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Present Status of EUV Interferometer Devel opment
at the Research Center for Soft X ray Microscopy
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Abstract: A new interferometer for extreme ultraviolet ( EUV) radiation with a laser pro-
duced plasma ( LPP) laboratory source is under construction. The LPP source is operated
with a Sn solid rod target on which pulsed YAG laser is focused to produce high temperature
plasma emitting EUV radiation. The source is equipped with a newly designed debris stopper
protecting a condenser multilayer mirror from the particle debris of the target. The condenser
mirror focuses the light onto an EU V beam— splitter to form transmitted and reflected paths
for producing interference fringes of a sharing type. The optical configuration is of a common
path based on a triangular path type with a focusing at the beam— splitter, which is enabled
to produce fringes by a low coherence radiation with a standard optical quality beam— split
ter. T he fringes are recorded by an imaging plate with pixels as small as 25Hm. The dynamic
range of linearity in detection of the EUV light was found to be more than 10* with sensitivr
ty of 10* photons/ pixel, enough for the purpose of interferogram recording, possibly with
one laser shot.
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1 Introduction

In the extreme ultraviolet (EUV) wavelength
region, figured multilayer mirrors are now opening
up new application fields of EUV imaging optics
such as a telescope, a microscope, and more ad

vanced EUV lithography cameral™™.

Typical
wavelength A of the application is around 13nm,
which is short enough to improve the resolution
limited by the diffraction. The photon energy is
95eV, which is high enough to observe difference
in scattering factors of atoms composing materials
ncluding biological samples.

T o realize the expected resolution, we need to
improve the wave front accuracy of the optics to
the required level for imaging. For a standard qual
ity optics of N4, the surface finish should be withr
in N 8 in case of reflection optics, which is 1. 6nm
in terms of the figure error at the substrate surface.

T his requires superpolishing techniques with accur
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rate means of figure error measurements. For fur
ther improvement tow ards sub— nm values needed
for high quality optics, it is necessary to develop a
method to measure the wave front error of an indi-
vidual mirror at the wavelength of use as well as a
method to correct the measured errors.

The EUV reflection by the multilayer mirror
is governed by constructive imterference inheriting
characteristic dependence of reflection phase and
amplitude as a function of the angle of incidence
and the wavelength. This actually brings a new ac-
curate means of wave front error correction by
milling or by figuring applied at the surface of the
multilayer stack!*!. In other words, the errors can
be corrected to the accuracy of 0. Inm provided
that the errors are measured to this accuracy. The
most promising method of this high accuracy mea-
surement should be realized by “ at wavelength”

measurements, with an EUV interferometer.
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The first EUV interferometer for this purpose
was developed at the beamline of ALS. Tt utilizes
wne plate optics for imaging and gratings for split
ting wave front. T he system is successfully used to
measure the EUV wave front of a multilayer mirror

5 .
[ ]. An interferometer of

and also an imaging optics
similar configuration is also developed at a beamline
of NEW SUBARU, Himeji, Japan. T hese systems
prove the importance of the at wavelength mea
surements. Nevertheless, these systems are insufft
cient for further development of EUV imaging op
tics due to limitations of the location and the ma
chine time of the synchrotron radiation facilities.

T o ease the limitations, we are developing a
laboratory-used EUV interferometer at the Re
search Center for Soft X— ray Microscopy. In the
next section, the configuration of the interferome
ter consisting of a light source, interference optics,
and the detector is described. Each part will be de
scribed with technical importance nvolved. Partic
ular em phasis will be put on a debris stopper since
it should be useful for other applications with the
laboratory EUV source.

2 Design of the EUV interferometer

T he interferometer for the EUV radiation re
quires extremely high accuracy due to the short
wavelength. As mentioned in the previous section,
0. Inm figure error should be measured by the ur
terferometer. At the wavelength of 13nm, the
phase term of 47In/ A is approximately equal to 1,
with the complex refractive index n of material be
ing very close to 1. Therefore, afigure error Ad in
the nm unit causes a phase shift of Ad rad.

Taking into account the sub - nm accuracy
and optical characteristics of materials, the corr
struction of the interferometer needs to overcome
the following difficulties:

1. At the EUV wavelength, no transparent
material exists. The interferometer should be
formed basically with reflection optics. Exception

would be very thin membranes of a few hundred

nm or less such as free— standing filters and beam-
splitters. Even air absorbs the radiation. A ccord-
ingly, the whole optical path should be kept under
vacuum to avoid absorption of air.

2. The coherence of the laser produced plasma
source is very poor. For the interference fringe for
mation, the interferometer needs to be formed by a
common path configuration.

3. Optical elements inserted in the optical
path should be precise enough to give negligible
wave front errors within the order of 0. Inm.

