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X
-ray microscopy is a nanoimaging
techniquewith unique abilities towork
under a variety of ambient conditions,

imaging in real space with high temporal1�5

and spatial resolutions6�8 combined with
chemical analysis capabilities9 and unique
contrast mechanisms10,11 even magnetic
contrast.12While the techniquehas longbeen
considered to be confined to synchrotron
radiation sources, recent developments have
led to the introduction of new laboratory
X-ray sources and microscopes,13�18 improv-
ing its accessibility and rendering its technical
components highly desirable to a broader
community.14,19,20 Basically, the Fresnel zone
plate (FZP) is inevitably the core element
behind high-resolution X-ray and extreme
ultraviolet imaging. A FZP is a diffractive optic
capable of focusing high energy electro-
magnetic radiation. In its simplest form, it is

a concentric set of alternating transparent
and absorbing rings (i.e., zones), with radial
positions following the zone plate law,21 rn =
(nλf þ n2λ2/4)1/2, where rn is the zone radius,
n is the zone index, λ is the wavelength, and
f is the focal length. A FZPwith a largenumber
of zones behaves like a simple lens22 and
focuses X-rays alleviating the problems re-
garding high absorption of extreme ultravio-
let (XUV) and soft X-rays (SXR) within matter.
The diffraction limited resolution of a FZP in
the focus of first diffraction order, considering
the Rayleigh criterion, is given by δRayleigh =

1.22Δr, where Δr is the outermost zone
width.23 Accordingly, in order to increase the
resolution of the first order focus, FZPs with
smaller Δr have to be fabricated which is a
very demanding nanotechnology challenge.
The fabrication process for FZPswith high

resolution became accessible after 1971, as
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ABSTRACT A significant challenge to the wide utilization of

X-ray microscopy lies in the difficulty in fabricating adequate high-

resolution optics. To date, electron beam lithography has been the

dominant technique for the fabrication of diffractive focusing optics

called Fresnel zone plates (FZP), even though this preparation

method is usually very complicated and is composed of many

fabrication steps. In this work, we demonstrate an alternative

method that allows the direct, simple, and fast fabrication of FZPs

using focused Gaþ beam lithography practically, in a single step.

This method enabled us to prepare a high-resolution FZP in less than

13 min. The performance of the FZP was evaluated in a scanning transmission soft X-ray microscope where nanostructures as small as sub-29 nm in width

were clearly resolved, with an ultimate cutoff resolution of 24.25 nm, demonstrating the highest first-order resolution for any FZP fabricated by the ion

beam lithography technique. This rapid and simple fabrication scheme illustrates the capabilities and the potential of direct ion beam lithography (IBL) and

is expected to increase the accessibility of high-resolution optics to a wider community of researchers working on soft X-ray and extreme ultraviolet

microscopy using synchrotron radiation and advanced laboratory sources.

KEYWORDS: focused ion beam (FIB) . ion beam lithography (IBL) . nano patterning . nanolithography . Fresnel zone plates .
synchrotron radiation . X-ray microscopy . soft X-rays . extreme ultraviolet radiation

A
RTIC

LE



KESKINBORA ET AL. VOL. 7 ’ NO. 11 ’ 9788–9797 ’ 2013

www.acsnano.org

9789

Sayre suggested24 the use of their then-recently devel-
oped e-beam lithography (EBL) system to prepare
FZPs. Over the last four decades, the fabrication of
FZPs via EBL improved remarkably. Today, using fabri-
cation schemes of increasing complexity, it is even
possible to resolve structures smaller than 10 nm with
SXR using FZPs,6�8 but such a high resolution requires
highly specialized and sophisticated equipment aswell
as advanced technical knowledge that are not readily
available. On the practical side, common EBL�FZPs
can resolve features of 20 down to 15 nm. An important
drawback when using EBL to prepare FZPs is that it
relies on at least four21 or more25�28 fabrication steps
depending on the properties of the FZP. These com-
plicated procedures require effort and time; thus, costs
can quickly escalate,29 not to mention the accumula-
tion of errors through each step, again impacting on its
final quality. Finally, as EBL process time is considered,
various figures are reported in the literature such as up
to 30 min for a single baking step7 and etch times
anywhere from 5 min6 up to 14 h30 depending on the
desired depth.
Here, we show a new process based on ion beam

