvature
radii Ry = 144.23 mm and Ry = 45.06 mm, and respective mirror diameters ®; = 74 mm and
®y = 12.7 mm. It has been manufactured by Société Européenne de Systemes Optiques (SESO,
France) [31], with a global figure error < 8 nm, and an expected reflectivity-curve peak > 65%
at 14.4 nm over the whole coated surfaces of both mirrors (by a graded multilayer coating).

More precisely, the configuration implemented in the ENEA MET is the so-called modified
SO (MSO) configuration [32]. It preserves the mirror concentricity of the standard configuration?
while optimizing the SO performance toward a better resolution by placing the mask and the
wafer at suitably designed locations, different from those conforming to the standard configuration
[34,35]. Specifically, in the ENEA MET SO the mask and wafer axial positions Z, and Z; are
respectively Z, = 340.22 mm and Z; = 36.26 mm, whereas the values corresponding to the
standard configurations would be Z, = 350.296 mm and Z; = 36.138 mm.

2Let us recall that, in view of extending the good performance characterisitcs of the SO to a larger exposure
field, further schemes have been proposed. For instance, in the SO-based configuration, analysed in [33], the mirrors
are slightly displaced from the concentric location while the object and image planes are correspondingly placed at
positions such to vanish, as in the ordinary SO, the third-order longitudinal aberrations.
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Figure 2.6: Rs-scaled geometrical resolution vs. NA in a MSO for M, =1 /10, as conveyed by simulations
based on the ZEMAX code (0’s) and on specific analytical expressions(dashed lines). The solid line reproduces the
relevant best fit (2.3), the corresponding curve for a SO being also shown (dot-dashed line) [34].

A detailed analysis of the properties of the MSO configuration, as regards, for instance, the
dependence of the image-plane resolution and third-order aberrations on the numerical aperture
and on-axis object position has been presented in [34,35]. It was shown there that the typical
worsening trend of the geometrical resolution in a conventional SO configuration with increasing
the numerical aperture is significantly mitigated (by a factor ~ 5 for the magnification of concern)
in the corresponding modified scheme. In fact, as conveyed by Fig. 2.6, the resolution vs.
numerical aperture curve in a MSO lies markedly below that pertaining to the ordinary SO.

In conformity to the spirit of the quoted references, the figure reports the results of both a semi-
analytical procedure and a numerical simulation. The former resorts to analytical expressions
for the geometrical resolution RES, defined as the standard deviation of the off-axis distances of
the image points over the image plane, which have been numerically elaborated by the Mathcad
13 package, whereas the latter directly conveys the rms radius of the ray distributions around
the chief ray, resulting from the sequential ray-tracing performed by the lens-design ZEMAX
code [36]. Moreover, the ZEMAX-conveyed values are synthesized through best fit procedures
into compact scaling laws of the system design parameters vs. the numerical aperture. Thus, the

Ro-scaled geometrical resolution res = %625 in the SO and MSO schemes is ruled as

rese, (NA) = 4.71- 1073 NA7 res,, (NA) = 1.17- 107> NA®2, (2.3)

over the examined range of values NA = 0.1 + 0.3, and M_ = 1/10. Here, M signifies the
paraxial magnification relative to an assigned object plane, defined as usual by the ratio of the
paraxial image position over the corresponding object position, and hence in a SO it is given by
V(t,« r r—1 r
M ()= VB _roleyr (2.4)
s0 t lamo 2rt—2t—7r r—1—1/r

As said, in the ENEA MET SO M ~ 1/9.7

However, the advantage of the improvement of the geometrical resolution is contrasted by the
corresponding reduction of the depth of focus. Therefore, the choice for a specific configuration
to implement turns out to be a matter of a convenient compromise [37].
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Figure 2.7: Spatial resolution vs. NA in a standard and a modified SO configuration, in the case of M, =1/9.69,
R, = 45.06 mm and A = 14.4 nm [37].

