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Abgtract : The demand to enhance the optical resolution, to structure and observe ever smaller details, has pushed the way

towards the EUV and soft X-rays. Induced mainly by the production of more powerful electronic circuits with the aid of

projection lithography , optics developments in recent years can be characterized by the use of electromagnetic radiation

with smaller wavelength. The good prospects of the EUV and soft X-rays for next generation lithography systems G =

13.5 nm) , microscopy in the® water window” Q@ =2.3 4.4 nm) , astronomy @ =5 31 nm) , spectroscopy , plasma di-

agnostics and EUV/ soft X-ray laser research have led to consderable progress in the development of different multilayer

optics. Snce optical systemsin the EUV/ oft X-ray spectral region consist of several mirror elements a maximum reflec

tivity of each multilayer is essential for a high throughput. This paper covers recent results of the enhanced spectral be-

havior of Mo/ S, Cr/ S and Sc/ S multilayer optics.
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1 Introduction

Engineers and scientistsin fields as diverse
as microlithography and space astronomy have a
common need to use* light” ranging from EUV
to the soft X-ray region. The extreme ultraviolet
and soft X-ray spectral region lie between the ul-
traviolet and the hard X-ray regions of the elec
tromagnetic spectrum. In site of the smooth
trangtions between the spectral subdivisonsit’ s
worth to define roughly their approximate bor-

derg™ :

extreme ultraviolet EUV 50 nmto 5 nm
25eVto 250eV,
ft X-ray region 5nmmto 0.2 nm
250 eV to 6 keV.

The nanometer unit is widely used in the
vacuum ultraviolet , while the photon energy u-
nits are frequently used for wavelengths near the
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oft X-ray region. It must be understood that
the above-named limits are not intended to be
used rigidly.

Quite a large number of non-absorbing die-
lectric optical materials can be used in the visble
gectral range for coatings and transmissve sub-
strates. Anyhow , going to shorter wavelengths,
the number of potential materials reduces drasti-
cally due to absorption resulting in a strongly
limited choice of the optical materials. To get
highest possble optical contrast in the EUV and
ft X-ray region, a high electron densty mate-
rial (absorber) hasto be paired with alow densi-
ty electron material (spacer). Here, only metals
and semiconductors can be used. Very often, the
optimal spectral working range of a layer pair is
afew nanometers only. To outline some exanr
ples that have been successully realized in the
past , the following material combinations repre-

sent the absorber/ spacer: So/S (36 nm)
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Mo/ 9(12.5 nm) , Mo/Be (11.4 nm) , Ru/B4sC
(6.7 nm) , Co/C (4.4 nm) , Cr/ S (3.2 nm)
and W/ S (0.7 nm). The listed wavelengths de-
fine the absorption edge of the spacer material ,
representing the lower working range wave
length limit of the respective material couple.

2 Experimental setup

According to the optics requirements of an
EUVL tool , the accurate deposition of high re-
flective and laterally graded multilayerson ultre
precise polished substrates can be regarded as
one of the major challenges of EUV lithography
development today. To meet these require
ments, a New EUV Sputtering SYstemrNESSY
has been developed (Fig.1, 2).

Fig.2 Substrate loading

;,

© 1994-2010 China Academic Journal Electronic Publishing House. All rights reserved.

The dc magnetron sputtering system is e
quipped with four rectangular magnetrons, 600
mm x 125 mm each (Fig.3). The smultaneous
coating of two@ 450 mm substratesor three® 300
mm substrates can be realized (Fig. 4). The
substrates can be spun up to 500 r/ min during
the depostion process. The target-substrate-dis
tanceisvariablefrom 50 mm to 150 mm allowing
the installation of moving shuttersto realize lat-
eral thickness gradients of the sputtered multi-
layer. The system is load locked (Fig. 2) and
cryopumped. The base pressure is well below 8
x10" ' Pa.

Fig.4 Vacuum chamber with substrate holders

Soecial effort has been made to construct
the cathodes. Different configurations of the
magnets have been success ully realized in order
to assure highest flexibility for different coating
materialsin terms of homogeneity requirements
and target utilization. All magnetrons work sta
ble at aworking pressure of lessthan 7 x 10" * Pa
in argon atmosphere. A lateral period homoge

neity of less than 0.1 % on 300 mm has been

http://www.cnki.net
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demonstrated recently with Mo/ S multilayers.

