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High-resolution lenses for sub-100 nm x-ray fluorescence microscopy
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We report on the design, fabrication, and testing of Fresnel zone plates for high-resolution x-ray
fluorescence microscopy using the scanning x-ray microscope at the European Synchrotron
Radiation Source. The germanium lenses were optimized for operation near the sulphur absorption
edge at 2472 eV photon energy. The high measured diffraction efficiencies of up to 9.6% and the
good match to the spatial coherence of the undulator beam resulted in a photon flux of about 4
X 10° photons per second within the bandwidth of a siliddril) monochromator. Using a test
object consisting of zinc sulphide nanostructures, we were able to image features in sulphur x-ray
fluorescence mode with lateral dimensions down to below 100 nm20@0 American Institute of
Physics[S0003-695000)01149-9

The availability of tunable undulator sources at high bril- The diffraction-limited resolving power of a zone plate
liance third generation synchrotrons such as the Europeasepends on its outermost zone widdh,, . The resolutionSg
Synchrotron Radiation FacilityfESRP offers the possibility according to the Rayleigh criterion is given byg
to produce submicron focused x-ray beams with high flux=1.22dr,. The Rayleigh model describes the imaging of
and monochromaticity, in the few kilo-electron-volt energy two infinitely small incoherently illuminated point sources.
range. For many samples the fluorescent x-ray emission ré&he resolution limit is reached when the intensity djp,
sulting from absorption of the incident beam offers usefulbetween the two superimposed Airy disks in the image
chemically sensitive information about the system undemmounts to 73.5% of the maximum intenslty,,.> In this
study. In particular, the vastly reduced Brems-strahlungcase, the contrast {a— I min)/(Imaxt min) iS 15.3%. Although
spectral background confers a trace element sensitivityhis Rayleigh contrast is somewhat arbitrary, as many micro-
which can be significantly better than that possible usingscopes can resolve smaller contrasts, it is useful to have a
electron excitation. Furthermore, combining this detectiongenerally accepted criterion for the benchmarking of zone
scheme with absorption edge spectroscopy allows informgslates. The testing of zone plates in a SXM according to this
tion to be obtained regarding the chemical environment an¢éhodel would require an object consisting of pairs of bright
bonding state of particular elemental species present either kpots with diameters which are small compared to the ex-
small quantities or in dilute concentrations. pected resolution on a dark background. As such objects are

Use of this fluorescence emission allows the study ofifficult to obtain, resolution tests are often performed by
bulk, nonconducting samples and is therefore also of interesinaging grating structures. The half pitch observable with
for concentrated systems which cannot be prepared in suithe Rayleigh contrast of 15.3% i§grid=0-7dfn-3 This
ably thin sections for standard absorption contrast microsmeans, that the diffraction limit of zone plates allows imag-
copy. The characteristics of the ESRF ID21 x-ray micros-ng of periodic structures with widths less than one outer-
copy beam line mean that it is well suited to applying X-raymost zone width.
fluorescence microscopy for studies of sulphur content using  The diffraction efficiency, i.e., the fraction of incident
both spectrometric and spectroscopic methods in applicaadiation that is diffracted into the order used for imaging,
tions such as geochemistry and human biolbgy. depends on the shape of the zone structures and the optical

The experimental methods being developed depend upagbnstants of the zone plate material. The material should
the quality of the microfocusing optics which must deliver haye a strong phase shift, to avoid high aspect ratios of the
high fluxes into the smallest possible probe size. The mosjytermost structures, coupled with low absorption. Excellent
effective focusing opticsin terms of efficiency and resolu-  zone plates have been fabricated by electroplating of nickel
tion) which have been developed for use at energies arounglq polymer mold¢:® Semiconductors are also commonly
2.4 keV are Fresnel zone plates. In this communication Wgsed as they can be structured with high aspect ratios by
describe the development of optimized high resolution ZON&|asma etching-°We chose germanium which, at 2.4 keV,
plate optics and their subsequent characterization using sUljiows up to 23% of the incoming radiation to be diffracted
phur containing test objects aktline fluorescence contrast i the focal spot. However, this would require a structure
in a scanning x-ray microsco@&XM). For high resolution height of 1350 nm(Fig. 1), leading to a very challenging
and photon flux, a number of considerations for the design ofgpect ratio of 13.5 for 100 nm wide outermost zones. There-

optimized x-ray lenses have to be take into account. fore, the zone height was chosen to be 900 nm, limiting the
obtainable efficiency to 18.3%.
3Electronic mail: christian.david@psi.ch The flux that can be achieved in the focal spot of the lens
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FIG. 2. Outermost zone structures etched into 900-nm-thick germanium.
The outermost zone width is 100 nm.
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_ o N o _ The electron beam exposures were done with a LION
FIG. 1. First order d|ﬁract|gn efficiency of Ni, S_l, and Ge zone plates with electron-beam lithography system from Leica Microsystems
a square wave zone profile for photon energies nearStikeedge. The . . .
calculations are based on scalar diffraction the@sge Ref. 11 Jenf.i- The LlQN has some spec!al featurels which make it
particularly suited for the generation of optical patterns. Its
. . . .. continuous path control mode allows the exposure of curved
also depends on the light collecting area. For diffraction lim- . b . P .
) . . . or straight lines by moving the sample stage continuously
ited probe sizes the maximum useful diameter of the zone

