Multilayer Fresnel zone plates for high energy
radiation resolve 21 nm features at 1.2 keV
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Abstract: X-ray microscopy is a successful technique with applications in
several key fields. Fresnel zone plates (FZPs) have been the optical
elements driving its success, especially in the soft X-ray range. However,
focusing of hard X-rays via FZPs remains a challenge. It is demonstrated
here, that two multilayer type FZPs, delivered from the same multilayer
deposit, focus both hard and soft X-rays with high fidelity. The results
prove that these lenses can achieve at least 21 nm half-pitch resolution at
1.2 keV demonstrated by direct imaging, and sub-30 nm FWHM (full-
pitch) resolution at 7.9 keV, deduced from autocorrelation analysis.
Reported FZPs had more than 10% diffraction efficiency near 1.5 keV.
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1. Introduction

X-ray microscopy brings new insights to materials researchers from different fields by adding
either a 3rd spatial [1,2] or a temporal [3,4] dimension to materials analysis, both at very high
resolution. To carry out either scanning or full-field transmission microscopy with X-rays,
one has to focus the radiation in some way; yet focusing of especially hard X-rays (HXR), to
nano-sized spots, is no easy task. First viable focusing optics developed for HXR were based
on a pair of mirrors with grazing incidence illumination [5] and were developed in the late
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1940s by Kirkpatrick and Baez [6]. Recent developments on the Kirkpatrick-Baez Mirrors
(KBMs) allow very high resolution [7-9], however, there is still room for improvement until
high resolution imaging can be done via KBMs.

On the other hand, one of the most successful ways of focusing soft X-rays has been to
utilize diffractive optics called Fresnel Zone Plates (FZPs). A FZP is a set of concentric rings

with radially decreasing widths according to the zone plate law, r, = (nAf +n°A%/4)".

These rings constitute the zones of the FZP. The width of the outermost zone, Ar, defines its
full-pitch resolution at 1st diffraction order, dgayieigh = 1.22Ar according to the Rayleigh
criterion [10]. Another important property of FZPs is their diffraction efficiency, DE, which is
a function of the energy dependent complex refractive index and the FZP thickness [11] while
in certain cases Ar can also have an important impact on the DE (especially for small Ar and
large aspect ratio, A,) [12,13]. The relatively easy handling of FZPs also contributed to their
success as it is a single optic which simplifies the alignment procedure to a great extent.
Despite the success of FZPs in soft X-ray (SXR) microscopy which was facilitated by
developments in the conventional fabrication technique of e-beam lithography (EBL), the
development of FZPs for HXR remained challenging due to the need for very high aspect
ratios which are usually out of limits of EBL (A, of up to about 25 is achievable with
increasingly complex techniques) [14,15]. Recently, there have been improvements in
focusing of HXR via various diffractive optics such as, multilayer Laue lenses, lithographic
and multilayer FZPs achieving high resolutions and efficiencies [1,16-23]. FZPs based on
multilayer fabrication techniques (ML-FZPs) where a fiber core is coated with a multilayer
and sliced to deliver the ML-FZP, overcome the problem of achieving a high aspect ratio by
the nature of the fabrication method [19,24-32]. During the ML-FZP fabrication, one can
advantageously vary the ML-FZP thickness freely, enabling the fabrication of ML-FZPs with
very high aspect ratios, i.e. high DE, required for HXR. This would be extremely beneficial
for materials analysis via HXR nanoprobe beamlines, for instance, in micro-nano-diffraction
studies [33,34] to determine the crystal structure with high locality, in addition to high
resolution imaging and chemical analysis via spectroscopic techniques, as multi-modal X-ray
imaging is getting more and more important [35].

