Soft x-ray (97-eV) phase retardation using transmission mulitilayers
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Phase retardation as a function of incidence angle of 97-eV soft x rays from a laser plasma source
on transmission through a free-standing molybdenum/silicon multilayer was measured using a
multilayer polarizer and a polarization analyzer. The maximum retardation of 49° between o
and 7 components is over 2/3 that calculated for an ideal structure. At maximum retardation
the transmittance ratio of o- to 7-amplitudes was 0.66 and the intensity transmittance, averaged

for both components, was 20%. These multilayer structures will be useful in soft x-ray

polarization applications.

Experimental control of the polarization state of soft
x-ray beams can be obtained with optical elements such as
linear polarizers and phase retarders. Together such ele-
ments can generate beams with specific polarization states
(making sources of circularly polarized photons unneces-
sary), and analyze complex polarization states produced
by, for example, sample interaction. The nature of the op-
tical constants of materials in the soft x-ray range (n=1
for all materials) has hampered the realization of optics for
polarization control. Practical linear polarizers based on
the polarization dependence of Thompson (charge) scat-
tering have been demonstrated in the form of multilayer
reflectors having reflectance maxima at a 90° scattering
angle.! Phase retarders using the relative phase change ac-
cumulated during multiple total reflections have been dem-
onstrated at energies up to 30 eV in the extreme ultravio-
let,>* though significant retardation becomes more difficult
to achieve as photon energy increases.

Calculations have shown that soft x-ray multilayer
structures can produce useful values of phase retardation
in both specular reflection and transmission geometries.®
This birefringence and resulting phase retardation origi-
nates from the unequal response of o and = field compo-

‘nents to charge scattering when the scattering vector is
near the multilayer Bragg interference condition, and is
especially large when this condition is satisfied near 45°
incidence angle (total scattering angle near 90°), where the
two components have the largest difference in scattering
cross section. At these conditions the o-field component
exists as strong standing wave whose position with respect
to the multilayer unit cell varies rapidly with angle across
the Bragg peak,® resulting in a strong resonance in the
effective index of refraction experienced by the ¢ field. The
w-field component experiences only weak scattering near
90° scattering angle and hence weak modulation in effective
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refractive index. The difference in phase between the two
components (retardation) can be significant in both the
reflection and transmission cases. The predicted phase re-
tardation in the reflection geometry has recently been dem-
onstrated at 97 eV.” In the present letter, measurements of
phase retardation in the transmission geometry are re-
ported.

Free-standing transmission structures were obtained
by sputter depositing multilayers onto photoresist-coated
Si wafers. A rigid frame was then bonded to the free sur-
face of the multilayer and the photoresist was dissolved,
leaving a free-standing multilayer supported by the frame.
Some surface contamination was left on the multilayer.
The free-standing multilayers thus obtained are not per-
fectly flat, though portions within the roughly 20-mm? area
had slope errors small compared to the angular widths of
the interference features of interest, enabling high-
resolution measurements of these features to be made. The
multilayer studied here consisted of Mo/Si bilayers re-
peated for 20 periods with each bilayer 8.75 nm thick and
with the Mo layer comprising roughly 1/3 of each bilayer.

Molybdenumy/silicon multilayers and 97 eV photon en-
ergy were chosen for initial measurements because reason-
ably ideal Mo/Si multilayers having roughly a 9-nm period
are easily fabricated. These structures show especially
strong interference effects at photon energies just below the
Si Ly edges (=99.5 eV) where the contrast between the
optical constants of Si and Mo is large. Linear multilayer
polarizers, which are necessary for these measurements,
had already been characterized at 97 eV.

The phase retardation measurement used radiation
from an unpolarized laser-plasma source that was mono-
chromatized and focused by a grating and a mirror,® as in
Fig. 1. The monochromator was tuned to 97 ¢V (1=12.8
nm). Identical Ru/Si multilayers with interference peaks
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FIG. 1. Experimental setup.

designed to reflect at 90° total scattering angle were used as
a linear polarizer and a polarization analyzer. The detector
was a microchannel plate. The transmission multilayer re-
tarder was positioned between the polarizer and analyzer
with its azimuthal orientation selected to give equal
amounts of o and 7 components incident on the multi-
layer. This corresponds to orienting the multilayer scatter-
ing plane (containing the incident ray, multilayer normal,
and specularly reflected ray) 45° out of the plane of Fig. 1.
The incidence angle 6 on the retarder (measured from the
surface) was varied with a vacuum stepper motor.