EUV imaging cannot use refractive optical elements and hence entirely reflective optical com-
ponents must be used. Therefore, in an EUV lithographic setup the mask is rotated with respect
to the optical axis, thus resulting into a degradation of the resolution on the wafer. However,
as expected according to the Scheimpflug principle [38], this effect can effectively be contrasted
by a reciprocal tilt of the wafer. The analysis presented in [35] has in fact confirmed that by a
symmetrical suitable tilt of the wafer (Fig. 2.5) the performance of the untilted-mask device can
be restored as regards the values and the resolution distribution across the optical axis in the
wafer plane. The paraxial magnification roughly rules the ratio between the tilts of the image
and object plane, so that, in the ENEA MET SO, the 9, =10° tilt of the mask with respect to
the optical axis is compensated by the symmetrical ¥; ~ MSO(MSO) ¥, ~ 0.1° tilt of the wafer.
ENEA MET SO: mounting and alignment The above consideration has been concerned only
with the geometrical resolution. Actually, the spatial resolution comprises also the diffraction-

limited resolution res,, according to

€S0 = \/resgowsm + resziff’ (2-5)
where the Rs-scaled diffraction limited resolution res,, = RES,, /Ry is well known to vary
inversely with VA, since

A
RES(NA) = O.Glm. (2.6)

The two contributions entering (2.5) are plotted in Fig. 2.7 for both the standard and the
modified configurations in correspondence with the specific values M, =1 /9.69, R, = 45.06 mm
and A = 14.4 nm pertaining to the ENEA MET SO setup. Whilst in the standard configuration
the geometrical resolution dominates the system performance at relatively small numerical aper-
tures, NA > 0.15, in the modified configuration the geometrical resolution becomes predominant
over the diffraction limited resolution only at larger numerical apertures, NA > 0.25. Accord-
ingly, the choice of the design parameters for the ENEA MET SO setup has been dictated by
a reasonable compromise between easy system manageability and resolution request down to 50
nm. Indeed, the geometrical resolution was expected to be RESumso ~ 27 nm for the designed

10



Figure 2.8: (a) SO mounting-block in the ENEA MET: the two piezoelectric transducers (PT) and the actuator
(A) are clearly visible; (b) Schematic of the mirrors control; the coincidence of the concave mirror rotation fulcrum

with its vertex enables the steadiness of the two-mirror distance during tilting.

MSO configuration, whilst RES,,, = 38 nm, thus yielding RES,, ~ 47 nm as the best resolution
one could expect in the designed setup.

Evidently, in view of approaching such a value as close as possible, the alignment of the
SO mirrors becomes crucial on account as well of the rather severe tolerance on the perfect
mirror concentricity. In fact, by proper ZEMAX ray-tracing simulations, aimed at analysing the
dependence of the geometrical resolution on the two-mirror decentring, such a tolerance (defined
as the distance between the centres of curvature of the two mirrors which causes a v/2 worsening
in the resolution) has been estimated to be of ~10 um and ~1 pm for decentring respectively
along the z-axis and in the transverse plane.

In this connection, the mechanical mounting of the objective is of specific relevance as to
movement precision (repeatability in positioning) and stability. In Fig. 2.8a the SO mounting-
block is shown. It consists of a cylinder made by a single piece of aluminium alloy with special
thinned sections allowing for three degrees of freedom. The first two enabled movements are
rotations of the concave mirror (which is located at the back end of the mount cylinder in the
picture) around two mutually orthogonal axes with an angular resolution of ~ 2 urad. Both
axes are orthogonal to the optical axis, and cross each other at the mirror vertex. The rotations
are controlled by piezoelectric transducers (Physik Instrumente, model P-601.3SL), visible in the
picture. As a third degree of freedom, the translation of the convex mirror (located at the centre
of the parallelogram structure recognizable at the front end of the mount cylinder in the picture)
along the optical axis is allowed, being controlled by an actuator (Physik Instrumente, model
M-227.10) with a ~ 0.1 pm longitudinal resolution. The scheme in Fig. 2.8b should clarify the
“dynamics” of the SO mirror movements.

The SO alignment has been carried out by exploiting the well known Foucault technique [39],
whose validity has already been demonstrated in the EUV for a SO [40-43]. However, since the
in-band EUV power at the wafer level in the ENEA MET was unexpectedly too low to allow
for an at-wavelength alignment in a reasonable time, the Foucault test-based SO alignment has
been performed by using ultraviolet light and overcoming the inherent limitations (related to
the diffraction limit of the alignment wavelength) through a novel procedure, briefly addressed

11
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Figure 2.9: Schematic (not in scale) of the experimental setup for the SO alignment by means of the revised
Foucault-test based technique, described in the text.

to in [2] while described in detail in [44]. Quite in general, an at-wavelength alignment on low-
power laboratory plasma source is time expensive and component consuming. Therefore, the
proposed alternative technique can conveniently be exploited when EUV /soft X-ray sources with
a limited photon flux are involved. It is based on an accurate diagnostics for system aberrations
(that evidently indicate mirror misalignments), gained from an experimental characterization
and a reliable modelling of the dependence of the SO longitudinal aberrations on the mirror
misalignments, so that it is possible to individuate the aberration source and accordingly adjust
the SO alignment parameters.

