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The increasing usage of soft x-ray radiations due to the development of synchrotron radiation source
and others demands varied optical manipulation in the soft x-ray spectral region. The phase
manipulation is important because this leads to the control of the polarization state of a soft x-ray
radiation. A new criterion for selecting material pairs for the maximum phase difference between
thes andp polarization through a multilayer~ML ! structure was proposed and tested theoretically.
Transmission characteristics of ideal ML structures in the soft x-ray spectral region have been
studied by simulation. The results have been applied to optimize ML structures for quarter-wave
plates at 4.4 and 13 nm. It was found that Rh/Si and Co/K MLs are good candidates for
quarter-wave plates at 13 and 4.4 nm, respectively. ©1999 American Vacuum Society.
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I. INTRODUCTION

The increasing usage of circularly polarized x-ray rad
tion in scientific fields, one of which is the study of magne
circular dichroism,1–4 has demanded the phase control
x-ray radiation. Such a demand has recently increased
search for the development of linear polarizers, ph
shifters and quarter-wave plates in the soft x-ray spec
region. The possibility of a multilayer~ML ! structure as a
quarter-wave plate was studied by Kortright a
Underwood.5 They showed that a Mo/Si ML having 20 b
layers can produce enough phase difference for a qua
wave plate at 13 nm. Kortrightet al.6 fabricated a Mo/Si ML
with 20 bilayers and obtained a maximum phase retarda
at 13 nm of 49° and a transmittance ratio of 0.66 between
s- and p-polarized light at the maximum phase differenc
Nomuraet al.7 also fabricated a Mo/Si ML with 81 bilayer
using a magnetron sputtering system and obtained a p
retardation of 90° and a transmittance ratio of 1.66 betw
the s- and p-polarized light with a throughput of aroun
10%. Di Fonzo8 suggested optimized structures for transm
sion ML as a quarter-wave plate in the soft x-ray region a
reported the transmission characteristics of a Cr/C ML w
100 bilayers near the carbon K edge.9 In this work, we have
done detailed studies on the phase properties of transm
soft x-ray radiation through a ML: the dependence of
phase on the material combination, the incident angle
light, the thickness ratio of the constituent materials,
number of bilayers, and the imperfections at the interfac
Previously it was not clear how to choose materials for ma
mizing the phase difference between thes andp polarization
but the same criterion used for high-reflectivity ML refle
tors has been used. A new criterion of selecting materials
the maximum phase difference was proposed and tested.

a!Electronic mail: kimd@vision.postech.ac.kr
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results of these studies have led us to propose better
candidates as transmission quarter-wave plates at 13 an
nm.

II. MODEL OF CALCULATION

Figure 1 shows the schematic diagram of an ideal M
structure. In each layer, a forward-propagating electric fi
(Ej ) and a backward-propagating field (Ej

R) with the corre-
sponding magnetic fields are considered. At each interf
these fields should satisfy the boundary conditions impo
by Maxwell’s equations. In this way, the fields in a layer a
connected in other layers, automatically taking multiple
flections into account.

Following the recursive method,10,11 whose results have
been in good agreement with experimental results within
perimental error and extensively used,12,13 one can get the
following recursive relationship for transmission:

Tj
s,p[aja2N11

E2N11
s,p

Ej
s,p 5aj

2
11F j , j 11

s,p

11F j , j 11
s,p Rj 11

s,p Tj 11
s,p , ~1!

where Rj
s,p[aj

2Ej
R,s,p/Ej

s,p , aj5exp(2igjpdj /l), gj

5nj sinuj with i 5A21, and l is the wavelength of the
incident light. The input angleu refers to the grazing angle
of incidence and fields are evaluated in the middle of e
layer in this study.F j , j 11

s,p is the Fresnell reflection coefficien
at an interface. The subscriptss andp represent thes andp
polarizations, respectively.Tj is the transmission amplitud
for a ML with (2N2 j ) layers. The successive application
Eq. ~1! with the initial conditions ofR2N1150, T2N1151
leads toT05E2N11 /E0 .

