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structural, chemical, and magnetic con-
trast.[5–7] The importance of X-ray micros-
copy will grow in the near future owing 
to exciting developments such as the 
emergence of next generation synchrotron 
sources,[8–10] new X-ray free electron lasers 
(XFEL), high brilliance laboratory X-ray 
sources and high harmonic generation 
sources providing radiation in the extreme 
ultraviolet (EUV) regime.[11] However, the 
trend toward micro- and nanosciences 
has placed stringent requirements on 
the focusing optics such as having high-
resolution and high focusing efficiency 
simultaneously as well as high radiation 
hardness and heat resistance to endure 
extreme loads provided by highly brilliant 
beams.[12]

One of the most widely used and suc-
cessful high-resolution X-ray focusing 
optics is the Fresnel zone plate (FZP). It 

consists of alternating opaque and transparent coaxial annuli, 
which form the zones. The spatial Rayleigh resolution of an 
FZP is defined by, ΔδRayleigh = 1.22 Δr, where Δr is the width of 
the outermost zone.[13] In the EUV and soft X-ray regime, where 
wavelengths are relatively large and X-ray matter interactions  
are dominated by high absorption, lithographically fabricated 
FZPs[14–18] have become the standard optics with full-pitch reso-
lutions of about 30–40 nm, which are still about 20–30 times 
greater than the utilized wavelength (1.24 nm for 1000 eV 
X-rays), leaving much room for improvement. Higher resolu-
tions down to about 15–9 nm half-pitch have been reported for 
FZPs fabricated following unconventional and complex double 
patterning, zone-doubling and stacking techniques often cor-
related with strongly reduced diffraction efficiencies.[1,16,17,19,20] 
Typical diffraction efficiencies for standard commercial zone 
plates at soft X-rays are about 5–10% but rapidly decrease 
toward higher energy X-rays. This is due to the required high 
optical thicknesses correlated with weaker X-ray-matter inter-
actions. Realization of thicker zone plates with similar resolu-
tion would require nanofabrication of structures with extremely 
high aspect ratios. As a consequence, other types of optics such 
as Kirkpatrick–Baez mirrors (KBM),[21,22] compound refrac-
tive lenses (CRL)[23–26] and multilayer-Laue lenses (MLL)[27–31] 
are mostly used in this energy range. High resolution KBMs 
require a complicated active wavefront correction scheme.[22] 
More conventional KBMs, on the other hand, usually have focal 

Focusing X-rays to single nanometer dimensions is impeded by the lack of 
high-quality, high-resolution optics. Challenges in fabricating high aspect 
ratio 3D nanostructures limit the quality and the resolution. Multilayer zone 
plates target this challenge by offering virtually unlimited and freely selectable 
aspect ratios. Here, a full-ceramic zone plate is fabricated via atomic layer 
deposition of multilayers over optical quality glass fibers and subsequent 
focused ion beam slicing. The quality of the multilayers is confirmed up to 
an aspect ratio of 500 with zones as thin as 25 nm. Focusing performance 
of the fabricated zone plate is tested toward the high-energy limit of a soft 
X-ray scanning transmission microscope, achieving a 15 nm half-pitch cut-off 
resolution. Sources of adverse influences are identified, and effective routes 
for improving the zone plate performance are elaborated, paving a clear path 
toward using multilayer zone plates in high-energy X-ray microscopy. Finally, 
a new fabrication concept is introduced for making zone plates with precisely 
tilted zones, targeting even higher resolutions.

X-Ray Optics

1. Introduction

X-ray microscopy emerged as a very strong tool for natural 
sciences by providing half-pitch spatial resolutions of about 
10 nm[1–4] and high penetration depths combined with 
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spots in the sub-micrometer size range. Furthermore, KBMs 
require precise alignment in 6 axes (X, Y, Z, pitch, yaw, roll) 
on two separate stages making them very bulky and expen-
sive. MLLs arose from the difficulty of fabricating FZPs with 
tilted zones, which are composed of a set of planar linear-zone 
plates in a crossed geometry. MLLs suffer from even more 
stringent alignment requirements due to the chromatic aberra-
tion. Very recently, 2D sub-10 nm resolution has been reported, 
reinforcing the potential of multilayer optics.[32] Nevertheless, 
the versatility and robust performance of FZPs make them 
one of the most attractive optics in the complete X-ray range. 
Therefore, great efforts are being made to develop hard X-ray 
FZPs.[20,33–38]

An attractive approach toward realizing high-resolution hard 
X-ray FZPs is to coat a cylindrical substrate of a well-defined, 
smooth surface with alternating layers of proper material com-
binations,[39] and subsequently slicing a FZP from the depos-
ited substrate to a desired thickness. This is the premise of a 
four decade old research endeavor on “sputtered-sliced” or as 
denoted in this paper “multilayer (ML)” FZPs.[40] ML-FZPs offer 
a variety of advantages besides the virtually unlimited aspect 
ratios. As monolithic optics, they are easy to align compared to 
optics with multiple elements such as the in situ stacked FZPs, 
MLLs, or KBMs. In addition, a single ML-FZP can deliver high 
performance over a wide X-ray energy range without re-aligning 
the optic. Furthermore, ML-FZPs can be made out of chemi-
cally inert, high melting point ceramic materials that offer high 
mechanical strength and good resistance against intense X-ray 
pulses, which can benefit intense sources such as XFELs.

Since the first trials in the 1980s,[41,42] various groups have 
followed roughly the same approach where a metallic wire core 
is deposited using an omnidirectional deposition method such 
as sputtering or pulsed laser deposition while rotating the wire 
core to mimic a conformal deposition. Owing to a combination 
of fabrication related imperfections in the zones and subop-
timal imaging setups, demonstrated direct imaging resolutions 
have been much worse than the great potential suggested by 
indirect experiments.[43,44]

A recent method for producing ML-FZPs is based on atomic 
layer deposition (ALD) of multilayers over optical quality glass 
fibers.[45] The ALD process allows atomic scale precision in 
zone thickness and excellent conformality through its sequen-
tial, self-limiting surface reactions that lead to cycle based 
growth.[46] The superior conformality of ALD eliminates the 
need for rotating the glass fiber core and discards possible zone 
errors related to fiber rotation and directional deposition. A 
further advantage of ALD ML-FZPs over lithographic methods 
is the capability of coating a vast number of substrates confor-
mally, such as centimeter long glass fibers or micropillar arrays 
as discussed below. A virtually unlimited number of ML-FZPs 
can be sliced from the deposited substrate batch. The optical 
thickness of each ML-FZP can be chosen freely, allowing the 
delivery of ML-FZPs optimized for a wide X-ray energy range, 
from a single deposition.

In this paper, we followed a fully conformal, 3D bottom-up 
growth approach based on ALD and subsequent focused ion 
beam (FIB) slicing (Figure 1). Thus, we realized an Al2O3–HfO2 
ML-FZP of extremely high quality. We investigated its proper-
ties by a variety of characterization techniques and a 15 nm 

half-pitch cut-off resolution was recorded via direct imaging 
experiments in a scanning transmission soft X-ray microscopy 
(STXM) set-up. Encouraged by this success, we introduce a 
new fabrication concept for making ML-FZPs with precisely 
tilted zones. We discuss the implications of tilted FZPs, from 
coupled wave theory simulations (CWT) and argue why they 
are crucial for achieving higher resolution FZPs. Finally, the 
first direct imaging and diffraction efficiency results obtained 
by our proposed concept are demonstrated.

