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To develop high quality dispersion optics in the X-ray region, the sliced multilayer transmission grating is
examined. Dynamical diffraction theory is used to calculate the diffraction property of this volume grating.
A WSiy/Si multilayer with a d-spacing of 14.3 nm and bi-layer number of 300 is deposited on a super-
polished silicon substrate by direct current magnetron sputtering technology. To make the transmission
grating, the multilayer is sliced and thinned in the cross-section direction to a depth of 23-25 pm. The
diffraction efficiency of the grating is measured at £ = 8.05 keV, and the 1st-order efficiency is 19%. The
sliced multilayer grating with large aspect ratio and nanometer period can be used for high efficiency and

high dispersion optics in the X-ray region.
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With the development of various deposition technologies,
multilayers with thousands of layers can now be produced
while still maintaining the thickness deviation of each
layer within 0.1 nm("?!. These smart multilayers have
been widely used in astronomical physics, synchrotron
radiation, plasma diagnosis, and so on. Apart from the
reflection optics realized by high reflectivity multilayer
mirrors®, another critical element in the extreme ul-
traviolet (EUV) and X-ray region is the dispersion op-
tics. Conventional dispersion optics is usually provided
with gratings/*~9 that are fabricated by etching meth-
ods. However, transmission gratings used in the hard X-
ray region have to fulfill a very large aspect ratio (i.e., the
depth of the grating groove divided by the line-width) in
order to achieve a practical diffraction efficiency due to
the dynamical effect[”-8!. Moreover, new optics in the X-
ray region require higher dispersion power that, in turn,
needs much larger groove density, i.e., very small period
of the structure. These harsh requirements cannot be
satisfied by etching techniques; as an alternative, sliced
multilayer grating is a good solution for these problems.
The slicing and thinning process can produce a multilayer
grating with much larger aspect-ratio that can greatly
increase the diffraction efficiency of hard X-ray®. By
depositing a thick multilayer with a layer thickness of
only several nanometers, the dispersion power of gratings
can be increased!'%). In this letter, a WSiy/Si multilayer
of 300x14.3-nm periods is deposited and then sliced and
polished to create a transmission grating. The diffraction
efficiency of the grating is measured at 8.05 keV. The
measured results demonstrate that the sliced multilayer
transmission grating is very promising for applications in
high efficiency and high dispersion optics in the X-ray
region.

In the X-ray region, the transmission grating is re-
quired to have a smaller period (in nanometer) and
larger depth, i.e., higher aspect ratio. The kinematical
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diffraction theory is no more suitable for these volume
gratings. Instead, the dynamical diffraction theory has
to be applied and must consider the interaction and cou-
pling effect between the incident and diffraction waves
of different orders inside the grating!”'!. Thus, the
diffraction efficiency is related to the depth of grating
and the fulfillment of the Bragg condition. Only when
the length of the interaction area is correctly chosen and
the Bragg condition of a certain order, 2D sinf = [}, is
satisfied can the diffraction efficiency be enhanced*?l. A
schematic of the sliced multilayer transmission grating is
shown in Fig. 1. To calculate the theoretical efficiency
of the grating, the one-dimensional coupled wave the-
ory (1D-CWT) is used('13:14 The multilayer grating is
made up of two materials A (high-z) and B (low-z) alter-
natively with arbitrary thickness ratio, v = da /(da+dg),
where da and dp are the layer thicknesses for materials
A and B, respectively. Thus, the grating is described by
a Fourier expansion of the periodically changing permit-
tivity given by

e(F) =&+ Ae-2y-i- isinc(bw -v) -sin(hG - 7), (1)
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Fig. 1. Schematic illustration of the transmission sliced mul-
tilayer grating.
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where, & = eg + (Ao —eB) - 7 is the average permittivity,
Ace is the difference of permittivities between two mate-
rials, and G is the grating vector. Assuming the grating
is illuminated by a plane wave with wave vector of Eo,
the wave field inside the grating can be written as a sum
of different orders of waves:

E() =B Y Ai)exp(~ifi - 7), (2)

l=—00

where FEj is the field amplitude E(z = 0), I is the
diffraction order, A;(7) is the complex wave amplitude,
and p; is the wave vector of different diffraction orders,
/1= po+1G.

By inserting e(7) and FE(7) into the wave equation

V2E(r) — Re(RE(r) =0, 3)

a series of coupled differential equations of amplitudes
A;(7) is obtained. Neglecting the 2nd-order derivatives,
the 1st-order differential equations can be solved by
a numerical method that finally yields the diffraction
efficiency of different orders, n; = A;(2)A;(z). The de-
tailed solving process can be found in Refs. [11,13,14].
According to this method, the diffraction efficiency of a
multilayer grating with a period of D = 14.3 nm and a
thickness ratio of v = 0.47 is calculated at £ = 8.05 keV.
Both the ideal case (i.e., the incident angle satisfying
the Bragg condition, # = g = 0.31° for the 1st order)
and the non-tilted case (i.e., incident angle, #=0°) are
calculated, and the results are shown in Fig. 2.

The diffraction efficiency in the ideal case is oscillated
with the depth which reaches a maximum of 62% at
a depth of z = 7.3 yum. The second enhancement of
the efficiency is achieved at a depth of around 24 pm,
whereas the efficiency is 25% due to the larger absorp-
tion. In the non-tilted case, the efficiency is close to
zero, because it is significantly deviated from the Bragg
condition.