The phase of each polarization and their phase differe
are calculated as follows:

fs,p5tan21S Im~T0
s,p!

Re~T0
s,p!

D
and Df5fs2fp .
398/17 „2…/398/5/$15.00 ©1999 American Vacuum Society
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In our calculation, the index of refraction in the soft x-ra
spectral region was evaluated using the atomic scatte
data of Henke.14

III. TRANSMISSION PHASE CHARACTERISTICS

Figure 2 shows a typical transmission characteristics o
ML. The calculation was done for a Rh/Si ML at a wav
length of 13 nm. This ML is composed of 11 bilayers wi
the thicknessd of 10.27 nm. The thicknesses of Rh and
layer aredRh50.33d, dSi50.67d, respectively. For this ML
at this wavelength, the position of the first Bragg peak isu
.40°. The maximum phase difference takes place near
Bragg angle and the critical angle~around 15°) with a dras
tic change.

At the critical angle, the phase difference is large but
transmittance is too low for any useful purpose. At the Bra
angle, the phase difference is larger than 90°. Atu538.8°,
Df/180° becomes close to20.5 with transmittance of a few
tens of percents. This can be utilized as a quarter-wave p

For a given number of bilayers, a phase difference
large as possible is helpful in designing a quarter-wave pl
In order to obtain a large phase difference, the selection
materials should be addressed before one starts to fin
optimum structure for a quarter-wave plate. For this purp
the criterion for the maximum reflectivity has been used
there is no reason that it should hold for the maximum ph
difference between transmitteds- and p-polarized beams a
well.

FIG. 1. Electric fields in a multilayer.
JVST A - Vacuum, Surfaces, and Films
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Consider a single interface between two media with d
ferent refractive indices. The complex transmission coe
cients ofs- andp-polarized beamts and tp , respectively, at
the interface is given by15

ts5
2n1 sinu1

n1 sinu11n2 sinu2
5

2n sinu1

n sinu11sinu2
, ~2!

tp5
2n1 sinu1

n2 sinu11n1 sinu2
5

2n sinu1

sinu11n sinu2
, ~3!

where

n1512d12 ib1 , n2512d22 ib2 , ~4!

n5
n1

n2
5

12d12 ib1

12d22 ib2
[D2 ib ~5!

with

D[
12d1

12d2
and b[

12d1

12d2
S b1

12d1
2

b2

12d2
D .

FIG. 2. ~a! Calculated transmittances for thes- and p-polarized beams.~b!
Relative phase difference between two polarized beams for Rh/Si ML al
513 nm.
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TABLE I. Structural parameters of several multilayers for the maximum phase difference atl513 nm. The
number of bilayers is 20 and the grazing angle of incidence around 50°. This table also shows the tra
tances of thes- and p-polarized lights and their phase difference. The terms 12d and b are the real and
imaginary part of the index of refraction, respectively.

M1
a M2

b Angle(°)c d(nm)d g e Ts Tp Df/180 U b1

12d1
2

b2

12d2
U3103

Rh Si 49.9 8.765 0.4825 0.0147 0.055220.8894 26.164
Rh Sr 49.9 8.925 0.4825 0.0153 0.048120.7651 25.393
Rh Be 50.0 8.885 0.4825 0.0126 0.047320.7766 25.104
Ru Si 49.9 8.745 0.5050 0.0375 0.182920.7533 14.234
Ru Sr 50.0 8.885 0.5050 0.0407 0.164320.6224 13.463
Ru Be 49.9 8.865 0.5050 0.0368 0.159120.6390 13.174
Mo Si 50.0 8.625 0.5050 0.1341 0.443320.4495 6.328
Mo Sr 50.0 8.765 0.5050 0.1569 0.402220.3337 5.557
Mo Be 49.9 8.745 0.5050 0.1434 0.390020.3508 5.268
Nb Si 49.9 8.585 0.5050 0.2248 0.568420.3360 4.047
Nb Sr 49.9 8.725 0.5050 0.2539 0.517720.2288 3.275
Nb Be 49.9 8.685 0.5050 0.2243 0.503120.2417 2.986

aHigh-Z element.
bLow-Z element.
cThe grazing angle of incidence.
dBilayer thickness.
eRatio of thickness of high-Z element layer to bilayer thickness.
Since 12d1@b1 and 12d2@b2 , b1
2 and b2

