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The focusing efficiency of conventional diffractive x-ray
lenses is fundamentally limited due to their symmetric
binary structures and the corresponding symmetry of their
focusing and defocusing diffraction orders. Fresnel zone
plates with asymmetric structure profiles can break this
limitation; yet existing implementations compromise either
on resolution, ease of use, or stability. We present a new
way for the fabrication of such blazed lenses by patterning
two complementary binary Fresnel zone plates on the front
and back sides of the same membrane chip to provide a com-
pact, inherently stable, single-chip device. The presented
blazed double-sided zone plates with 200 nm smallest half-
pitch provide up to 54.7% focusing efficiency at 6.2 keV,
which is clearly beyond the value obtainable by their binary
counterparts. © 2016 Optical Society of America
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Today’s synchrotron radiation facilities offer a wide range of
analytic methods, ranging from the extreme UV to the hard
x-ray range [1,2]. Depending on the experimental scheme,
x-ray optics not only provide high spatial resolution for micros-
copy but also allow for a better utilization of the available x-ray
flux. Improved condenser efficiency allows us to deliver more
photons to experiments, which can increase sensitivity in coher-
ent diffractive imaging, trace element analysis, full-field x-ray
microscopy, and time-resolved measurements or result in an
overall reduction of measurement time. Diffractive x-ray optics,
such as Fresnel zone-plate lenses [3], offer a compact optical
setup with minimal demands on space and alignment, allowing
great flexibility in their applications. However, they are often as-
sociated with low focusing efficiency. The latter originates from
the fact that, while their resolution is comparable to their smallest
zone width, the focusing efficiency of conventional Fresnel zone
pates depends on their structure height [4]. The fabrication of
both high-efficiency and high-resolution zone-plate optics for the

multi-keV x-ray range thus requires high-aspect ratio metallic
nanostructures. Even if manufacturing limitations regarding
aspect ratio can be overcome, the focusing efficiency of binary
zone plates is still fundamentally limited. As the binary structures
diffract the same intensity to the focusing (positive) as to the
defocusing (negative) diffraction orders, half of the diffracted
intensity is always scattered into unwanted negative diffraction
orders. This limitation can be surpassed by the use of blazed
Fresnel zone plates, which have asymmetric structure profiles
that break this symmetry in order to enhance the primary focus-
ing order while suppressing others. As patterning techniques on
the nanoscale are practically limited to discrete height levels, the
ideal sawtooth-shaped structure profile needs to be approximated
by staircase-shaped structures. Such multilevel zone plates have
been reported in the literature using the patterning of multilevel
structures [5] or by multilayer deposition [6]. However, practical
issues concerning their working distance and resolution have
hindered their practical use. As an alternative to pushing the lim-
its of fabrication techniques, the stacking of zone plates [7–10]
aims at improving the performance of existing Fresnel zone-plate
lenses. By stacking two zone plates in each other’s optical near
field, they act as a single zone plate with added optical transmis-
sion profile. Hence by stacking a “coarse” binary zone plate with
π phase-shift and a double-density “fine” binary zone plate with
π∕2 phase shift, we effectively obtain a four-level, blazed profile
identical to the one of multilevel zone plates [11,12]. This en-
ables blazed zone-plate stacks to surpass the limitations of binary
zone plates while only requiring binary structures made by well-
established planar nanofabrication methods. Stacked zone plates
were shown to provide superior efficiency compared with binary
zone plates [12], but their everyday use requires a permanently
fixed monolithic setup. Due to the potential gain in efficiency,
significant efforts have been made to permanently glue together
stacks of zone plates to provide a single-chip design [8,9].
However, the gluing process requires an online alignment of the
two chips within an x-ray beam. Moreover, the glued stack is
subject to drift during and even after the curing of the glue.
As the two zone plates need to be aligned on the same optical
axis, within one-third of the smallest zone width [13], even the
slightest shift can compromise their optical performance. In this

Letter Vol. 41, No. 2 / January 15 2016 / Optics Letters 281

0146-9592/16/020281-04$15/0$15.00 © 2016 Optical Society of America

http://dx.doi.org/10.1364/OL.41.000281


Letter, we substitute mechanical alignment of stacked Fresnel
zone plates with an aligned double-sided patterning process [10].
By patterning the two sides of the support membrane with the
two zone plates for blazed stacking, we obtain the required four-
level transmission in a monolithic optical element (Fig. 1).