The setup of the procedure as implemented in the ENEA MET is sketched in Fig. 2.9: the
ultraviolet beam of a XeCl laser (A = 308 nm) is focused by a 12.5-cm focal-length triplet lens
in a ~50-pym diameter spot on a 5-um diameter pinhole, which then, being illuminated by the
central, quite uniform portion of the Airy disk, provides the on axis point-like object-source for
the SO. After the SO, in the “classical” Foucault test the beam would be cut at the focal plane
by a knife edge (KE) moving perpendicularly to the optical z-axis; this would generate on the
observation plane the typical images, called foucaultgrams, corresponding to different kinds of
aberrations, mainly spherical and coma aberrations in the case of the SO. In fact, in the case of
the SO, a longitudinal mirror decentring causes a spherical aberration, with marginal and paraxial
rays having different focal distances, shorter (longer) for the former according to whether the two
mirrors are closer to (farther from) each other relatively to the concentric condition. In turn,
a transverse shift of the two centres of curvature produces a coma aberration, witnessed by the
typical comet-like figure on and in proximity of the focal plane. Evidently, on account of the
afore-described ENEA MET SO mounting, the spherical aberration can be controlled through
the longitudinal translation of the convex mirror, whereas the coma aberration by tilting the
concave one.

The drawbacks of aligning the SO by using a wavelength much larger (~ 20X, in our case)
than the operating one can in some way be overcome by looking at the sequence of foucault-
grams obtained with a longitudinal scanning of the KE kept at 50% of the beam transmitted
power. This has two advantages with respect to the transverse KE scanning in the focal plane:
firstly, the longitudinal aberrations extend over a wider spatial scale, increasing the sensitivity to
their occurrence; secondly, the transmitted power which reaches the observation plane is almost
constant for the different KE positions (that is for each sequence of foucaultgrams).

The foucaultgrams are recorded on the CCD sensor of a 16-bit-dynamics PI-MTE:1300B
Princeton Instrument camera, which is put at a distance from the SO focal plane such that
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(a)

20-um KE z-course

Figure 2.10: Sequences of foucaultgrams of the ENEA MET SO, obtained for a longitudinal KE scan over 20
um, in correspondence with controlled decentrings of the SO mirrors which induce (a) a spherical aberration with
the mirrors nearer to each other with respect to the concentric condition of ~350 pm, and (b) a coma aberration
with the concave mirror tilted by ~ 0.84 mrad, corresponding to a transverse decentring of ~120 ym. In both cases

the KE allows the transmission of half the beam power [44].

the 26.8x26.0 mm? imaging area be almost completely illuminated. The transverse position of
the KE is fixed when the power collected by the CCD is half of the full power (i.e. in absence of
the KE) within the range of the KE longitudinal positions of interest. After that, by means of
a longitudinal scan of the KE, it is possible to identify the type of the occurring aberration and
to evaluate its amount. Exemplificative camera-recorded foucaultgrams are shown in Fig. 2.10.
They have been obtained for a longitudinal KE scan over 20 um, with the KE transverse position
being controlled in order to transmit ~ 50% of the power, and clearly reveal the occurrence of
spherical and coma aberrations, induced by the controlled decentring of the mirrors, as specified
in the caption.

Besides using the ZEMAX code for simulating the SO behaviour, we developed a proprietary
Visual C++ ray-tracing program to reproduce the observed foucaultgrams. The program de-
mands as input data the longitudinal distance between the SO mirror centres of curvature and
the orthogonal tilts of the concave mirror, along with the KE and CCD positions. For instance,
the sequence of camera-recorded foucaultgrams of Fig. 2.10 is paralleled by that in Fig. 2.11,
showing the foucaultgrams, conveyed by the program in correspondence with similar mirror de-
centrings.

Since the knife moving along the z-axis crosses a focal plane, the shadow position on the CCD
changes from right to left hand. When spherical aberration is present, the focal plane of the
marginal rays differs from that of the paraxial rays. If, in particular, as in the images of part (a)
in the figures, the former is at lower z values, the knife is between the two foci, and hence the
shadow for the marginal rays moves to the left hand while that for the paraxial rays is still on
the right hand, thus yielding a “double-C” structure in the foucaultgram. In the case of coma,
we chose the KE cutting direction in such a way to cut the right part of the comatic circle, which
amounts to obscuring the contributions from the second and fourth quadrants of the beam at the
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Figure 2.11: Ray-tracing calculated foucaultgrams for the ENEA MET SO in presence of (a) spherical aberration
with the two mirrors closer to each other with respect to the concentric condition, and (b) coma aberration arising
from a tilt of the concave mirror around an axis parallel to the x axis (see Fig. 2.9). The program simulates also

the three-fins spider mount which supports the convex mirror [44].

focal plane (see the central image in Fig. 2.11b).

