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Abstract: The fabrication of high aspect ratio metallic nanostructures is

crucial for the production of efficient diffractive X-ray optics in the hard

X-ray range. We present a novel method to increase their structure height via

the double-sided patterning of the support membrane. In transmission, the

two Fresnel zone plates on the two sides of the substrate will act as a single

zone plate with added structure height. The presented double-sided zone

plates with 30 nm smallest zone width offer up to 9.9% focusing efficiency

at 9 keV, that results in a factor of two improvement over their previously

demonstrated single-sided counterparts. The increase in efficiency paves

the way to speed up X-ray microscopy measurements and allows the more

efficient utilization of the flux in full-field X-ray microscopy.
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1. Introduction

Hard X-ray microscopy comprises several analytical techniques, providing the possibility of

imaging highly heterogeneous, organic or inorganic samples using high energy photons. It takes

advantage of the high penetration depth, high resolution and chemical sensitivity of X-rays and

allows studying extended samples without extensive sample preparation. Experimental meth-

ods include scanning probe microscopy, full field microscopy and coherent diffractive imag-

ing, often combined with tomography or time resolved measurements. The resolution of X-ray

microscopes typically falls between the resolution of electron and optical microscopy, yet its

resolution is limited in radiation sensitive, e.g. biological, specimens. On one hand, according

to the Debye-Porod law, the required dose to distinguish smaller features is inversely propor-

tional to the fourth power of the feature size [1, 2]. On the other hand, radiation damage limits

the total dose that can be applied to the samples before they are degraded by radiation damage,

leading to the loss of fine details in recorded images [3].

Hard X-rays can be focused via KB mirrors [4], compound refractive lenses [5] or multilayer

Laue lenses [6] as well as with Fresnel zone plates (FZP) [7]. The latter group consists of

stigmatic, compact and easy to handle optical elements which are commonly used from the

extreme UV [8] to the hard X-ray range [9]. Their compact dimensions allows great flexibility

in their use, as they can fill their role as a focusing lens for micro- and nanoprobe experiments

as well as to serve as an objective lens for full field X-ray microscopes. However, their focusing

efficiency, defined as the fraction of the incoming flux that can be used for imaging, is limited.

It is related to the fabrication properties and the structure height of the zone plate through the

optical constants of the zone plate material [8, 10].

The focusing efficiency of Fresnel zone plates increases quadratically with the structure

height for optically shallow structures and in case of no absorption it reaches its maximum

at the height corresponding to π phase shift as shown on Fig. 1. The optimal structure height

of heavy metals typically falls in the range of microns in the multi-keV range. Higher photon

energies require even taller structures to obtain a reasonable focusing efficiency. Additionally,

the resolution of zone plate optics is on the order of their smallest zone width when using their

most efficient 1st diffraction order. Therefore, the fabrication of high efficiency and high res-

olution Fresnel zone plate lenses requires the production of heavy metal nanostructures with

high aspect ratios. Due to the fabrication limitations, high resolution zone plates have only a

few percent efficiency in the hard X-ray range [9]. Their low photon efficiency becomes partic-

ularly problematic in full field microscopy. The objective zone plate uses only a small fraction

of the illuminating flux for imaging while the total incoming intensity contributes to the ra-

diation damage. This makes the fabrication of efficient high resolution Fresnel zone plates a

key element towards improving photon efficiency, and considering radiation damage, also the

achievable resolution [3] in hard X-ray microscopy.

Various processes have been described in the literature to yield dense and high aspect ratio

metallic nanostructures as required for zone plate fabrication. For the production of zone plates

electroplating [11, 12], dry etching [13, 14] and wet etching [15, 16] have been all proven as

successful techniques. However, if high resolution is needed, the previous methods have seri-

ous issues with producing nanostructures with sufficient structure height. The use of multiple

patterning steps can increase structure height, however the demonstrated methods [17] require

many fabrication steps to reach high aspect ratios, making them vulnerable to fabrication is-

sues. Other emerging methods, like multilayer deposition on a wire substrate, have been shown

to produce virtually unlimited aspect ratios, but thus far their aperture size is insufficient for
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Fig. 1. The calculated theoretical focusing efficiency of a traditional and a line-doubled

iridium zone plate versus the structure height at 9 keV photon energy. The focusing effi-

ciency increases steeply with increasing structure height. Doubling the height of 600 nm

tall structures results in a factor of 2.5 increase in efficiency. The gain would be even larger

at higher photon energies. The overall efficiency of line doubled zone plates is lower, as the

deposition thickness provides optimal fill factor only in the outer zones (see Fig. 2). This

makes the contribution of the central zones negligible when summing up the efficiency.

most practical applications [18].