We used the direct electron-beam writing of a Poly(methyl
methacrylate) (PMMA) resist and subsequent electroplating of
metallic nanostructures into the mold [14] to pattern our zone
plates on the individual sides of our membranes. We prepared
our zone plates on 250 nm thick and 2mm × 2 mm sized rec-
tangular silicon nitride membranes on 6mm × 6 mm silicon
frames. The substrates were coated with 25 nm gold and 5 nm
chromium layers on both sides to serve as a conducting base for
electroplating. We processed the two sides of the membrane sep-
arately, first the back side with the fine zone plate and then the
front side with the coarse zone plate, as illustrated in Fig. 1. In
the hard x-ray range and for moderate line widths as in this paper,
it is irrelevant whether the fine or the coarse zone-plate side is
facing toward the x-ray source as described in [15]. Regarding the
sequence of fabrication, we found that a patterning of the dense
zone plate on the back side of the membrane before patterning
the coarse zone plate on the front side led to improved results.
This is due to the fact that one of the most critical steps—the
resist coating of the membrane back side—could be done as the
first processing step at elevated spinning speed, leading to a more
uniform resist layer.

The zone-plate patterns along with a set of alignment mark-
ers were exposed into the resist by 100 keV electron-beam
lithography using a Vistec EBPG 5000+ES writer. In order to
cover the entire process window and compensate for the for-
ward scattering of the electron beam [16], each membrane was
exposed with several zone plates with slightly different exposure

doses. The patterned chips were developed in a mixture of iso-
propanol and water (7:3 by volume) cooled to 2°C for increased
contrast [17]. The PMMA mold was filled with electroplated
nickel using pulsed plating for uniform structure height [18].
The plating was stopped when the mold started to overplate.
The patterning of the coarse zone plates on the front side in-
volved a similar procedure, but the exposure of the zone-plate
patterns was aligned to the first exposure by locating the pre-
viously exposed alignment markers through the membrane.

Using the above-described process, we produced several sets
of double-sided blazed nickel zone plates with 100 μm diameter
and 200 nm smallest half-pitch. The zone plates were charac-
terized by scanning electron microscopy (SEM) (Fig. 2). Using
high acceleration voltage and a backscattering electron detector,
the larger structures of the other side can be detected; however,
the smaller structures cannot be observed. Therefore, some
double-sided blazed zone plates were sectioned using focused
ion beam milling (FIB) (Fig. 3). In the FIB cross section, we
can see the zone plates on both sides of the membrane. The
dense structures on the back of the membrane are 1 μm high,
while the coarse structures on the front side are 2.2 μm high
below the overplating. This closely matches the targeted values
required for π- and π∕2-phase shifts at 6.2 keV photon energy.

A detailed characterization of double-sided blazed Fresnel
zone-plate chips was performed at the cSAXS beamline of the
Swiss Light Source, Paul Scherrer Institut, Switzerland. We mea-
sured the integral and spatially resolved diffraction efficiency at
6.2 keV photon energy (0.2 nm wavelength) and performed a
ptychographic characterization of the lens transmission profile.
For the efficiency measurements, we illuminated our zone plates
through an aperture of equal diameter and the first diffraction
order was selected by a 10 μm pinhole located in the focal plane.
The average diffraction efficiency of the 93 tested zone plates was
45.4%, with diffraction efficiencies up to 54.7% (Fig. 4). These
values clearly surpass the 36.8% fundamental limit of a binary
nickel zone plate at this photon energy and are similar to the
values demonstrated for blazed zone plates with micron-sized
structures [5,6] or stacks that required a setup of mechanical
actuators for alignment [12].

Fig. 1. Schematic fabrication process of the presented double-sided
blazed Fresnel zone plates. (a) The membranes are coated with a chro-
mium/gold/chromium plating base both on the front and the back
side. (b) The first set of zone-plate structures giving a π∕2 phase shift
is patterned on the back side of the membrane together with a set of
alignment markers (square patterns). (c) A set of zone-plate structures
giving a π phase shift are patterned on the front side of the membrane
by a second exposure aligned to the markers through the membrane.

Fig. 2. A conventional SEM image of a blazed double-sided Fresnel
zone plate shows only the front-side coarse zone plate. The inset shows
the center of a zone plate using a backscattered-electron detector,
revealing the central zones of the dense zone plate on the other side
of the membrane.
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The expanding diffraction cone of the first-order, zone-plate
focus was recorded 7 m downstream of the focal plane on a
Pilatus 2 M single-photon counting pixel detector [19]. The
diffraction cone can be interpreted as a spatial map of the dif-
fraction. Only three of our zone plates showed severe misalign-
ment in the micron range, which manifested itself as moiré
fringes in the diffraction cone.