2. Results

2.1. Fabrication of High-Resolution ML-FZPs

Theoretical diffraction efficiencies of ML-FZPs consisting of 
material pairs available to ALD have been calculated to iden-
tify best material couples, and were previously published.[39] 
Al2O3–HfO2 material couple offers high diffraction efficiencies 
for both soft and hard X-rays and therefore were selected as 
the materials of the ML-FZP. Another advantage of Al2O3 and 
HfO2 is their high melting temperatures of 2072 and 2758 °C 
respectively, providing a high chemical stability.

The Al2O3–HfO2 multilayers were deposited via ALD at 
290 °C on several optical quality glass fiber cores (Figure  1a,b), 
using the parameters detailed in the methods section. Prior 
to deposition for the ML-FZP, growth characteristics of the 
Al2O3 and HfO2 thin films were calibrated by test depositions 
on Si wafers via a spectroscopic ellipsometry and found to 
be 0.078 and 0.097 nm per cycle, respectively. A nonstandard 
1:2 line (HfO2) to space (Al2O3) ratio was used instead of the 
standard 1:1. This allowed for a faster deposition due to shorter 
Al2O3 deposition cycle (see the Experimental Section).

The deposited glass fibers (Figure  1c) were sliced using 
a Ga+ FIB as demonstrated schematically in Figure  1d. 
The ML-FZP was mounted on a Mo lift-out grid in the dual 
beam instrument by using a micromanipulator. Prior to FIB 
slicing a protective layer of Pt was coated over the FZP by FIB 
induced deposition (FIBID) (Figure  1g).[39,45] The ML-FZP 
was thinned down to an optical thickness of 700 nm via Ga+ 
FIB, which is optimized for the soft X-ray range. An additional 
Pt beam-stop layer of diameter d = 25 µm was deposited in the 
center of the FZP, also by FIBID as illustrated in Figure  1f. 
The resulting ML-FZP has a diameter of d = 39.4 µm, outer-
most zone width of Δr = 25 nm, inactive central obstruction 
of dco = 31.4 µm with 4 µm of zone thickness and an aspect 
ratio of 28. The scanning electron microscopy (SEM) images 
of the ML-FZP, prior to FIBID of Pt beam-stop are shown in 
Figure  1g,h.

2.2. Characterization of ML-FZP Zones

To investigate the zone quality in the optical axis, a rectangular 
lamella was lifted out in the FIB from the deposited glass–
fiber as depicted in Figure 2a. This sample was thinned down 
to about 250 nm for SEM analysis in the transmission mode 
(STEM), and below 100 nm for high-resolution transmission 
electron microscopy (HRTEM) analysis. High-angle annular 
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dark-field images (HAADF) of the zones in the STEM mode of 
an SEM is shown in Figure  2b,c. The multilayer zones keep 
their linearity and constitute very high structural quality even 
through a very long sample of 12.6 µm (Figure  2b) reaching 
an extremely high aspect ratio of above 500. The zones can 
be seen in higher magnification in Figure  2c–f. The HRTEM 
of the interface region shows a high mass-thickness contrast 
(Figure  2f). Fast Fourier transforms (FFT) prove the multi-
layers to be amorphous. A line profile of the interface region 
of Figure  2f shows an interface sharpness on a molecular level 
(measured to be 0.84 nm), with a full width at half maximum 

(FWHM) of its first derivative being 0.33 nm at the interface 
transition (Figure  2g).

The energy-dispersive X-ray spectroscopy (EDX) elemental 
mapping of Figure  2e demonstrates well-defined, high-quality 
zones with abrupt structural and chemical interfaces. With the 
electron energy-loss spectroscopy (EELS) map in Figure  2h, 
presenting the integrated Al-K and Hf-M4,5 edge intensities, 
the interfaces of Al2O3 and HfO2 were further confirmed to be 
chemically abrupt. This is attributed to the chemically stable 
nature of the amorphous ceramic films deposited via ALD, 
lacking fast diffusion paths such as grain boundaries. It has 
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Figure 1. Fabrication stages of ML-FZP. a) Numerous glass fibers are mounted on a grid. b) Multilayer zones are deposited via ALD. Here, the 
deposition of the first Al2O3 layer is depicted by a pulse of trimethylaluminum (TMA) on an OH activated surface. A long deposited fiber c) is 
sliced d) and mounted on a Mo lift-out grid e) in the dual beam instrument. f) A beam stopping Pt layer is deposited via ion beam induced 
deposition in the FIB. g) Scanning electron microscopy (SEM) image of the ML-FZP mounted on a Mo lift-out grid. Scale bar is 10 µm.  
h) SEM image of the multilayer zones defined with the red square of (g). Scale bar is 1 µm.
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been shown that amorphous films, if dense enough, are better 
diffusion barriers due to lack of grain boundaries.[47–50]

The chemical composition of the thin films were estimated 
to be 38 at% Al to 62 at% O for alumina films and 34 at% Hf 
to 66 at% O for hafnia films by wavelength-dispersive X-ray 
spectroscopy (WDX). Chemical compositions were further 
confirmed to be Al2O3 and HfO2 by X-ray photoelectron spec-
troscopy (XPS) (Figure S1, Supporting Information), EDX 
(Figure  2e), and EELS (Figure  2h) analysis. The XPS analysis 
showed very low <1.5 at% C for both Al2O3 and HfO2 thin films. 
Volumetric mass densities of the thin films were estimated 
from electron density obtained by X-ray reflectometry (XRR) 
analysis and determined to be ρ = 3.0 g cm−3 and ρ = 8.9 g cm−3 
for Al2O3 and HfO2 thin films, respectively (Figures S2 and S3, 
Supporting Information).

2.3. Zone Pattern Inaccuracies

Inaccuracies in the zone pattern may reduce the resolution and 
diffraction efficiency of the FZP and cause aberrations. The 
effect of eccentricity, nonconcentric zones, radial displacement 

of the zones and zone roughness have been discussed 
elsewhere.[43,51]

The ALD ML-FZPs with glass fiber cores are expected to 
have concentric zones (concentricity: γ < 1.2Δr) by nature of 
the fabrication method. The eccentricity (ΔR/R) was estimated 
to be 0.0032 and within the tolerance values[51] (eccentricity: 
ΔR/R < 0.35N−1) according to the measurements from the SEM 
image of Figure  1g. Therefore, astigmatism or coma aberra-
tions are not expected.

