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The Pd∕B4C multilayer is a promising candidate for high reflectance mirrors operating in the 8–12 nm extreme
ultraviolet wavelength region. To extend the working bandwidth beyond the L-edge of silcon, we theoretically
design broadband Pd∕B4Cmultilayers. We discuss the influence of the desired reflectance of the plateau, number
of bilayers, and the real structural parameters, including the interface widths, layer density, and thickness
deviation, on the reflectivity profile. Assuming the interface width to be 0.6 nm, we design aperiodic multilayers
for broad wavebands of 9.0–10.0, 8.5–10.5, and 8.0–11.0 nm, with average reflectivities of 3.1%, 5.0%, and 9.5%,
respectively.
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High reflectivity multilayer mirrors are widely required in
the applications of x-ray and extreme ultraviolet (EUV)
astronomy, EUV photo-lithographs， accelerator-based
light sources, and x-ray plasma diagnostics[1–5]. Among
these applications, the 8-12 nm wavelength region is of
particular interest. It contains many characteristic emis-
sion lines of the multiple-charged ions of different ele-
ments, like iron (Fe), magnesium (Mg), and silcon (Si),
which are very important for solar observation and deep
space exploration in the EUV region[6]. The working wave-
lengths of the EUV free election lasers also include this
range[7]. Thus, high reflectivity multilayer mirrors are
demanded in this wavelength region. Moreover, for wide-
band EUV spectroscopy or high resolution imaging with a
large numerical aperture, broad spectral or angular re-
sponses are required for a single mirror. In these cases,
an aperiodic multilayer with a varied layer thickness over
the stack is needed[8–15]. As the wavelength is below the Si
L-edge (λ ¼ 12.4 nm), the widely used Mo/Si multilayer
cannot be used anymore. Mo/Y has been applied in
this region for normal incidence mirrors and polarizers,
due to its stable layer structure[16–18]. However, the theo-
retical reflectivity of a periodic Mo/Y multilayer is less
than 50% at λ ¼ 9.5 nm, and the experimentally achieved
reflectivity was only 38.4%[18]. To achieve a higher reflec-
tivity, new material combinations, like Ag/Y, Pd/Y, Ru/
Y, Rh/Y, Pd∕B4C, etc, have been proposed and studied
recently for the 8-12 nm region[3,19–21]. Based on these ma-
terials, the maximum theoretical reflectivity of a periodic
multilayer is above 60% at 9.5 nm. The designed wideband
multilayers exhibit a high average reflectivity of 11.5%
and 11.4% over the 9-13 nm range by using Ag/Y and
Pd/Y, respectively[19]. However, the physical structure
of Ag/Y and Pd/Y is unstable, which provides a very

low experimental reflectance that cannot be used in
applications[22]. Although the Pd/Y multilayer structure
has been improved by using interface engineering
methods, including using the barrier layers or passivation
with nitrogen[20,23], the fabrication process is complicated.
On the other hand, the Pd∕B4C multilayer possesses
both a high theoretical reflectivity and stable layer struc-
ture. A high experimental reflectance of 43% was obtained
at 9.1 nm using the periodic multilayer at a near
normal incidence[3]. An aperiodic Pd∕B4C multilayer
was also designed with an average reflectivity of 8.8%
from 9 to 13 nm[19]. It is indicated that Pd∕B4C is a prom-
ising multilayer mirror for the wideband applications. To
fully explore the wideband performance of this multilayer,
the effects of different structural factors, the fabrication
inaccuracy, and the different bandwidths on the reflectiv-
ity profile need to be studied, which were absent in
the former work. Thus, in this Letter, we performed a
systematic design of the aperiodic Pd∕B4C multilayers
for the 8–12 nm waveband, including the optimization
and discussion of different factors. Flat reflectivity
profiles with the average reflectivity of 9.5%, 5.0%, and
3.1% are designed over the wavebands of 9.0–10.0, 8.5–
10.5, and 8.0–11.0 nm, assuming the interface widths
of 0.6 nm.