3 Experimental results

3.1 Mo S multilayersforA =13 15nm

The main application of Mo/ S multilayer
mirrors in the EUV spectral
13.5 nmisthe development of EUV lithography
toolsfor the semiconductor industry. A good re-
view of actual developmentsin thisfield can be
found in the proceedings of the annual confer-
ence“ Microlithography”!®. In the past few
years, the main focus of research has been the

range around

increase of reflectivity of EUV mirrors, because
the desgnsfor EUV lithography systemsinvolve
9 mirrors and therefore the reflectivity of the
whole system is proportional to R .

A serious drawback of multilayer coatings
for their applicationin EUV opticsistheir limit-
ed range of reflectivity in the spectral range; the
spectral FWHM (full width at half maximum)
of typically 0.5 nm covers only a small part of
the output of some EUV sources, e. g. the spec-
trum of a broadband Xe source’ . In al cases
where maximum peak reflectivity is not re
quired, e.g. in EUV metrology , astronomy and
microscopy , broadband mirrors provide useful
applications.

Whereas the tailoring of the spectral prop-
erties of optical components is developed to a
high level and widely used for the hard X-ray
range, the UV , VISand IR, it israrely used by
now in the EUV range. However , some papers
focus on the use of depth-graded multilayer mir-
rorsin the hard X-ray region and in neutron
optics® . So-called" supermirrors’ with a broad-
band reflectivity have been developed on the ba
sis of a period thickness variation by a power
law!® . Specially depth graded multilayer mir-
rors” are used for telescopes, beam collimators,
and X-ray scanners'® .

Mo/ S multilayers with different thin film
designs were realized. Besde the maximization

of the peak reflectivity usng a periodic multilay-
er desgn, the maximization and minimization of
the FWHM were designed and realized usng
special broadband and narrowband multilayer de-
sgns, respectively.

Normal incidence reflection measurements
were performed with synchrotron radiation at
the PTB Berlin (BESSY 11) , Germany. All mir-
rors were measured in the wavelength range
12... 15 nm with a wavelength resolution of
0.02 nm and an accuracy of A R=0.5%. Thein-
cident angle of the beam wasfixed at 1.5, the
spot had a diameter of 1. 5 mm at the sample
surface. Fig. 5 compares the measured reflec
tance of Mo/ S multilayer mirrors with a period
ic, a broadband and a narrowband design.

Periodic design

A=13.5 nm

FWHM=0.50 nr

0.4 Broadband design
0.3 A=13~15 nm
FWHM=2.33 nm

Q.1 Narrowband design

12.5 130 13.5 140 145 150 155 »=135m

A/mm

Fig.5 Measured EUV reflectivity of Mo/ 9 multilay-

ers reflectivity

3.1.1 Broadband design

A norrperiodic desgn was used to obtain
the broadband reflection in the EUV range. The
design is based on a stochastic optimization
process of all layer thicknesses. A desired spec
tral reflectivity Ry ) in the wavelength range
betweenA min andA mx i used as a so-called target
function”. Numerical calculations are used to
optimize the design of a multilayer stack by a
stochastic variation of each layer thickness to
mi nimize the deviation between Ry \) and the re
flectivity RA) of the multilayer design. For this
purpose, the merit function
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)\max

MF :AL (RA) - RQ))*a

is minimized. For al caculations, we used a
commercial thin film design program (SCI Film
Wizard™). The optical constants of molybde-
num (Mo) and silicon (9) from the Henke ta
bles® were imported to this program. Before the
start of the calculation the number of layers and
limitsfor the maximum and minimum film thick-
ness have to be specified. The result of the opti-
mization strongly depends as well on a reasona
ble choicefor dwin and dmx ason a target function
RoQ ) with reflectivity values that are in an a
chievable range.