One important advantage of ML-FZPs is that many of them can be cut out from the same
multilayer coated fiber with thicknesses tailored for different energies. In the present work we
take advantage of such an approach and demonstrate two high resolution ML-FZP optics with
35 nm Ar, each of which is optimized in thickness for either hard or soft X-rays. In the HXR
range the full width at half maximum (FWHM) at the focal spot is deduced from an
autocorrelation analysis [36—-38] of the far field diffraction pattern of the ML-FZP, which was
illuminated by a KBM pair. This analysis indicates a spot size smaller than 30 nm (FWHM)
in two-dimensions, theoretically, indicating a half-pitch resolution of sub-15 nm.
Furthermore, in the SXR range, a ML-FZP, with a thickness optimized for that energy region,
was tested as focusing optic in a state of the art scanning transmission X-ray microscope
(STXM) for direct imaging experiments. The experimentally determined cut-off resolution
was 21 nm in feature size. Along with the results of the autocorrelation analysis of HXR
experiments, the direct imaging results at the SXR range, confirm the functionality of the
fabricated ML-FZP for high energies demonstrating the highest resolution imaging ever
achieved by a multilayer type Fresnel zone plate.

2. Experimental methods
2.1 Fabrication of the ML-FZPs

ML-FZPs with 35 nm Ar and 38 um diameter were fabricated by depositing alternating layers
of Al,O; and Ta,Os with a total thickness of 4 um on a 30 pum diameter glass fiber (A2 by
SCHOTT AG, Germany) via atomic layer deposition (ALD) as described previously [24].
The resulting multilayer coated fibers were cut, via a focused ion beam (FIB) system (Nova
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NanoLab, FEI, The Netherlands) to thicknesses optimized for either hard (HXR-FZP, 5.9 um
thick) or soft X-rays (SXR-FZP, 1.6 um thick). The ML-FZPs were then transferred onto
molybdenum TEM grids. The final polishing of the FZPs was carried out via the FIB with
successively lower currents until a satisfactory surface quality was reached. In case of the
SXR-FZP a Pt beamstop of approximately 21 pum diameter and ~1.9 um thickness was
deposited directly on the glass core via focused ion beam induced deposition in the FIB. The
diameter of the beamstop was held smaller than the fiber core in order to protect the zones
from parasitic Pt deposition but larger than the OSA used in the SXR experiments to block
direct light. The parameter overview of the fabricated ML-FZPs is given in Table 1.

Table 1. Summary of the multilayer Fresnel zone plates used as focusing optics at hard
and soft X-ray ranges

FZP Type D [um] Ar [nm] t [um] A tes[um]  E[keV]  f[um] Toe

[%]
HXR-FZP 38 35 5.9 ~169 n/a 7.9 8581 ~20
SXR-FZP 1.6 ~46 ~1.9 1.2 1288 ~4

D: FZP diameter, Ar: outermost zone width, t: FZP thickness (zone height) after cutting/polishing, A,: aspect ratio,
tas: thickness of the Pt beamstop, E: test energy, f: focal distance at E. Tpe: approximate theoretical diffraction
efficiency of a corresponding full FZP of thickness at the energy, E, based on bulk crystal densities.

2.2 Hard X-ray range experiments

The focusing performance of the 5.9 pm thick HXR-FZP, was tested at the coherence
beamline P10 of Petra Ill (DESY, Germany) using an undulator type insertion device and
equipped with a Si(111) monochromator. Incoming X-rays, with the energy of 7.9 keV, were
prefocused to illuminate the FZP by a set of two elliptical KBMs. The HXR-FZP was located
out of the KBM focus, approximately 4 cm downstream its focal plane in order to ensure
complete illumination. The far field diffraction pattern of the HXR-FZP was collected by a
649 x 487 pixels (172 um pixel size) Pilatus 300K detector with single photon count detection
(Detrics Inc., Switzerland) located 5.1 m away from the FZP. In order to protect the camera
from the intense direct beam, an external central stop located in the flight-tube and/or a 50 um
thick Molybdenum foil located prior to the KBM acting as an attenuator could be inserted
into the beam path.