We can then measure the longitudinal aberration (LA) looking at the sequences like those in
Fig. 2.11, defining the spherical LA as the difference between the KE z-positions corresponding
to the appearance and disappearance of the double-C structure, and the coma-related LA as the
difference between two symmetrical KE z-positions with respect to the focal plane corresponding
to a defined change in the intensity distribution, which we fixed at the equalization of the power in
the first and second quadrants and in the third and fourth quadrants, respectively, for decreasing
and increasing KE z-values from the focal plane.

The modelling of the SO aberrations allows us to correct the mirror relative positions up to
the SO alignment.

However, the ray-tracing program does not account for diffraction, as it is evident when com-
paring the foucaultgrams in Fig. 2.10 and Fig. 2.11, being the experimental images largely
blurred. Because of diffraction, the estimation of the aberration amplitude becomes much more
difficult or even impossible when the alignment is progressively improved and the beam dimension
at the focal plane becomes comparable to A/N A.

In order to make the ray-tracing based modelling a reliable diagnostic tool for mirror mis-
alignments (be they externally controlled or not), diffraction is simulated in the C++ code by
building, for each KE z-value, composite foucaultgrams each made up by the overlapping of single
binary contributions from beams whose propagation direction is distributed around the optical
axis within the § = 1.22)\/®; diffraction angle (®; being the concave-mirror diameter), and whose
foci are consequently spread in the focal plane within the Airy disk, that is within the diffraction
limited focal spot size 1.22A/NA ~ 1.6 um. The calculations can be effectively simplified by
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Figure 2.12: Longitudinal aberration versus SO alignment parameters: (a) LA vs. convex mirror My z-position;
(b) LA vs. concave mirror M; tilts (error bars are smaller than the symbols). In both cases, the position of the
zero value on the abscissa is arbitrary. The dashed area conveys the LA range concealed by diffraction. The circles

identify the values chosen as correct alignment parameters [44].

considering that this overlapping is equivalent to summing up the contributions obtainable by
placing the KE at different transverse positions (for each z-value) within the Airy disk.

We measured the longitudinal aberrations, as previously defined, by varying one SO free
parameter at a time. The procedure was cyclically repeated for the three degrees of freedom until
the results were reproducible. The optimum position of the SO mirrors, that is the one which
makes LA equal to zero for each parameter, could finally be found by means of interpolation.
The results in the case of spherical aberration are reported in Fig. 2.12a, where two couples
of measurements have been carried out, respectively before and after the coma correction. The
improvement in the definition of the best Ms z-position in the second run is evident looking both
at the smaller error bars and at the possibility to evaluate smaller LA values. The M; tilt effect
on LA for both orthogonal rotation axes is shown in Fig. 2.12b. In this case, the error bars are
smaller due to the rather more quantitative criterium adopted to evaluate the coma-related LA.

3. ENEA MET: printing performances

As originally reported in [1], the ENEA MET, operating at 14.4 nm with a 30-pum thick Ta tape,
was capable of imaging patterns from a multi-layered photomask onto a PMMA resist with edge
response of 90 nm.

3.1. ENEA MET: wafer printing

The exposure was performed using a mask with Cr absorbing patterns in the form of a grating
with variable period, starting from 8-pm down to 1-pum half-pitch linespace.

The fluence on the wafer can be estimated from that on the mask, taking into account the
mask and SO mirror reflectivity, the SO geometrical loss and magnification. Actually, the SO
transmission efficiency revealed to be definitely lower than expected, such to yield an EUV fluence
of ~10 pJ/cm?/shot on the wafer plane against the expected (and needed) fluence of tens of
mJ/cm?. Therefore, we exposed the 996 000-molecular weight, 100-nm thick PMMA resist with
2000 shots, in order to reach the suitable integrated fluence of ~20 mJ/cm?. The cause of the
unexpected SO deficiency has been later investigated, the relevant results being presented in the
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next subsection.
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Figure 3.1: Line-space printing on PMMA: (a) 2D patterns of 160-nm and 108-nm half-pitch (hp) observed by
an atomic force microscope. The quality of the 108-nm hp lines seems to be limited mainly by the large granularity
of the photoresist. (b) Line profile integrated over a selected portion of the 160-nm hp line PMMA area. The
horizontal dashed lines highlight the 10% and 90% modulation levels, conveying an edge response width of 90 nm.