The effective structure height of a single zone plate can be improved by mechanically stack-

ing two zone plates. By placing two identical zone plates in each other’s optical near field, they

act as a single zone plate with added zone height [19]. This prompted several scientists [14, 20]

to permanently glue together a stack of two zone plates using epoxy resin to create a monolithic,

single-chip device. As the required alignment accuracy for stacking is 1/3 of the smallest zone

width [21], these zone plate stacks must be aligned and glued within the X-ray beam. Any stress

in the glue can cause a drift during or after the curing, degrading optical performance [20].

In this paper we demonstrate a new concept to improve the efficiency of high resolution zone

plate optics by the independent but aligned double-sided patterning of silicon nitride mem-

branes using electron beam lithography. Patterning both sides of the support membrane with

the identical zone plates leads to doubled effective structure height similar to zone plate stack-

ing. This allows effective aspect ratios that would have been impossible to produce in a single

step. Furthermore, these lenses are inherently produced as monolithic, single chip optical ele-

ments and without the need for alignment in the X-ray beam and the risk of subsequent drift.

The fabrication process for each of the two zone plates is based on direct patterning of a

sparse, high aspect ratio hydrogen-silsesquioxane (HSQ) resist template and conformally coat-

ing it with heavy metals using atomic layer deposition [22, 23]. The heavy metal coating on both

template walls doubles the effective line density and hence resolution. The deposited thickness
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Fig. 2. Schematic fabrication process of the presented double-sided line-doubled Fresnel

zone plates. (a) The membranes are patterned with gold alignment markers. (b) The pat-

terning of the resist template on the front side is aligned on the markers. (c) Since the

markers can be located through the membrane, the resist template on the back side is also

patterned using the same alignment markers as for the front side. (d) The double-sided

resist template is then conformally coated by iridium using atomic layer deposition.

should be set to provide optimal fill factor for the smaller zones of the zone plate, thus sac-

rificing efficiency in the large inner zones, this effect is apparent in Fig. 1. By patterning two

of these line-doubled zone plates on the same substrate, as illustrated on Fig. 2., we can sur-

pass previously demonstrated aspect ratios. This allows us to significantly improve focusing

efficiencies in the hard X-ray range, while preserving the high image quality, associated with

e-beam patterned zone plates.

Our substrates were 250 nm thick and 2 mm x 2 mm sized rectangular silicon nitride mem-

branes, coated with 20 nm gold and 5 nm chromium layer on both sides. Prior to the exposures

of the actual zone plates, we patterned sets of gold alignment markers on our membranes [11].

We patterned our zone plates by 100 keV electron beam lithography using a Vistec EBPG

5000+ ES tool using direct writing [25, 24].

For the patterning of the zone plates, we coated our chips with ∼ 600 nm of HSQ resist

(FOX 16, Dow Corning) on the processed side. The spin-coating of the back side was done

by mounting the chip on a chuck having a central recess in order to prevent the membrane

area from touching the chuck surface. Droplets of resist were applied on the membranes; ex-

cessive resist was quickly removed by using high acceleration settings. We observed that the
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obtained thicknesses on the back sides of the membranes were about 20% thicker than on the

front side. As the electron beam writer could clearly locate our markers through the membrane,

we aligned both the front and back side exposures on the very same set of markers using the

e-beam writer’s built-in alignment procedure. Each membrane was patterned with several zone

plates of 100 micron diameter and 30 nm smallest zone width using different exposure dose

and line width. After the exposure, the samples were developed in a buffered NaOH developer

(Microposit A351 : H2O, 1:3) for 20 minutes, followed by rinsing in water and isopropanol.

