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Abstract; Broadband Mo/Si multilayer polarization optical elements were developed for the extreme
ultraviolet (EUV) region, including a reflective analyzer and a transmission phase retarder. These
multilayers were designed by a combined analytical/numerical method based on an aperiodic stack.
Then these aperiodic multilayers were fabricated using direct-current magnetron sputtering technolo-
gy. The multilayer structures were measured by an X-ray Diffractometer (XRD) working at the Cu-
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Ka line, and the polarization response was characterized by the polarimeter on the UE56/1-PGM1
beamline at BESSY-1I, in Berlin. The measured s-polarized reflectivity is higher than 15% over the 13
~19 nm wavelength range,and nearly constant s-reflectivity, up to 37%, is observed over the 15~17
nm wavelength range. Furthermore, these aperiodic multilayers show high s-reflectivity and polariza-
tion over a wide angular range at fixed wavelength. The measured phase shift is 41. 7° over the 13. 8~
15. 5 nm wavelength range. Using an aperiodic transmission phase retarder and a reflection analyzer, a
complete broadband polarization analysis system was developed. The polarization properties of the
synchrotron radiation from the beamline UE56/1 PGM1 at BESSY-II were systematically characterized
in the 12. 7~15. 5 nm wavelength range by this newly developed broadband polarization analysis sys-
tem. This kind of broadband multilayer polarizing elements can be used in EUV polarization measure-
ments and will greatly simplify experimental arrangements.

Key words: polarization element; multilayer; phase retarder; polarimeter; extreme ultraviolet; syn-

chrotron radiation

elements will greatly simplify experimental ar-

1 Introduction rangements in EUV polarization measurement.

The design, fabrication and characterization of
For polarization-sensitive studies, such as aperiodic multilayers have been described previ-

circular dichroism spectroscopy, spin-polarized ously""*. This article will summarize the Mo/Si

photoelectron spectroscopy and spectroscopic el- broadband polarization elements and their appli-

lipsometry, accurate evaluation of the polariza- cation in broadband polarization analysis.

tion state of the radiation is necessary, which re-

quires polarization optical elements, such as ana-
lyzer and phase retarder. In extreme ultraviolet
(EUV) and soft X-ray regions, periodical multi-
layers are commonly used in polarization study
when they work at the quasi-Brewster angle.
However, because of the narrow spectral band-
width of a periodic multilayer, the multilayers
must be changed or rotated to perform broad-
band polarization analysis. In order to improve
this situation, Wang has proposed the design of
broadband polarized elements utilizing aperiodic
multilayers, including a reflective analyzert'™"
and transmission phase retarder’®®. All the ape-
riodic multilayers were designed by using a com-
bined analytical/numerical method and prepared
by the magnetron sputtering system in Tongji
University. Their polarization performance was
characterized by the high-precision polarimeter
at BESSY-II, in Berlin, Germany. This kind of
aperiodic multilayer can work in a broad spectral
bandwidth at fixed Brewster angle, or exhibit a
wide angular range at fixed wavelength. Hence

these broadband multilayer polarization optical

2 Design and preparation

The design of broadband multilayers for po-
larization analyzers requires determination of the
following parameters: material combination, in-
cident angle and layer thickness distribution.
The best material combination for a multilayer is
to form smooth and abrupt interfaces with high
optical contrast and low absorption. In the 12. 4
~20 nm wavelength range, just above the Si L-
absorption-edge, molybdenum (Mo) and silicon
(S1) provide a suitable material combination. At
the quasi-Brewster angle, the difference between
the s- and p-reflectivity is largest, for which a
reflective analyzer can be obtained. Since the
complex refractive indices of all materials are
very close to unity in the EUV range, the quasi-
Brewster is close to 45°. The polarization degree
P of the beam reflected from a multilayer is de-

termined in the usual manner from
R.,—R,
R.AR,’

where, R, and R, are the reflectivities for s- and

P= (D

p-polarized radiation, respectively. In the design
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of a reflective multilayer analyzer, the optimiza-
tion of the layer thickness distribution is a-
Merit

chieved by minimizing the Function

(MBF),

MF:%ZU—P(A,)]Z, 2)
i=1

where the summation is over a selection of dis-
crete wavelengths in the desired range. The lay-
er thickness distribution is considered as an inde-
pendent variable. During the recursive optimiza-
tion, only randomly selected layer thickness
changes that decrease MF are retained, finally
leading to an optimized layer thickness distribu-
tion that provides a minimum value of MF. For
the wide angular multilayer analyzer, the opti-

mization is achieved by minimizing the MF
MF = L 37— P (3)
i=1

where the summation is over a selection of dis-
crete angles in the desired range.