The exposed resist was then developed by 30 s in 30% MIBK-IPA solvent, fixed in IPA and
observed by an atomic force microscope. Figure 3.1 shows both the 2D image and the 1D height
profile of a 160-nm half-pitch line-space pattern. The profile has been obtained by averaging
height values along the lines. The measured edge response (distance to rise from 10% to 90% of
the modulation depth) is 90 nm. The pattern is not printed at a full resist height, probably due
to a still insufficient fluence for the used resist.

The edge response width yields a valuable estimate of the resolution of the device [45].

For an alternative, even though strictly related, estimate, we considered the PMMA modula-
tion amplitude as a function of the spatial frequency of the imaged patterns, which should convey
the modulation transfer function (MTF)? of the ENEA MET printing line, conforming to the

3We recall that the MTF is the spatial frequency response of an imaging system. It is formally given by
the absolute value of the optical transfer function, which in turn follows from the 2D Fourier transform of the
point spread function (or, impulse response of the imaging system) or the 1D Fourier transform of the line spread
function [45,46]. The latter is in turn the derivative (or first difference) of the edge response.

The resolution estimate, based on distinguishable line pairs (Ip, i.e. a dark line next to a light line) per unit
length (mm or inch), corresponds roughly to spatial frequencies at which the MTF is between 5% and 2%. An
MTF of 9% is implied in the definition of the Rayleigh diffraction limit. A more reliable resolution estimate is
conveyed by the spatial frequency where MTF is 50%, where the contrast has dropped by half.
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Figure 3.2: Line profile integrated over a selected portion of the PMMA area comprising contiguous regions with
320 nm (to the left) and 640 nm (to the right) full period lines.

described operation. We observed a reduction of the modulation amplitude fairly of 80% over
the 320 nm patterns (Fig. 3.2), and hence at k,, = 3—;0 Ip/nm. Therefore, assuming for the MET
imaging optics the same behaviour as a diffraction limited circular lens (see footnote 3), we may
give an estimate for the printing-line optical resolution Resqpt according to

0.23
Resgpt = —— ~ 75 nm.

80
Moreover, by noting that the lithographic resolution Resjit is similarly ruled by the Rayleigh

scaling equation [47]
A

ky—
1NA7

where the dimensionless parameter k; is made by recent progresses to range as 0.3 < k; < 0.5,

the value extent

Resjith =

32 nm < Resjjn < 62 nm

can accordingly be estimated for the ENEA MET lithographic resolution.

We may also note that a single-shot operation was addressed to by the project [3]. Yet, as
said, we were forced to operate the system for 2000 laser shots (i.e. several seconds) in order to
reach a sufficient fluence to pattern the used photoresist. It is then reasonably to guess that the
obtained result suffered as well from thermal and mechanical instabilities that could have been
influential over the actual operation time.

For a diffraction limited circular lens, the following behaviour can empirically be drawn for the MTF as a function
of the spatial frequency k:
1
Resdir = —,
K/9
where Resqir denotes the lens resolution according to the Rayleigh equation, Resqir = 0.61A\/NA (see also Eq.
(2.6)) and k, represents the spatial frequency at which, as said, the MTF is 9%. Also, MTF is 80% at a frequency
Kg glven by kg ~ (4/17)k, ~ 0.23 K4, thus implying
0.23

Resgifr = )
Kego

the units being in accord with those used for the spatial frequency (Ip per unit length).
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3.2, ENEA MET SO: checking the transmission

The reported result confirms the very good figure error of both the SO mirrors, measured to
be < 8 nm (FWHM). In contrast, as said, the SO transmission at the operating wavelength
is markedly lower (roughly estimable to ~ 7 times) than expected. In order to investigate the
origin of this deficiency, we performed an overall SO characterization at the BEAR beam-line of
ELETTRA [28], by measuring the relevant transmission over the range 13 nm < A < 17 nm.
Technical difficulties forced us to measure the overall transmission of the objective rather than
the reflectivity of each mirror, about which however reasonable conjectures can be drawn from
the measured transmission, as detailed below.

