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Thinning and polishing of cross-section of depth-graded
WSi 2/Si multilayer for linear zone plate application
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A linear zone plate named multilayer laue lens (MLL) is fabri cated using a depth-graded multilayer struc-
ture. The lens shows considerable potential in focusing an X-ray beam into a nanometer scale with high
efficiency. In this letter, a depth-graded multilayer cons isting of 324 alternating WSi 2 and Si layers with
a total thickness of 7.9 � m is deposited based on the thickness sequence according to the demands of
the zone plate law. Subsequently, the multilayer sample is sliced and thinned to an ideal depth along
the cross-section direction using raw abrasives and diamond lapping. Finally, the cross-section is polished
by a chemical mechanical polishing (CMP) technique to remov e the damages and improve the surface
smoothness. The final depth of the MLL is approximately 7 � m with an achieved aspect ratio greater
than 400. Results of scanning electron microscopy (SEM) and atomic force microscopy (AFM) indicate
that interfaces are sharp, and the multilayer structure rem ains undamaged after the thinning and polishing
processes. The surface roughness achieved is 0.33 nm.
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High-brilliance synchrotron X-ray sources enhance the
feasibility of nanobeam focusing, which is helpful to X-
ray microscopy analysis under higher resolution. Several
components have been developed to focus X-rays into
a nanobeam, such as Kirkpatrick-Baez mirrors[1] , com-
pound refractive lens[2] , Fresnel zone plate lens[3] , and
graded multilayer mirrors [4] . Fresnel zone plates have
been demonstrated as powerful focusing lenses in X-ray
microscopy applications. However, for hard X-rays, the
aspect ratio of a zone plate (ratio of the depth of a zone
plate to its outermost zone width) becomes exceedingly
large that could not be achieved using traditional litho-
graphic techniques. A novel linear zone plate, named
multilayer laue lens (MLL), is developed by depositing
the depth-graded multilayer reversely on 
at substrates
and subsequently slicing and polishing the lens to achieve
a larger aspect ratio. As a result, MLL has shown capa-
bility to provide a significantly higher focusing efficiency
and resolution especially in hard X-ray regions[5;6]. Fur-
thermore, the outermost layers (i.e., the thinnest layers)
of MLL, which determine the resolution, are �rstly de-
posited on a substrate to control the thicknesses and
quality of the critical layers better. A MLL structure
with an outermost layer thickness of 5 nm has focused
the 19.5-keV X-ray into a line focus of 16 nm, with an
efficiency of 31%[7] .

In this letter, a MLL is designed and a thickness-graded
multilayer with 324 layers is successfully deposited using
WSi2 and Si alternately. The detailed slicing, thinning,
and polishing processes of the multilayer sample are re-
ported to form a nearly perfect linear zone plate with a
high aspect ratio.

The MLL was designed at energyE=8 keV, with a

focal length of 2.04 mm. According to the zone plate
law, the depth-graded multilayer should consist of 324
alternating WSi 2 and Si layers with a total thickness
of 7.9 � m. The outermost layer thickness of the zone
plate is 15 nm. In the present study, the layer thickness
increases from 15 to 65 nm as shown in Fig. 1.

The material combination of WSi2/Si was chosen to
fabricate the MLL because of its stable stress property[8] .
To ensure better control of the position and quality of the
outermost layers, which determine the focusing property,
the multilayer was deposited reversely on a super pol-
ished Si(100) substrate using direct current magnetron
sputtering technology[9;10] . After deposition, the cross-
section of the multilayer was observed by scanning elec-
tron microscopy (SEM), as shown in Fig. 2. Figure
2(a) is an image of the entire cross-section, and Fig. 2(b)

Fig. 1. Designed and deposited multilayer structure of MLL.
The total number of layers is 324 with a total thickness of 7.9
� m.
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Fig. 2. SEM images of the cross-section of WSi2 /Si thickness-
graded multilayer showing (a) the entire cross section and ( b)
an enlarged image of the area of the layers close to the sub-
strate.

is an enlarged image of the area of the layers near the
substrate. The bright layers are WSi2 and the dark lay-
ers are Si. All interfaces are evidently sharp and 
at,
which indicates the good quality of the multilayer.

To measure the deposited multilayer structure, the
7.9-� m cross-section was divided into eight parts and
observed with larger magnification separately. The mea-
sured multilayer structure is also shown in Fig. 1 for
comparison. The deposited multilayer structure is mainly
consistent with the design from the substrate to the sur-
face. The oscillation of the measured layer thicknesses
is caused by the inaccuracy of the SEM measurement.
Moreover, the small deviation of the seventh part, which
is indicated by an arrow, shown in Fig. 1, is attributed
to the layer position errors induced by the stitching of
the eight images together.