However, if the deposition thicknesses are not strictly con-
trolled, the stochastic nature of the bottom-up fabrication 
approach[52] may result in systematic or random radial displace-
ment of the zones,[43] and induce spherical aberrations. The 
tolerable radial displacement of the outermost zone has been 
calculated to be within two outermost zone widths.[51] Consid-
ering an exact core diameter of 30 µm, the measured radial 
displacement of the outermost zone is 9 nm and well within 
the tolerable values (<2Δr). However, detailed characterization 
of the glass fiber cores show that the diameter of different glass 
fibers vary between 30 and 31.5 µm. The zone plate of interest 
of this paper has a measured core diameter of 31.4 µm. How-
ever the multilayer design was made for a FZP core of 30 µm. 
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Figure 2. Characterization of multilayer zones along the optical axis. a) Illustration showing location and orientation of the imaged sample. A rectan-
gular prism is lifted out from the deposited fiber by using FIB. b) HAADF image of the lifted out lamella captured using STEM mode in dual beam 
instrument. The aspect ratio of the structure is larger than 500. Scale bar is 2 µm. c) Higher magnification image of the same lamella shows linear 
high-aspect-ratio multilayer zones. Scale bar is 500 nm. d) STEM bright-field image of the zones. Scale bar is 50 nm. e) STEM HAADF image and EDX 
maps of Al–K, Hf–L, and O–K. Scale bars are identical and correspond to 25 nm. f) HRTEM image of the Al2O3–HfO2 interface and FFT confirming 
fully amorphous zones. Scale bar is 5 nm. g) Intensity line profile of the yellow region of the HRTEM image confirming molecularly sharp interface well 
below 1 nm. FWHM of the first derivative to the fitted curve is 0.33 nm. h) STEM EELS map of Al–K and Hf–M4, 5. Multiple linear least square fitting 
was used to subtract the background. Scale bar is 20 nm.



www.advancedsciencenews.com

1800346 (5 of 12) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

This causes a systematic radial displacement of the zones by 
700 nm. If the zone thicknesses are accurate, the systematic 
shift of the zones arising from nonexact diameter of the inac-
tive core, is expected to slightly modify the distribution of the 
field intensity of the focusing ring.[53,54] This effect was simu-
lated using Fourier beam propagation method, confirming a 
negligible alteration in the focal plane intensity distribution 
(Figure S4, Supporting Information).

2.4. Synchrotron Experiments

The diffraction efficiency and resolving capability of the 
ML-FZP was tested in the soft X-ray range at a state-of-the-art 
STXM, MAXYMUS (UE-46 PGM-2) beamline located at the 
synchrotron facility BESSY II.[55]

Prior to imaging experiments, the ML-FZP was aligned in 
pitch and yaw using an in-house constructed tilt stage until a 

full 1st order diffraction ring was achieved. Figure 3a shows the 
image of the diffraction ring after alignment. A pinhole scan 
shows the incident illumination and the 1st order intensity 
(Figure  3b).The features of a Siemens Star test sample (Zeiss, 
X30-30-2Au) was imaged and the innermost 30 nm structures 
were resolved clearly at 1198 eV photon energy. This is shown 
in Figure  3c. To check the ultimate imaging resolution another 
test sample with smaller features (BAM, L-200) was used. The 
STXM results are presented in Figure  3d,e. The 30 nm full 
period structure (P12), corresponding to a 15 nm half-pitch, 
was resolved (cut-off) in Figure  3e. To the best of our knowl-
edge, this is the highest imaging resolution obtained by using 
a ML-FZP.

It is known that the presence of a central obstruction causes 
the intensity in the focal spot to shift to side lobes.[56,57] This 
has two major effects for high-resolution FZPs. It causes 
a halo effect around the imaged structures, and the modu-
lation transfer function increases at high frequencies just 
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Figure 3. Synchrotron experiments at BESSY II, UE46-PGM2. a) Charge coupled device (CCD) image of a scintillator screen showing the 1st order 
diffraction ring. For this image an order selecting aperture was placed between the FZP and CCD. The scintillator screen was placed further away from 
the focal point and the image on screen was magnified onto the CCD detector. The ML-FZP tilt was corrected via a tilt stage until a circular first order 
focus ring was obtained. The presence of the zero order hints a misalignment of the OSA. The scale bar is 250 nm−1. b) Pinhole scan over the FZP to 
measure the diffraction efficiency. The transmitted light is collected by an avalanche photo diode (APD). Dwell time 2 ms. Step size 500 nm × 500 nm. 
Photon energy 1400 eV. Scale bar is 10 µm. c) STXM image of the Siemens Star test pattern. The 30 nm features of the innermost ring are resolved. 
Dwell time 10 ms. Energy 1198 eV. Step size 10 × 10 nm. Scale bar is 500 nm. d) STXM image of P1 to P8 of the BAM L-200 test structure (top) and 
its integrated intensity profile and normalized Michelson image contrast (bottom graph). All features P1 (587 nm)–P8 (48.5 nm) are resolved. Dwell 
time 10 ms. Step size 10 × 10 nm. Photon energy 1200 eV. Scale bar is 500 nm. e) STXM image of the P9 (76.5 nm) to P12 (30 nm) of the BAM L-200 
test structure (top) and its integrated (15 pixels wide) intensity profile and normalized Michelson image contrast (bottom graph). 30 nm full period 
structure (P12) is resolved corresponding to 15 nm half-pitch cut-off resolution. Dwell time 30 ms. Step size 4 × 5 nm. Photon energy is 1296 eV. Scale 
bars correspond to horizontal 100 nm and vertical 120 nm.
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before the cut-off resolution.[43] These effects can be seen in 
Figure  3d and e, respectively. The effects arising from large 
central obstruction would be significantly reduced by increasing 
the deposition thickness.[43]

The diffraction efficiency measurements were conducted via 
scanning a pinhole over the FZP (Figure  3b) at various X-ray 
energies. The method for diffraction efficiency estimation has 
been discussed elsewhere.[58] The measured diffraction efficien-
cies were found to be lower than ideal. A comparison between 
the measured and calculated values is shown in Table 1. This 
can be attributed to several independent sources: i) a slight 
imperfection in the zone positions, ii) parasitic deposition of 
a platinum–gallium–carbon (Pt–Ga–C) layer over the zones 
during deposition of the beam-stop via FIBID (Figure S5, Sup-
porting Information), iii) possible thickness variation of the 
ML-FZP in the optical axis, and iv) curtaining effects during 
FIB slicing and polishing. The diffraction efficiency calcula-
tions were done according to CWT[59] using X-ray interaction 
data of Henke et al.[60] The thickness of parasitic Pt–Ga–C layer 
on the zones was estimated in a separate study to be 115 nm 
(Figure S5, Supporting Information). In Table  1 the effect 
of parasitic Pt–Ga–C deposition on diffraction efficiency is 
included in a separate column named as “expected D.E.” The 
atomic percentages of Pt, Ga, and C of FIBID were taken from 
the values stated in the literature.[61] The density of the Pt–Ga–C 
was estimated to be 12.34 g cm−3 from weighted mean mass 
density of the elements. The CWT calculations were done for 
the outermost period locally. Interdiffusion and roughness 
were neglected in accordance with the HRTEM, TEM-EDX, 
and EELS results. For the calculation, the following parameters 
were considered: Outermost zone width Δr = 25 nm, densities 
of ρ = 8.9 g cm−3 and ρ = 3.0 g cm−3 (Figures S2 and S3 of 
the Supporting Information for XRR data) and line to space 
ratio of 1:2 for HfO2 and Al2O3 thin films, respectively. To be 
able to compare measured and expected diffraction efficiencies 
a constant optical thickness of 700 nm was considered for the 
calculation of expected diffraction efficiencies in the soft X-ray 
range. The expected performance of the optic in hard X-rays 
is included in the Table  1 for 9.0 and 14.4 keV X-rays. Ideal 
optical thicknesses were considered for calculating the diffrac-
tion efficiencies at the same energies.