2.3 Soft X-ray range experiments

Scanning transmission X-ray microscopy (STXM) was carried out using MAXYMUS [39], a
state of the art STXM, located at the UE46-PGM2 beamline of the BESSYII synchrotron
radiation facility (Helmholtz Zentrum, Germany). The beamline employs an APPLE Il type
undulator, a plane grating monochromator and a slit system to coherently illuminate the FZP.
The 1.6 pum thick SXR-FZP was mounted as the focusing optic in MAXYMUS where the 1st
order focal spot was selected by a 17 um wide order selecting aperture (OSA) and utilized for
microscopy. Prior to the imaging experiments, the alignment of the ML-FZP with respect to
the optical axis was carried out via an in-house developed 2-axes tilting stage. The alignment
was carried out by tilting the SXR-FZP in pitch and yaw until a full ring was observed in the
diffraction pattern recorded on the CCD. This alignment process is similar to that described
earlier [40]. To determine the resolution, a Siemens star (X30-30-2 Xradia, USA) with
specified smallest features of 30 nm, as well as two 500 and 200 nm thick FIB lamellae sliced
from a GaAs/Aly;Gay zAs multilayer sample (L200, BAM, Germany) [41] with certified layer
thicknesses, were positioned at the 1st order focal plane and raster scanned over the focus.
Right behind the test object, an avalanche photodiode (APD, S2382 Hamamatsu, Japan) was
employed to collect the total transmitted light at each sample position corresponding to the
pixel values of the image. The DE of the SXR-FZP was determined using a slightly different
setup. In this setup a 4.4 um pinhole FIB milled in a ~6 pm thick gold film positioned at the
1st order focal plane, raster scanned over a large area covering the focus and an unobstructed
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reference region. This way, the intensity at the focus and the incoming intensity over the ML-
FZPs active area could be determined in a single experiment and the ratio of two gives the
DE.

3. Structure of the multilayer Fresnel zone plate

The combination of Al,O; and Ta,Os is a robust one for the fabrication of a ML-FZP via the
atomic layer deposition (ALD) technique, as already demonstrated [24]. Alumina and
Tantalum(V)Oxide were deposited via well-established ALD processes and resulted in sharp
layer interfaces [24] and a smooth coverage around the fiber circumference. Two ML-FZPs
were cut from the deposited multilayer with thicknesses optimized for the HXR (labeled as
HXR-FZP) and the SXR range (labeled accordingly as SXR-FZP). See Table 1 for an
overview of the parameters of both FZPs.

Sglcligi ”

Fig. 1. SEM images of the SXR-FZP prior to beamstop deposition; a) Overview of the SXR-
FZP exhibiting the excellent surface quality and homogeneous coverage. Charging in the glass
fiber, as a result of the electron bombardment, is responsible for the curvilinear fine structures
seen in the core. b-d) higher magnification images from around the FZP. One can see the very
well defined layers throughout the multilayer as well as all around the ML-FZP.

Figure 1 shows various regions of the multilayer around the fiber and the resulting ML-
FZP structure along with an overview [Fig. 1(a)]. As it can be seen from Figs. 1(b), 1(c) and
1(d), the multilayer interfaces are very well defined. In addition, apart from a few artefacts
due to the curtaining effect during FIB preparation, the surface of the ML-FZP is scratch free
due to the high precision FIB polishing. An important feature of the ML-FZP shown in Fig.
1(a) is that it has a relatively large diameter (D) of 38 pm, along with a 35 nm Ar, resulting in
reasonable focal lengths (f ~ DAr/A) [10] both in the SXR ( f =1.29 mm) and the HXR
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(f =8.58 mm) range (see Table 1). Furthermore, the diameter is small enough to ensure

coherent illumination with large flux such that the slit opening which illuminates the ML-FZP
can be relatively large. Moreover, the Al,05/Ta,0s combination is quite efficient over a wide
energy range, letting the utilization of the ML-FZP at various energies, only by optimizing the
thickness of the slice. This is shown in Fig. 2 where the diffraction efficiency (DE) of the
Al,O3/Ta,05 material system (using bulk crystal densities) is plotted as a function of photon
energy and the zone plate thickness according to the thin grating approximation (TGA)
[11,42]. The maximum theoretical DE is about 5% in the vicinity of 1.5 keV and increases to
more than 20% as the photon energy increases to 8 keV [Fig. 2]. The theoretical DEs for the
SXR- and HXR-FZPs tested in this study are 4% at 1.2 keV and 20.8% at 8 keV, respectively
(Table 1). These properties provide the structure its versatility and allow focusing high energy
radiation at both hard and soft X-rays with high fidelity.