MLL can achieve a larger depth through the slicing
and thinning processes. Large depth makes it superior
to traditional zone plates fabricated using e-beam lithog-
raphy techniques. Thus, the thinning process used to
obtain the ideal aspect ratio is crucial in the fabrication
of a MLL. According to the calculated results, the ideal
depth of the linear zone plate is 7� m. Thus, the aspect
ratio is 466 for an outermost layer having a thickness of
15 nm. To produce this ultra-thin cross-section with an
intact multilayer structure, the sample should be sliced
and extremely thinned to the desired thickness.

A fabrication process which combines the methods of
sample preparation for transmission electron microscopy
(TEM) and ultra-smooth surface machining techniques
was adopted[11� 13] . Figure 3 is the schematic of the pro-
cess.

The depth-graded multilayer sample shown in Fig. 3(a)
was sliced into pieces using a diamond dicing cutter. The
dimensions of each piece are 5 mm (length) and 2 mm
(width), as shown in Fig. 3(b). This leaves a large area
for the removal of the damage caused by dicing[14] . To
protect the multilayer during the thinning and polish-
ing, a sandwich structure was formed by gluing a clean
piece of Si wafer of the same size onto the surface of the
multilayer (Fig. 3(c)). Subsequently, the sandwich sam-
ple was mounted on a holder using bonding wax, which
provides high bonding strength for the sample. Both of
the two cross-sections of the sample required thinning

and polishing to obtain the desired 7-� m depth (Figs.
3(d){(g)). The details of the process are reported below.

Initially, the cross-section was grinded using raw abra-
sives to quickly reduce the depth and to obtain a rough
plane. Subsequently, the cross-section was grinded and
lapped sequentially using a fine diamond lapping film
with particle sizes of 15, 3, and 1� m. The sequential
reduction in grit size reduces the depth and gradually
decreases the damages caused by the pre-procedure.

To remove the surface damages further, a 0.5-� m di-
amond suspension applied with polyurethane pads was
used to polish the cross-section. The polished sample was
characterized by SEM. Although the multilayer structure
was visible, as shown in Fig. 4, the agglomeration of di-
amond particles induced damages and scratches on the
surface, as highlighted by the arrows. In spite of the
additional polishing done on the sample by a 0.1-� m
diamond suspension, several small scratches caused by
the pointed shape and high degree of hardness of the
diamond particles have remained. These imperfections
can reduce the performance of MLL and should therefore
be improved.

To remove all the damages and scratches and improve
the smoothness of surface, chemical mechanical polishing

Fig. 3. Schematic illustrations of the thinning and polishi ng
processes of the multilayer sample.

Fig. 4. SEM image of the multilayer cross-section obtained
after the 0.5-� m diamond suspension polishing process.
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(CMP) was used. CMP is a unique technique used in
the semiconductor industry, which combines the advan-
tages of both mechanical and chemical polishing. The
working process of CMP consists of two stages. Firstly,
the chemical slurry reacts with and weakens the surface
materials; then, the mechanical forces produced by the
nanometer abrasives and polishing cloth wipe the soft-
ened materials away, resulting in a precise removal at the
atomic scale[15] . In the present experiment, the colloidal
silica slurry, in conjunction with a velvet polishing cloth ,
was used.

The cross-section of the multilayer sample was roughly
polished using slurry with a concentration of approxi-
mately 3% to remove the damage caused by diamond
lapping quickly and to improve the 
atness. A final
polishing step was performed using slurry with a concen-
tration of approximately 1% to improve the smoothness.

Both sides of the cross-section were thinned and pol-
ished using the same methods. However, when the depth
of multilayer is less than 100� m, extreme caution should
be exercised to avoid breaking the ultra-thin 
ake. The
depth was monitored during the thinning process using
an optical microscope, which facilitated achievement of
the desired value.

After thinning and polishing the cross-section of the
depth-graded multilayer, the structure was observed by
SEM. The SEM images of the cross-section after CMP
are shown in Fig. 5. Figure 5(a) shows the entire cross-
section of the multilayer, and Fig. 5(b) is an enlarged
image of the area of the layers close to the substrate.
The fine multilayer structure, including the 15-nm-thick
layers near the substrate, is evidently undamaged, and
all the interfaces remain 
at and sharp after the entire
process. No deformation or peeling of layers is observed.
The spots indicated by the arrows in Fig. 5(a) are con-
taminants.

To evaluate the smoothness of the surface of the pol-
ished cross-section, atomic force microscopy (AFM) was
used, and the result is shown in Fig. 6. Although contam-
inants are present, the root mean square (RMS) rough-
ness across the entire surface is 0.33 nm. The depth of the
MLL was measured using a stylus profiler, and the result
shows a depth of approximately 6{7 � m. Thus, a MLL
with a high aspect ratio of 400{466 has been fabricated.
The deviation of the cross-section depth was mainly

Fig. 5. SEM images of the multilayer cross-section after CMP
showing (a) an image of the entire cross-section of multilayer
and (b) an enlarged area of the layers close to the substrate.
The spots indicated by arrows are contaminants.