lithography (IBL) that allows the rapid fabrication
of FZPs, in 13 min, in a single patterning step. As IBL
implies the direct writing of patterns, it advantageously

enables the prototyping ofmicro- and nanosystems31 in
a single step. It potentially circumvents the inherent
drawbacks ofother nanolithography approaches suchas
the proximity effect in EBL.32�37 While it was considered
to be slow,34,38 exotic,33 and underdeveloped,34�36 the
recent progress in advanced focused ion beam (FIB)
tools and processes are extremely promising. Incompar-
able capabilities were developed and are ranging
from higher acceleration voltages and optimized beam
correction systems with precise interferometrically
controlled sample stages39,40 to other systems capable
of writing features as small as 10 nm with 30 nm
periodicity41 and processing of large write fields42 as
well as development of Heþ ion microscopes43 toward
sub-10 nm44,45 down to 4 nm45,46 patterning. In the
case of direct milling IBL, the overall smaller number
of process steps means that the required expertise field
is narrower which makes the process optimization
easier and lowers the potential number of fabrication
errors. After the very first studies on fabrication of FZP
with IBL,47,48 the first imaging trials of real objects were
reported as recently as 2012 with IBL�FZPs possessing
120nm49 and 100nm39Δr. Thus far, required structuring
times of 1 h,48 1.8 h,47 3.5�8.5 h,49 9�14 h,50 and 15 h39

for the IBL�FZPs were reported. The reported fabrica-
tion time varies significantly from one study to another

TABLE 1. Overview of the IBL�FZP Attributes from the Prior Literature Compared to the Present Work (Column F)a

a A: Ilinski et al.47 B: Surpi et al.48 C: Lenz et al.50 D: Nadzeyka et al.39 E: Overbuschman et al.,49 F: present work.þIn the case of C2 only a few outer zones are milled; time and
area given are for a full FZP. *From Keskinbora et al.40 Key: D, diameter of the FZP; h, FZP structure height; Δr, outermost zone width; S, approximate active FZP area
(evaluated inactive central portion determined from published images subtracted if relevant); δmeasurement, measured full-period resolution (not cutoff); DE, measured
diffraction efficiency; V, acceleration voltage; I, ion beam current; t, fabrication time (FIB milling) in minutes; rel fab time, fabrication time relative to the present work taking
thickness and active areas into account (active FZP surface area � FZP height/milling time, normalized to present study).
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depending on the patterning parameters, the choice
of materials, and the FIB and FZP parameters. In our
approach, the total fabrication time has been reduced to
13 min (see Table 1), compromising neither the light
collection capability of the FZP (i.e., the diameter and the
active area of the FZP) nor substantially reducing its
diffraction efficiency in the extreme UV and soft X-ray
range (theoretically 7.8% at 1200 eV for the present
110 nm thick FZP versus 10.4% for a 500 nm thick
Au IBL�FZP, reported previously39). Interestingly, the
results were obtained on a standard multipurpose Dual-
BeamFIBdeviceand rely essentially on thedevelopment
and optimization of an advanced milling strategy which
is observed as a critical component for a successful
fabrication scheme. This and the emergence of high-
performance IBL systems as mentioned above, there-
fore, suggest very positive developments for the future.
The proper function of the IBL�FZP was tested with a
state of the art soft X-ray scanning transmission micro-
scope (STXM) demonstrating a high performance by
resolving structures down to 28.5 nm, with an ultimate
cutoff resolution of 24.25 nm. This result effectively
doubles the resolution achieved for any IBL�FZP re-
ported up to now; it brings IBL�FZP to resolution ranges
that are comparable to those of commercial EBL�FZPs
while offering a competitive processing time, a simpli-
fiedprocess, a significant reductionof required skills, and
optimization efforts and corresponding reduced costs.