The design of the broadband Pd∕B4C multilayers con-
sists of two steps. First, we optimize and determine a
proper initial multilayer structure based on the power
law structure[24]. The layer thickness distribution in the in-
itial structure follows the formula d ¼ a∕ðbþ jÞc, where j
is the layer index (from top to bottom), and dj is the j-th
layer thickness. To obtain a flat reflectivity profile, a, b,
and c are optimized through the minimization of the merit
function,
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using the genetic algorithm[25]. In the merit function, RðiÞ
is the reflectivity at the ith wavelength position, R0ðiÞ is
the desired constant reflectivity of the plateau, and M is
the number of points calculated over the spectral region.
Second, we optimize each layer thickness of the multilayer
structure with a local minimization algorithm to reduce
the oscillation of the reflectivity profile. In order to obtain
a relatively smooth thickness distribution, the thickness
variation of different layers was restricted during the op-
timization[26]. The minimum layer thicknesses of Pd and
B4C are set as ≥1 nm to keep a continuous layer growth
in fabrication. The optical constants of the materials were
obtained from the x-ray database of the Center for X-ray
Optics[27].
To find the maximum reflectivity with a flat profile, we

first analyzed the effect of the desired reflectivity of the
plateau and the number of bilayers during optimization.
With absorption-free materials, an aperiodic multilayer
can, in theory, achieve almost 100% reflectivity over
the broad wavelength range[28]. However, due to the ab-
sorption of all materials, the real aperiodic multilayer
has a limited maximum reflectivity which needs to be ex-
plored for different wavebands. Here, we studied the mul-
tilayer designed for the waveband of 8.5–10.5 nm with a
fixed number of bilayers of 120 and different desired reflec-
tivities of the plateau (R0) of 8%, 9%, 10%, 12%, and 14%,
respectively. The incidence angle is 5 degrees off normal.
As shown in Fig. 1, with the desired reflectivity set as 8%,
the designed reflectivity profile is very flat. The mean
reflectivity is 7.94% and the standard deviation,

Dstandard ¼
������������������������������������������������
XN
i¼1

ðRi − RaverageÞ2∕N
vuut ; (2)

is only 0.04%. As R0 increases to 9%, the mean reflectivity
increases to 8.61%, and the standard deviation is enlarged
to 0.14%. Further increasing R0 only improves the reflec-
tivity at part of the waveband, and the oscillation of the

reflectivity is enlarged. Thus, the desired reflectivity of 9%
is the optimum value to achieve both a high reflectivity
and flat profile for the waveband of 8.5–10.5 nm.

The number of bilayers will affect the designed perfor-
mance since more bilayers can increase the reflectivity and
smooth the profile until it is saturated. However, more bi-
layers also increase the difficulty of fabrication. To find
the proper bilayer number, the aperiodic multilayer in-
tended for the waveband of 8.5–10.5 nm is designed as
an example, with 50, 80, 120, and 150 bilayers, respec-
tively. The desired reflectivity is fixed to be 9%. The opti-
mized reflectivity profiles are shown in Fig. 2. For the
multilayer with 50 bilayers, the average reflectivity is only
7.91% with a 0.27% standard deviation. The profile has an
obvious zigzag oscillation. A larger number of bilayers im-
proves the reflectivity profile, and the multilayer with 120
bilayers provides an average reflectivity of 8.61% with a
standard deviation of only 0.14%. Continuing to increase
the bilayer number to 150 brings negligible improvement
to the reflectivity profile. Considering both the broadband
performance and the fabrication difficulty, the optimum
number of bilayers is set as 120.