The BEAR beam-line of ELETTRA is very suitable for the characterization of optics in the
EUV range. It is based on a bending-magnet source and a high performance monochromator able
to cover the full EUV range with an absolute accuracy of the photon energy measure of 0.1 eV,
thus implying that at A\ = 14.4 nm the absolute accuracy of a wavelength measurement is better
than 0.02 nm.

Due to the rather small divergence of the BEAR EUV beam (1° after the last focal point),
it was not convenient to place the SO at the same distance from the last focal point of BEAR
as from the mask in the MET layout (Z, ~ 34 cm), since this would have strongly limited the
portion of the convex mirror surface illuminated by the beam. In fact, it was placed at a distance
~ 124 cm from the last focal point of BEAR. This ensured that the beam cross section was larger
than that of My, thus implying that the reflectivity measurement results from an average over the
whole mirror surfaces. The consequent variation of incidence angles over the Ms-surface should
produce a variation of the center wavelength of the mirror reflectivity curve, but, as a related
analysis has shown, very little indeed.

The SO transmission curve T(A) in the EUV range, as measured at ELETTRA with an
absolute accuracy of 1%, is conveyed by the blue line in Fig. 3.3a. The relevant theoretical
transmission curves are also shown in the figure, as deduced on the basis of the considerations
illustrated in the forthcoming subsections. The experimental curve reaches the peak value (almost
7%) at 14.8 nm rather than at 14.4 nm, and displays a bandwidth of 0.344 nm FWHM, which
is smaller than the typical multilayer mirror reflectivity bandwidth (~ 6 A FWHM and larger),
and also than the observed wavelength shift. This presumably denotes a wavelength shift of both
mirror reflectivities with a relative mismatch as well.

Defined by the ratio of the output to the input power, T'()A) is related to the product of the
single-mirror spatially integrated reflectivities, R; and Re:

T(A) = GINR1(A)R2(A), (3.1)

through the geometrical transmission factor G(\).

According to the measurement conditions and the characteristics of the system, the geomet-
rical transmission factor G(\) arises from the concurrence of several factors. Firstly, since, as
mentioned earlier, the beam cross section was larger than that of My, part of the incoming rays
travelled externally to the mirror surface, thus amounting to an unavoidable loss of the relevant
photon flux. Since the BEAR beam divergence slightly depends on the wavelength, such a loss
yields a smooth dependence of G on the wavelength. Also, some of the rays hitting the con-
vex mirror follow multiple (> 2) reflection paths before converging to the relevant best focus
position, whose location on the SO axis is closer to the convex mirror than that of the rays
undergoing double-reflection paths. Finally, both the rays hitting the three Ms-holding fins and
those travelling almost parallel to the optical axis do not contribute to the SO imaging process.

Even though such factors, and hence G(\), could be estimated theoretically, we resolved to
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Figure 3.3: (a) Experimental SO transmission T'(A\) (blue line) and theoretical transmissions of an ideal SO with
geometrical transmission factor G = 1/3, corresponding to a source located at the correct mask position (solid red
line) and at approximately 90 cm farther (dashed red line). The red lines have been scaled by a factor 2.5 in order
to reach the same peak value of the blue one. (b) Wavelength-dependent reflectivities of ideal Mo/Si multilayer
mirrors centered at 14.66 nm and 15.16 nm having the same peak of 62% (red lines) and transmission of an SO
resulting from such reflectivities and a geometrical transmission factor G = 1/3 (blue dotted line), which can be

compared with the measured SO transmission (black line), also reported in panel (a).

perform an experimental estimation of G(\) in order to obtain an estimation of the mirror reflec-
tivity product RiRo (through (3.1)) as error-free as possible. In this connection, two different
procedures have been followed. One consists of assuming G be wavelength-independent so that
its value could be deduced from relation (3.1) on the basis of measurements of the single-mirror
reflectivities in the visible (VIS) range, carried out in our laboratory by using a doubled Nd-YAG
laser at 532 nm. Accordingly, the BEAR beam has been spatially limited (by using four knifes
after the monochromator) in order to select its central portion, over which the beam charac-
teristics are fairly wavelength-independent. The other procedure consists of recording an image
of the cross section of both the input and output beams (at the wavelength of the measured
SO transmission-peak), which then by comparison allow us to individualize the portion of the
incident beam that could not reach the SO exit.

3.2.1. SO mirror-reflectivity product as resulting from the estimate of G in the visible range

The SO transmission in the visible range (specifically, at Agreen = 550 nm) was measured by
adjusting the BEAR line monochromator at the 0-order (no wavelength selection) and by intro-
ducing an interferential green filter (at Agreen) after the last focal point. As a result, we obtained
T'(Agreen) = 4.0%. On the other hand, as said, the reflectivity of the convex mirror on its central
flat part was measured (at normal incidence) in our laboratory by using a doubled Nd-YAG laser
at 532 nm and resulted to be ~ 35%.