RESULTS AND DISCUSSION

Fabrication of the FZP and the Resulting Structure. A FZP
of 50 μm diameter, 50 nm outermost zone width,
and ∼110 nm thickness was prepared using a focused

Gaþ ion beam generated by a general purpose dual
beam FIB system, as per the following procedure.
A 75 nm thick, X-ray transparent, amorphous silicon
nitride membrane on silicon was selected as a sub-
strate (Figure 1a,e) which was coated with a 110 nm
thick gold layer (Figure 1b) via electron beam evapora-
tion. The evaporation process took approximately
7 min and resulted in a fine-grained Au thin film
without introducing any strain in the window area
(Figure 1f). Gold was chosen as the absorbing material
as it exhibits favorable properties both for X-ray micro-
scopy and FIB micromachining. Being a highly absorb-
ing material, Au gives reasonable diffraction efficiencies
over a wide range of photon energies. In addition, when
irradiatedwith 30 keVGaþ ions under normal incidence,
Au has a sputtering yield, Y, of 17.35 atoms/ion, accord-
ing to SRIM51,52 simulations (see the Supporting Infor-
mation, Figure S1) or 15.75 to 14.7 atoms/ion according
to the literature.53,54 These values correspond to volume
sputtering rates per dose, B, of 1.84, 1.67, and 1.56
in μm3/nC, respectively. This high sputtering rate
makes it easier to quickly remove large areas of the
material via IBL, a very important attribute as it is one
of the crucial parameters which defines the overall
process time, t, in accordance with the following
relationship

t (s) ¼ V(μm3)
I(nC=s) 3 B(μm3=nC)

þ tDC (s) (1)

where the first term of the right-hand side of eq 1 is
taken from the work of Hopman et al.,55 V is the
volume to be sputtered, I is the ion beam current,
and tDC is the time spent for drift correction.

Figure 1. Overview of the fabrication process (not to scale). Top row: time required for each fabrication step and overall
process time.Middle row: schematic representation at each fabrication step: (a) Cut-away view of the substrate, (b) Au film on
the membrane, (c) a FZP is being machined in the Au layer, and (d) in situ deposition of the Pt beamstop. Bottom row: SEM
images at each step: (e) window area, (f) microstructure of the Au film, (g) central portion of the FZP after IBL processing, and
(h) outermost part of the IBL�FZP. All SEM images are taken under normal incidence.
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For patterning, a Gaþ ion beam with 30 keV energy
and 30 pA current was employed that resulted in
a nominal beam size of 16 nm which was aligned
for astigmation prior to the patterning in an area just
outside of the membrane window. The FZP pattern
was written with 10 nm steps, resulting in an overall
dosage of 0.03 nC/μm2 starting from the outermost
zone and moving the beam toward the center
(Figure 1c) in a circular trajectory until a predeter-
mined radius (∼11 μm) was reached. It resulted in
102 open zones, and all the inner zones from that
point on were left nonmachined. This corresponds
to∼88 μm3 of material that was milled away. No drift
correction scheme was employed in the process;
hence, tDC was 0. According to eq 1, the overall
process time can be estimated to range between
approximately 26.6 and 31.5 min. Nevertheless, when
utilizing the above given experimental parameters,
the IBL�FZPwasmilled in only 13min (Figure 1g). The
difference between the actual process and the calcu-
lation is attributed to uncertainties in the real sputter
rate, the Au thin films density and thickness, as well as
redeposition and channeling effects.53 During the
milling, the beam direction was changed from clock-
wise (cw) to counter clockwise (ccw) and vice versa

for each successive open zone. These precautions
were taken to avoid any dynamical beam move-
ment effects, and to minimize the impact of the
redeposition process, e.g., to avoid any unidirec-
tional redeposition, which degrades the quality of
the structure.