The phases of the transmitted s(®,) and p
(P,) electromagnetic fields can be calculated by
following the formalism of Vidal and Vincent'",
in which the phase shift A=, — @, is evalua-
ted as a function of wavelength, grazing angle,
optical constants of the materials, number of
layers and their thicknesses. Initially, the pub-
lished criteria for selecting the material and the
number of bi-layers were used to satisfy both the
maximum phase shift and the transmission inten-
sity™™), Then, the grazing angle was set in the
region between the Bragg peak and the total re-

) at which the phase shift is maximum.

flection
The numerical optimization method was based on
the minimization of the MF
" 1/2
MF — (%2(@0 —Aa0GY) W

=1
where A®P(A;) is the calculated phase retardation
at wavelength 2A; and @, is the desired phase
shift.

After design, all the Mo/Si aperiodic multi-
layers were fabricated by using a high vacuum

direct current magnetron sputtering deposition

system (JGP560C, made in China)t'*' with tar-
gets of Mo (purity 99. 95%) and Si (99. 999 %)
in Ar (99.999%) gas. The reflective multilayers
were deposited onto 20 mm X 30 mm silicon sub-
strates. The transmission multilayers were de-
posited on silicon nitride (Si;N,) membranes
with thickness of 100 nm and size of 5 mm X
5 mm. In order to calibrate the deposition rate
of each sputtering target and determine the mul-
tilayer structure, the multilayers were measured
using small-angle X-ray diffraction (D1 system,
made by Bede Ltd. , UK) working at the copper
K, line (0. 154 nm)t o112,

3 Measurement results and discus-

sion

3.1 Reflective Mo/Si multilayer analyzers

The optical performance of our aperiodic
multilayer polarization elements was evaluated
by using the high-precision, 8-axes ultra-high
vacuum soft X-ray polarimeter on the beamline
UE56/1-PGM-1 at BESSY!".

can be used for the characterization of reflection

The polarimeter

or transmission properties as well as the polari-
zing and phase retarding properties of any optical
element. Horizontal linearly polarized undulator
radiation was used to characterize these reflec-
tive Mo/Si multilayer analyzers with different
spectral bandwidths: 13 ~19 nm, 14 ~18 nm
and 15~17 nm. Fig.1 shows the measured re-
sults and the summary is given in Tab. 1. All the
analyzers were designed for a grazing incidence
angle of 50°. The design data are shown for
comparison. The measurements show that (a)
the s-reflectivity was between 15% and 27%.,
with a mean of 18% in the 13 ~19 nm wave-
length range, (b) the s-reflectivity varied from
17% to 25% with a mean of 21% in the 14~18
nm range, and (c¢) an almost constant s-reflec-
tivity of &37% was obtained in the 15~17 nm

range. The measured p-reflectivities were very
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low in all cases. The measured s-reflectivities terfacial roughness and diffusion.
are smaller than the calculated values due to in-
Tab.1 Design parameters and calculated and measured performance of Mo/Si
multilayer analyzers for different spectral bandwidths (errors are rms values)
R,_mean (%) R,_mean (%) P_mean
Sample
calc. meas. calc. meas. calc. meas.
18.243.6
(a) 13~19 nm 30.4£1.2 0.24+0.16 0.2040. 16 0.985 0. 980
(15—27)
21.1£2.5
(b) 14~18 nm 35.0%0.1 0.18%£0. 14 0.16=%0.16 0. 990 0.986
(17—25)
36.6+£0.7
(¢) 15~17 nm 50.0£0. 2 0.1740.07 0.2440.08 0.993 0. 987
(36—38)
. F3-19 nm 10°
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Fig. 2 Measured s- and p- reflectivities of the analy-
Fig. 1  Measured s- and p- reflectivities of Mo/Si
'€ casured ST and pr reflectivities o o/ i sis shown in Fig. 1 (¢) as functions of the
ltila analyzers optimized f stant
muttiiayer analyzers optimized for constan wavelength at grazing incidence angles of 50°
reflectivities over the wavelength ranges 13 (design angle) » 48° and 45°
~19 nm (a), 14 ~18 nm (b) and 15~
17 nm(c).
0.5 . . . . = ,
0AE(1)A=165mm ™ smtommsrn,, Lt
Aperiodic multilayer analyzers not only ex- 02k . "“_:::,' :g g
o ] ' ' 0Tk PO s %, 4107
hibit broad spectral widths at their design an- 0.0F A o ; 107
04F . S s, o 110°
gles, but can also be used at nearby angles. In 8% . ::‘;‘ . ..(HM‘]“ m 1.0
L = P - [
) ) o v Shng orots .. 1102 &
order to demonstrate this, the multilayer (c) 8'65-”*»-*"-::.,' L !:;:3‘2"1 110
- n I
shown in Fig. 1 was also measured at grazing in- 8% R (MA=146nm {18
cidence angles of 45° and 48°. The measured s- A A0y, 107
- — 0.0E RSO S 107
and p-reflectivities are shown in Fig. 2 and com- 35 20 45 50 35 60 65
pared with those at 50°. It can be seen that the Grazing angle/(")
reflectivity shifts to shorter wavelengths when Fig.3 S and preflectivities for broadband Mo/Si

the grazing incidence angle decreases. The range
is 15~17 nm for a grazing incidence angle of 50°
(as designed), shifts to 14, 5~16.5 nm at 48°
and to 13. 8 ~15. 8 nm at 45°, in keeping with
the Bragg equation.