2 are ne-
glected. Thus,D@b. Using Snell’s law, one can obtain

tanfs.
2b

DA12D2 cosu1~D sinu11A12D2 cosu1!
, ~6!
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tanfp.
2b~sinu1A12D2 cosu11D3 cos2 u1!

DA12D2 cosu1~sinu11DA12D2 cosu1!
. ~7!

Hence,
tanDf5tan~fs2fp!.tanfs2tanfp

5
2b~12D2!cos2 u1~A12D2 cosu12D sinu1!

A12D2 cosu1~sinu11DA12D2 cosu1!~D sinu11A12D2 cosu1!
. ~8!
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To obtain a large phase difference,utanDfu should be as
large as possible. Considering that the magnitude of co
and sine is of the order of unity, the magnitude of tanDf
would be determined byb(12D2) for a given angle. For a
large absolute value of tanDf, the absolute value ofb(1
2D2) should be large. This implies that if we select tw
materials for which the difference in the real parts of t
refractive indices andu@b1/(12d1)#2@b2/(12d2)#u are
large, one can obtain a significant phase difference. This
sult is for a single interface but turns out to be true for a M
as discussed below.

Table I shows the maximum phase difference at 13
~95.4 eV! for several MLs with 20 bilayers at a Bragg ang
of 50°. For each pair of materials, the structural parame
d ~bilayer thickness! and g ~the ratio of the thickness o
high-Z element tod) were numerically examined to yield th
largest phase difference for given conditions ofN520, l
ne

e-

rs

513 nm and the grazing angle of incidence of 50°. The l
column of this table shows the values ofu@b1/(12d1)#
2@b2/(12d2)#u for each pair of materials. Note that th
larger this value is, the larger the phase difference is,
expected by the result from a single interface.

One of the factors which affect the phase difference is
angle of incidence of the incoming beam. As shown in Fig
and described in Ref. 5, a significant phase difference is
pected when the angle of incidence is near Bragg angle
ML structure. To investigate how the grazing angle of in
dence changes the maximum phase difference, a serie
computer simulations has been done to find out the struct
parameters (d and g! which yield the maximum phase dif
ference for a given grazing angle of incidence. The calcu
tions were done at the wavelength of 13 nm for Rh/Si M
with 20 bilayers. The grazing angle of incidence w
changed from 30° to 70° by a step of 10°. The parame
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scan ind andg space with the restriction of Bragg conditio
being satisfied was done for the maximum phase differe
at a given angle. The results are shown in Table II. Note
the maximum phase difference becomes large as the gra
angle of incidence become smaller. However, the transm
sion behaves in the opposite way. It is because the light
to go through a longer path as the grazing angle of incide
decreases. The thickness ratio also affects the phase d
ence. WithN520, u.50° andl513 nm for Rh/Si ML, the
bilayer thickness for the maximum phase difference w
found for each thickness ratio,g, from 0.1 to 0.9 by a step o
0.1. Table III shows that forg less than around 0.5, th
maximum phase difference also increases asg increases but
for g larger than 0.5, the maximum phase difference
comes smaller. The transmission, however, monotonic
decreases asg increases. At both extreme values ofg, for
example,g50.1 and 0.9, the amount of one material is
large compared to that of the other that the whole sys
may not be considered a ML effectively but a bulk of o
material. Hence, at both extremes, the maximum phase
ference should be small and the optimum value ofg for the
maximum phase difference would be around 0.5. Similar
haviors have been observed for other ML systems under
study. The transmission keeps decreasing due to the am
of highly absorbing material increasing withg.