Since the zone placement accuracy is a local re-
quirement for each zone (for instance 0.7Δrn tolerance
in radius for avoiding astigmatism),56,57 it is less strin-
gent for the inner and wider zones. Hence by starting
the process from the outermost zones, which are the
most important for the resolution and also most
vulnerable to themisplacement, the impact of the drift
on the zones was reduced to a minimum; it even
avoided the drift correction process which was neces-
sary in some other studies;26,29 more so, it improved
the overall process time. Experimentally, the total
average drifts of 76.6 and 83.3 nm during the whole
fabrication process were measured for the vertical and
the horizontal directions, respectively corresponding
to the misplacement of the innermost zone. Moreover,
an uncertainty in the beam placement after each
drift correction step is reported in the past, which
varies between about 2039,50 up to 6045 nm. Therefore,
avoiding a drift correction step might actually improve
the zone placement accuracy given that the process is
completed in a timely manner. Overall, the following
parameters were found to be crucial for the success-
ful preparation of the IBL�FZP: first, the dosage
needed to be high enough to remove material from
zones in one pass without damaging the underlying
membrane; second, the beam current was optimized

to ensure both a reasonable process time and a
high accuracy; and third, the material was chosen
providing both a high sputter yield and a proper
microstructure.

The nonmilled part in the center of the IBL�FZP
provided a platform for the beamstop deposition.
This initial platform blocks about 74% of 900 eV
photons (see Figure S2, Supporting Information) or
lower, as thin films usually have a lower density than
their bulk counterparts. Without a proper beamstop,
the remaining light would create a significant back-
ground in the detector signal reducing themaximum
achievable contrast. Therefore, an additional layer of
Pt was deposited on this platform in situ by succes-
sive electron and focused ion beam induced deposi-
tions (EBID and FIBID), respectively, (Figure 1d)
which took 10�20 min depending on the selected
parameters.

The resulting FZP exhibited a high overall quality
(Figure 2a,b), which is remarkable considering the
short milling time of only 13 min. The relatively rough
surface of the outermost zones as observed by SEM
imaging (Figure 2b), is attributed to the grain structure
of the polycrystalline Au thin film which could be
improved by employing a single crystalline or amor-
phous thin film material. Since the amorphous nature
of the underlying membrane would make the former
option practically unfeasible, the latter would be
a better choice. This can be achieved by cosputtering
an alloy instead of a pure metal and it is under
consideration in future studies. Nevertheless, the
zones have a clearly defined structure. The intended

Figure 2. SEM images of the fabricated FZP: (a) innermost
zones under normal view, (b) outermost zones viewed
under 52� tilt.
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line-to-space ratio (L:S) of the design was 1:1. However,
due to the redeposition processes that occurs in the
wake of the ion beam, the resultant outermost L:S was
measured to be approximately 3:2. Another deviation
from the ideal FZP structure is the decreasing height
of the zones from 110 nm for the inner zones to about
50 nm toward the outermost zones. In addition, the zone
walls present an inclined wall structure, characteristic of
narrow structures fabricated by FIB (Figure S3, Support-
ing Information).39,47 This particularity of the IBL�FZP
was already shown to allow for second order imaging at
high resolution.40

Table 1 shows the fabrication and design para-
meters for the IBL�FZPs reported so far in the
literature compared to the IBL�FZP reported here.
The relative fabrication time (row 14 of Table 1) allows
a comparison between the various methods. It
takes the FZP thickness and active area into account
normalized to the present study. Ilinski et al.’s work
was the fastest according to this analysis, which is
understandable considering the high acceleration

voltage and current that was used in the study.
However, the experimental resolution was more
than 9 times lower than in the present study. In our
approach the relative fabrication time was more than
3 times shorter than for the FZP with the closest
reported first order resolution (column D), which
has a factor of 2 lower resolution. Moreover, the
results of column D in Table 1 were realized with
a state of the art IBL system working at an accelera-
tion voltage of 40 keV whereas in the present study,
a standard multipurpose FIB workstation DualBeam
(FEI) was employed at 30 keV without interferometric
stage control. These results underline the future
potential wide applicability of the IBL technique to
the X-ray optics fabrication.