multilayer analyzer as function of grazing in-
cident angle at different wavelengths of 16. 5
nm (), 15.5nm ([l ), and 14.6 nm
.
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It follows from the Bragg equation that if a
multilayer mirror is designed to reflect over a
range of wavelengths at a fixed angle, it will al-
so reflect over a range of angles at a fixed wave-
length. The s- and p-reflectivities of the sample
(¢) shown in Fig. 1 were also measured at differ-
ent wavelengths: ( 1) 2=16.5 nm, (][ ) A=15.
5 nm and ([Il) A=14. 6 nm. As shown in Fig. 3,
broad

spectral widths at the design angle, but also can

aperiodic multilayers not only exhibit

be used at nearby angles. At a wavelength of
15.5 nm, the s-reflectivity is flat and as high as
36.6% from 43° to 54°, and the p-reflectivity is
symmetric in this range (Fig. 3[).
3.2 Transmission Mo/Si multilayer phase re-
tarder and complete polarization analysis
Mo/Si multilayers deposited on transmit-
tance Si; N, membranes can be used as phase re-
tarders. The performance of the phase retarder

was evaluated using the high-precision, ultra-
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high vacuum eight-axis polarimeter on beamli-
neUE56/1-PGM1 at BESSY-II. In order to sim-
plify the polarization measurements, a broad-
band reflective analyzer was also used in the ex-
periment-!, In order to decrease the fitting er-
ror, the s- and p- component reflectivities of the
analyzer were measured directly. The measured
s-reflectivity is 13% ~ 25% in the wavelength
range of 12. 5~15 nm at the quasi-Brewster an-
gle of 47. 5°, and the reflection ratio R,/R, is
less than 0. 01, which is small enough to allow
the analysis of the complete polarization state of
an EUV beam. The horizontally polarized radia-
tion was used to characterize the transmission of
the phase retarder. A full polarization analysis
was performed by recording the intensity behind
the phase retarder and analyzer at four different
analyzer azimuth angles (8) (0°, 45°, 90°, and
135°) and for 19 phase retarder azimuth angles

(@), corresponding to rotation over 180°-"11%)
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Fig. 4 Polarization measurements with Mo/Si multilayer combination of phase retarder and analyzer at wave-

length of 15 nm. showing the angular distribution of the transmitted intensity as a function of the

phase retarder azimuthal angle « for four settings of the analyzer azimuthal angle 8. The scale factor

F, three fitted Stokes-Poincaré parameters P, (one direction of linear polarization), P, (orthogonal di-

rection) , P; (circular polarization) of the incident radiation and the polarizing properties of the two
optical elements are; F=16.540.5, P,=—0.001%0.001, P,=—0.089+0.002, P;,=—0.999+
0.001, A@=(38.44+0.2)°, T,/T,=0.9104+0.001, R,/R.=0.01940. 003.
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A typical polarimeter spectrum of the transmit-
ted intensity normalized by the incident intensity
at a wavelength of 15 nm is shown in Fig. 4.
These data were analyzed by using the least-
squares fitting method with seven free parame-
ters, i. e. , three Poincaré parameters (P,, P,.,
P,) equal to the Stokes” parameters normalized
with respect to the total intensity S, (P, =S,/
Sy) s a scale factor F=S,/1, (I, is the normalized
intensity of incident beam), the transmission
and reflection ratios T,/T, and R,/R. for the
phase retarder and analyzer, respectively, and

the phase shift A®.
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Fig.5 (a)Calculated (with interlayer roughnesses ¢
=0 nm and 1 nm) and fitted phase shifts.
(b) Calculated (with roughness 1 nm) and
measured transmissions T, and T, as func-
tions of wavelength at a grazing incidence an-

gle of 47°.