The samples were dried by supercritical drying to avoid collapse of the high aspect ratio nanos-

tructures [24]. The same process was repeated independently for the front and the back sides.

The prepared resist template was finally conformally coated with ∼ 35 nm iridium using atomic

layer deposition [26].

In order to test the thickness and conformity of the deposited iridium layer and obtain infor-

mation about the structure quality, selected zone plates were cut with focused ion beam (FIB)

to inspect the zone profile. As shown in Fig. 3., the cross section of the zone plate shows large

contrast between the empty trenches (dark), the resist template (dark) and the iridium coated

sidewalls (bright). The iridium is conformal, covering the resist template in uniform thickness

on both the front and the back side. The heights of the two sides add up in transmission, re-

sulting in a total of ∼ 1200 nm effective structure height for the 30 nm zones, corresponding to

aspect ratios close to 40. The zones are vertical to the membrane and appear to be in excellent

alignment on the opposite sides.

2. Results and discussion

The efficiency of the produced double-sided line-doubled Fresnel zone plates was measured

at the cSAXS beamline of the Swiss Light Source and the Nanoscopium beamline of the syn-

chrotron SOLEIL. Additional STXM and ptychography measurements shown here were per-

formed at the cSAXS beamline. The zone plates were tested at 9 keV X-ray photon energy.

The performance of the best zone plates was further evaluated in X-ray applications, including

scanning transmission X-ray microscopy and ptychographic coherent diffractive imaging [27].

We measured the diffraction efficiency of our zone plates by selecting the primary diffraction

order using a 10 micron pinhole. This allowed us to measure the focused flux on a Pilatus 2M

[28] single photon counting pixel detector placed far downstream of the focus. The focused

flux was normalized into efficiency by calibrating the Pilatus with photodiode based efficiency

measurements. The 0th order radiation was masked out and subtracted, from the measurements,

but no central stop was used to block the inefficient central part of the zone plates. The average

diffraction efficiency of 95 measured double-sided zone plates was 7.6% at 9 keV with the best

zone plate having 9.9% diffraction efficiency (as seen in Fig. 4). In comparison, the highest

focusing efficiency previously reported for single-sided iridium zone plates with similar zone

width was 5.1% [23]. The factor of two gain in focusing efficiency shows the clear advantage

of increased structure height at higher photon energies, in agreement with Fig. 1.The measured

spread in focusing efficiency also showed strong correlation with the exposure dose. Too wide

resist lines due to overdose or beam forward scattering lead to a misplacement of the Iridium

zones deposited on the sidewalls of the resist structures. This misplacement enhances other

diffraction orders at the expense of the first diffraction order. This is the main reason why only

∼ 50% of the theoretical efficiency is obtained in the primary focus on both the single- and

double- sided zone plates.

The recorded light cone on the pixel detector also represents a spatial map of diffraction

efficiency, allowing us to evaluate the radial dependence of focusing efficiency as seen on Fig.

4. We see gradual decrease in efficiency towards the zone plate center that is expected for

line-doubled zone plates, as the deposited iridium layer only provides optimal fill factor at
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Fig. 3. Scanning electron microscope images from the FIB sliced double-sided line-doubled

zone plates. (a) Overview of a double-sided line-doubled Fresnel zone plate, showing the

large central structures and cuts, made by focused ion beam (FIB) on the zone plate edge.

(b) FIB cross section of a double-sided zone doubled Fresnel zone plate. The highly scat-

tering Ir coating (bright) conformally covers the template on both sides of the membrane

with a uniform thickness on both sides. The two zone plates are in an excellent alignment

to each other, no misalignment can be measured from the cross section. By combining the

two zone plates on the opposite sides of the membrane, the total height of the iridium side-

walls is ∼ 1200 nm, resulting in an effective aspect ratio of ∼ 40 for 30 nm smallest zone

width.
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Fig. 4. (a) Efficiency histogram of the measured zone plates at 9 keV. The average focusing

efficiency of the 95 double-sided zone plates (blue) was 7.6% . The single-sided reference

zone plate had 2.8% (red), while the best double-sided zone plate had 9.9% focusing effi-