Resolution of the IBL�FZP. The resolution of the IBL�
FZP was tested in the SXR range. For this purpose, it was
mounted as focusing optic in the scanning transmission
X-ray microscope (STXM) MAXYMUS,58 located at the
BESSY II synchrotron radiation facility, which is schemati-
cally described in Figure 3. Two different, standardized

Figure 3. Schematic representation of the scanning transmission X-ray microscope MAXYMUS. Undulating relativistic e� emit
highly coherent X-rays which aremonochromatized via a plane gratingmonochromator (PGM) and in combinationwith a set of
slits, defines the spatially coherent, monochromatic, plane wave illumination of the FZP. The desired diffraction order of the
FZP is selected by a circular order-selecting aperture (OSA). The sample, located at the focal plane, is scanned through the
focus, and the transmitted X-rays are collected via an avalanche photodiode (APD) point detector. The laser interferometry
controlled sample stage in combination with a very effective dampening system of the microscope allows for a very high-
resolution imaging.

Figure 4. (a) Line-by-line STXM image of the Siemens star taken at 701 eV, 10 nm step, 0.34ms dwell time. (b) Point-by-point
scanunder fully coherent illumination at 901 eV, 10 nm step size, and5msdwell time. (c) FFT of image shown in (b); concentric
circles and corresponding spatial frequency in nm are overlaid on to the FFT.
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test objects, a Siemens star and a GaAs/Al0.7Ga0.3As
multilayer, were utilized as samples to assess the
resolution of the IBL�FZP.

The absorption contrast image of the Siemens
star test pattern was obtained by utilizing the present
IBL�FZP as the focusing optic in MAXYMUS and
is shown in Figure 4a. For the acquisition, the h- and
v-slits were opened to 50 � 50 μm enabling enough
light for the line-by-line scanning of the 2000 �
2000 pixels image in about 23 min. In Figure 4a, it
can be seen that even the smallest, 30 nm structures of
the innermost ring in the test pattern can be resolved
with a high contrast in every direction without any
distortion. This demonstrates the absence of a signifi-
cant degree of optical aberration, as, for instance,

astigmatism of the FZP that might have resulted from
the fabrication scheme avoiding a drift correction.
The slits were then closed to 15 � 15 μm ensuring
the fully coherent illumination of the IBL�FZP and a
diffraction limited focal spot size. A point-by-point scan
of the innermost ring of the Siemens star test pattern
was performed (see Figure 4b.) The innermost ring
of the Siemens star with the smallest local feature size
of 30 nm (60 nm period) is clearly resolved. Figure 4c
shows the power spectrum of the fast Fourier trans-
form (FFT) of the image shown in Figure 4b. In
Figure 4c, the spatial frequency increases radially out-
ward, i.e., the structure size, indicated by the overlaid
circles in Figure 4c, decreases, while the intensity also
decreases until it disappears into the background
when the frequency corresponding to the smallest
resolvable structure size is achieved.59,60 Here, the
signal disappears at about 60.5 nm per period; i.e.,
features of 30.25 nm width are resolvable. This value is
comparable to the smallest features of the test pattern
(30 nm) and is attributed to the size limit of the test
pattern and not to the ultimate resolution of the FZP.59

For further determination of the resolution, a sec-
ond test object, a 500 nm thick lamellae from a GaAs/
Al0.7Ga0.3As multilayer with certified (by BAM, see the
Materials and Methods) layer thicknesses,6 was im-
aged. As the thinnest features in the multilayer struc-
ture are far smaller than the resolution of the IBL�FZP,
it is well suited for the determination of the ultimate
resolution. Imaging was carried out at 1120.6 eV, in the
vicinity of gallium absorption edge to maximize the
contrast. A line-by-line image of the complete structure
with 10 nm pixel size (Figure 5a) was recorded, as
well as a point-by-point image of the thinnest layers
(Figure 5b). The image shown in Figure 5b demon-
strates that the 28.5( 1.1 nm lines and spaces are just
resolvable. Note that the decreasing efficiency of the
FZP at 1200 eV (7.8% theoretically) causes the high
noise in Figure 5b. From the image in Figure 5a,

Figure 5. (a) Line-by-line STXM image of the multilayer test
object at 1120.6 eV, 10 nm step size, 0.42 ms dwell time.
Certifiedhalf-pitch structure sizes alongwith uncertainties are
given above the image. (b) Point-by-point STXM image of
the portion of the test structure showing smallest structures
acquired at approximately 1120 eV, 10 nm step size 10 ms
dwell time. Certified half-pitch structures sizes with uncertain-
ties are given below the image. (c) Integrated intensity across
the short axis of the marked rectangle in (a) as a function
of distance normal to the layer interfaces. The inset is a zoom
in to the rightmost three periods (d) CTF of the IBL�FZP as
determined from (c) shown as a function of spatial frequency
and structure size. The solid line is a least-squares fit of the
data points and is given as an eye guide.