3. Discussion

A ML Al2O3–HfO2 FZP with an outermost zone width of Δr = 
25 nm, a diameter of d = 39.4 µm and a deposition thickness 
of 4 µm was successfully fabricated. ALD multilayers consti-
tuting the zones exhibited chemically abrupt and structurally 
sharp interfaces on the molecular level. The ML-FZP focusing 
performance was studied in detail in the soft X-ray range at a 
state of the art STXM (UE46-PGM2) located at the synchrotron 
radiation facility BESSY II. The own built soft X-ray microscope 
was chosen as the experimental set-up due to its versatility 
and stability allowing for highly precise characterization of the 
focusing performance. The imaging tests revealed a half-pitch 
cut-off resolution of 15 nm for the first time for a ML-FZP. 
This is a marked increase over previous related research.[62] 
The diffraction efficiency was measured and found to have a 
peak of 1.9% at 1500 eV, which is about 80% of the theoretically 
expected value of 2.4%. The undesired spillover deposition of 
a Pt–Ga–C layer over the zones is identified as a major reason 
for the lower than ideal efficiency, especially at lower energies 
due to increased absorption of this layer. Other reasons could 
be related to curtaining effects during FIB polishing and imper-
fections during the ALD or FIB slicing process.

The diffraction efficiency maps as a function of energy and 
zone plate thickness were calculated for up to 30 keV using the 
thin grating approximation[63] and depicted in Figure 4a,b. The 
alumina-hafnia ML-FZP exhibit reasonably high diffraction 
efficiencies in the soft X-ray range. Nevertheless, ML-FZPs cer-
tainly excel at the hard X-ray regime with strongly increased dif-
fraction efficiencies for even higher energies. The expected effi-
ciencies are as high as 31% for 14.4 keV X-rays for a ML-FZP 
of optical thickness 10.2 µm (Table  1), an energy relevant for 
Mössbauer spectroscopy experiments. A structure with such 
high optical thickness is successfully prepared (Figure  2b). 
This optic offers a combination of high-resolution and high dif-
fraction efficiency at a very desired X-ray energy.

One concern in the X-ray optics community is that sputter-
sliced FZPs in general, tend to have zones with high roughness 
and low circularity, which has been shown to be detrimental to 
the imaging capabilities.[43] Instead, when deposited via ALD on 
optical quality glass fibers, zones with low roughness both radi-
ally and longitudinally have been confirmed in this research 
with in-depth electron microscopy analyses of structures over 
an aspect ratio of 500 (Figure  2b). This proves the potential 
of ALD fabricated ML-FZPs for the hard X-ray regime. Further-
more, we have shown via SEM measurements that the circu-
larity of the substrate and resulting multilayer stack is within 
the tolerances.

The high melting temperatures and radiation resistance 
of Al2O3 (m.p. = 2072 °C) and HfO2 (m.p. = 2758 °C) layers 
are desirable properties for withstanding intense X-ray pulses 
of XFELs and emerging diffraction limited synchrotrons. Fur-
thermore, the relatively low X-ray absorption of Al2O3 and 
HfO2 would result in less heating during intense X-ray pulses, 
improving their life-time.

The electron microscopy analyses confirm the zones to be 
fully amorphous. The advantage of amorphous layers is two-
fold. First, amorphous layers eliminate the possibility of unde-
sired scattering from the crystallites, particularly important 
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Table 1. Comparison of measured, expected and ideal diffraction effi-
ciencies at various X-ray energies. The calculations are done according 
to CWT (see text and Table S1 in the Supporting Information). The ideal 
D.E. is the diffraction efficiency for an FZP of ideal design and neglects 
any Pt–Ga–C spill-over deposition during beamstop deposition. The 
X-ray absorptive effect of spill-over Pt–Ga–C deposition of thickness 
115 nm on FZP zones is included for expected diffraction efficiency 
values. The theoretical efficiencies increase after the absorption edge.

Energy [keV] Measured D.E. [%] Expected D.E. [%] Ideal D.E. [%]

1.4 1.5 2.8 7.4

1.5 1.9 2.4 7.1

1.6a) 0.2 0.7 1.9

9.0 Not measured 26.4 26.9

14.4 Not measured 31.0 31.6

a)The efficiency decrease at 1.6 keV is related to Al–K edge at 1559 eV.
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for hard X-ray focusing. Second, the lack of grain boundaries 
ensure that there are no fast diffusion paths available which 
could lead to interdiffusion between the layers and decrease the 
performance.[59] However, any possible change of the micro-
structure of the zones under extremely intense X-ray radiation, 
such as XFEL radiation was not tested and should be addressed 
in a future study.

A current disadvantage of the method that the diameters 
being small due to the slow deposition rates, can be overcome 
by using spatial ALD, that allows for deposition speeds up to 
3.6 µm h−1,[64] which is about 2 orders of magnitude faster than 
the process utilized in this paper. The overall fabrication time 
would be decreased by faster FIB slicing of the ML-FZP from 
the deposit by using recently developed, commercially available 
FIBs with higher beam currents, multiply charged ion species, 
or heavier ions.

3.1. The Future of Multilayer Fresnel Zone Plates

It is known that FZPs with zones that are parallel to the optical 
axis come with extreme penalties to the focusing efficiencies at 
small Δr (Figure 5e–h) due to wave coupling effects.[59,65] This 
negates one of the main advantages of fabricating FZPs via thin 
film deposition techniques, namely, the possibility to deposit 
extremely fine outermost zones for high resolution optics. 
Proposed solutions to this particular problem include stacking 
of binary FZPs to create tilted zones,[18] multilayer Laue lens 
pairs,[27–30,66] and depositing on drawn tapered fibers.[67,68] 
Stacking is interesting but is composed of several subsequent 
lithography steps, which increases the chances of fabrication 
errors and is ultimately limited by the number of lithography 
steps one can afford. MLLs have recently drawn immense 
interest but having monolithic optics is more desirable as it 
decreases the complexity of the imaging setup. Depositing on 

drawn fibers often raises questions. Does the fiber stay circular 
when drawn? How well can the tapering angle be controlled? 
These questions need to be addressed at the cost of labor inten-
sive characterization and is difficult to make sure each fiber 
satisfies the necessary criteria. Here, we propose and demon-
strate a new concept based on improvements in the focused 
ion beam technology that resolves the above mentioned issues. 
The method is depicted in Figure  5a,b. In this method a Xe+ 
plasma FIB is used to microfabricate arrays of tapered pillars 
(Figure  5c) with controlled slanting angles. Here, we used a 
single crystal gold substrate with (111) orientation in order to 
maximize the PFIB sputter yield and minimize the fabrica-
tion time. Then, an alumina/silica multilayer structure with an 
outermost zone width of 20 nm was deposited using ALD (see 
the Experimental Section). In Figure  5d, the plan-view lift out 
process of the ML-FZP with tilted zones, is depicted. The tilted 
ML-FZP is transferred on a TEM sample holder as described 
before and flipped 90° prior to the final polishing step. After 
the final polishing, the ML-FZP with tilted zones is shown 
ready for use (Figure  5d).

The theoretical local diffraction efficiency of the outermost 
zone period of the suggested alumina/silica ML-FZP is shown 
in Figure  5e–h. The change in diffraction efficiency for par-
allel and tilted zones as a function of outermost zone width, 
Δr is shown in Figure  5e for 1 keV X-rays, and Figure  5g for 
14.4 keV X-rays. Figure  5f,h shows that the diffraction efficien-
cies have a maximum for the Bragg angle. However, even in 
the case of a nonperfect tilting angle, significant diffraction effi-
ciency gains are possible. This is important because with the 
suggested fabrication method, it is not possible to bring each 
zone to its local Bragg angle as Bragg angle changes slightly 
for every zone as each has a slightly different thickness. The 
tapered pillars were formed essentially by polishing the side-
walls by a focused beam of Xe+ ions resulting in a smooth 
sidewall profile while the tilt angle can be easily controlled by 
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Figure 4. Diffraction efficiency maps of Al2O3–HfO2 ML-FZP. Calculations were done according to thin grating approximation as a function of aspect 
ratio, optical thickness and X-ray energy for Δr = 25 nm. a) Diffraction efficiency map from 100 eV to 30 keV. b) Diffraction efficiency map of the region 
marked in red in (a). The corresponding numbers to color coding represents the diffraction efficiency in percent.
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varying the process parameters. The milling strategy and pro-
cess parameters are discussed in the Supporting Information 
(Figures S6 and S7, Supporting Information). Using gold as the 
central obstruction makes the need of depositing a beamstop by 
means of FIBID obsolete, hence avoids the complications dis-
cussed in the first part of this work.