ciency. The majority of the double-sided zone plates performed in the 7−8% range. (b) The

radial efficiency distribution of the tested zone plates. The efficiency decreases towards the

large central zones but even the smallest outer zones exhibit high diffraction efficiency, pro-

viding high contrast for imaging high spatial frequencies. The error induced by the radial

support structures [32] is also clearly visible as quasi-periodic oscillations in efficiency.
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Fig. 5. Scanning transmission X-ray microscope image of a line-doubled Siemens star using

the best performing zone plate. With a step size of 10 nm, the smallest spokes of 30 nm

lines and spaces were resolved (marked by the arrow), demonstrating that our zone plates

indeed match their expected resolution.

the outermost zones. Nevertheless, the efficiency remains high towards the zone plate edge,

which is essential to provide strong contrast at high spatial frequencies. The light cones are

also rotationally symmetric, no Moire-patterns [19] are visible. This implies that the alignment

accuracy of our zone plates was well below than the required 10 nm [21].

We tested the performance of our zone plates by scanning transmission X-ray microscopy.

Therefore we blocked the 0th diffraction order using a 40 micron diameter central stop and

scanned a high resolution Siemens star as a test object. Fig. 5. shows that by using a scan with

150x150 points and 10 nm step size, the 30 nm spokes of the Siemens star are resolved. This

proves that our lenses indeed match their predicted resolution.

As the focal spot shape is a key performance indicator of high resolution Fresnel zone plate

optics, we performed additional characterization to identify possible errors in the lens wave-

field. X-ray ptychography is a phase sensitive coherent diffractive imaging method [27], that can

simultaneously recover both the measured object and the illuminating wavefield [29, 30, 31].

The reconstructed illumination can be then propagated back to the focal plane to characterize

the illuminating optics [31, 32, 33]. We moved the test object 400 microns downstream of the

focus and performed ptychographic scans on 2x2 µm2 areas consisting of 284 diffraction pat-

terns for all measured zone plates. The retrieved illumination was propagated back to the focal

plane, as shown for example in Fig. 6(a). The measured focal spot of the best zone plate, shown

on Fig. 6(b) and (c), closely matches the theoretical shape for the focal spot of the correspond-

ing annular aperture [34] with a radial obscuration ratio of 0.4 due to the use of a central stop.

Compared to an unobscured circular aperture, this results in a slightly sharper focal spot but
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Fig. 6. Reconstructed and back-propagated probe wavefield of the best zone plate. (a) The

intensity of the wavefield around the zone plate focus does not show obvious signs of

aberrations. (b) and (c) The measured intensity profile of the focal spot is close to the the-

oretical profile of a lens with central obscuration. The measured 30 nm peak FWHM in in

good agreement with the predicted value of 28 nm. The strong sidelobes are a consequence

of using a central obscuration.
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stronger sidelobes. As an optical benchmark, we used the Strehl ratio [35, 36], defined as the

ratio of the measured peak intensity of the focal spot compared to the theoretically predicted

value. The reconstructed ratio of 0.81 is considered to be within the diffraction limited range.

This proves that our optics indeed match their nominal resolution and are free of aberrations.

3. Conclusions and outlook

We presented an approach to substantially increase the focusing efficiency of Fresnel zone

plates in the hard X-ray range. The double-sided patterning of zone plates offers the advantages

of stacked zone plates, while preserving a convenient and stable monolithic design. Presented

high resolution double-sided zone plates have up to 9.9% focusing efficiency at 9 keV. This

is twice the efficiency of their previously demonstrated single-sided counterparts. We have

also proven that our lenses provide diffraction limited optical performance, and are capable

to provide their nominal resolution. The improved photon efficiency provided by double-sided

zone plates could help to push the resolution limit for radiation sensitive biological specimens in

full-field microscopy, increase the measurement speed in scanning probe microscopy or provide

a high numerical aperture illumination for coherent diffractive imaging [38]. Furthermore, the

resolution of double-sided zone plates has a significant room for improvement, as both 10 nm

zone width [23] and 2 nm overlay accuracy [17] have been demonstrated in the literature, paving

the way towards efficient hard X-ray microscopy in the 10 nm range.
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