Figure 6. Diffraction efficiency map of a gold FZP with
rectangular profile calculated according to the thin grating
approximation for various thicknesses and photon ener-
gies. A high efficiency region is positioned just below200eV
and is important for XUV imaging.
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the contrast transfer function (CTF) of the lens was
determined by first integrating the image intensity
(Figure 5c) across the short axis of the marked rectan-
gle (Figure 5a) and calculating the CTF following the
definition of Michelson contrast,61 CTF = (Imax � Imin)/
(Imax þ Imin). The CTF shown in Figure 5d (see also the
Materials andMethods) demonstrates the capability of
the IBL�FZP to transfer a nonzero contrast for struc-
tures as small as 24.25 ( 1.3 nm. This measured cutoff
resolution is very close to the theoretical cutoff half-
pitch resolution given by the Sparrow resolution limit62

(0.95Δrn/2 = 23.75 nm). This demonstrates the high
performance of the IBL�FZP which is due to the high
precision of the fabrication process.

Diffraction Efficiency of the IBL�FZP. Fresnel zone
plates direct light into several diffraction orders creat-
ing a series of foci along optical axis at distances fm ≈
DΔr/λm, where D is the diameter of the FZP andm the
diffraction order. Each of these foci contains some part
of the incoming power, the ratio of which to the light
incident on the FZP defines the diffraction efficiency
(DE) of that particular order. The DE depends on many
parameters such as the energy-dependent complex
refractive index and the geometry of the FZP. In this
work, the geometry of the design FZP was a rectan-
gular zone profile with 1:1 line-to-space ratio. The DE
of such a FZP can be analytically calculated via either
the thin grating approximation which is valid for a FZP
with a low aspect ratio63 or for instance the coupled
wave theory for thicker FZPs.64�66 Here, the thin
grating approach is valid and was utilized. The DE
map as a function of the structure thickness and the
photon energy of the IBL�FZP is shown in Figure 6.
In the energy range between 200 and 1200 eV, the

theoretical DE varies from a minimum of 7.8% at
1200 eV to a maximum of 9.7% at 675 eV for the
110 nm thickness chosen for the design which is
suitable for efficient imaging. Moreover, there is a very
efficient region in the DEmap, just below the 200 eV in
the vicinity of 110 nm thickness (DE up to more than
20%) and makes the present FZP markedly relevant
and important for the laboratory based sources that
exist and currently being developed for this particular
energy range.17,67,68

To determine the DE of the actual IBL�FZP device
experimentally, a separate setup was devised and is
shown in Figure 7a. An aperture of approximately the
same diameter as the IBL�FZP, serving as a reference
for the incoming intensity, was milled in the substrate
approximately 125 μmaway from the IBL�FZP (center-
to-center distance) using FIB. A 4.4 μm wide pinhole
was milled on a separate 6.4 μm thick gold film on a
silicon nitride membrane. The latter was positioned in
the first-order focal plane of the IBL�FZP (Figure 7a)
blocking any incoming X-ray except through the pin-
hole. The pinhole was then raster scanned in the
focal plane, spanning the reference aperture and the
IBL�FZP to deliver an image where each point corre-
sponds to the light passing through the pinhole at that
given position (Figure 7b). For the estimation of the
DE, the measured transmission through the beamstop
was subtracted from the intensity at the focus (focal
intensity). The ratio of this focal intensity to the amount
of X-ray light incident on the active area of the FZP
gives the value of DE. At 900 eV, the DEwas found to be
2.6% for the whole device (including the membrane)
and 2.75% for the IBL�FZP itself (corrected for the
membrane absorption). The difference in the theoretical
and experimentally determined values of the DE is
attributed to the deviations of the FZP structure from
the ideal, that is, slantedwall profile which decreases the
theoretical DE to 8.7% from 9.3% (about 5% decrease
compared to the rectangular),63 the lower thickness
and the rough surface of the outermost zones of the
IBL�FZP, nonideal line-to-space ratio (Figure S3, Sup-
porting Information), the uncertainties in the density of
the evaporated gold as well as the 5�10% spatial
variation in thedetection efficiency over theAPD surface.