Diffraction Efficiency [%]
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Fig. 2. The diffraction efficiency map of the multilayer Fresnel zone plate made out of Al,O3
of 3.95 g/cm?® density and Ta,Os of 8.2 g/cm® density (bulk crystalline densities), calculated
according to the TGA. Note that the structure gives reasonable diffraction efficiency even
down below 1 keV and increases well above 20% at 8 keV. Two important absorption edges,
one at ~1555 eV and one at ~1710 eV, are due to Al K-edge and Ta M-edge, respectively.

4. Focusing hard X-rays

ML-FZPs can be fabricated with very high aspect ratios (A,) that are required for efficient (up
to >15% [40]) focusing of HXR. Despite the proposed improvements in the EBL for
increased A, [14,43], aspect ratios in the order of 10% are achievable, so far, only for ML-FZPs
[15]. Here, the HXR-FZP has an A, of approximately 169. Combined with the high efficiency
of the structure it provides conditions for robust focusing of HXR. In the experimental
configuration shown in Fig. 3, a KBM pair was utilized as a pre-focusing optic to concentrate
light onto the ML-FZP [Fig. 3(a) and 3(b)] located on a TEM grid [Fig. 3(c)]. The light is
further focused by the ML-FZP into a small focal spot the size of which is determined by the
Ar of the HXR-FZP [10]. Behind the focus of the KBM/ML-FZP system, the beam
propagates 5.1 m within an evacuated flight tube until it is registered by a 2D single photon
counting detector. The measurement configuration is detailed in the experimental section.
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Fig. 3. a) Schematic drawing of the experiment. K-B mirrors were used to collect light and
illuminate the ML-FZP. A set of absorbers upstream the K-B mirrors (not shown), as well as a
beamstop located downstream in the flight-tube can be used in order to protect the detector
from direct light. b) Photographic image of the experimental setup showing the zone plate
holder. c) Microscopic image of ML-FZP and the TEM holder on which the zone plate is
positioned.

Figure 4(a), recorded while an external beamstop was present in beampath, shows the
diffraction rings covering 1st through 3rd order, possibly up to higher orders. The flux at the
1st order focus was calculated by summing up all pixel values of the 1st order diffraction ring
and dividing by the exposure time resulting an estimated photon flux of about 4.5-10°
photons/second. The focal spot size was estimated by an autocorrelation analysis in the
following way; the far field diffraction pattern shown in Fig. 4(b), which was recorded while
a molybdenum attenuator was inserted in beampath (no beamstop), was used to calculate the
autocorrelation function (ACF) at the focal plane which is given in Fig. 4(c). According to the
autocorrelation theorem [37] the inverse Fourier transform of a real valued intensity
distribution of a two-dimensional field, e.g. a far field diffraction pattern, gives the ACF of
the source plane, i.e. focal plane of ML-FZP, via the following relationship;

FAGIf . [3=0(x V) ®g (% -y) @)
In Eq. (1), F* operator is the inverse Fourier transform, fx and fy are spatial-frequency
coordinates in the detector plane and x and y are the spatial coordinates in the focal plane. The
right hand side of Eq. (1) corresponds to the ACF of the focal plane amplitude while the

argument of the inverse Fourier transform, G|f,, fY|2, on the left hand side corresponds to

