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Multilayer Laue lens for focusing X-ray into
nanometer size
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A multilayer Laue lens with a 15-nm outermost zone width is designed for an incident X-ray beam with an
energy of 8 keV. WSi2/Si multilayer Laue lens with 324 layers and a total thickness of 7.9 µm is successfully
fabricated using direct current magnetron sputtering method. After deposition, the multilayer is sliced
and polished to achieve the ideal aspect ratio. Characterization results show that the multilayer structure
is kept intact and the surface roughness is approximately 0.9 nm after slicing and repeated polishing.
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Efficient focusing of X-ray beam to nanometer scale has
always been a challenge, the accomplishment of which
could bring great benefits to the development of ma-
terial science, environmental science, and biomedicine.
With the development of synchrotron radiation, high-
brilliance and high-collimation X-ray sources have be-
come available. The only limitation that remains is that
of nanometer focusing optics, for which several meth-
ods have been proposed. Refractive lens can provide an
X-ray spot with a lateral extension of 47 × 55 (nm)[1]
while a K-B mirror can generate an X-ray nanobeam
with a size of 85 × 95 (nm)[2]. For diffractive optics,
a zone plate is a powerful tool used in the soft X-ray
range because it provides a spatial resolution better than
15 nm[3]. However, for hard X-ray focusing, the aspect
ratio, z/drout , where drout is the outmost zone width and
z is the depth of a zone plate, has to be very large, which
cannot be achieved by etching methods. Recently, a new
diffractive focusing optics named multilayer Laue lens
(MLL) has attracted great attention. This zone plate-
like optics method not only overcomes the limitation of
aspect ratios[3], but also improves the accuracy of layer
positions and decreases roughness relative to the results
with sputter-sliced zone plates deposited on a column
substrate[4]. One-dimensional (1D) MLL with an outer-
most layer width of 5 nm is capable of focusing X-ray to
a line of 16-nm width with an efficiency of 31%[5]. Here,
we present our initial work on the design, fabrication,
and characterization of a new focusing optics, MLL.

MLL is constructed by a series of depth-graded mul-
tilayers. The multilayer is first deposited on a flat sub-
strate, then sectioned and polished to an ideal depth. By
itself, one multilayer is capable of focusing X-rays. To
increase the aperture, two multilayer slices are assembled
together to form a 1D MLL (Fig. 1). Each multilayer
is tilted with an angle ϕ to the optical axis in order to
improve focus efficiency. A detailed description of the
MLL model can be seen in Ref. [6].

To characterize MLL with an X-ray diffractometer,
the multilayer structure was initially designed for the
incident light of Cu-Kα line (E=8 keV). The outermost

zone width drout and focal length f were chosen as 15 nm
and 2 mm, respectively. According to zone plate law[7],
the total number of layers should be N=342 and the
total thickness of the multilayer should be rout=10263
nm. However, the central part of the structure was
not deposited in order to leave space for assembling;
thus, the number of layers Nexp and total thickness texp

deposited in experiment were 324 and 7908 nm, respec-
tively. Parameters of the multilayer structure are listed in
Table 1.

For efficient focusing of X-rays, the aspect ratio of
MLL was made very large. The diffraction kinematics
model was found unsuitable for this purpose; therefore,
we used the coupled-wave theory (CWT) to analyze the
diffraction properties of MLL[8,9]. The whole structure

Fig. 1. Schematics of an MLL: a) and b) a depth-graded
multilayer is deposited on a flat substrate, then sectioned and
polished to an ideal depth; c) two multilayers are assembled
together to form a 1D MLL.

Table 1. Parameters of the Zone Plate
Multilayer Structure

Λ (nm) f (mm) drout(nm) N rout(nm) Nexp texp(nm)

0.154 2 15 342 10263 324 7908
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Fig. 2. Local diffraction efficiency as a function of the po-
sitions Rn of MLL. In the “flat” case (square), all layers
were parallel to the optical axis with no tilted angle. In the
“tilted” case (circle), the whole structure was tilted 2 mrad to
the axis. In the “ideal” case (triangle), each layer was tilted
with an optimum angle to satisfy the Bragg condition.

Fig. 3. SEM image of the cross-section of the zone plate mul-
tilayer structure.

can be considered as a series of local volume gratings.
From the central to outer area, the period of gratings
gradually decreased and the diffraction behavior tran-
sited from the Raman-Nath diffraction to the Bragg
diffraction. In the Bragg regime, diffraction efficiency
depends greatly on the Bragg condition; thus, to ob-
tain higher efficiency, the multilayer structure has to
be tilted with an optimum angle ϕ. According to 1D
CWT, the complex amplitude of different diffraction or-
ders on the rear surface Al (z) can be calculated using
a numerical method. The local diffraction efficiency,
η = A−1(z)A∗

−1(z), and the intensity distribution in the
image plane can be obtained by superimposing all the
wave fields propagated to the image plane.