CONCLUSIONS

A FZP for high-resolution X-ray microscopy was
fabricated in 13 min with ion beam lithography. It
was successfully employed as a focusing optic in a
scanning X-ray microscope where it resolved nano-
structures as small as sub-29 nm in width, with good
contrast. The ultimate cutoff resolution was deter-
mined to be of approximately 24.25 ( 1.3 nm. The
diffraction efficiency of the IBL�FZP was determined
to be 2.75% at 900 eV.
With this new and improved fabrication scheme the

preparation time of IBL�FZPs in relation to the surface

Figure 7. (a) Experimental setup that was used for the
determination of the diffraction efficiency is shown sche-
matically (BS: beamstop). (b) Line-by-line scan of the pin-
hole spanning over a 60 by 200 μm wide area showing the
reference aperture (left) as well as the IBL�FZP (right). High
intensity of the focus can be seen clearly.
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area, height, and comparable IBL parameters was
reduced by a factor of 3.1 to 73.7, implying a significant
reduction of costs while at the same time the first-order
resolution was improved by a factor of 2.39,48�50

Exciting enough, the results were obtained not with
state of the art IBL/FIB devices such as the helium ion
microscope69 or a dedicated IBL system39,40,42 but
rather with a general purpose focused ion beamdevice
operated at a moderate acceleration voltage of
30 kV and, hence, a machine that is relatively easily
accessible. The results point out to the vast potential of
the IBL. The resolution of the ion beam lithographic
FZP is only a factor of approximately 2 lower than those
obtained with up to date electron beam lithography
systems operated at high voltage.7,8 Recent progresses
and successful development of X-ray laboratory

microscopes14,70 and sources15,16 pave the way to a
foreseeable spread of X-ray microscopy to a wider
community. It is worth noting that the method de-
scribed here is fast and flexible implicating a low
number of fabrication steps and required skills.
Interesting developments in new ion sources43,71,72

and high precision IBL systems working at higher
acceleration voltages39,40 are being made each day. It
has been already demonstrated that these FIB systems
can achieve dense pattern resolution as low as 4 nm46

which is better than the best achieved by EBL.73

Further positive impacts on the fabrication of high
resolution diffractive optics for SXR and XUV and on
other fields such as materials science and engineering,74

nano/micro electromechanical systems,75 plasmonics,76�78

micro-optics,79,80 etc. are to be expected.

MATERIALS AND METHODS
Deposition of the Au Layer. A bare, amorphous silicon nitride

membrane with a thickness of 75 nm and a window area of
500 � 500 μmwas used as a substrate (Silson Ltd., UK). 110 nm
of Au was deposited on the substrate directly via e-beam
evaporation. The base pressure was 6.3 � 10�7 mbar, and the
deposition rate was approximately 2.6 Å/s. The actual deposi-
tion took approximately 7 min with a pump down time of∼3 h.
Electron beam evaporated gold layers were free of residual
stress and distortion in the window area.