Quantities of interest are the complex amplitude trans-
mittance of the two components, Z, and ¢. The retardation,
A, can be expressed as 1./t = | ,/t,| ¢®. The experimental
procedure was to rotate the analyzer azimuthally about the
beam transmitted through the retarder, thus measuring in-
tensity curves showing sinusoidal variation. The minimum
and maximum intensities and azimuthal positions of the
extrema were obtained from fits to the data, and are the
observables from which the ellipticity angle and the orien-
tation of the polarization ellipse are first determined using
standard rotating-analyzer ellipsometric techniques.” From
these quantities |7,/¢,| and |A| are then derived.

The degree of linear polarization of the beam after the
polarizer, or alternatively the polarization of the polarizer
and the analyzer, was determined with the transmission
phase retarder normal to the beam, where o and 7 com-
ponents are equivalent. The analyzer scan thus obtained is
the curve labeled 90° in Fig. 2, from which the polarizance
of the reflecting multilayers was determined to be 0.97. The
beam incident on the phase retarder is thus highly linearly
polarized.

Analyzer scans were made at a series of different inci-
dence angles 6 on the multilayer, three of which are shown
in Fig. 2. Several features are evident in the analyzer scans
as 0 decreases from 90°. The reduction in intensity is ex-
plained partly by the decreased transmission as the effec-
tive thickness of the sample increases. The contrast of the
analyzer scans, ([.x—Zlmin)/ (Upax=+Imin)» decreases. at
certain 6 values. If the retarder produced A=:90° between
the components of the incident linearly polarized beam and
{1,/t,| =1, the analyzer scan would be flat (zero contrast)
indicating perfect circular polarization. A=90° yields ellip-
tical polarization. Also.observed in Fig. 2 are shifts with 0
in positions of the extrema of the analyzer scans. Such
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FIG. 2. Analyzer scans at different incident angles 6 on transmission
sample. Lines connect data points.

shifts with no change in contrast would indicate a rotation
of the plane of linear polarization, and accompanied by a
change in contrast, as observed here, indicate a rotation of
the major axis of the polarization ellipse away from the
plane of incident linear polarization by an amount equal to
this angular shift.

Analysis of the scans in Fig. 2 and at other 6 values
yields the A and |#,/¢,|-vs-O results in Fig. 3. The esti-
mated error in A is largest near A=0 where errors in fitting
the analyzer scans are amplified in the analysis, and is
small as A increases. Also plotted in Fig. 3 are the A and
|2,/t,| curves calculated assuming an ideal multilayer (no
intermixing across interfaces or lateral interfacial rough-
ness) using the following optical constants from Ref. 10;
8gi= —0.0037, Bg;=0.0020, 81, =0.068, Bpjo=0.0059. In
the calculation the Mo layers were assumed to have 1/3 of
the bilayer thickness, based on deposition rates, and the
bilayer thickness was varied to position the resonance in A
at the observed position, with the resulting 8.75-nm thick-
ness in good agreement with that measured from the wit-
ness samples. The trends in the measured A and |#,/1,]
with @ are in reasonable agreement with those calculated
for this ideal structure. The calculated quantities are sen-
sitive to several factors which are not precisely known,
including the relative thickness of the Mo and Si layers and
some amount of interfacial roughness or interdiffusion
which are known to exist in Mo/Si multilayers.!""* The
calculations are also sensitive to the optical constants
which may contain uncertainties, especially for Si very
close to its Ly yyy edges. The effect of interfacial roughness
was simulated by multiplying the reflected amplitude at
each interface by exp( — lo’¢?), where o represents a rms
roughness and g=4sin 6/A. An assumed interfacial
roughness of 0=6.5 A brings the calculated retardation
into good agreement with that measured, although we do
not rule out other factors as possibly contributing to the
discrepancy between ideal calculation and measurement.
At maximum retardation |z,/¢,| =0.66. The ellipticity an-
gle at maximum retardation is 22.2°, the tangent of which
(0.41) gives the ratio of minor-to-major axes of the ellipse
traced out by the electric vector in the plane normal to
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FIG. 3. (a) shows measured phase retardation between ¢ and 7 compo-
nents vs 0. Error bars become small compared to the plotted points away
from A=0. (b) shows the amplitude transmittance ratio. Solid lines are
calculations for an ideal multilayer.

propagation. The major axis of this ellipse is rotated by
—26.5° from the plane of incident linear polarization. The
transmitted intensity was measured in a different geometry
using unpolarized incident light to be roughly 2/3 of that
calculated for an ideal structure. This reduction may result
from residual contamination left on the free-standing sam-
ple after preparation, or from uncertainties in the optical
constants. At the maximum retardation setting, 20% of the
unpolarized incident beam was transmitted.