the far-field diffraction pattern at the detector plane. By means of a simple inverse Fourier
transform of the far field diffraction pattern one obtains the ACF at the focal plane. The
resulting ACF is given in the Fig. 4(c), and shows a central peak, related to the ACF of the
ML-FZP focus, sitting on a broader peak caused by the KBM. The top narrow peak in Fig.
4(c) was isolated and fit with a Gaussian function in x- and y-directions [see Fig. 4(d)]. The
full width at half maximum (FWHM) of the ACF of the focal spot was found to be 59 x 52
nm?. To connect these values with the spot size in the focal plane, the following aspects have
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to be considered: A symmetric far-field intensity pattern |G|2 corresponds to a field
distribution with flat phase in the focal plane. Hence, the autocorrelation of the focal field
g(x,y)®g (—x,—y) should be the same as the convolution of g by itself. For simplicity we
assumed the focal field to be of Gaussian shape, and set any remaining flat phase offset to
zero. The convolution of a Gaussian function with itself results in a Gaussian function which
is broadened by a factor of J2. To retrieve the FWHM of the intensity distribution at the
focal plane we further have to square the Gaussian function describing the field amplitude,

again resulting in another factor of J2. Consequently, the FWHM of the focal intensity is by
a factor of 2 smaller than the FWHM of the autocorrelation function retrieved from the
measured data. This results in a focal spot size of 29.5 x 26 nm?. The small difference in the
spot size in horizontal and vertical directions could be a result of a slight misalignment with
optical axis.
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Fig. 4. a) Far field intensity as measured by an area detector with an acquisition time of 100
seconds. One can see the hollow diffraction cones are cut at the detector plane resulting in the
1st, 2nd and 3rd order ring patterns clearly. Acquired while the beamstop was in the beam path
and without any attenuator. b) Far field intensity without the beamstop but with a 50 pm thick
Mo attenuator prior to the KBM. Scale bars are 100 um™. ¢) 3D representation of the topmost
part of the autocorrelation function (ACF) as calculated by an inverse Fourier transform of the
far field pattern shown in b. d) The small peak in the center of the autocorrelation function was
isolated and fit with a Gaussian along the x- and y- direction. The resulting horizontal and
vertical line profiles of the autocorrelation function are plotted here. The FWHM of the
Gaussian fits were 59 and 52 nm in the horizontal and vertical direction, respectively.

Complementing the previous analysis we performed a Gaussian surface fit of the
autocorrelation. This resulted in a focal size of 33 x 22 nm? The small deviations compared
to the one dimensional analysis (29.5 x 26 nm?) results from the fact that for the surface fit a
plane defines the background level, whereas two independent baselines were chosen for the
one dimensional fits.

#208379 - $15.00 USD  Received 17 Mar 2014; revised 18 Jun 2014; accepted 19 Jun 2014; published 23 Jul 2014
(C) 2014 OSA 28 July 2014 | Vol. 22, No. 15| DOI:10.1364/0E.22.018440 | OPTICS EXPRESS 18448



FWHM values are smaller than the Rayleigh resolution of the present FZP, drayicigh = 42.7
nm (FWHM=36 nm) and reflects the specific resolution properties of FZPs with large central
stops, sometimes referred to as “apodized” FZPs [44]. This large central stop, composed of
the glass fiber core in this case, modifies the Airy pattern [45] of the optic so that the first
minimum of Airy pattern shifts from 42.7 nm to approximately 29.9 nm and the FWHM to
approximately 27.9 nm. The experimentally determined focal spot size is, therefore, in good
agreement with the theoretical expectation. A sub-30 nm full-pitch (FHWM) resolution
corresponding to a theoretical sub-15 nm half-pitch resolution can be expected from the optic.

5. Focusing soft X-rays

A scanning transmission X-ray microscope, MAXYMUS [39], was utilized for the
experiments in the SXR. Overview of experimental setups for imaging and DE measurements
are presented in Fig. 5(a) and 5(b), respectively. Figure 5(a) describes the experimental setup
which was utilized for the determination of the spatial resolution. Three samples, a Siemens
star with 60 nm smallest periodicity (30 nm feature size) and two lamellae (250 and 500 nm
thick) of a multilayer with certified feature sizes (BAM L200 test object), were used as test
objects to determine the resolution of the SXR-FZP. Figure 5b illustrates how the DE was
determined experimentally. For further details of the setup, samples, beamline and
measurement procedures are given in the experimental section above.