The designed multilayer grating consisted of a bi-layer
number of 300 (corresponding to grating grooves num-
ber, N) with a total thickness of 4.3 pm. Deposition of
this microns-thick multilayer causes tremendous accumu-
lated stress, which can result in the buckling or peeling
of layers during the following sampling process. Mean-
while, the presence of sharp interfaces of the multilayer
is an important condition in achieving ideal grating per-
formance. Thus, the material combination of the sliced
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Fig. 2. Diffraction efficiency of the 1st-order sliced multilayer
transmission grating versus grating depth.

multilayer grating must solve both of these problems.
The WSiz/Si multilayer has been demonstrated to be
very suitable for the deposition of a thick multilayer
due to its stable stress property!'®16: it has also shown
sharp interfaces with a small roughness!'”). In this study,
the material combination of WSiy/Si was selected to
fabricate the multilayer grating. The sliced multilayer
transmission grating was fabricated in two steps: the
multilayer deposition and the sampling process. Firstly,
a WSis/Si multilayer with a d-spacing of 14.3 nm and
bi-layer number of 300 was deposited on a super-polished
silicon substrate by direct current (DC) magnetron sput-
tering technology!'®l. The working gas was Ar, and
the working pressure was set at 0.2 Pa. It took 14 h
to deposit this 4.3-pm-thick multilayer. The multilayer
structure was characterized using grazing incident X-
ray reflectance (GIXR) measurement. The measured
d-spacing of the multilayer was D = 14.3 nm, and the
layer thicknesses of WSis and Si were dwsie = 6.8 nm
and ds; = 7.5 nm, respectively.

After deposition, the multilayer sample was sliced per-
pendicular to the surface. In order to protect the mul-
tilayer, another Si substrate was glued onto the surface
to make a sandwich structure. Then, both cross-sections
of the sandwich sample were grinded and polished to a
thin depth, z, corresponding to the peak position shown
in Fig. 2. The detailed sampling process has been illus-
trated elsewhere('”). The depth of the multilayer grating
was measured by a stylus profiler. Due to the difficulty
of thinning the depth to below 10 pm, the fabricated
depth in this letter reached a range of 23-25 um, with
an aspect ratio larger than 3 000. The surface roughness
(RMS) of the cross-section, measured by atomic force mi-
croscopy (AFM) was ~0.5 nm. The cross-section of the
multilayer grating was observed by a scanning electron
microscope (SEM), as shown in Fig. 3. All the interfaces
were sharp and flat, while the multilayer structure was
preserved after slicing, repeated grinding, and polishing.

To study the diffraction efficiency of the sliced mul-
tilayer transmission grating, the sample was measured
using a high resolution X-ray diffractometer and the
X-ray source was Cu Kaj line (E = 8.05 keV). The
diffraction geometry used in the measurement was the
same as that shown in Fig. 1. The y-axis is defined as
the layer growth direction of multilayer grating, whereas
the z-axis is the depth direction of grating, i.e., perpen-
dicular to the surface of the cross-section. The z-axis is
the length direction of the multilayer grating. The di-
vergence angle of the incident X-ray beam in the y-axis
direction is 0.007°. In order to measure the diffraction
efficiency quantitatively, a slit with a width of 40 pm
was inserted into the incident beam path just in front
of the multilayer grating. For the ideal case, both the
grating equation, D(sinf + sin6;) = I\, and the Bragg
condition, 2Dsinf = [\, are satisfied, making 6 equal
to 6;. Thus, the grating was first measured in the ideal
case by scanning in the specular direction (Q. scan)[%).
Diffraction efficiency in the non-tilted case is measured
by setting the incident angle, 6 at 0° and performing
the detector scan. The measured results are shown in
Fig. 4. Sharp diffraction peaks of +3 orders are clearly
observed in the ideal case, thus indicating a well-ordered
structure. According to the positions of the Bragg peaks
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Fig. 3. SEM image of the multilayer structure after the sam-
pling process.
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Fig. 4. Diffraction efficiency measurements of the multilayer
grating in the ideal and non-tilted cases.

in different orders, the period of multilayer grating is D
= 14.1 nmP9, which is almost the same with the as-
deposited value. The absolute efficiency is obtained by
normalizing the intensity of Bragg peaks with the inci-
dent intensity. In the ideal case, the highest diffraction
efficiency of £1 orders are achieved at the incident an-
gle of § = g = 0.31°, which is the same as the design.
The measured 1st-order efficiency is 19%, while the the-
oretical value shown in Fig. 2 is 25%. The asymmetric
intensity of the +1 and —1 orders could be caused by
small damages of the multilayer structure induced in the
sampling process. The efficiency in the non-tilted case
is much lower, only about 2%. The measured results
are mainly consistent with the theoretical calculation,
which proves that the sliced multilayer transmission grat-
ing with large aspect-ratio can achieve high diffraction
efficiency in hard X-ray region.

In conclusion, the sliced multilayer transmission grat-
ing is developed in this letter. A WSiy/Si multilayer with
a d-spacing of 14.3 nm and bi-layer number of 300 is
deposited on a super-polished silicon substrate by DC
magnetron sputtering technology. Then, the multilayer
is sliced into pieces and its cross-section is thinned and
polished to a depth ranging from 23 to 25 um to create
the transmission grating. The diffraction efficiency of
the grating is measured using an X-ray diffractometer at
Cu Kaj line (E = 8.05 keV), and the 1st-order efficiency

is as high as 19%. The sliced multilayer grating with large
aspect-ratio and nanometer period is successfully fabri-
cated. It can be used as high dispersion optics in the
X-ray region. More efforts can be made in future stud-
ies to improve the performance of this sliced multilayer
grating.
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