The performance of a tilted ML-FZP was tested also at the 
MAXYMUS (UE-46 PGM-2) beamline. The measured diffrac-
tion efficiency of the tilted ML-FZP achieved 11% of the theore-
tically expected value in an X-ray energy range between 800 and 
1450 eV (Figure 6a), and it is in good qualitative agreement 
with the theory. An overall (Figure  6b) and close up (Figure  6c) 
image of the Siemens Star test sample shows that 30 nm struc-
tures were clearly resolved. This very first successful imaging 

experiments promise higher efficiencies and resolutions 
through process optimization in the near future.

4. Conclusions

Preparation of ML-FZPs with extraordinary zone quality via 
ALD of amorphous–ceramic multilayers over optical glass 
fibers and subsequent FIB slicing was demonstrated. Conse-
quently, the ML-FZPs achieved up to 80% of their theoretical 
efficiency and enabled 15 nm half-pitch cut-off resolution 
in direct imaging experiments, which is remarkably close to 
the theoretical predictions. We also introduced a new fabrica-
tion strategy, which allows the fabrication of ML-FZPs with 
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Figure 5. a) In tilted ML-FZP the zones are tilted with respect to the optical axis. The peak efficiency is achieved if the zones are tilted to the Bragg angle. 
The concept of regular ML-FZP with parallel zones and the suggested ML-FZP with tilted zones is sketched in a side view. b) The fabrication steps of 
tilted ML-FZPs is illustrated. c) An SEM image of the tapered micropillar array fabricated via Plasma Focused Ion Beam (PFIB). Multilayer zones of 
Al2O3–SiO2 are deposited on the tilted micropillar array using ALD. d) A planar liftout strategy is followed to prepare tilted ML-FZPs from the deposited 
array. Individual tilted ML-FZPs are then mounted on Mo lift-out grids similar to regular ML-FZPs. e) Calculated diffraction efficiencies of ML-FZPs at 
their optimum optical thickness having parallel and tilted zones as a function of outermost zone width, Δr for 1 keV X-rays. f) Calculated diffraction 
efficiency of an Al2O3–SiO2 ML-FZP of Δr = 20 nm for 1 keV X-rays as a function of tilt angle, θ. g) Calculated diffraction efficiencies of ML-FZPs at 
their optimum optical thickness having parallel and tilted zones as a function of outermost zone width, Δr for 14.4 keV X-rays. h) Calculated diffraction 
efficiency of an Al2O3–SiO2 ML-FZP of Δr = 20 nm for 14.4 keV X-rays as a function of tilt angle, θ. All the efficiencies are calculated according to CWT 
locally, considering only the outermost period and not integrated to the FZP area.
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Table 3. List of ALD parameters for Al2O3 and SiO2 zones for the tilted 
ML-FZP fabrication.

Precursor N2 flow [sccm] tPulse [ms] tPurge [ms] Pressure [Pa]

Al2O3 TMA 80 20 1980 6.3

H2O 80 20 1980

SiO2 BDEAS 40 140 1860 20

O2 plasma 200 1000 1000

Adv. Sci. 2018, 5, 1800346

precisely tilted zones. To the best of our knowledge, this is 
the first demonstration of a manufacturing route that delivers 
FZPs with precise tilt-angles. Furthermore, we demonstrated 
that the proposed fabrication concept enables the tilting angle 
to be tailored arbitrarily, and enables fabrication of FZPs with 
different tilt angles simultaneously. We have shown the first 
imaging and efficiency analysis using the tilted ML-FZPs and 
resolved the smallest 30 nm features of the Siemens Star test 
sample. Based on the presented experimental results and cal-
culations, it is expected that single nanometer resolutions with 
high-diffraction-efficiencies will soon be available in the soft 
and hard X-ray regime with the atomic layer deposited, ceramic 
ML-FZPs.

5. Experimental Section
Atomic Layer Deposition: Optical quality glass fibers from Schott 

AG (Germany) with the product code A2/30 µm were used as the 
core. The Al2O3–HfO2 thin films were deposited with a SENTECH 
SI ALD LL instrument (Germany) at 290 °C. For the Al2O3 deposition 
trimethylaluminum (TMA) (99.999+% Al) and deionized H2O precursors 
were used. For the HfO2 deposition Hf[N(CH3)2]4 (98+%) and deionized 
H2O precursors were used. Only Hf[N(CH3)2]4 was heated to 70 °C to 
achieve higher vapor pressure. N2 gas of purity 6.0 was used as carrier 
gas for the precursors. Prior to FZP deposition, growth per cycles (GPC) 
of the Al2O3 and HfO2 thin films were measured in a test deposition 
on Si Wafers manufactured via a spectroscopic ellipsometry and 
determined to be 0.078 and 0.097 nm per cycle, respectively. For the 
ML-FZP nonstandard 1:2 line (HfO2) to space (Al2O3) ratio was used 
instead of the standard 1:1, that allowed for faster deposition. The N2 
flow, chamber pressures and pulse and purge times are listed in Table 2.

ALD for Tapered ML-FZPs: Al2O3–SiO2 multilayers of 1:1 line to 
space ratio were deposited on tapered micropillars prepared by PFIB 

(see Micropillar Fabrication via PFIB) using a SENTECH SI ALD LL 
instrument (Germany) at 200 °C. For the Al2O3 deposition TMA 
(99.999+% Al) and deionized H2O precursors were used. For the SiO2 
deposition bis[diethylamino]silane (BDEAS) and O2 plasma (O2 gas 
of purity 6.0) were used. The plasma power was 200 W. Only BDEAS 
was heated to 70 °C to achieve the necessary vapor pressure. N2 gas 
of purity 6.0 was used as carrier gas for the precursors. Prior to FZP 
deposition, GPC of the Al2O3 and SiO2 thin films were measured in 
a test deposition on Si Wafers via a spectroscopic ellipsometry and 
determined to be 0.059 and 0.1304 nm per cycle, respectively. The 
N2 flow, chamber pressures and pulse and purge times are listed in 
Table 3.

FIB Slicing, Transfer, and Polishing of the ML-FZP: The deposited glass 
fiber was sliced and polished with a Ga+ ion beam in the FEI Nova 
NanoLab 600 dual-beam instrument. The transfer of the multilayer 
slice on to a Mo lift-out grid was performed by a micromanipulator in 
the dual-beam instrument. A comment on FIB induced damage can be 
found in the Supporting Information.