Figure 3 shows the phase difference as a function of
number of bilayers. The phase difference increases line
with the number of bilayers. Thus a phase difference a
transmittance can be further controlled by the number of
layers.

TABLE II. Grazing angle of incidence vs the maximum phase difference
Rh/Si ML. N520 andl513 nm.

u(°) d(nm) g Ts Tp Df/180

30.0 14.00 0.4825 0.0001 0.0003 22.2122
39.8 10.71 0.5050 0.0014 0.0090 21.4129
49.9 8.765 0.4825 0.0147 0.0552 20.8894
59.7 7.666 0.4825 0.0619 0.1178 20.5161
69.4 6.997 0.4825 0.1534 0.1827 20.2384

TABLE III. Thickness ratiog vs phase difference for Rh/Si ML withN
520 andl513 nm.

d(nm) g u(°) Ts Tp Df/180

8.425 0.10 49.8 0.4284 0.5095 20.1728
8.485 0.20 49.8 0.1708 0.2902 20.4347
8.545 0.30 49.8 0.0791 0.1642 20.6802
8.565 0.33 49.9 0.0566 0.1386 20.7374
8.645 0.40 49.8 0.0351 0.0912 20.8412
8.885 0.50 49.8 0.0133 0.0490 20.8935
9.025 0.60 49.6 0.0074 0.0248 20.8277
9.265 0.70 49.7 0.0044 0.0124 20.6432
9.465 0.80 50.3 0.0035 0.0065 20.3757
9.465 0.90 51.7 0.0037 0.0041 20.1195
JVST A - Vacuum, Surfaces, and Films
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IV. SOFT X-RAY TRANSMISSION QUARTER-WAVE
PLATE

To be a transmission quarter-wave plate, a ML sho
yield not only the phase difference of 90° but also a high a
equal transmittance for each polarization. Using the effec
various structural parameters on the transmission chara
istics of a ML as described in the previous section, we ha
searched for optimized structural parameters for various
systems as quarter-wave plates at the wavelengths of 13
4.4 nm. Table IV lists several ML systems as quarter-wa
plates at 13 nm. For this search, the grazing angle of in
dence was chosen to be around 50° for 13 nm and 43°
4.4 nm, respectively, and the thickness ratio was fixed
0.33, because reasonable phase difference and transmit
are expected as discussed in Sec. III. Transmittance for e
polarization is also shown with their phase difference be
very close to 0.5. Almost perfect quarter-wave plates
expected for Rh/Be, Ru/Si, and Ru/Sr MLs. The Rh/Be M
system just needs 11 layers to attain the phase differenc

FIG. 3. Phase difference vs the number of bilayers for Rh/Si ML.

r

TABLE IV. Optimized structural parameters as quarter-wave plates.
thickness ratio is fixed at 0.33.

l~nm! High Z Low Z u(°) N d(nm) Ts(%) Tp(%) Df/180

13 Rh Si 48.9 16 8.565 24.3 20.020.506
Rh Sr 49.2 17 8.745 15.0 16.0 20.495
Rh Be 49.1 11 8.705 15.4 15.5 20.495
Ru Si 49.2 19 8.525 33.1 33.9 20.507
Ru Sr 49.2 22 8.705 24.8 24.6 20.494
Ru Be 49.2 22 8.665 22.7 23.6 20.503
Mo Si 49.6 29 8.485 40.3 43.8 20.507
Mo Sr 49.8 36 8.645 22.5 29.0 20.497
Mo Be 49.7 37 8.605 20.3 25.9 20.493
Nb Si 49.8 38 8.465 42.6 46.2 20.508
Nb Sr 50.1 49 8.605 20.0 27.8 20.487
Nb Be 49.9 48 8.585 17.1 25.8 20.483