Diffraction efficiency of local gratings in three different
cases is shown in Fig. 2. The depth of MLL, z, was opti-
mized at 6980 nm. It can be seen that in the “flat” case,
local diffraction efficiency dropped quickly at the outer
area where layer thicknesses have become smaller. In the
“tilted” case, the efficiency curve was very close to the
“ideal” case throughout the whole structure. Diffraction
efficiency of the tilted MLL reached a maximum of 60%
at the outer area. Thus, the multilayer structure of MLL
has to be tilted with an optimum angle in practical use
to improve the diffraction efficiency. According to cal-
culations of the intensity distribution at the image plane,
the resolution of the tilted case was 10.5 nm.

To fabricate the zone plate of MLL, which has a great
number of layers, a material combination with very stable
stress state and sharp interfaces is crucial. Combinations
of Mo/Si, MoSi2/Si, W/Si, and WSi2/Si were studied.
The combinations of Si and silicide showed more sta-
ble stress state and smaller interface diffusion, which is
consistent with the results reported in Refs. [10] and
[11]. Here, the combination of WSi2/Si was also used to
fabricate MLL.

The multilayer structure was deposited on flat Si sub-
strates using direct current (DC) magnetron sputtering
technology. To better control the positions and quality
of the outmost layers that determine the resolution of
MLL[12], the multilayer was deposited in inverse order,
from layer 342 to 19. The whole sputtering process lasted
for 16 h. To calibrate the drifts of growth rate during
the whole process[13], periodic multilayer samples were
deposited at the beginning, middle, and final stages. A
thick periodic multilayer with 361 periods was also de-
posited during the whole process, whose thickness was
measured to be 14.32 nm. It was determined that during
the 16 hours of sputtering, the growth rates of WSi2 and
Si drifted no more than 2%, which indicates a relatively
stable sputtering process.

After deposition, the zone plate multilayer was sliced,
and the cross-section was observed using scanning elec-
tron microscopy (SEM). As illustrated in Fig. 3, the
interfaces are sharp and flat. No buckling or peeling is
observed, which indicates a very stable stress state of
the multilayer. To characterize the multilayer structure
precisely, the whole cross-section was divided into eight
parts and scanned by SEM. Analyzing the results show
that the fabricated multilayer structure is consistent with
the designed structure.

To obtain the ideal aspect ratio, the multilayer struc-
ture had to be sliced and polished to the desired depth.
The zone plate multilayer was prepared into plane-shaped
samples and wedge-shaped samples, which were used to
investigate the dependence of diffraction property on
depth.

A series of thinning processes similar to the TEM spec-
imen preparation[14] were performed. First, the silicon
substrate with a deposited multilayer was sliced by a
diamond cutter into 2 ×5 (mm) pieces. Two pieces of
samples were then bonded face-to-face to protect the
multilayer from damage during polishing.

The process of the cross-section polishing included
several procedures. Raw abrasive papers and diamond
lapping films with particle sizes of 15, 3, and 1 µm were
used alternately for manual polishing to decrease the
depth and remove the damage caused by the last proce-
dure. However, the multilayer could not be observed by
SEM after 1-µm lapping film polishing. Thus, a 0.5-µm
diamond suspension was used to remove the damage on
the cross-section of the multilayer and to improve the
smoothness. After polishing, the depth of the tip area
of the wedge sample was 10 µm, with an aspect ratio of
666. The depth of the plane sample was approximately
10 µm.

To characterize the multilayer structure and diffraction
property of MLL after polishing, SEM and atomic force
microscopy (AFM) measurements were performed. As
shown in the SEM image (Fig. 4), the multilayer struc-
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Fig. 4. SEM image of the polished surface of the multilayer
sample.

Fig. 5. AFM image of the polished surface of the multilayer
sample.

ture was kept intact, and interfaces were sharp and flat
after sectioning and repeated polishing.

To quantitatively evaluate the surface roughness of the
polished surface, AFM measurement was used. Different
areas of the surface were measured and the roughness
was approximately 0.9 nm (root mean square) (Fig. 5).
Additional polishing processes for smoother surfaces are
currently being studied in our laboratory.

In conclusion, MLL used at the incident energy of 8
keV and with an outermost layer width of 15 nm is de-
signed. The local diffraction efficiency at the outer area
of the MLL reaches 60%, with a resolution of 10.5 nm. A
WSi2/Si zone plate multilayer with 324 layers and a to-
tal thickness of 7.9 µm is fabricated using DC magnetron
sputtering. To acquire the ideal aspect ratio, the multi-
layer structure is sectioned and polished to the desired
depth. Depth of the tip area of the wedge-shaped sam-

ple is 10 µm, while the aspect ratio is 666. Depth of the
plane-shaped sample is approximately 10 µm. SEM and
AFM measurements show that the multilayer structure
is kept intact after slicing and repeated polishing, while
the roughness of the polished surface is approximately
0.9 nm. The focusing property of the multilayer Laue
lens will be researched in future experiments.
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