Focused Ion Beam Lithography. The resulting bilayer structure
was surface micromachined using a focused Ga+ ion beam in
a dual-beam microscope (Nova 600 NanoLab DualBeam, FEI,
The Netherlands), precisely removing the gold from desired
positions and leaving the underlying membrane intact. This
was achieved by carefully optimizing the patterning para-
meters.Widths and radial positions of the zoneswere calculated
following the zone plate formula, that is, rn = (nλf þ n2λ2/4)1/2

and used to generate the design pattern, a computer-generated
GDSII file, which consists of only ring shaped curved elements
that make up the zones of the FZP. This design pattern was fed
to the dual-beam FIB using a dedicated pattern generator
(ELPHY Multibeam, Raith GmbH, Germany) with a 16 bit pat-
terning capability. An ion beam of 16 nm nominal spot size at
30 kV and 30 pA was used to write the pattern using 10 nm
isometric steps, which gives a 37.5% beam overlap. A dwell time
of 0.1 ms was utilized which in combination with other para-
meters resulted in a dosage of 0.03 nC/μm2 and a beam speed of
0.1 mm/s. Rings of the pattern were written in a circular fashion
starting from the outermost zone moving toward the center
while stepping in radial direction within each zone also toward
the center. In addition, each open zone was written in an
antiparallel direction to its neighbors, i.e., ...clockwise/counter
cw/clockwise... and starting points 180� apart from each other.
These precautions ensured avoiding any dynamical effects
which may result from concentric beam movement. The first
23 even zones in the center were left unmilled so that there
is a platform of 110 nm thick Au and 75 nm thick silicon nitride
membrane. This ∼22 μm diameter platform in the center of
FZP which was covered in situ by 1 μm thick Pt layer forming a
beamstop to block zeroth order transmission. Trimethyl-
(cyclopentadienyl)platinum(IV), (CH3)3CH3C5H4Pt, was utilized
as the metal�organic precursor gas. First, a thin seed layer of
Pt was deposited via EBID to avoid any damage to the FZP. Then,
a second and thicker layer of Pt was deposited via FIBID.
The thickness of the resulting Pt beamstop was approximately
1 μm on its thickest point.

Efficiency Calculations. Theoretical diffraction efficiencies of
the fabricated devices were calculated using the geometrical

approach developed by Kirz63 for a rectangular FZP profile
having 1:1 L:S ratio. These calculations are based on a thin
grating approximation which is valid for low aspect ratio FZPs,
e.g., the present IBL�FZP.

Soft X-Ray Microscopy. The fabricated Fresnel zone plate was
tested in the soft X-ray range using the scanning transmission
X-ray microscopeMAXYMUS which is located in the UE46-PGM-
2 beamline at BESSYII synchrotron (Helmholz-ZentrumBerlin für
Materialien und Energie, Germany). The beamline consists of an
undulator type insertion device (Apple II) producing X-rays from
130 to 2000 eV58 which are monochromatized using a plane
gratingmonochromator and focued on a horizontal and vertical
exit slit system to provide spatially coherent, monochromatic
illumination of the zone plate. The desired diffraction order
of the FZP is selected via an order selecting aperture (OSA) of
the appropriate diameter. A sample is positioned in the focal
plane of FZP and is raster scanned with better than 10 nm
precision ensured by an interferometer controlled piezoelectric
scan stage and a very efficient vibration dampening system.
An avalanche photodiode (APD, Hamamatsu, S2382) was uti-
lized as a point detector positioned just behind the sample to
record the photon counts at each sample position during raster
scan. Prior to imaging experiments, the microscope chamber
was floodedwith He up to approximately 100mbar pressure for
enhanced heat removal. A Siemens star, (X30-30-1, Xradia, USA)
with minimum lines and spaces of 30:30 nm and a certified
multilayer made out of alternating GaAs/Al0.7Ga0.3As layers
(Bundesanstalt für Materialforschung and -prüfung, Germany)
with a minimum feature size as small as 3.5 nm, were utilized
as standard test objects in assessing the resolution performance
of the fabricated FZP. The contrast transfer function, CTF, was
determined from the integrated intensity value obtained from
the marked area in Figure 5a. To achieve this, the image was
corrected for its rotation (4�) by using bicubic interpolation.
Efficiency measurements were carried out by scanning a 4.4 μm
diameter pinhole milled via FIB in a∼6.4 μmgold layer over the
FZP and the reference aperture that is positioned 125 μm from
the IBL�FZP. To mill this pinhole, a Gaþ ion beam with 30 kV
acceleration voltage, 1 nA current, 50%overlap, and 1.0 μs dwell
time was utilized.
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