9
8F
E 7t
g
2 6l
é 5-
4}
3 4
0
Layer couple N
(a)
70 Mo/SN=50"y Kpr=79 = =
0=15° 1 R=74.6%
60 {(heomy) 1\ FWHM=0.63 na]
g sSor by R=T9 ]
g a0k 1 R31% ]
g ) ! | FWHM=231 nm]
& 30f ! .
: |
& 20 .
10
rall A EPE | AR T PN
qZ.O 13.0 14.0 150 16.0
A/nm
(b)
Fig. 6 Optimized thickness distribution (a) of a

broadband multilayer mirror in the wave-
length range from 13 nm to 15 nm and its
theoretical performance (b) in comparison
to a periodic multilayer mirror (dash line) .

A mirror with a constant (+ 1%) and as
high as possble reflectivity in the wavelength

range from 13 nm to 15 nm was designed. The
design consists of 101 layersof Mo and S in the
thickness range between 2. 8 nm and 4.5 nm.
The optimized thickness distribution of this mul-
tilayer and the theoretical performance demon-
strated in Fig. 6. An advantage of the nonperi-
odic design is the posshility to provide constant
reflectivity over wide spectral range.

Theintegral reflectivity Rt can be used to
estimate the performance of a broadband mirror.
It has to be noted that the measured integral re-
flectivity of the sputtered broadband mirrors was
found to be consderably greater (10 %to 30 %)
than the integral reflectivity of a periodic multi-
layer Mo/ S design.
3.1.2 Narrowband design

It has been shown that the FWHM of Mo/
S multilayer mirrors can be adjusted by varier
tion of the absorber layer thickness ratio I .
Snce this method is very limited the FWHM
variation of Mo/ 9 multilayer mirrors was real-
ized usng high reflectance orders. Smulation
resultsfor Mo/ S multilayer mirrors with N =50
periods used at normal incidence and optimized
for maximum reflection atA =13.5 nm are pres
entedin Fig.7.

According to the Bragg condition (2d Sn©®
=m ) for the application of high orders (m=2,
3 ), the multilayer period d hasto beincreased
as shownin Fig.4,(b). The FWHM off the re-
flection is reduced by a factor that is amost e
quivalent to the order of reflection m. The calcu-
lated theoretical reflectivities of the multilayers
decrease due to the higher absorption caused by
the increasng overall thickness, but the de
crease in their bandwidthsis much stronger. For
example, in the 3rd reflection order the FWHM
is reduced by a factor of 2.89 in comparison to
the 1st order mirror , whereas the peak reflectiv-
ity isonly reduced by afactor of 1.32 compared
to the 1st order mirror. In high reflection orders
a strong reduction of the FWHM can be a
chieved, e. g. in the 10th reflection order a re-
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duction by afactor of almost 8 is possble.

80
70
§ 60 [
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2 -
3 40
% 5
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0
13.0 132 134 136 138 14.0
A/nm
(a)
Period H. R « FWHM
m r N
nm % nm
1 6.92 0. 43 50 75.6 0.631
2 13.7 0.22 50 65.7 0,327
3 20.5 0.17 50 57.1 0. 220
5 340 0.096| 50 44,1 0,137
10 67.8 0.046( 50 25.2 0, 080

b

Fig.7 Theoretica performance (a) and corresponding de-
sign (b) of a Mo/ 9 multilayer with 50 periods
optimized for high reflectivity in high reflection
orders.

3.2 Cr/ < multilayersforA =3.1 4.4nm

Cr/ St is a promisng material combination
for multilayer mirrors in the water window re-
gion. A possible X-ray source for laboratory use
in this wavelength range is the N Ki-line at
3.16 nm. High reflectivities at this wavelength
can be achieved with Cr/ Sc multilayer mirrors if
the interfaces between adjacent layers are ex-
tremely smooth. Hence, the deposition parame-
ters of the magnetron sputtering process for
these material s have to be optimized carefully.

For X-ray microscopy, the wavelength
range between the absorption edges of oxygen
(2.28 nm) and carbon (4.36 nm) is very impor-
tant because it provides a good contrast between
organic materials and water™ . Therefore this
spectral region is called” water window”. The
development of X-ray microscopesfor this region
has been retarded for long time by the absence of

optical elements like mirrors or lenses. Modern
X-ray microscopes are usualy based on zone
plates as diff ractive elements, and the resol ution
of these microscopesis mainly determined by the
smallest spacings between the concentric rings
that form the zone plates™ .