In summary, these measurements confirm the pre-
dicted phase retardation behavior of free-standing trans-
mission multilayers. The measured retardation and trans-
mission values are in reasonable agreement with
calculations for ideal structures, and are large enough to be
of interest for various applications. These and other mea-
surements>*’ demonsirate that standard optical tech-
niques combining linear polarizers and retarders to gener-
ate and analyze specific polarization states can be extended
into at least part of the soft x-ray region. Such optics will
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enable a variety of experiments in which the polarization
dependence of x-ray interactions with matter will provide
new information.

The Mo/Si multilayer studied here was not optimized
for maximum retardation at 97 eV, and improvements in
performance of Mo/Si retarders are expected for hv < 100
eV. At higher photon energies, materials other than Mo
and Si yield the strongest multilayer interference effects.
Two issues will limit the maximum photon energy at which
multilayer retarders are useful. First, as 4v increases in the
soft x-ray region, the complex index of refraction of all
materials tends to unity, decreasing the retardation obtain-
able from ideal multilayer structures. Second, the multi-
layer bilayer thickness scales with A, and ideal multilayers
become harder to realize as the individual layers approach
1 nm in thickness. This results in part because the effects of
structural imperfections increase as the bilayer thickness
decreases. At the current state of soft x-ray multilayer de-
velopment, it is not clear that significant retardation values
will be obtained by this technique at photon energies above
the carbon K edge (284 eV). The continuing development
of soft x-ray multilayers will ultimately determine the high-
energy limit at which useful values of retardation can be
obtained.

The authors thank T. Namioka for making these ex-
periments possible. This work was supported by the Direc-
tor, Office of Energy Research, Office of Basic Energy Sci-
ences, Materials Sciences Division, of the U.S. Department
of Energy under Contract No. DE-AC03-76SF00098, and
by a Grant-in-Aid for Scientific Research on Priority Ar-
eas, “X-ray Imaging Optics,” No. 02233102 from the Min-
istry of Education, Science, and Culture, Japan.

'P. Dhez, Nucl. Instrum. Methods Phys. Res. A 261, 66 (1987).

2W. B. Westerveld, K. Becker, P. W. Zetner, J. J. Corr, and J. W.
McConkey, Appl. Opt. 24, 2256 (1985).

3A. Gaupp and M. Mast, Rev. Sci. Instrum. 60, 2213 (1989).

*T. Koide, T. Shidara, M. Yuri, N. Kandaka, and H. Fukutani, Appl.
Phys. Lett. 58, 2592 (1991).

*J. B. Kortright and J. H. Underwood, Nucl. Instrum. Methods A 291,
272 (1990).

83. B. Kortright and A. Fischer-Colbrie, J. Appl. Phys. 61, 1130 (1987).

™. Yamamoto, M. Yanagihara, H. Nomura, K. Mayama, and H.
Kimura, Rev. Sci. Instrum. 63, 1510 (1992).

8s. Nakayama, M. Yanagihara, M. Yamamoto, H. Kimura, and T. Na-
mioka, Phys. Scr. 41, 754 (1990).

9See, for example, R. M. A. Azzam, and N. M. Bashara, Ellipsometry
and Polarized Light (North-Holland, Amsterdam, 1977); J. M. Bennett
and H. E. Bennett, in Handbook of Optics, edited by W. G. Driscoll
(McGraw-Hill, New York, 1978), Chap. 10.

B. L. Henke, J. C. Davis, E. M. Gullikson, and R. C. C. Perera,
Lawrence Berkeley Laboratory Report No. LBL-26259 (1988) (to be
published). This is a revision and extension of the optical constants
presented in B. L. Henke, P. Lee, T. J. Tanaka, R.L. Shimabukuro, and
B. K. Fujikawa, At. Data. Nucl. Data Tables 27, 1 (1982).

K. Holloway and R. Sinclair, J. Appl. Phys. 61, 1359 (1987).

2A K. Petford-Long, M. B. Stearns, C.-H. Chang, S. R. Nutt, D. G.
Stearns, N. M. Ceglio, and A. M. Hawryluk, J. Appl. Phys. 61, 1422
(1987).

B3, B. Kortright, J. Appl. Phys. 70, 3620 (1991).

Kortright et al. 2965

Downloaded 28 Jul 2004 to 169.232.155.1. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