Micropillar Fabrication via PFIB: Tapered micropillars were fabricated 
from single crystalline samples of Si(100) and Au(111) (purity 99.999% 
from MaTecK Material-Technologie and Kristalle GmbH) by using 
a ThermoScientific Helios Plasma FIB. iFast recipes were created 
for controlling the pillar milling processes automatically. In order to 
fabricate pillars with reasonable throughput, high FIB beam currents 
for milling are selected. To achieve a lower taper angle of the pillars, 
multiple concentric angular milling ring patterns were generated by 
iFast recipe with outer diameters dynamically reducing in a pre-defined 
step size during the pillar fabrications. The fabrication parameters are 
summarized in Table 4. The standard deviation in the tilt angle for a 
5 × 5 array is less than 0.1°. SEM images of the fabricated pillars are 
shown in the Supporting Information.

Wavelength-Dispersive X-Ray Spectroscopy: Al2O3 and HfO2 thin films 
were deposited via ALD on separate 4 in. Si wafers using the ALD 
parameters of Table  2. Wavelength-dispersive X-ray spectroscopy was 
performed with a Cameca SX100 Electron Probe Micro Analyzer. Al2O3 
and HfO2 thin films were measured using an accelerating voltage of 5 kV, 
a beam current of 40 nA and a beam diameter of 5 µm. To eliminate the 

Figure 6. a) Measured (green spheres) versus theoretical diffraction efficiencies (purple spheres and orange circles) for the tilted ML-FZPs. The theo-
retical calculations were done according to CWT. The difference of the thickness of each period was taken into account (nonlocal, integrated). b) STXM 
image of the Siemens Star test sample. Energy is 1175 eV. Step size is 20 nm. Scale bar is 5 µm. c) STXM image of a quarter of the inner rings of the 
Siemens Star test sample. Energy is 1175 eV. Step size is 10 nm. Scale bar is 500 nm.

Table 2. List of ALD Parameters of Al2O3 and HfO2 zones for the 
ML-FZP fabrication.

Precursor N2 flow [sccm] tPulse [ms] tPurge [ms] Pressure [Pa]

Al2O3 TMA 80 20 1980 6.3

H2O 80 20 1980

HfO2 TDMAHf 40 40 15 000 10.7

H2O 40 20 10 000



www.advancedsciencenews.com

1800346 (10 of 12) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Table 4. Pillar fabrication parameters for Si(100) and Au(111) substrates for various tilt angles. In the marked steps the diameter of the milling area 
was reduced dynamically with a defined step size.

Substrate Mill Step 1 Mill Step 2 Mill Step 3 Tilt angle [°] Mill time [min]

Si(100) 1.3 µA n/a n/a 9 32

Si(100) 1.3 µA 470 nA n/a 5 38

Si(100) 1.3 µA 59 nA*, 6 µm step-size for outer ring reducing n/a 1 50

Si(100) 1.3 µA 59 nA*, 2 µm step-size for outer ring reducing n/a 0.85 60

Au(111) 1.3 µA 180 nA*, 2 µm step-size for outer ring reducing n/a 1 20

Au(111) 1.3 µA 59 nA*, 2 µm step-size for outer ring reducing 15 nA*, 1.5 µm step-size for outer ring reducing 0.8 29

Adv. Sci. 2018, 5, 1800346

instrument effects an analysis with matched standards was performed. 
A pure sapphire mineral was used as a standard for the elements Al 
and O, and a Hf crystal was used as a standard for the element Hf. A 
background correction was done by measuring the mean intensity of 
the background radiation on both sides of the peak and subtracting 
this value from the intensity of the element characteristic X-rays. To 
account for the matrix effects, a ZAF (Z: atomic number, A: absorption, 
F: fluorescence excitation) correction was done in the WDX software. An 
iterative procedure was followed using the K-ratios for calculating the 
stoichiometry.

X-Ray Photoelectron Spectroscopy: Al2O3 and HfO2 thin films 
were deposited via ALD on separate 4 in. Si wafers using the ALD 
parameters in the Table  2. XPS analysis was performed via a Thermo 
VG Thetaprobe 300 system with monochromatic Al Kα radiation (hv = 
1468.68 eV; spot size 400 µm). Both samples suffered from high C 
concentration related to surface contaminants. To confirm, the XPS 
measurements were repeated after an in situ Ar+ sputter-etching (2 keV, 
30 s, raster 3 × 3 mm). The XPS analysis with in situ Ar+ sputter-etching 
showed <1.5 at% C concentration. The very low C1s peak present at 
the XPS data of Figure S1b,f (Supporting Information) are related to 
the surface C–C and C–H contamination during the XPS measurement, 
which was not visible directly after the Ar+ sputter-etching. This 
suggests that the C content in the Al2O3 and HfO2 films should be well 
below <1.5 at%.

Scanning- and High-Resolution Transmission Electron Microscopy: A 
cross section specimen from a deposited glass–fiber in longitudinal 
direction (Figure  2a) was thinned down to an end thickness of 
about 100 nm via a FEI Nanolab 600 Ga+ dual-beam instrument. 
The EELS and EDX measurements were performed on a JEOL JEM-
ARM200F microscope equipped with a cold field-emission electron 
source, a DCOR probe corrector (CEOS Co. Ltd.), a 100 mm2 JEOL 
Centurio EDX detector and a Gatan GIF Quantum ERS spectrometer. 
The microscope was operated at 200 kV, a semiconvergence 
angle of 21 mrad, giving rise to a probe size of 1 Å for analytical 
measurements. A collection semiangle of 112 mrad was used for EELS  
measurements.

HRTEM experiments were performed at 200 kV with JEOL JEM-
ARM200F, equipped with a cold field-emission gun and a CETCOR 
image corrector (CEOS Co. Ltd.).

X-Ray Reflectometry: X-ray reflectometry measurements were 
conducted with a Siemens D5005 diffractometer equipped with an 
X-ray mirror for Cu Kα radiation on the same samples explained in XPS 
section. The data were fitted with the LEPTOS (Bruker) software.

Synchrotron Measurements: A STXM beamline (MAXYMUS) with 
elliptical undulator of the APPLE II type (UE46-PGMII) located at BESSY 
II was utilized for the synchrotron experiments. For the diffraction 
efficiency measurements a pinhole of diameter, d = 4 µm was scanned 
over an area of 85 × 60 µm to image the ML-FZP mounted on the lift-out 
grid as in Figure  3b for each energy. The diffraction efficiency was 
calculated by dividing average intensity of the 1st order focus to the total 
intensity on the FZP zones.[58] For imaging an OSA of 15 µm width was 
placed between the ML-FZP and the sample.

Michelson contrast was used for image contrast determination of 
the BAM sample in Figure  3d,e. For both of the images, the contrast 
was normalized to the highest (Michelson) contrast region of the 
Figure  3d (the peak and minimum left to the feature P1). A background 
subtraction was done in the intensity profile of the Figure  3e.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors acknowledge G. Schneider for sharing his CWT 
codes, P. van Aken for giving us the opportunity to conduct TEM 
experiments, M. Woodward for his help with drawing the graphical 
abstract. C. Wolter and S. Hansel for their contribution to the FZP tilt 
stage, M. Dudek for the XRR measurements, J. Deuschle and S. Haug 
for WDX analysis, M. Wieland for XPS measurements, J. Freitag 
for supplying glass fibers, M. Bechtel for his beamline support, 
H. Gargouri for his help in ALD process development, H. Ceylan for 
reviewing the manuscript and Y.E. Suyolcu for the fruitful discussion.

Conflict of Interest
The MPG filed a patent application for the proposed techniques. One of 
the authors, C.J. works for Thermo Fisher Scientific, which produces the 
Xe+ and Ga+ plasma FIB instruments used in this work.