Hence, by assuming R1(Agreen) ~ R2(Agreen) ~ 35%, by (3.1) the SO geometrical transmission
factor at 550 nm is estimated to be:

Gvis =1/3 =G(N),
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in accord with the value obtained from the aforementioned measurement in ENEA. As a conse-
quence, the SO mirror-reflectivity product R1Rs should be three times the corresponding trans-
mission at any wavelength, namely R1 R ~ 21%.

The transmission curve for a couple of ideal multilayer mirrors with a reflectivity peak at 14.4
nm, conforming to the estimated G(\), is indeed shown in Fig. 3.3a in correspondence with both
a source located as in the ENEA MET (i.e. at the mask position) and as in the measurement
setup (i.e. at approximately 90 cm farther), in the latter case the different incidence angles on
M; being accounted for. The single-mirror reflectivity curves have been obtained from the Henke
website [48], entering the appropriate incidence angles on the mirrors (as conveyed by specific
calculations) and as multilayer periods the values measured by SESO on the samples coated
during the tests for the preparation of the mirror coatings (for instance, a period of 7.48 nm on
My at 6 mm radially off the center).

Evidently, the SO transmission displays a reduction of both the peak value (by more than a
factor 2) and the bandwidth (by a factor ~ 2) with respect to the expected values as well as an
overall shift towards longer wavelengths. Such a behaviour is presumably ascribable to different
wavelength shifts of the mirror reflectivities with respect to the desired value (14.4 nm), in both
cases towards longer wavelengths.

In this connection, we may note that, although a small spectral shift toward longer wavelengths
might be expected as a consequence of the fact that the source, as said, is not at the prescribed SO
object plane, such a shift should be however much smaller than that displayed by the experimental
curve, as can be inferred from a comparison between the red lines in the same figure.

For illustrative purproses, Fig. 3.3b shows the transmission of a SO (with G = 1/3) composed
by two mirrors with reflectivies centered at A = 14.66 nm (period of 7.557 nm) and A = 15.16
nm (period of 7.85 nm), both having a 62% peak-value. The single-mirror reflectivities have
been both reduced by a factor 10 in the plot for a better visualization of the curves. Also, the
resulting SO transmission has been reduced by a factor ~ 1.4 in order to match the peak of the
experimental curve (black line).

3.2.2. SO mirror-reflectivity product as resulting from the estimate of G in the EUV range

As said, the geometrical transmission factor G was also estimated in the EUV range, precisely at
the wavelength of the SO transmission peak (i.e. Apcak = 14.8 nm) by comparing the EUV beam
spots at the SO entrance and exit, respectively recorded on a Gafchromic HD-810 Radiochromic
Dosimetry film (placed at ~ 106 cm from the last focal spot of the BEAR line) and an ILFORD Q-
plate film as shown in Fig. 3.4. The spot at the entrance shapes as a portion of an annulus. This
is due to the deformation of the squared spot (formed by the four knifes at the monochromator
exit) produced by the grazing-incidence parabolic mirror of ELETTRA, which introduces also a
spatial modulation of the beam intensity, clearly visible in both images.

Such a modulation is in this case very useful since it allows to recognize in the input beam
(Fig. 3.4a) the portion of the beam (highlighted by a red dashed line), which could reach the SO
exit and accordingly produce on the Q-plate the same spatial modulation (similarly highlighted in
Fig. 3.4b). The mesh shadow viewable in Fig. 3.4b is due to the nickel mesh of a Zr filter holder
(from Luxel Incorporation) which cuts the visible light. No filters were used for the Gafchromic
HD-810 film, being it not sensitive to the visible radiation. The white area external to the
highlighted region of the Q-plate image corresponds to the shadow of the diverging mirror My
(finally surrounded by the direct beam radiation), while the small dark ring in the middle of the
highlighted region corresponds to the radiation (closer to the optical axis) which, experiencing
multiple-reflection paths, has then been focused along the SO axis to a plane at distance from
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Figure 3.4: EUV spots at (a) the SO entrance recorded on a Gafchromic HD-810 film and (b) the SO exit
recorded on a ILFORD Q-plate photographic plate. Both spots are at Apear = 14.8 nm.

the mirror centre of curvature shorter than the double-reflection path ray image position Z;. The
images in the figure have been acquired by a 16 bit CANON CanoScan 8400F, for which the
relevant relation between the grey level g and the detected light-intensity I has been tested to be
as g(I) = I'/2.

