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We investigate polarization properties of two novel reﬂective Mo/Si multilayers (ML) in the EUV range
using polarized synchrotron radiation at the BESSY-II storage ring facility. One of the Mo/Si ML is used as
a retarder, the other one as an analyzer within the experimental setup of the BESSY soft-x-ray
polarimeter. The analyzer multilayer is characterized by performing reﬂectivity measurements with
s- and p-polarized light as a function of the incidence angle for different wavelengths. The characterization of the retarder multilayer consists of reﬂectivity measurements with s- and p-polarized light as a
function of the wavelength for three different angles near normal incidence. In addition the phase
retardance on reﬂection was determined for one angle of incidence as function of wavelength.
Uncertainties of the phase retardance are estimated via the block bootstrap method. As an additional
by-product of the ML characterization the Stokes parameters of the beamline could be determined. With
the 8-axis BESSY polarimeter we have measured the complex reﬂection coefﬁcients for the ﬁrst time and
established this ellipsometry technique as an additional probe to characterize multilayer optical
elements.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
High-reﬂectivity Mo/Si ML coatings operating in near-normal
incidence geometry are required for the next generation of EUVlithography at 13.5 nm [1]. Up to now such optical coatings are
routinely characterized by reﬂectivity measurements. Optical
imaging in EUV lithography requires both uniform reﬂection over
different incidence angles and control over polarization effects,
i.e. the phase retardance of the incident light upon reﬂection by
the mirror. At present the latter information is obtained from
coating models. In future EUV-systems with a higher angular load
on the mirrors due to the increased numerical aperture the
polarization dependent phase behavior will become more important. The phase behavior might have a detrimental effect on the
contrast of the illuminated structure. A veriﬁcation of the MLmodel becomes necessary for the next generation lithography.
Therefore at-wavelength metrology and polarimetry is a very
desirable tool for the characterization of high-quality ML EUVL
optical systems [2]. With the 8-axis BESSY polarimeter [3] which
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is routinely used to characterize ML optical elements for polarimetry purposes in the water window range [4] and at XUV
energies [5,6] we have measured the reﬂection coefﬁcients Rs
and Rp and the relative phase retardance of the s and p components of the light reﬂected from the Mo/Si ML [7]. To have a
meaningful and quantitative comparison between the simulation
of the coating model and the measured data the uncertainties of
the measured phase retardance are required. For this reason the
block bootstrap method is introduced.

2. Experiment
The reﬂectivity and ellipsometry measurements were performed with the BESSY soft-x-ray polarimeter [3] that was
upgraded to allow polarimetry measurements with both optical
elements in reﬂection mode [8]. The principle of the polarimeter
is based on the independent rotation of two optical elements
around the light axis by the angles b and g while the intensity is
recorded by a polarization insensitive detector (GaAs Schottky
photo diode). The ﬁrst optical element is the retarder, which
introduces a phase retardance D between s- and p-waves upon
reﬂection. It is realized by a Mo/Si ML with a grazing angle of
incidence yA. The second optical element is the analyzer with an
angle of incidence yg. For the present work this is also a Mo/Si
ML with the Bragg angle set to near the Brewster angle at
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approximately 451. Radiation that passes the polarimeter and hits
the detector is described by the Stokes vector QUOTE D. Assuming
that the detector is polarization insensitive the measured signal
SD0 is given by the polarimetry equation [3,9,10]:
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The polarimetry equation includes seven unknown
variables, namely the four Stokes parameters (S0, S1, S2, S3)
describing the source, the polarization properties of the
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formulate the approximation is that the measured data have to be
independently and identically distributed (i.i.d.). Bootstrap substitutes the poorly known cumulative distribution function Fy by the
empirical distribution function F^ y of the measured data. Let a^ be an
estimate for an unknown parameter. A bootstrap sample
yn ¼ fyn1 ,yn2 ,. . .ynn g is produced by drawing n times at random with
replacement from the measured data y ¼ fy1 ,y2 ,. . .yn g. The generated sample has the same length as the original data. A bootstrap
n
parameter estimate a^ is calculated from the bootstrap sample by
ﬁtting to yn. For a large number B of bootstrap samples the
distribution of a^ is approximated by the distribution of the bootn n
n
strap output a^ 1 , a^ 2 ,. . ., a^ B [14–17].
The (1 a) bootstrap percentile conﬁdence interval (CI) for the
corresponding parameter is given as:
h


a  nm 
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nm
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where a^ are the bootstrap estimates in ascending order.
Considering the relative residuals, i.e. (yi-SDo)/yi, with a ¼(So,
S1, S2, S3, c1, c2, D), the assumption of i.i.d. data cannot be made.
Clear residual structures can be seen in Fig. 1 taken from a typical
polarimetry measurement.