Keywords
atomic layer deposition, focused ion beam, fresnel zone plates, 
nanofabrication, X-ray optics

Received: March 5, 2018
Revised: May 3, 2018

Published online: June 5, 2018

[1] W. Chao, P. Fischer, T. Tyliszczak, S. Rekawa, E. Anderson, 
P. Naulleau, Opt. Express 2012, 20, 9777.

[2] J. Vila-Comamala, K. Jefimovs, J. Raabe, T. Pilvi, R. H. Fink, 
M. Senoner, A. Maaßdorf, M. Ritala, C. David, Ultramicroscopy 
2009, 109, 1360.



www.advancedsciencenews.com

1800346 (11 of 12) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Adv. Sci. 2018, 5, 1800346

[3] S. Rehbein, P. Guttmann, S. Werner, G. Schneider, Opt. Express 
2012, 20, 5830.

[4] D. A. Shapiro, Y.-S. Yu, T. Tyliszczak, J. Cabana, R. Celestre, W. Chao, 
K. Kaznatcheev, A. D. Kilcoyne, F. Maia, S. Marchesini, Y. Shirley 
Meng, T. Warwick, L. L. Yang, H. A. Padmore, Nat. Photonics 2014, 
8, 765.

[5] A. Sakdinawat, D. Attwood, Nat. Photonics 2010, 4, 840.
[6] H. Ade, H. Stoll, Nat. Mater. 2009, 8, 281.
[7] A. Hitchcock, J. Electron Spectrosc. Relat. Phenom. 2015, 200, 49.
[8] O. Chubar, Y. Chu, X. Huang, S. Kalbfleisch, H. Yan, T. Shaftan, 

G. Wang, Y. Cai, A. Suvorov, A. Fluerasu, L. Wiegart, 
Y.-C. Chen-Wiegart, J. Thieme, G. Williams, M. Idir, T. Tanabe, 
P. Zschack, Q. Shen, AIP Conf. Proc. 2016, 1741, 040002.

[9] E. Nazaretski, H. Yan, J. Kim, K. Lauer, K. Gofron, D. Shu, Y. Chu, 
APS Meet. Abstr. 2013, 1, 46003.

[10] H. Kang, H. Yan, R. Winarski, M. Holt, J. Maser, C. Liu, R. Conley, 
S. Vogt, A. MacRander, G. Stephenson, Appl. Phys. Lett. 2008,  
92, 22.

[11] D. F. Gardner, M. Tanksalvala, E. R. Shanblatt, X. Zhang, 
B. R. Galloway, C. L. Porter, R. Karl Jr., C. Bevis, D. E. Adams, 
H. C. Kapteyn, M. M. Murnane, G. F. Mancini, Nat. Photonics 2017, 
11, 259.

[12] H. Mimura, Synchrotron Radiat. News 2016, 29, 2.
[13] D. T. Attwood, Soft X-rays and Extreme Ultraviolet Radiation: Princi-

ples and Applications, Cambridge University Press, Cambridge 2000.
[14] K. Keskinbora, C. Grévent, M. Bechtel, M. Weigand, E. Goering, 

A. Nadzeyka, L. Peto, S. Rehbein, G. Schneider, R. Follath, 
J. Vila-Comamala, H. Yan, G. Schütz, Opt. Express 2013, 21, 11747.

[15] W. Chao, B. D. Harteneck, J. A. Liddle, E. H. Anderson, 
D. T. Attwood, Nature 2005, 435, 1210.

[16] S. Rehbein, S. Heim, P. Guttmann, S. Werner, G. Schneider, Phys. 
Rev. Lett. 2009, 103, 110801.

[17] J. Reinspach, M. Lindblom, M. Bertilson, O. von Hofsten, 
H. M. Hertz, A. Holmberg, J. Vac. Sci. Technol., B: Nanotechnol. 
Microelectron.: Mater., Process., Meas., Phenom. 2011, 29, 011012.

[18] S. Werner, S. Rehbein, P. Guttmann, G. Schneider, Nano Res. 2014, 
7, 528.

[19] I. Mohacsi, I. Vartiainen, M. Guizar-Sicairos, P. Karvinen, 
V. Guzenko, E. Müller, C. Kewish, A. Somogyi, C. David, Opt. Lett. 
2016, 41, 281.

[20] J. Vila-Comamala, Y. Pan, J. J. Lombardo, W. M. Harris, W. K. S. Chiu, 
C. David, Y. Wang, J. Synchrotron Radiat. 2012, 19, 705.

[21] K. Yamauchi, H. Mimura, T. Kimura, H. Yumoto, S. Handa, 
S. Matsuyama, K. Arima, Y. Sano, K. Yamamura, K. Inagaki, 
H. Nakamori, J. Kim, K. Tamasaku, Y. Nishino, M. Yabashi, 
T. Ishikawa, J. Phys.: Condens. Matter 2011, 23, 394206.

[22] H. Mimura, S. Handa, T. Kimura, H. Yumoto, D. Yamakawa, 
H. Yokoyama, S. Matsuyama, K. Inagaki, K. Yamamura, Y. Sano, 
K. Tamasaku, Y. Nishino, M. Yabashi, T. Ishikawa, K. Yamauchi, Nat. 
Phys. 2010, 6, 122.

[23] C. Schroer, O. Kurapova, J. Patommel, P. Boye, J. Feldkamp, 
B. Lengeler, M. Burghammer, C. Riekel, L. Vincze, A. Van Der Hart, 
M. Kchler, Appl. Phys. Lett. 2005, 87, 1.

[24] A. Snigirev, V. Kohn, I. Snigireva, B. Lengeler, Nature 1996, 384,  
49.

[25] L. Alianelli, D. Laundy, S. Alcock, J. Sutter, K. Sawhney, Synchrotron 
Radiat. News 2016, 29, 3.

[26] F. Seiboth, A. Schropp, M. Scholz, F. Wittwer, C. Rödel, M. Wüsche, 
T. Ullsperger, S. Nolte, J. Rahomaki, K. Parfeniukas, S. Giakoumidis, 
U. Vogt, U. Wagner, C. Rau, U. Boesenberg, J. Garrevoet, 
G. Falkenberg, E. Galtier, H. Ja Lee, B. Nagler, C. Schroer, Nat. 
Commun. 2017, 8.

[27] H. Yan, R. Conley, N. Bouet, Y. Chu, J. Phys. D: Appl. Phys. 2014, 47, 
26.

[28] X. Huang, H. Yan, E. Nazaretski, R. Conley, N. Bouet, J. Zhou, 
K. Lauer, L. Li, D. Eom, D. Legnini, R. Harder, I. K. Robinson, 
Y. S. Chu, Sci. Rep. 2013, 3, 3562.

[29] T. Koyama, H. Takenaka, S. Ichimaru, T. Ohchi, T. Tsuji, H. Takano, 
Y. Kagoshima, AIP Conf. Proc. 2011, 1365, 24.

[30] X. Huang, R. Conley, N. Bouet, J. Zhou, A. Macrander, J. Maser, 
H. Yan, E. Nazaretski, K. Lauer, R. Harder, I. Robinson, 
S. Kalbfleisch, Y. Chu, Opt. Express 2015, 23, 12496.

[31] A. Kubec, K. Melzer, J. Gluch, S. Niese, S. Braun, J. Patommel, 
M. Burghammer, A. Leson, J. Synchrotron Radiat. 2017, 24, 413.