Sample

ML-FZP OSA Raster Scan

3" Order
e, 0" Order

I » Pinhole
Raster Scan

Fig. 5. a) Imaging: the SXR-FZP is shown after alignment. The 1st order focus is isolated by
an OSA (17 um in diameter) positioned between the SXR-FZP and the sample. A test object
sample was raster scanned over the focus while the total transmitted light was collected by an
avalanche photodiode (APD) to construct the STXM image. b) DE measurement: A smaller
pinhole (4.4 pm in diameter) positioned close to the 1st order focal plane is raster scanned
across ML-FZP, also covering an unobstructed area serving as a reference to determine the
incident light falling on the ML-FZP.

5.1 Imaging using soft X-rays

In the soft X-ray range tests at the MAXYMUS STXM, the alignment of the SXR-FZP with
the optical axis was carried out using a 2-axis tilt stage, improving the procedure described
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earlier [40] and now allowing for the highest reported resolution demonstrated via direct
imaging, for a ML-FZP. In order to align the SXR-FZP, the far-field diffraction pattern was
observed on a CCD camera, while tilting the SXR-FZP about x- and y-axes (pitch and yaw)
until the diffraction pattern registered at the CCD was circularly symmetric. Following the
alignment, STXM images of a Siemens star could be obtained free of any evident aberrations
such as astigmatism. The STXM image in Fig. 6(a), demonstrates that the innermost features
with smallest line widths of 30 nm (on average, 60 nm period) were clearly resolved
regardless of the direction. Previous reports of similar ML-FZPs at SXR range demonstrated
lower resolving powers [24,40] and apparently astigmatic images [15]. These were attributed
to one or a combination of the following facts: the absence of a high quality test object [24], a
sub-optimal FZP thickness and the lack of a beamstop [40] and most importantly the absence
of any means of tilt correction [15,24,40]. The achieved resolution and the lack of
astigmatism in Fig. 6(a), indicates that the observed astigmatism reported in those earlier
works was the result of the misalignment of the ML-FZPs with respect to the optical axis. The
roundness of the fiber core is of prime importance in the ML-FZPs. In the light of earlier
work [24] and the fact that the image shown in Fig. 6(a) is free of astigmatism, we conclude
the roundness of the fiber used in the fabrication is better than what is required for this
particular FZP.

50 nm lines-and-spaces

30 nm lines-and-spaces
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250 125 83 63 50 42 36 31 28 25 23 21 19
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Fig. 6. a) Point by point STXM image of a Siemens star taken at 1 keV with 80 um vertical
and fully open horizontal slits, 10 nm step size and 5 ms pixel dwell time. Given values are
average line-and-space distances. b) ROI-1 on the 500 nm thick BAM-L200 sample. Line by
line scan, taken at 1.2 keV with 50 um vertical and full open horizontal slits, 10 nm step size
and 1 ms pixel dwell time. ¢) ROI-2 on the 200 nm thick BAM-L200 sample. Point by point
scan, taken at 1.2 keV with 50 x 50 pum slits utilizing, 5 nm step size and 35 ms pixel dwell
time. The values given in a) and b) are some of the certified half-pitch sizes and the associated
uncertainties. d) The experimental CTFs of the SXR-FZP extracted from the images shown in
b) and c) as well as a third image of ROI-2 of the 500 nm thick lamella (not shown) are
compared to the simulated CTFs of the SXR-FZP. A mathematical model of test object was
convolved with the analytical Airy pattern of the SXR-FZP taking the large central stop into
account. Possible imperfect interface profile of the sample was simulated by slightly
smoothing the test object.
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Note that the imperfections in the innermost part of the Siemens, star due to the
lithographic process, result in a varying line-to-space ratio, sometimes significantly less than
30 nm in the smallest features. Accordingly, the feature sizes noted in Fig. 6(a) are average
distances. To determine the cut off resolution, a test object with feature sizes in the range of
the theoretical resolution limit is required. The BAM-L200 test object fits this requirement
very well [41]. In addition, it covers a wide range of structure sizes which can be utilized for
the extraction of the contrast transfer function (CTF) defined here as the Michelson contrast,
CTF = (i = Voini )/ (i + Vini) » Where lpayi and Iy are the highest and lowest pixel