ð1Þ
retarder (D) and c1 ¼ arctanð9r ð1Þ
p 9=9r s 9Þ and of the analyzer
ð2Þ
c2 ¼ arctan ð9rð2Þ
p 9=9r s 9Þ. In the next chapter these seven variables

are collectively noted as a, r ðs1,2Þ and r ðp1,2Þ are the complex
reﬂection coefﬁcients in s- and p-geometry of the ﬁrst and second
ML respectively.
The measurements are performed at the plane grating monochromator beamline PGM-1 [11] connected to the APPLE-II type
undulator [12] UE56/2 at the BESSY-II storage ring facility.
The spectral resolution is 0.1 eV using a grating with 400 l/mm,
a front-end aperture of 2  2 mm2 at 13 m from the source and a
ﬁx-focus constant of cff ¼1.4. By choosing this ﬁx-focus constant
value the monochromator operates in high order suppression
mode. A beryllium ﬁlter was set into the beam path to further
reduce the higher order contribution of the radiation. All measured signals are normalized to the ring current.

3. Block bootstrap
To have a quantitative comparison between the experiment
and the ML coating model the quality of the estimated parameters
has to be considered. In general, given a set of measured data and
a known model function f(x,a), the unknown parameter vector
a ¼{(aj,j¼ 1,ym)} can be estimated using a ﬁtting technique such
as nonlinear least w2-ﬁt. Each individual measurement yi has an
uncertainty syi , that is included in the w2 deﬁnition. Minimizing
w2 leads to an optimal parameter vector â. To get the uncertainties saj of âj one calculates the second derivative of w2 at a ¼ â
!
ð@2 w2 ^ð a^ ÞÞ
2
ð2Þ
¼ 2 ¼ 2C 1
jj
s aj
@2 a^ j
The standard error saj can also be calculated by determining
the inverse of the covariance matrix C.
The measurement uncertainties syj are required to estimate
saj . In many practical applications the measurement uncertainties
are poorly known and only doubtful approximations can be made
to syj and thus on the variance of and covariance between the
elements of a.
A different approach is the bootstrap method, which gives
measures of uncertainties to sample estimates. The approach has
been introduced by Bradley Elfron in 1979 [13]. Bootstrap
is a computational method to ﬁnd approximately a sampling
distribution from the sample measured. The assumption made to

Fig. 1. Relative residuals of a typical polarization measurement.

One way to extend the basic bootstrap principle to dependent
data is the block bootstrap [18,19]. Rather than re-sampling single
data points the block bootstrap re-samples observations that are
put together in blocks. As a result, the dependence structure of
the original observation is preserved within each block. This
weakens the assumption of i.i.d. data by assuming that only data
points that are ‘‘far apart’’ have to be independent. The measurements close to each other remain in the dependency.
The bootstrap method is a mathematical approach to estimate
statistical errors. Having systematic errors may lead to false
results.
The validity of the block bootstrap in our case is tested with
the following procedure (see Table 1):
1. Calculate signal values according to the polarimetry equation
for given Stokes parameters, c1, c2 and phase retardance D.
2. Add the residuals from a measured data set to the values
obtained in step 1.
^
3. Calculate estimates a.
4. Create block bootstrap samples by putting eight measurement
points, taken at the same b, in one block.
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Table 1
Theoretical parameter values a, that have been chosen close to the estimated parameters from two polarization measurements a^ are the estimated values from the least
w2-ﬁt with corresponding 95% CI.
Test 1

a

â

95% CI

Test 2

a

â

95% CI

S0
S1
S2
S3
c1
c2
D (rad)

2080.0
 0.050
 0.090
 0.9947
0.750
0.300
 0.004

2079.9
 0.051
 0.090
 0.9947
0.750
0.299
 0.004

(2072.1, 2087.8)
(  0.067,  0.046)
(  0.115,  0.085)
(  1.0000,  0.9911)
(0.740, 0.750)
(0.262, 0.432)
(  0.018, 0.009)

S0
S1
S2
S3
c1
c2
D (rad)

2080.0
 0.050
 0.050
 0.9975
0.540
0.360
 0.110

2080.0
 0.049
 0.053
 0.9974
0.546
0.347
 0.107

(2072.5, 2088.0)
(  0.056,  0.043)
(  0.056,  0.043)
(  1.000,  0.9969)
(0.527, 0.565)
(0.296, 0.386)
(  0.118,  0.0964)

5. Fit the model function to the block bootstrap sample, thus
n
determine block bootstrap estimates a^ .
6. Repeat steps 4 and 5 B ¼5000 times to obtain the distribution
n
of a^ .
7. Calculate the 95% conﬁdence interval.