4.4 Co K 42.7 110 3.246 8.6 8.9 20.503
Cr K 43.0 166 3.226 11.2 10.4 20.524
V K 43.0 195 3.226 12.4 14.4 20.496
Co C 42.7 132 3.246 3.2 3.3 20.506
Cr C 43.0 193 3.226 3.0 3.5 20.470
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90° but, due to their high absorption, the transmittance is
~15%!. Mo/Si and Nb/Si ML systems have better transm
tance but demand three or four times more bilayers than
Ru/Be ML system. We have also designed quarter-w
plates atl54.4 nm, carbon K edge, as listed in the low
part of Table IV. There have been studies in this rega
using Cr/C or Co/C, etc., ML.8,9 The pair of Co and K was
chosen according to the criterion presented in Sec. II.
performance of this pair is much better than those of C
and Cr/C MLs both in terms of the number of bilayers a
transmittance.

So far, all the calculations have been done for ideal m
tilayers where no imperfection at interfaces exists. But
reality, an interface has always imperfections due to rou
ness and interdiffusion. To investigate the effect of the
imperfections on the transmission characteristics, we h
used the Debye-Waller factor16

DW5expF22S 2ps sinu

l D 2G , ~9!

wheres is an rms value for the degree of imperfection taki
into account both diffusion and roughness,l the wavelength
in the medium andu the grazing angle of incidence. B
multiplying Fresnel coefficients by Debye-Waller factor
each interface, the effect was incorporated into the calc
tion of transmission coefficient.

Table V shows the change of transmittance and phase
Rh/Si and Co/K ML with the increase of the degree of im
perfection. As the imperfection increases, the phase dif
ence becomes smaller. This decrease in the phase differ
can be compensated by increasing the number of bilaye
the cost of reduction in transmission. Note that the ratio
the transmittance between thes andp polarization becomes
closer to unity, which allows the higher degree of circu
polarization. An imperfection of 5% does not seem to chan
the phase difference much at both wavelengths but a de
of 10% is already large enough to reduce the phase dif
ence significantly. The effect at shorter wavelengths
shown to be larger than at longer wavelengths.

V. CONCLUSION

In this article, we have investigated the transmission ch
acteristics of a ML by simulation with an emphasis on t

TABLE V. Effect of imperfections at interface on the transmission charac
istics. For Rh/Si ML,N516, d58.565 nm,g50.33 atl513 nm and for
Co/K ML, N5110,d53.246 nm,g50.33 atl54.4 nm.

ML s~nm! u(°) Tp /Ts Df/180

Rh/Si 0.00 49.7 1.2756 20.5509
0.40 (;5% of d) 49.8 1.7558 20.5228
0.85 (;10% of d) 50.2 1.4631 20.4437
1.30 (;15% of d) 50.8 1.2020 20.1738

Co/K 0.00 42.8 2.5014 20.5187
0.20 (;5% of d) 42.8 1.9041 20.4805
0.35 (;10% of d) 42.8 1.3191 20.3337
0.50 (;15% of d) 42.9 1.4793 20.2278
J. Vac. Sci. Technol. A, Vol. 17, No. 2, Mar/Apr 1999
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phase difference between thes andp polarization in the soft
x-ray region. We have suggested a new criterion for the
lection of material pairs to obtain as large a phase differe
as possible. For a large phase difference, the real part
refractive indices of the two elements should be separate
far as possible, and the imaginary parts should not be
high but u@b1/(1#2@d1)2b2/(12d2)#u needs to be as larg
as possible. We have also studied the effect of each
structure parameter on the phase difference and trans
tance and found that the maximum phase difference ta
place near the Bragg angle and becomes larger as the B
angle position decreases. The maximum phase differenc
creases linearly with the number of bilayers. There exists
optimum value for the thickness ratio in the trade-off b
tween the transmission and phase difference. Based on t
results, optimized structural parameters of several ML s
tems as quarter-wave plates were searched for, and new
better systems were found compared to others’ works.

For nonideal MLs, we have also studied the effect of i
perfection at the interface by using an analysis based on
Debye-Waller factor. An imperfection of 10% was shown
be already large enough that the phase difference was
duced significantly. The effect at shorter wavelengths w
shown to be larger than at longer wavelengths.
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