Besides the optimum desired reflectivity and the num-
ber of bilayers, we analyzed the effect of other structural
factors determined by the fabrication process in order to
make the experimental performance close to the designed
one. These factors include the interface widths, layer den-
sity, and layer thickness deviation. The interface width,
including both roughness and intermixing, will cause an
obvious drop of the reflectance. It can also cause oscilla-
tion of the reflectivity profile. To study this effect, we de-
signed an ideal Pd∕B4C aperiodic multilayer first with 120
bilayers and a bandwidth of 8.5–10.5 nm. Afterward, the
interface width (σ) was taken into account at each inter-
face of the multilayer by modifying the Fresnel reflection
coefficient with the corresponding interface profile func-
tion, and the resulted reflectivity profile is calculated[29].
No interlayer was included in the structure model. Accord-
ing to the previous experimental results[21], the interface
widths between Pd and B4C were set as 0.6 nm, and
the error function was used as the interface profile func-
tion. As shown in Fig. 3, the average reflectivity over
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Fig. 1. Designed reflectivity profiles of aperiodic Pd∕B4C multi-
layers operating in the 8.5–10.5 nm waveband with different
desired reflectivities.
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Fig. 2. Designed reflectivity profiles of aperiodic Pd∕B4C multi-
layers operating from 8.5 to 10.5 nm with a different number of
bilayers.
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the whole band is significantly decreased from 8.61% to
4.96% after the introduction of the interface widths. More-
over, there is one sharp peak appearing at the left edge of
the plateau, and the reflectivity gradually increases with
longer wavelengths. On the other hand, we designed the
aperiodic multilayer with fixed interface widths of 0.6 nm
in the model. The resulted reflectivity profile displays an
average reflectivity of 5.03% with a very flat plateau, as
shown in Fig. 3. It is evident that to achieve the flat
reflectivity profile experimentally, the interface widths
should be included during the design of the multilayer.
The real layer density is another factor that affects the

experimental reflectance profile since it changes the opti-
cal constants of the layer. To analyze this factor, we first
designed the aperiodic multilayer intended for the wave-
band of 8.5–10.5 nm using the bulk density of Pd and B4C
(100% density), ρpd ¼ 12.02 g∕cm3, ρB4C ¼ 2.52 g∕cm3,
with 120 bilayers and 0.6 nm interface widths. As the den-
sity of the nanoscale thin films fabricated by magnetron
sputtering is usually a little lower than the bulk value[30],
the reflectance profile of the designed multilayer was
then calculated using the layer densities of 95% and
90% of the bulk value for both Pd and B4C. As shown
in Fig. 4, the average reflectivity decreases from 5.03%
to 4.75% and 4.46% as the density reduces to 95% and

90%, respectively. Meanwhile, the flatness of the reflectiv-
ity profile is degraded compared to the original design, and
it becomes worse with lower density. The distortion of the
reflectivity profile can also be avoided by including the
real layer density in the design. The aperiodic multilayer
optimized with a 90% layer density displays a flat reflec-
tivity profile with an average value of 4.62%. The slightly
reduced reflectivity can be caused by the smaller difference
of the optical constants between Pd and B4C as the den-
sity decreases. However, the densities of the deposited Pd
and B4C layers were not characterized in detail in the for-
mer work. Thus, we still use the bulk density values in the
following design and discussion.