An improvement in future developments of
X-ray microscopes may be possible by usng mul-
tilayer mirrors as optical elements, e. g. in a
The advantages of a
Schwarzschild objective are a large aperture and
no chromatic aberrations. In addition to imaging
optics multilayer mirrors are best suited for con-
dendsor optics of plasma sources™ because of
their posshility to act smultaneoudy as mono-
chromator and focusing element.

It has been demonstrated previoudy that

Schwarzschild objective!™! .

the combination Cr/ Scis suitable to realize mul-
tilayer mirrors for the water window™" . Model
calculations show that for wavelengths close to
the nitrogen Ki-line at 3. 16 nm, the material
combination Cr/ Sc has a higher theoretical re
flectivity than other material combinations™'.
The N Ki-line can be used as an X-ray sourcein
the water window , egecially for the laboratory
use where no synchrotron radiation is available.
3.2.1 Measured 0ft X-ray reflectivity

The soft X-ray reflectivity at near normal
incidence was measured with synchrotron radia
tion at the undulator beamline U125/ 1-PGM at
BESSY II, Berlin, Germany. Due to the absorp-
tion behavior of scandium, the highest reflectivi-
ty of R=17.3 % was achieved close to the Sc-2p
absorption edge at a wavelength of A =3.11 nm.
The reflectivity curve as well as the multilayer
desgn parameters are shown in Fig. 8.
3.2.2 Structura characterization by TEM and

AFM

The crosssectional TEM image of Cr/ &
show that the multilayer is homogeneous with-
out any perturbations (Fig. 9). The multilayer
structure is continuous and smooth; there is no
evidence of amplifying roughness or columnar
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Fig.8 Measured soft X-ray reflectivity of a Cr/ Sc mul-
tilayer and corresponding desgn parameters

growth through the multilayer stack. Snce Cr
has a higher atomic number , the Cr layer is dark
and the Sc layer is bright. Fig. 10 shows the
multilayer surface measured by atomic force mi-
croscopy over a scan areaof 14 mx 1Ud m with a
resolution of 512 x 512 data points. A rms
roughness of 0 = 0. 14 nm was calculated from
the measurement. Thisfact indicates on the in-
sgnificant development of roughness in Cr/ Sc
multilayer structure with increasng number of
periods. Hence, in order to enhance the reflec
tivity behavior , the number of periods should be
increased further to N =500 600.

S nm
e

Fig.9 High resolution cross section TEM image

3.3 </ Si multilayersfor A =35 50 nm

The S/ S material couple is a promising
candidate for high-reflective normal incidence
multilayer mirrors in the wavelength range be
tween 35 nm and 50 nm***")

’

The development

© 1994-2010 China Academic Journal Electronic Publishing House. All rights reserved.

Fig. 10 Nanotopography , measured by AFM
of multilayer optics for this part of EUV range
can give new impul sesin the wide applications of
discharge X-ray lasers™* | study of generation
of high-order spatially coherent harmonics from
lid targets®™ and construction of new astro-
physica™™ and spectroscopy'®
tions.
3.3.1 Measured EUV reflectivity
A seriesof Sc/ S multilayer samples with a
period d=18.7 nm  28.4 nm was prepared on
S (100) substrates for reflectivity measure

instrumentar

ments with synchrotron radiation. The multilay-
er periods d were optimized to achieve maximum
reflectivity at near normal incidencein the wave-
length range from 35 nm to 50 nm. The samples
consst of 20 bilayers with dlicon on top. All
samples were measured at near-normal incidence
©® =85°) and the energy of the incoming syn
chrotron beam was scanned over the region of
maxi mum reflectivity (Fig.11).