4. High precision optical stages are needed for
precise alignment.

5. Vibration causing path fluctuations should
be avoided during exposure for the fringe pattern

recording.
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Fig. 1 Schematic plan view of the EUV interferometer

For the difficulty 1, we decided to use a vacu-
um chamber of 1. Smx 1.2m X 0. 6m large enough
to accommodate the whole optics of various kinds
for development. The vacuum needed is of a few
Pa or less to avoid absorption, which is easily real
ized by a standard vacuum technology. T he diffi-
culties 2 and 3 are related to the actual optical con-
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figurations. We have sought for common path corr
figurations with reflecting optics which can accom-
modate the focusing of the beam at the beam split
ting point. With the focusing, the requirements for
the wave front error should be satisfied in practical
way by reducing the effective area of the beam illr
mination.

Among the common path optical configura
tions satisfying these, we selected a triangle path
configuration with the focusing at a beam splitter
surface for versatility. Figure 1 shows the optical
configuration of our system under development. It
consists of a LPP source, optics, and a detector set
on an optical bench of honeycomb structure. T he
optical bench is supported directly on a vibration
isolation bench locating underneath outside of vacur
um. Metal bellows are used to isolate vibration and
keep the vacuum off the chamber. The vacuum

chamber is supported firmly on a floor.

3  Design and operation principle of

the debris stopper

It has been known that the debris particles or
more specifically highly ionized ions out of high
temperature plasma can be as fast as afew to afew
hundreds of km/s that may damage the multilayer
mirror. T he particles of large volume up to a few
Hm in diameter are also observed though the nomr
nal speeds should be as slow as a few tens to hur
dreds of m/s. These slow debris will be deposited
on the multilayer mirror, thus reducing the re
flectance.

T o solve these debris problems, many metlr

1 For the interferometer

ods have been reported!
application, high efficiency and easy selection of
the EUV wavelength by using various solid metal
targets are preferable. The slow debris of the metal
targets are usually very large in size and mass and
form main volume of the debris particle. Due to the
large mass, it is difficult to change the course of
travel by electromagnetic forces unlike the small
ions. Therefore, we have decided to develop a me

chanical shutter to stop these large debris.

In designing a debris stopper, we assumed a
numerical aperture ( NA) of 0.2 for practical appli-
cations of imaging and interferometry. For this
NA, a standard spinning disc chopper is unable to
be used since the opening should have a diameter in
proportion to the distance from the source. A large
opening has essential problem of passing slower de-
bris periodically by every spinning interval.

T he design and operation principle of our new
debris stopper[ I free from the problem will be de-
scribed in the next section.

3.1 New design

Fig.2 Schematical side view (upper) and cross sec

tional view (lower) of the debris stopper

Figure 2 shows aschematic side view (upper)
and a cross sectional view (lower) of the debris
stopper. The stopper is a hollow cylinder with its
spinning axis fixed to a flange of the chamber and
is suspended by magnetic bearings enabling to spin
at 6000rpm under vacuum. It is 20cm in diameter

and is mounted between a LPP source and a con-
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denser multilayer mirror M 1 of 10cm in diam eter.

In addition to a small opening O1 the cylinder
has 3 openings 02, 03, and 04, which are 10cm
in diameter and equally spaced . At this configura
tion, the period of rotation is 10ms with the cylirr
der wall speed of 62. 8m/s. T he cylinder closes the
light path as it spins and stops the particles emitted
from the source point. As shown in the figures,
the opening O1 locates at alevel which differs from
others and is much smaller than 7mm in diameter
since it comes very close to the source S at the timr
ing of every laser shot.

3.2 Operation principle

Figure 3 shows position vs. time diagram of
debris particles traveling to the direction of the cerr
ter of the mirror. T he origin of the time is taken at
the timing of the laser shot to produce plasma. T he
O1 and O2 locate 1em and 21em away from the
source as shown in the vertical axis of this figure.
T he debris particles traveling to the mirror center
appear as lines of different slopes representing their
speed of travel. Horizontal solid bars in Fig. 3 show
the walls of the cylinder with periodical appearance
of the opening in time sequence. In the bar at
2lem away, O2 is appearing at 10ms at every rota
tion thereafter. This shows that the 02 is in the
open status for approximately 1/6 of a period of one
rotation, which is 1. 7ms, then comes to the open
status at every successive rotation. T his depicts the
problem of mechanical shutters described above, i
e., after the first open timing, successive appear
ance of opening will pass the corresponding slower
debris. T his difficulty has been solved in our design
by the opening O1.