Fig. 6. AFM image of the polished cross-section. The mea-
sured dimension is 10� 10 (� m), z range of the image is 25.85
nm, and the RMS roughness is 0.33 nm.

caused by the thinning process, which can be improved
in future experiments.

A depth-graded WSi2/Si multilayer is deposited, and
the slicing, thinning, and polishing processes for the mul-
tilayer are explored to obtain a linear zone plate, MLL,
for X-ray focusing applications. To achieve the ideal as-
pect ratio with minimal damage, the multilayer sample
is sliced and thinned on both sides of the cross-section.
To remove all the damages and improve the smoothness
of the surface, chemical mechanical polishing is used as
a final step. After all the repeated fabrication processes,
the cross-section is measured using SEM and AFM. Re-
sults show that the multilayer structure has remained
undamaged and that the surface roughness is only 0.33
nm.

The aspect ratio of the fabricated MLL is greater than
400, which is significantly larger than that of the zone
plates fabricated using the traditional e-beam lithog-
raphy method. The thinning and polishing processes,
which include CMP, are evidently suitable for the fab-
rication of a MLL for hard X-ray focusing applications.
The optical properties of the MLL will be studied in the
succeeding experiments.

This work was supported by the National Natu-
ral Science Foundation of China (Nos. 10825521 and
10905042), the Natural Science Foundation of Shanghai
(Nos. 09XD1404000 and 09ZR1434300), and the Project
of International Cooperation (No. 2008DFA01920). The
authors are indebted to Professor Xiaojing Wu, Dr. Xin
Zhang, Zhaoqiang Zhang, and Xu Wang of Fudan Uni-
versity for their assistance on the initial sampling exper-
iments and the SEM measurement.

References

1. W. Liu, G. E. Ice, J. Z. Tischler, A. Khounsary, C. Liu,
L. Assoufid, and A. T. Macrander, Rev. Sci. Instrum.
76, 113701 (2005).

2. C. G. Schroer, O. Kurapova, J. Patommel, P. Boye, J.
Feldkamp, B. Lengeler, M. Burghammer, C. Riekel, L.
Vincze, A. van der Hart, and M. K•uchler, Appl. Phys.
Lett. 87, 124103 (2005).

3. W. Chao, E. Anderson, G. P. Denbeaux, B. Harteneck, J.
A. Liddle, D. L. Olynick, A. L. Pearson, and F. Salmassi,
Opt. Lett. 28, 2019 (2003).

013103-3



COL 10(1), 013103(2012) CHINESE OPTICS LETTERS January 10, 2012

4. Ch. Morawe, O. Hignette, P. Cloetens, W. Ludwig, Ch.
Borel, P. Bernard, and A. Rommeveaux, Proc. SPIE
6317, 63170F (2006).

5. H. C. Kang, J. Maser, G. B. Stephenson, C. Liu, R. Con-
ley, A. T. Macrander, and S. Vogt, Phys. Rev. Lett. 96,
127401 (2006).

6. T. Koyama, S. Ichimaru, T. Tsuji, H. Takano, Y.
Kagoshima, T. Ohchi, and H. Takenaka, Appl. Phys.
Express 1, 117003 (2008).

7. H. C. Kang, H. Yan, R. P. Winarski, M. V. Holt, J.
Maser, C. Liu, R. Conley, S. Vogt, A. T. Macrander, and
G. B. Stephenson, Appl. Phys. Lett. 92, 221114 (2008).

8. C. Liu, R. Conley, and A. T. Macrander, Proc. SPIE
6317, 63170J (2006).

9. M. Tan, H. Li, Q. Huang, H. Zhou, T. Huo, X. Wang,
and J. Zhu, Chin. Opt. Lett. 9, 023102 (2011).

10. J. Zhu, H. Li, X. Wang, Q. Huang, Z. Wang, Y. Li, H.
Li, D. Wang, J. Zhao, and W. Lu, Chin. Opt. Lett. 8,
167 (2010).

11. L. D. Madsen, L. Weaver, and S. N. Jacobsen, Microsc.
Res. Technol. 36, 354 (1997).

12. H. Gao, J. Cao, Y. Zhu, and C. Chen, Physics (in Chi-
nese)29, 610 (2000).

13. J. Zhu, Q. Huang, H. Li, J. Xu, X. Wang, Z. Zhang, Z.
Wang, and L. Chen, Chin. Opt. Lett. 8, 174 (2010).

14. H. C. Kang, G. B. Stephenson, C. Liu, R. Conley, R.
Khachatryan, M. Wieczorek, A. T. Macrander, H. Yan,
J. Maser, J. Hiller, and R. Koritala, Rev. Sci. Instrum.
78, 046103 (2007).

15. S. Rehbein, P. Guttmann, S. Werner, and G. Schneider,
J. Vac. Sci. Technol. B 25, 1789 (2007).

013103-4