The best overall fit, keeping R,/R, fixed at
the directly measured values, resulted in a phase
shift of the aperiodic transmission phase retard-
er; the fitted results are shown in Fig. 5(a).
The measured phase shift decreases from 55. 6°
to 38. 1° with an average of (41.7=+4. 3)° over
13.8~15.5 nm wavelength range. As shown in
Fig. 5(b), the transmission of the phase retarder
was also measured at a grazing angle of 47°. The
transmission intensity was 6% ~2% in 13. 5~
15.5 nm range with a transmission ratio T,/T,
of 0. 96+0.11. The calculated results with an
interface roughness of 1. 0 nm are in good agree-

ment with experimental data.

3.3 Broadband polarization analysis of EUV ra-

diation at BESSY-II

As described above, the broadband polariza-
tion analysis consists of a broadband transmis-
sion multilayer phase retarder and a broadband
Using the high
precision ultra-high vacuum eight-axis polarime-
ter on beamline UE56/1-PGM1 at BESSY-II,

the complete polarization analysis of synchrotron

reflective multilayer analyzer.

radiation was performed™ . The polarization pa-
rameters of the radiation were also determined
by a least-squares fit to the measured data. The
measured Stokes-Poincaré parameters of the ra-
diation as a function of wavelength are shown in
Fig. 6. The circularly polarized parameter P, is
close to unity while the linearly polarized values,
with averages P, = 0. 007 = 0. 026 and P, =
—0.053+0. 005, oscillate around zero over the
wavelength range. As the wavelength increases
from 12. 7 nm to 15. 5 nm, the linear polariza-
tion parameter P, changes from positive to nega-
tive with a minimum of —0. 14 at 15. 2 nm wave-
length. The fitted behaviors agree quite well
with model predictions of the circularly polarized
radiation. The wavelength dependence of the po-
larization of the synchrotron radiation can thus
be characterized by a complete polarization anal-
ysis without changing the incidence angles of the
broadband phase retarder and analyzer; this can
lead to a considerable simplification for such sys-
tems.

The UE56 undulators at BESSY-II are ellip-
tical polarizing insertion devices of the Apple-
type. The difference to a standard planar undu-
lator is the horizontally split magnet rows above
and below the electron orbit. The shifting of
these rows produces a helical field at the position
of the electron beam causing an elliptical or even
circular trajectory. Using these newly developed
broadband polarizing elements, the polarization
of the radiation from the BESSY-II UE56/1-
PGM at 13. 1 nm was measured as f{unction of

the shift of the magnetic rows. The Stokes-
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Fig. 6 Stokes-Poincaré parameters (P,, P,, P;) of
the circular radiation from the BESSY-II
UE56/1-PGM1 beamline as functions of the
wavelength, at fixed angles of the Mo/Si
broadband phase retarder (45°) and analyzer
47,

Poincaré parameters are shown in Fig. 7 together
with the fitted curves and gap values, which
were also changed with the shift in order to fix
the energy of the undulator harmonic. The graz-
ing incidence angles of the phase retarder and an-
alyzer were fixed at 45° and 47°, respectively.
At the largest shift of the diagonal magnets, the
radiation is nearly completely circularly polar-
ized, with |P;| = 0. 94. For the shift with
0 mm, the linear polarization is largest, with
| P,|=0.96. These measurement results are in
good agreement with the expected variation from

the known undulator parameters.
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Fig. 7 Measurement of Stokes-Poincaré parameters
(Py, P,, P;) of the radiation from the
BESSY-II UE56/1-PGM1 beamline and the
gap values as functions of the undulator shift-

setting at a wavelength of 13. 1 nm.

4 Conclusions

Utilizing an aperiodic multilayer, the broad-
band Mo/Si reflective analyzer and transmission
phase retarder have been designed, prepared and
measured for EUV region. Their polarization
properties were evaluated by using the polarime-
ter at BESSY-II. The measured results show
that the s-polarized reflectivity is higher than
15% over a 13~19 nm wavelength range. The
s-reflectivity is reasonably constant, as high as
37% over 15~ 17 nm wavelength range. The
measured phase shift decreases from 55. 6° to
38.1° with an average of (41.7=%4.3)° over 13. 8
~15.5 nm wavelength range, sufficient to ana-
lyze completely the polarization characteristics of
the synchrotron radiation beam. Using an aperi-
odic transmission phase retarder and a reflection
analyzer, a complete broadband polarization a-
nalysis system was developed. A complete polar-
ization analysis can be performed in a broadband
wavelength range. The polarization properties of
synchrotron radiation and these polarizing de-
vices were systematically characterized. Polar-
ized radiation from the BESSY-II UE56/1-PGM1
beamline was characterized as functions of the
wavelength and of the undulator settings using
the broadband phase retarder-analyzer pair. This
system has high potential for the practical con-
trol and monitoring of radiation in polarization-
sensitive experiments. Furthermore, the design
and manufacturing methods for broadband aperi-
odic multilayer described here are generally ap-
plicable to other material pairs, and wavelength

ranges.
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