In the solid bar of O1 at lem away level, the
next open status comes at 10 ms after the shot as in
the case of 03, but with much shorter gap with a
ratio of the open status to the close of much small
1/90. Thus, the slower debris that could pass the
wall at 21cm level are stopped at 1em away by the

outside of the wall.
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Fig. 3 Diagram of debris travel shows the stopping
principle. Indination of the lines shows the

speed of the debris

Since the debris of 2m/s travels only 0.2 mm
within the 0. 1ms open interval of O1, the cylinder
wall of 3mm is sufficiently thick to stop this slow
debris as well as any slower debris arriving at O1
thereafter. Thus, all slow debris are stopped com-
pletely.

In this configuration, O2 can be set as the
critical shutter to stop the highest speed particles at
the farthest point from the target with alarge mar
gin. In actual design, more than three openings of
10cm in diameter can be made that allow operation
of the laser at a three times or higher repetition
rates than the spinning rate.

At the spinning speed of 6000rpm, the high-
est speed of debris stopped by 02 at the center of
the mirror is 62. 8/( Sem/ 21lem) = 264m/s. With
the design described here, all particles slower than
264m/s are completely stopped under high vacu-
um.

Although the details are not described here,
preliminary experiment was performed with a
quartz crystal thickness monitor detecting the mass
of arriving debris. In this experiment, the main
peak of the debris speed distribution was observed
at slower than 25m/s with a Sn target, suitable for

the 13nm wavelength radiation. It was also found
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that at a spinning speed of 6000rpm, 84% of the
total mass of the debris was removed at the mirror
position.

It is estimated that particles faster than this
value mainly consist of monomers ionized. We are
now extending experiments to trial treatments of
the monomers such as an electro— magnetic force to
slow down the speed and/ or to deflect the course of
travel.

It should be noted here that the method de
scribed here uses gasfree elements that cause irr
crease of partial pressure of the vacuum chamber.
Under a high vacuum, the debris particles will be
removed as predicted by theory since no practical
collision will take place resulting scattering before

reaching the wall of the debris stopper.

4 Detector

For recording the interferogram, the 2— D de
tector needs to have high sensitivity, good linearity
and a large number of pixels sufficient for recording
dense interference fringe patterns. A commercially
available soft X — ray CCD detector has limited
number of pixels, which is insufficient for final
recording though it is needed for alignment purpose
as a real time monitor.

We have carried out separate experiments to
find EU V characteristics of an imaging plate detec
tor, which has been considered as the detector of
hard X— ray radiation. For the experiment, a lab
oratory reflectometer with a LPP source ! was
used. EUV light of specific wavelength was select
ed by the constant deviation monochromator and
delivered to the imaging plate set at the sample
holder. With variation of dose by the number of
shots of YAG laser, we found good linearity of
more than 10" and also high sensitivity of 10" pho
tons/ mm”. This shows that one shot of YAG laser
could be intense enough to have the fringe pattern
for evaluating the figure error. If this is the case,

vibration would be of no problem.

S Method of figure correction

Provided that the figure errors are measured
by an EU V interferometer, correction of the errors
can be done by milling of the multilayer periods as
proposed in a recent publication!¥. The method
enables correction with accuracy of 0. Inm as sum-
marized in the following.

The milling method relies upon the physical
optics effects of the EUV multilayers that the re-
flection at each interface is very small and the large
reflection is effected by constructive interference in
the total volume of the multilayer structure'?.
This means that a phase correction layer prepared

at the surface should work as that of a transmission

one.
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Fig.4 Phase shift and relative reflectance calculated as
a function of milling thickness from the surface
of EUV multilayer mirror demonstrate sub -
nm figure error correction. A 30nm thick Mo
layer was added on the surface of Mo/Si 121
layers to demonstrate coarse phase correction.
T he reflection phase correction of 18¢ is equiv

alent to a substrate figure error correction of 3.

2nm ( after Ref. [ 4]).

In the transmission optics, the wave front is
governed with a thickness multiplied by a refractive
index difference ( 1- n). In the EUV region, the
difference is of an order of 0. 01'"*!. Consequently,
the tolerance in thickness control for the wave -

front error correction is increased by this factor of
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several 10ths as already pointed out by Braat!'®.

T he optical path described as( 1- n)d can be corr
trolled with great accuracy by adjusting the layer
thickness d . His proposal is promising if there is a
transparent material available, which is not the
case in the EUV. The phase shift introduced in
this way inevitably suffers from a loss in intensity
of reflected waves.

With detailed theoretical study with our layer

I We found that the milling

by layer caleulation' *
of the multilayer itself hypothetically realizes the
ideal transparent layer with negligible reflectance
reduction, provided that the multilayer has been
fabricated up to an enough number of periods

where the reflectance increase is in saturation. T he
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