values of the local period i [46]. After the alignment of the SXR-FZP with respect to the
optical axis, STXM images of the regions of interest (ROI) corresponding to the Fig. 6(b) and
6(c) were recorded. In Fig. 6(c) the 21 + 0.65 nm lines-and-spaces are clearly resolved. This
is by far the best imaging resolution achieved by a multilayer type FZP, to this date. In Fig.
6(d) the experimental CTF of the SXR-FZP which was extracted from ROI-1 and ROI-2 is
shown along with the simulated CTFs estimated from the convolution of the analytical focal
spot pattern of the SXR-FZP with the mathematical model of the test object, assuming a
coherent illumination of the FZP, a large enough detector and fully absorption contrast
imaging resulting in incoherent imaging conditions [47]. CTFs decrease with increasing
spatial frequency. However, the simulated contrast transfer increases slightly at higher spatial
frequencies (most pronounced from 15 to 22 pm™) due to large central stop. As the CTF is
very sensitive to the sample under investigation, the thickness of the test object and its
transmission profile have direct effects on contrast. The imperfections in the sample such as
the presence of an inter-diffusion/inter-mixing between layers (possibly induced during
processing or FIB slicing), or even a slight misalignment of the sample with respect to the
optical axis may result in a decreased contrast transfer. These influences are included in the
simulated CTFs as much as possible by taking the transmissivities of the layers into account
and by using a limited smoothing to account for the imperfect interfaces. One can see that, for
example, the sample with 200 nm thickness results in a less pronounced increase in the CTF
from 15 to 22 pm™* in comparison to the test sample with 500 nm thickness. The reason that
no increase was observed in measured CTF in this region may be related to the imperfections
within the lens which were excluded in the simulation as only an analytical model of the Airy
pattern of a FZP with large central stop was utilized for the calculation. One sees that there is
significant contrast transfer down to 21 nm half-pitch. Jumps in the CTF of the lens at
different ROIs and samples are attributed to the minor changes in sample thickness from ROI
to ROI and from sample to sample.

Last but not least, it is worth noting that a second slice of SXR-FZP, cut-out from a
different place on the fiber, with ~1.8 um thickness and without a beamstop (all other
parameters same), was also tested using BAM L200 sample. It was also possible to resolve 21
nm features of the BAM L200 sample, albeit at elevated noise level due to lack of a
beamstop. In the light of that experiment we conclude that the results are repeatable and the
deposition quality of the multilayer structure is homogenous over large distances.