0.55 Sc/Si ( M1188

0.50{N=201 1 \\ r M8

0.45E— o —e—M1190]

U{ \ |-=-MI1191
——

040 Vil
2 035 \ ——M1209
2 030 HLTATNAN
3 oz i \
o pilwiw

0.15—4 ¥ \\ 5 ]

0.10 / o ]

A"t
0.05 Fds : o

a4 o1 4 A I
0'0%4 36 38 40 42 44 46 48 SO 52 54
A/mm

Fig. 11 Measured reflectivity of So/ S multilayers at an
grazing angle of 6 = 85°

http://www.cnki.net
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In the spectrum range from 38 nm to 46 nm
the reflectivity R of Sc/ S multilayer mirrors
have the tendency to growth from 23 % to 52 %,
resgpectively. Maximum reflectivity of R=52%
atA =45.9 nm (E=27 eV) was measured for the
sample M1194. The FWHM isAA =4, 62 nm
and the selectivity of the mirror S=A/AX iscom-
parable to the number of periods N. With in-
creas ng wavelength more above 46 nm a reflec
tivity decrease was found. According to these
experimental results the strong transtion of the
3p-core electrons to the practically unoccupied 3d
in scandium occurs at the wavelength about 46
nm (E =27 eV) , in the spectral range where
maxi mum reflectivity was found.

The comparison of theoretical (usng IMD
software’® and Henke’ s optical constants'®!)
and experimental reflectivity behaviors vs.
wavelength from different studies of Sc/' S mul-
tialyer mirrorsis shownin Fig. 12. It has to be
noted that our experimental results hasa consd
erable disagreement with the reflectivity meas
urements from Ref. [ 16]. According to these
previous studies the maximum reflectivity R =
54 % at the wavelength of 36 nm Sc/ S material
pair can be achieved and the reflectivity has the
tendency to drop with increasng wavelength.
This behavior agrees with theoretical ssmulations

using optical constantsfrom Henke!™'. In corr
— — =T 71
Sc/Si ~o-current stud
70k =) -~ [16](N=10
\ ~— Henke
60 N
g
2 5o\ A
-5 \
3 - ]
E - '
2 40 — _/
el
30 /{4/
/] !
20— ——
36 38 40 42 44 46 48 50
A/nm
Fig.12 Comparison of calculated and measured nor-

mal incidence reflectivities of Sc/ S multilay-
ers

trast our measured reflectivity results in the
wavelength range 41 nm >A >36 nm show an op-
poste behavior and cannot be describe by Hernr
ke soptical constants.
3.3.2 Structural characterization by TEM and
AFM

It has to be noted that due to strong chemica
activity of scandium a conventional preparation
process of Sc/ S samples for TEM investigation
can result in artifacts. Therefore, a low -tem-
perature preparation process (T < 30 ) was
used. Crosssectional TEM image of Sc/ S multi-
layer coating is shown in Fig. 13. The light and
dark (with light regions) bands correspond to
the S an Sc layers, respectively. The multilayer
structure is continuous and smooth. The metal
layers are a polycrystalline fcc scandium. The
slicon layers appear to be amorphous. In growth
direction the width of the scandium crystallites

Fig.13 Cross section TEM image of Sc/ S(d=24.5 nm

andl" =0.37)
-2.00 [2.0 nm
1.0 nm
-1.00 0.0 nm
Digital Instruments NanoScope
Scan size 2.000 um
Scan rate 0.906 0 H_{
Number of samples H "S'IIH
-0 Image data B eight
0 1.00 2.00 Data scale 2.000 nm
m
Prob m1193b; nms; 0.20 nm(F13)
11047-3_n11.020

Fig.14 Nanotopography , measured by AFM
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and the pure amorphous dlicon layers are 5.5
nm=0.2 nmand 14.9 nm£0.2 nm, respective
ly. The pure layers are separated by amorphous
The width of the transtion
zonesis2.5nmz0.2nmand 1.7 nm=0.2 nm

trandtion zones.

on SconrS and S-on-Sc interfaces, respective-
ly. Theinterpretation of Sc/ § TEM images and
egpecialy separation of the real physical phe
nomenon and artifacts due to sample preparation
for this material systemis difficult and not obvi-
ous.

The quantitative analyss of the surface
roughness has been performed by AFM investi-
gation. It was found that the surface roughnes
sesared0 =0.2 nm ando =0.21 nmfor the Sc/ S
multilayer mirrors with top slicon (Fig.14) and
top scandium layers, respectively. These values
are close to the surface roughness of the S-sub-
strates.

4  Summary

High reflective Mo/ S, Cr/ & and S/ S
multilayer mirrors for different applications in
the EUV and soft X-ray wavelength range were
designed, deposited by dc magnetron sputtering
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