The deviation of the deposited layer thicknesses from
the designed values is the main factor in experiments that
distorts the reflectivity profile. The layer thickness error
can be divided into two types, the systematic error and
the random error, which can be caused by the imperfect
calibration of the deposition rate of Pd and/or B4C and
the instability of the process. We used the multilayer op-
timized for the waveband of 8.5–10.5 nm with 120 bilayers
and 0.6 nm interface widths as the reference, as shown in
Fig. 5. The layer thickness distribution of the multilayer is
shown in Fig. 6. The variation of the layer thicknesses is
small (except the top and bottom layer in the stack),
which is relatively easy for the fabrication. The thick-
nesses of all layers were first increased or decreased by
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Fig. 3. Reflectivity profile of the aperiodic Pd∕B4C multilayer
optimized with no interface width (solid), adding 0.6 nm inter-
face width after optimization (dash), and optimized with the
fixed interface width of 0.6 nm (dash dot).
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Fig. 4. Reflectivity profile of the original aperiodic multilayer
optimized with 100% bulk density (solid), the original multilayer
calculated with 95% (dash) and 90% bulk density (dash dot), and
the multilayer optimized with 90% bulk density (dot).
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Fig. 5. Reflectivity profiles of the designed aperiodic multilayer
with different layer thickness errors. The multilayer is designed
for the waveband of 8.5–10.5 nm.
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Fig. 6. Layer thickness distribution of the multilayer designed
for the waveband of 8.5–10.5 nm (solid) with 120 bilayers,
and the multilayer with random errors of ≤� 2% (open).
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5% to study the effects. In these cases, the whole reflectiv-
ity profile shifts towards the longer or shorter wave-
lengths, respectively, while the bandwidth remains
similar. Nevertheless, the average reflectivity increases as
the plateau shifts to the longer wavelengths. This can be
explained by the larger difference between the optical con-
stants of Pd and B4C as the wavelength increases, which is
essential to obtain a high reflectance broadband multi-
layer. On the other hand, we increased and decreased
the thicknesses of the Pd and B4C layers by 5%, respec-
tively and vice versa, while the total thickness of each
bilayer remained unchanged. The resultant reflectivity
profiles are very similar to the original one with a slight
shift of the wavelength positions of the plateau due to
the different refractive index between Pd and B4C. For
clarity of the figure, only one of the two results is displayed
in Fig. 5. The random thickness errors of no more than
�2% were also introduced for all layers, and the changed
thickness distribution is shown in Fig. 6. It can be seen
that the small random errors already induce a significant
oscillation at the reflectivity plateau. Moreover, these
errors are more difficult to correct compared to the
systematic errors in the fabrication. Thus, the random
errors are the most sensitive thickness errors that need
to be reduced during the iterative calibration and deposi-
tion experiments.
Based on the discussion above, we designed aperiodic

Pd∕B4C multilayers with a working waveband of 9.0–
10.0, 8.5–10.5, and 8.0–11.0 nm assuming 0.6 nm interface
widths. The incidence angle is 5 degrees from normal, and
the number of bilayers is 120. We used different desired
reflectivities for the different bandwidth. The optimized
reflectivity profiles are shown in Fig. 7, and the reflectivity
of a periodic Pd∕B4C multilayer with a 0.6 nm interface
width is also shown as a comparison. The periodic multi-
layer shows a peak reflectivity of 46.7%, but with only a
0.3 nm bandwidth in full width at half-maximum
(FWHM). For the aperiodic multilayers intended for
the waveband of 9.0–10.0, 8.5–10.5, and 8.0–11.0 nm,
the average reflectivity of the plateau is 3.1%, 5.0%,
and 9.5% with standard deviations of 0.29%, 0.08%,
and 0.13%, respectively. The optimized bandwidths are
3–10 times larger than the periodic multilayer. The

parameters of the optimization and the reflectivity profiles
are listed in Table 1. The integral reflectivity over the
bandwidth of the aperiodic multilayer is also larger than
that of the periodic one. For the multilayer with an 8.5–
10.5 nm waveband, the integral reflectivity is ∼20% larger
than that of the periodic one. The enhancement of the
integral flux can be further improved by changing the
merit function.

In conclusion, we perform a systematic design of the
broadband Pd∕B4C multilayers operating at the region
of 8–12 nm. Different factors that can influence the reflec-
tivity profile are studied theoretically. To obtain the
maximum reflectivity with a flat response over the band-
width, the desired reflectivity and number of bilayers need
to be optimized. The real structural parameters, including
the interface width and layer density, can reduce the aver-
age reflectivity and degrade the flatness of the plateau
that should be considered in the design. The random
thickness error is a sensitive factor to the flatness of the
plateau which needs to be controlled down to <� 2%
in experiments. Based on this, we designed the broadband
multilayers intended for different bandwidths assuming
0.6 nm interface widths. An average reflectivity of 3.1%
for 8.0–11.0 nm, 5.0% for 8.5–10.5 nm, and 9.5% for a
9.0–10.0 nm waveband is demonstrated in theory, with
a very flat reflectivity profile. These aperiodic Pd∕B4C
multilayers can be easily fabricated and used for broad-
band imaging and spectroscopy applications.
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