As a sensitive measure for the alignment in the nanometer
range, we determined the ratio of the �1st diffraction orders.
Therefore a zone plate with 45.3% overall efficiency was scanned
with a 10 μm pencil beam and its diffraction patterns were re-
corded on the Pilatus 2 M detector. The recorded diffraction
patterns consist of discrete spots, allowing one to map �1st
and the −1st diffraction order simultaneously. The obtained
map shows clear anticorrelation between �1st and the −1st dif-
fraction orders (Fig. 5). The focusing�1st order dominates over
the zone plate area focusing 48.4% of the incoming radiation
into the primary focus. The defocusing −1st order with 10.0%
overall efficiency is clearly suppressed. The −1st order only
becomes substantial in two opposite regions near the edge of

the zone plates. This indicates a misalignment in the correspond-
ing direction. The ratio of�1st and −1st orders can be used as a
measure for the local misalignment in radians, providing a map
of the relative radial misalignment between the two sides. This
suggests a 20–30 nm shift between the zone plates on the two
sides of the sample.

In order to have a comprehensive measurement of the struc-
ture quality and alignment, we characterized the at-wavelength
x-ray transmission profile using ptychography [20,21]. When
using the lens as a sample, ptychography can directly measure
its complex optical transmission function. A total of 36 μm ×
65 μm area of the same lens was imaged with 300 nm step size.
The total area was subdivided into subregions in order to avoid
problems arising from slight changes in the illumination during
the measurement [22]. The reconstruction was performed using
the difference map algorithm [20] for 400 iterations and aver-
aging the object over the final 100 iterations. The information
behind the detector gaps was accounted in the reconstruction by
an implementation of a shared reconstruction between multiple
scans [22].

The reconstructed phase-shift profile (Fig. 6), clearly shows
the four-step staircase profile both in the large central and the
smaller outer zones. As ptychography produces quantitative re-
sults, the local diffraction efficiency of our zone plates can be
obtained from the Fourier components of the retrieved com-
plex optical transmission profile. This results in 50.4% diffrac-
tion efficiency even for the smallest structures (Fig. 6). This is
significantly higher than the 43% that was measured by x-ray
diffraction in that area of the zone plate. The mismatch can
be explained by the fact that ptychography is not sensitive
to the overall 5% absorption in the membrane. Additionally,
the selected area did not contain any support structures as radial
interruptions of the zones, which further explain the discrep-
ancy between the two measurements. Since the zone plate is
made of a single material with known optical constants, the
phase profile provides us with an accurate height map of the
structures. We obtained 2.1 μm for the coarse and 0.95 μm for
the dense structures. This is close to the targeted values of 2.28
and 1.14 μm for π and π∕2 phase shift.

Double-sided patterning of Fresnel zone plates is a promis-
ing new technique for improving the efficiency of diffractive

Fig. 3. FIB cross section of a blazed double-sided Fresnel zone
plate imaged by SEM. The trapezoidal shape of the front-side zones
is characteristic of the forward scattering of the electron beam in the
thick resist layer.

Fig. 4. Efficiency histogram of 93 double-sided blazed Fresnel zone
plates. The best zone plate reaches 78% of its maximal possible value
of 0.71. The spread in efficiency is caused by the different structure
height and exposure parameters of our lenses. Three of the lowest
efficiency lenses, marked in yellow, suffer from severe misalignment,
but the majority of our lenses provide high-focusing efficiency, proving
the reliability of the process.

Fig. 5. Distribution of the focusing �1st and the defocusing −1st
diffraction orders over a double-sided blazed zone plate with 45.3%
overall efficiency. The �1st focusing order is clearly enhanced, while
the defocusing −1st order is suppressed. Both efficiency maps show a
clear anisotropy along the diagonal of the zone plate, which corre-
sponds with a slight misalignment between the two sides. The black
rectangles mark the position of the ptychographic mapping shown in
Fig. 6.
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x-ray optics without increasing the complexity of the experimen-
tal setup by exchanging mechanical stacking to a monolithic,
inherently stable setup. The produced blazed double-sided zone
plates with 200 nm smallest zone width offer focusing efficien-
cies up to 54.7%. Moreover, our studies have shown that the
alignment procedure can routinely provide alignment accuracy
on the order of 30 nm. This would be sufficient for zone plates
with sub-100 nm half-pitch, allowing the fabrication of both
conventional and blazed double-sided zone plates for the multi-
keV, x-ray range. We believe that the high-focusing efficiency,
compact size, and stability provided by double-sided zone plates
makes them excellent candidates for high-flux micro-diffraction
and coherent diffractive imaging experiments.
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Fig. 6. (a) The phase profile of a double-sided blazed zone plate
obtained by ptychographic imaging. The four-step transmission profile
is clearly visible among the large central zones. (b) The magnified sec-
tion shows the phase profile of the smallest zones of the lens. (c) Cross
section of the region marked in (b) reveals a local misalignment of
19 nm corresponding with 26.9 nm global misalignment along the
diagonal. (e) Fourier components of the selected area imply 50.4%
local diffraction efficiency among the smallest zones.
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