[32] S. Bajt, M. Prasciolu, H. Fleckenstein, M. Domaracky, 
H. N. Chapman, A. J. Morgan, O. Yefanov, M. Messerschmidt, 
Y. Du, K. T. Murray, V. Mariani, M. Kuhn, S. Aplin, K. Pande, 
P. Villanueva-Perez, K. Stachnik, J. P. J. Chen, A. Andrejczuk, 
A. Meents, A. Burkhardt, D. Pennicard, X. Huang, H. Yan, 
E. Nazaretski, Y. S. Chu, C. E. Hamm, Light: Sci. Appl. 2018, 7, 
17162.

[33] S. Rehbein, A. Lyon, R. Leung, M. Feser, G. Schneider, Opt. Express 
2015, 23, 11063.

[34] I. Mohacsi, I. Vartiainen, B. Rösner, M. Guizar-Sicairos, 
V. A. Guzenko, I. McNulty, R. Winarski, M. V. Holt, C. David, Sci. 
Rep. 2017, 743624.

[35] G.-C. Yin, Y.-F. Song, M.-T. Tang, F.-R. Chen, K. Liang, F. Duewer, 
M. Feser, W. Yun, H.-P. Shieh, Appl. Phys. Lett. 2006, 89, 22.

[36] Y.-T. Chen, T.-N. Lo, Y. S. Chu, J. Yi, C.-J. Liu, J.-Y. Wang, C.-L. Wang, 
C.-W. Chiu, T.-E. Hua, Y. Hwu, Q. Shen, G.-C. Yin, K. S. Liang, 
H.-M. Lin, J. H. Je, G. Margaritondo, Nanotechnology 2008, 19, 
395302.

[37] C. Chang, A. Sakdinawat, Nat. Commun. 2014, 5.
[38] S.-C. Gleber, M. Wojcik, J. Liu, C. Roehrig, M. Cummings, 

J. Vila-Comamala, K. Li, B. Lai, D. Shu, S. Vogt, Opt. Express 2014, 
22, 28142.

[39] U. T. Sanli, K. Keskinbora, K. Gregorczyk, J. Leister, N. Teeny, 
C. Grévent, M. Knez, G. Schütz, Proc. SPIE 2015, 9592, 95920F.

[40] H. E. Hart, J. B. Scrandis, R. Mark, R. D. Hatcher, J. Opt. Soc. Am. 
1966, 56, 1018.

[41] D. Rudolph, G. Schmahl, Ann. N. Y. Acad. Sci. 1980, 342, 1.
[42] D. Rudolph, B. Niemann, G. Schmahl, Proc. Soc. Photo-Opt. 

Instrum. Eng. 1981, 316, 103.
[43] C. Pratsch, S. Rehbein, S. Werner, G. Schneider, Opt. Express 2014, 

22, 30482.
[44] C. Eberl, F. Döring, T. Liese, F. Schlenkrich, B. Roos, M. Hahn, 

T. Hoinkes, A. Rauschenbeutel, M. Osterhoff, T. Salditt, H.-U. Krebs, 
Appl. Surf. Sci. 2014, 307, 638 .

[45] M. Mayer, C. Grévent, A. Szeghalmi, M. Knez, M. Weigand, 
S. Rehbein, G. Schneider, B. Baretzky, G. Schütz, Ultramicroscopy 
2011, 111, 1706.

[46] S. M. George, Chem. Rev. 2009, 110, 111.
[47] Z. H. Cao, K. Hu, X. K. Meng, J. Appl. Phys. 2009, 106, 113513.
[48] S. Rossnagel, A. Sherman, F. Turner, J. Vac. Sci. Technol., B: Micro-

electron. Nanometer Struct. 2000, 18, 2016.
[49] H. Kim, C. Cabral, C. Lavoie, S. Rossnagel, J. Vac. Sci. Technol., B: 

Microelectron. Nanometer Struct. 2002, 20, 1321.
[50] J. Narayan, P. Tiwari, X. Chen, J. Singh, R. Chowdhury, T. Zheleva, 

Appl. Phys. Lett. 1992, 61, 1290.
[51] Y. Vladimirsky, H. W. P. Koops, J. Vac. Sci. Technol., B: Microelectron. 

Nanometer Struct.–Process., Meas., Phenom. 1988, 6, 2142.
[52] J. Liddle, G. Gallatin, ACS Nano 2016, 10, 2995.
[53] I. V. Minin, O. V. Minin, Sov. J. Quantum Electron. 1990, 20, 198.
[54] G. W. Webb, I. V. Minin, O. V. Minin, IEEE Antennas Propag. Mag. 

2011, 53, 77.
[55] R. Follath, J. S. Schmidt, M. Weigand, K. Fauth, AIP Conf. Proc. 

2010, 1234, 323.
[56] M. J. Simpson, A. G. Michette, Int. J. Opt. 1984, 31, 403.



www.advancedsciencenews.com

1800346 (12 of 12) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

[57] H. Rarback, J. Kirz, Proc. SPIE 1982, 120.
[58] K. Keskinbora, C. Grévent, U. Eigenthaler, M. Weigand, G. Schütz, 

ACS Nano 2013, 7, 9788.
[59] G. Schneider, S. Rehbein, S. Werner, Mode. Dev. X-Ray Neutron Opt. 

2008, 137137.
[60] B. L. Henke, E. M. Gullikson, J. C. Davis, At. Data Nucl. Data Tables 

1993, 54, 181.
[61] T. Tao, W. Wilkinson, J. Melngailis, J. Vac. Sci. Technol., B: Nano-

technol. Microelectron.: Mater., Process., Meas., Phenom. 1991, 9,  
162.

[62] K. Keskinbora, A.-L. Robisch, M. Mayer, U. T. Sanli, C. Grévent, 
C. Wolter, M. Weigand, A. Szeghalmi, M. Knez, T. Salditt, G. Schütz, 
Opt. Express 2014, 22, 18440.

[63] J. Kirz, J. Opt. Soc. Am. 1974, 64, 301.

[64] P. Poodt, V. Tiba, F. Werner, J. Schmidt, A. Vermeer, F. Roozeboom, 
J. Electrochem. Soc. 2011, 158, H937.

[65] H. C. Kang, J. Maser, G. B. Stephenson, C. Liu, R. Conley, 
A. T. Macrander, S. Vogt, Phys. Rev. Lett. 2006, 96, 127401.

[66] E. Nazaretski, K. Lauer, H. Yan, N. Bouet, J. Zhou, R. Conley, 
X. Huang, W. Xu, M. Lu, K. Gofron, S. Kalbfleisch, U. Wagner, 
C. Rau, Y. S. Chu, J. Synchrotron Radiat. 2015, 22, 336.

[67] T. Koyama, T. Tsuji, H. Takano, Y. Kagoshima, S. Ichimaru, T. Ohchi, 
H. Takenaka, AIP Conf. Proc. 2011, 1365, 100.

[68] F. Döring, A. Robisch, C. Eberl, M. Osterhoff, A. Ruhlandt, T. Liese, 
F. Schlenkrich, S. Hoffmann, M. Bartels, T. Salditt, H. Krebs, Opt. 
Express 2013, 21, 19311.

[69] J. Maser, G. Schmahl, Opt. Commun. 1992, 89, 355.
[70] M. Schaffer, B. Schaffer, Q. Ramasse, Ultramicroscopy 2012, 114, 62.

Adv. Sci. 2018, 5, 1800346