All parameters are within the 95% CI, as listed in Table 1, i.e.
the block bootstrap method gives reliable results in our case.

4. Results and discussion
4.1. Reﬂectivity measurements of the analyzer ML
The reﬂection analyzer is characterized by performing reﬂectivity measurements as a function of the incidence angle yA
(Bragg curves) for different wavelengths of the incident light.
The goal of the measurements is to independently characterize
the analyzer ML. A good analyzer should have a large reﬂectance
Rs and a large suppression ratio Rs/Rp. Rp is minimized at the
Brewster angle and Rs is maximized at the Bragg angle, thus an
ideal analyzer is one where the Bragg angle is equal to the
Brewster angle.
Fig. 2 shows Bragg curves as function of yA for different
wavelengths varying from 12.65 nm to 13.78 nm in p- and
s-geometry. Fig. 3 illustrates the same in the range of
13.78 nm–14.59 nm. The thick curves outline a single Bragg curve
at one wavelength. The large dots denote the measured maximal
value, i.e. the peak reﬂectivity for each Bragg scan. Note that the
angular position of the Bragg maximum and its width in s- and pgeometry are not identical.
Fig. 4(a) sums up the peak reﬂectivity of all measured Bragg
curves shown in Figs. 2 and 3. According to Bragg’s equation the
peak position moves towards lower grazing angles for lower
wavelengths and vice versa. S-reﬂectivity is nearly constant,
while p-reﬂectivity goes through the Brewster minimum at
13.78 nm and yA ¼48.41 (Rp E10  3). Fig. 4(b) shows the suppression ratio, which is at maximum at the Brewster angle
(Rs/Rp E900).
The large suppression ratio up to 900, as well as the high
reﬂectivity up to 63%, justify the use of this MoSi ML as a
polarization analyzer in the experimental setup in the investigated wavelength range.
Note that while crossing the Brewster angle the Kiessig fringes
change character. At the Brewster angle the p-reﬂectivity is at a
minimum. Going to either side of 13.78 nm, the p-reﬂectivity
peak appears out of the þ1 or 1 Kiessig fringe as shown in
Fig. 5. This behavior is supported by theory as could be shown
with the simulation program REFLEC [20].

Fig. 2. Bragg curves of the analyzer ML for s-polarized (a) and p-polarized (b) light
for a wavelength range of 12.65 nm–13.78 nm.

Fig. 3. Bragg curves of the analyzer ML for s-polarized (a) and p-polarized (b) light
for a wavelength range of 13.78 nm–14.59 nm.
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Fig. 6. Reﬂectivity measurements for s- and p-polarized light. The incident angle
at 201, 101 and 51 off normal, was kept ﬁxed while varying the wavelength. The
two solid lines are model calculations performed for 201 off normal incidence.
Fig. 4. (a) Sums up the peak reﬂectivity for s- and p-polarized light at different
energies. The black square denotes the measured Brewster minimum of Rp taken
from the measurements at 13.78 nm. (b) Shows the peak ratio Rs/Rp.

Fig. 7. Phase retardance for the Mo/Si ML with conﬁdence intervals calculated via
the block bootstrap method obtained with circularly polarized light. The gray
enlarged area shows two measurements taken at the same wavelength.
Fig. 5. Bragg curves for different energies in p-geometry. The large dots denote
the peak reﬂectivity of each Bragg curve. The two solid curves show two different
measurements at the same wavelength of 13.78 nm. With an increase or decrease
of the wavelength two neighboring peaks P  1 and P þ 1 start to gain intensity
following the  1 or þ 1 arrow accordingly.