In order to infer the radiation fluence hitting the SO, we need to know the response curve of
the Gafchromic HD-810 film at the wavelength of concern. To this end, the film has been exposed
at four different EUV doses at a short distance (a few centimeters) from the last focal spot of the
BEAR beamline, the dose being incremented by approximately a factor two at each step (Fig.
3.5).

Limitately to the EUV doses of concern (~32-320 J), we can fairly assume the film response
to a local fluence F(x,y) (i.e. the energy released on the film per unit area) be the same as that
of a photographic film through the EUV range, namely [49,50]

F(zx,
D(xvy) = DS ln(l + (7y))7
Fg
where D(z,y) is the local film optical density, whilst Dg and Fg denote the EUV saturation
values of the film optical density and the fluence.
Since, as earlier noted, for our scanner g(z,y) = I(z,)"/?, the relation between the fluence
released on the film and the grey levels conveyed by the scanner can be written as
F(z,y)

1
= -Dgln(l + ——=
2 S Il( + FS )v

log 9o
g(x,y)

go being the scanner grey level for a non-exposed film (F = 0).
Accordingly, the fluence as a function of the image grey level can be expressed in the form

F(z,y) = Fg{e 2108ls@y)/o0l/Ds _ 1},
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Figure 3.5: 1 x 1-cm? images of the Gafchromic HD-810 Radiochromic films exposed at the BEAR beam-line
with different exposure doses: D1 = 32.37 J, D2 =63.30 J, D3 = 129.8 J, and D4 = 317.5 J.

Finally, by integrating F'(x,y) on the four exposed films, the best-fit values for the two pa-
rameters Flg and Dg have been deduced as Fg = 4.22 mJ/cm? and Dg = 0.165.

Then, on the basis of the above relation, the grey level map g(x,y), conveyed by the image in
Fig. 3.4a, yields the input fluence map Fj(z,y). An additional map, say F;(z, ), is then generated
from Fj(x,y), by assigning zero values to all the pixels external to the region highlighted by the
red-dashed line. It is evident that F;(z,y) represents the geometrical fraction of the input beam
effectively contributing to the SO imaging.

The geometric transmission factor at the EUV wavelength, Ggyy, is calculated as the ratio of
the integrals of F;(z,y) and F(z,y), thus eventually obtaining the value

[ Fi(z,y)dzdy

= = 0.269.
Geuv [ Fi(z,y)dody 0.269

Even though slightly lower than Gy,s , it increases the peak value of the SO mirror-reflectivity
product (in the EUV range) to R1Ra2|gyy = 26% according to the experimental transmission peak.
Also, the accuracy of this estimate is definitely higher than that based on the measurements in
the visible range.

Evidently, is Ggyy the value of interest for the ENEA MET, the estimate of Gyys and hence
of R1Rs in the visible range representing a useful touchstone.

3.2.3. ENEA MET: SO related limitations

Due to the SO transmission center-wavelength shift with respect to the other three multilayer
reflective components of the ENEA MET, the total transmission over the printing line comes to be
reduced roughly by a factor six. The curves in Fig. 3.3 unambiguously shows in fact how small is
the intersection between the SO transmission curve and a couple of Mo/Si mirrors working at the
operating wavelength. Evidently, this limits the performance of the ENEA MET, which however
might be partly recovered by replacing the aforementioned optics with optics peaked at 14.8 nm.

4. Concluding remarks

Synthesizing previous related works, the features of the ENEA EUVL MET, succesfully operated
in 2008, have been reviewed. As reported in [1], exposing PMMA resist to a 14.4-nm radiation
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fluence of about 20 mJ/cm? by means of a modified Schwarzschild objective, 160-nm half-pitch
line-space patterns have been reproduced. A simple optical analysis showed that the obtained
lithographic resolution is not limited by the optical quality of the projection optics, being the
estimated best attainable value less than 80-nm half-pitch line-space. The MET performance
is indeed limited by the SO transmission being below the design-due value, presumably as a

consequence of a mirror reflectivity mismatch, as subsequent devoted analyses seem to indicate.

However, as stated in [1], the achieved results show that it is possible to attain a nanometer-
scale spatial resolution using a low-cost Schwarzschild-type projection optics, as far as a proper
design, figure error and alignment of the SO, and an excellent damping of both mechanical and
thermal oscillations are ensured.
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