5.2 Diffraction efficiency at soft X-rays

The diffraction efficiency (DE) of the SXR-FZP was measured at several energies ranging
from 1000 eV to 1570 eV using a similar procedure described earlier [48]. The experimental
DE of the active FZP region (deposited area) was determined to be above 10% between 1550
and 1555 eV while the efficiency of the whole device is 37.7% of this value corresponding to
the active area due to the large inactive central obstruction. The change in the intensity in the
1st order focus relative to the incident light at various energies can be seen by analyzing a line
scan that was carried out by a 4.4 pm pinhole from 1350 eV to 1675 eV [Figs. 7(a) and 7(b)].
In Fig. 7(b), the recorded intensity shows the diffraction behavior of the SXR-FZP at different
energies as well as the amount of light transmitted through the beamstop, the glass fiber core
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and the Oth order light transmitted through the zones and hence gives a complete picture of
the behavior of the optic. Figure 7(b) clearly shows that the intensity at the focal spot (the
portion of the image labeled as the 1st order intensity) is especially high near the 1555 eV
mark, corresponding to the measured DE behavior plotted as data points in Fig. 7(c). The
predicted DE from the calculations based on bulk crystalline densities for the 1.6 pm thick
SXR-FZP given in Fig. 2, is overlaid as solid black line in Fig. 7(c). It appears that the
measured DE data points lay slightly above this predicted line. The difference is attributed to
the amorphous nature of deposited thin films leading to lower densities compared to their
bulk counterparts. To account for this variation, DEs were calculated for the same material
pair using various theoretical and experimental densities given in the literature for amorphous
thin films [49-56]. The mean calculated DE as well as the corresponding standard deviations
are shown in Fig. 7(c). The measured values lie within this range and vary from ~3% at 1000
eV to ~10% at 1500 eV, with a maximum of about 12.55% near the Al absorption edge at
1555. These high efficiencies demonstrate, one more time, the high quality zone structure
enabled by the ALD process followed by high precision FIB cutting and polishing.
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Fig. 7. a) A line by line image scan of the small pinhole (4.4 um) showing the projection of the
light through the different portions of the SXR-FZP. Taken at 1570 eV with 80 um x open slit,
500 nm step size, 5 ms dwell time. b) A line scan over the 4.4 um wide pinhole at various
energies, utilized for the demonstration of the rapid increase in efficiency near 1550 eV due to
the absorption edge of the lens material, namely the Al in Al,Os, followed by a rapid decrease.
c) Theoretical and experimental diffraction efficiencies as a function of energy for different
material densities (bulk and amorphous thin films as detailed in the text). A sharp change in
the DE near the aluminum absorption edge, following the calculated value, can be seen in the
vicinity of 1555 eV.
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6. Conclusions

Focusing of high energy radiation via utilization of ML-FZPs was demonstrated. The
fabrication process is intrinsically capable of delivering FZPs with high efficiency imaging
performance at both soft and hard X-rays. The presented ML-FZPs allow for astigmatism free
imaging, illustrating both the accuracy of the manufacturing process and the precision of the
2-axes tilt stage specifically developed for the alignment of the optic with respect to the beam
and implemented here for the first time. High resolution soft X-ray microscopy with a
smallest visible feature size of 21 nm was demonstrated representing the highest direct
imaging resolution ever achieved by a ML-FZP to the best of our knowledge. We are
convinced that this resolution performance can be extrapolated to the HXR region, as the
autocorrelation analysis of the HXR range diffraction experiment supports sub-30 nm full-
pitch resolution of the optic. The results show that ML-FZPs are up-and-coming for focusing
of hard X-rays to nano-sized focal spots required for direct imaging [1,23,57,58],
spectroscopy and for nano-diffraction [33-35,59,60] by using ML-FZPs.

When compared with the conventional FZP manufacturing technique, namely the EBL,
ML-FZPs present a number of interesting characteristics. Advantages of EBL-FZPs include
currently the highest spatial resolutions among point focusing optics [41,61,62] and easy
access to larger diameters in general. They are also conveniently fabricated, via well
developed schemes, on flat membranes which makes them easier to align. On the other hand,
increasing their resolution further seems challenging. EBL-FZPs are limited in aspect ratios
and are especially efficient in SXR. In contrast, ML-FZPs can be tailored for a wide energy
range by cutting them to the appropriate thicknesses and can be prepared with very high
aspect ratios for high efficiency at HXR. Practical difficulties arising from the small diameter
of the ML-FZPs with limited focal (i.e., working) distances have to be solved. Addressing this
issue leads to work on the optimization of the deposition process for higher deposition rates
towards larger diameters. Although the ALD fabricated ML-FZPs are still in their infancy,
interestingly, the resolution achieved here in the soft X-ray range is already quite close to that
of commercially available EBL-FZPs (usually Ar = 25 nm). Last but not least, ML-FZPs can
potentially reach resolutions beyond current lithographic capabilities as thinner layers of 10
nm and even well below that with high conformality are routinely achievable via ALD. This
places the technique among the serious potential candidates for ultrahigh resolution (<10 nm)
FZP fabrication methods for both soft and hard X-rays. Future perspectives include the
optimization of the material selection [40], increased active region and the reduction of the
Ar. Demonstration of the best HXR and SXR resolutions, ideally by direct imaging in order to
unleash the full potential of these optics remains the ultimate goal.
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