4.2. Reﬂectivity measurements of the retarder ML
The reﬂectivity of the retarder ML measured as function of the
wavelength for three different angles near normal incidence is
shown in Fig. 6. Maximum Rs reﬂectivity of 67% was measured at
13.27 nm, maximum Rp reﬂectivity is 58% at 13.22 nm for
yA ¼701. The difference between Rs and Rp decreases going
towards normal incidence, as expected from Fresnel equations.
Minor differences between model (calculation as provided by the
supplier of the multilayer) and measurement can be seen regarding peak position. In the region of the Kiessig fringes the
differences are more signiﬁcant.
The measured reﬂectivity of the retarder ML at yA ¼701 will
further be used in the polarimetry measurement (see Section 4.3)
for the determination of the phase retardance D.pKnowing
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ the

ratio Rp/Rs allows the free parameter c1 tanc1 ¼ Rp =Rs to be

ﬁxed within the polarimetry Eq. (1). Using the measured data for
this ratio reduces the ﬁtting equation by one degree of freedom
and thus makes the ﬁt more stable. Additionally the ﬁtting
parameter D is highly correlated with c1 and ﬁxing c1 eliminates
the uncertainty due to this correlation.
4.3. Phase retardance of the retarder ML
Polarization measurements were performed to determine the
phase retardance according to the polarimetry Eq. (1). The grazing
incidence of the retarder was set to yA ¼701, while the analyzer
was set to the angle corresponding to the maximum Bragg
reﬂectivity for the particular wavelength being measured. Under
these conditions the azimuthal angles b and g were varied over
full 3601 available. The polarization of the radiation was set to
right-hand circularly polarized light, i.e. the Stokes parameter S3
is  1. Another data set was taken with linearly polarized light.
The b stage held the retarder ML in reﬂection geometry and
produced a phase retardation between the two orthogonal electric ﬁeld components of the incoming light. The g stage held the
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approx. 13 nm. Beyond this tuning range the motion of the
magnets is limited and the output becomes increasingly elliptical
with an increasing proportion of S1 being produced at the expense
of the circular mode. Within the tuning range the average value of
S3 is  0.9963 with a standard deviation smaller than 10  3.
5. Summary

Fig. 8. Stokes parameters determined from the polarimetry measurement of the
UE56/2 PGM-1 beamline. The gray square indicates two measurements taken at
the same wavelength. Reduction is due to tuning range limitation of the UE56 in
circular mode.

analyzer, which was operated near the Brewster angle. The
previously independently measured ratio of Rp/Rs (Fig. 6) was
used in ﬁtting the polarimetry Eq. (1) to the measured data.
Fig. 7 shows the phase retardance D and the model calculation
as function of wavelength for the retarder ML. This data set was
obtained using circularly polarized light. The error bars in Fig. 7
were estimated via the block bootstrap method. The blocks were
created by putting eight neighboring measurements, taken at the
same b, within one block. The calculation was performed once
with a free parameter c1 and once with a ﬁxed one. In each
case the largest value of the calculated 95% CI was taken as a
corresponding error bar. That way the inﬂuence of the uncertainties of the ratio Rp/Rs were taken into account in the CI of the
phase retardance.
The phase retardance is in good agreement with the model
calculation except for the region around 13.44 nm. Maximum
phase retardance stays below 0.7 nm. The phase retardance at
maximum Rs reﬂectivity at 13.27 nm is D ¼  0.23 nm. D changes
sign at 13.18 nm.
The block bootstrap CI gives an accuracy of the phase retardance better than 0.1 nm. Data points taken twice at the same
wavelength agree in their corresponding CI as can be seen in the
gray enlarged area within Fig. 7.
The measurements taken with linearly polarized light show
physically non-plausible results. Within the polarimetry Eq. (1)
the only terms depending on D are two cosine functions. Thus w2
depends only weakly on D, when D is small. The sign of the phase
retardance is undetermined.

We have characterized the reﬂectivity of Mo/Si MLs and
determined the relative phase retardance in the EUV range with
polarized synchrotron radiation. Block bootstrap method was
used to determine an error of the phase retardance values to
ensure a reliable veriﬁcation of the ML-model. The phase retardance was always less than 0.7 nm across the Bragg peak and the
Kiessig fringes with an accuracy of 0.1 nm. Minor differences can
be seen between the model calculation and the measurement for
the reﬂectivity as well as the phase retardance.
Our ellipsometry technique is an additional sensitive probe to
characterize ML optical elements and it enables complete atwavelength characterization. Measurement of complex reﬂection
coefﬁcient allows a more reﬁned test of the ML model, including
interdiffusion layers and interface structure. Information on the
phase retardance improves the control of the wavefront and thus of
the imaging resolution in EUV systems. The use of circularly
polarized light is essential for the phase retardance determination.
In addition the complete polarization state of the beamline
UE56/2 PGM-1 in the EUV range is determined from the polarimetry measurement with a precision of 0.1%.
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F. Schäfers, et al., Applied Optics 38 (1999) 4074.
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