plate.d, depends on the degree of spatial coherence proVideL(llnderneath the electron beam. This makes it possible to gen-

by the source. To avoid a deterioration of the zone plat erate patterns over large areas without any field stitching.
rgsolving powér the geometrical source image sﬂg eEach zone is exposed by a single sweep of the electron beam.
should be well below the zone plate diffraction limit. For -Ia-gjisll?nzvzlr?(tehstlzglgilgcledeuda!ﬁ dc?hnetrggfgczzr;?ﬁg Bzéogrse by
large demagnification factors$’ is given by S'~Sf/g, . o . .

whereS is the effective source sizé,is the zone plates focal lraeSIrSetapcetlit\t/irri]olri flertscthtirnan?:‘]ege&g(t; thg sn(i;n:'r;he'ctl;ﬁr é:ar yer
length, andg is the effective source-to-zone plate distance.lay er then serves as a?har d mask fgr a se.con d etching ste
With f A\=dr,d and the size of the diffraction limited spot ' i/ it . iy e 5 e g step
6~dr,, this leads to a condition for diffraction limited im- Into the Ge layer using a CBgfplasma. Figure 2 shows

aging that is independent of the outermost zone width scanning el'ectron. mlcrographs of the resulting Ge structures.
The diffraction efficiency of the zone plates was measured to

d<gA/S. be up to 9.6% at 2.4 keV photon energy. Taking into account
the absorption by the support membrane, this corresponds to
The maximum value ofl describes the size of the coherently about 60% of the theoretical value, giving a peak flux of 4
illuminated area in the zone plate plane. X 10° ph/s of radiation from a double crystal &i11) mono-

In the SXM at the beam line ID21 of ESRF, an undulatorchromator (5<10 * relative bandwidth at 180 mA ring
with a full width half maximum source size &,=140um  current.

(horizonta) X S,=25um (vertica) is demagnified by the The resolution of a 30m diameter Fresnel lens with
zone plate situated=51m from the source. For a photon 100 nm wide outermost zones was tested at 2.4 keV photon
energy of 2.4 keV X~5 A) the zone plate diameter should energy in vacuum (10° mbar). We used a test object with
therefore be less than 10Q0n to provide diffraction limited approximately 350-nm-thick electroplated gold structures on
resolution in the vertical direction. In the horizontal direc- a thin Si support membrane. The Au transmission is approxi-
tion, only 180 um of the zone plate is coherently illumi- mately 16% resulting in an object contrast of 64%. Using a
nated. In order to have reasonable count rates, the zone plgtbotodiode, the transmitted radiation was detected. The grat-
diameters were chosen to be 300, 400, and af0 (with ing lines were positioned in horizontal direction to take ad-
respective focal lengths of 60, 80, and 100 mm at 2.4)keV vantage of the smaller vertical spot size. The narrowest lines
In consequence, diffraction limited resolution can only bewith a half pitch of 85 nm can clearly be resolved
expected in the vertical direction. (see Fig. 3.

The main difficulties in the fabrication process of a zone  To test the properties of the ID21 SXM using sulplur
plate are twofold. First, the pattern generation has to providéne x-ray fluorescence emission as the imaging signal, zinc
high resolution and high placement accuracy for a largesulphide (ZnS) siemens stars were generated by electron
number of curved lines with continuously varying linewidth. beam lithography and lift-off techniques. The structures
Second, the structures have to be transferred into the phashown here have a thickness of 40 or 26 nm, their structure
shifting material with high aspect ratios. The zone plates arsvidths vary from 1um down to 50 nm(see Fig. 4. The
supported by 250-nm-thick silicon nitride membranes whichsample was scanned with radiation just above the sulphur
have a transmission of 90% at 2.4 keV photon energy. Th&-absorption edge at 2472 eV. To limit the background sig-
membranes are coated by thermal evaporation with a 10-nmmal from the uncoated regions, a Ge substrate was chosen.
thick adhesive layer of chromium, 900 nm of germanium as  The sulphurK-lines x-ray fluorescenc@307-2464 eV
phase shifting material, and a 30-nm-thick top layer of chroawas collected using an energy dispersive 30?high-purity
mium. A 60-nm-thick layer of poly-methylmethacrylate is Ge detectorPrinceton Gamma-Teg¢hlequipped with a thin
spincoated as an electron beam resist. polymer entrance window. The detector was mounted in the
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FIG. 3. Scanning x-ray microscope absorption contrast image of an approxi-
mately 350-nm-thick Au test object taken in transmission mode at 2.4 keV
photon energy. A 30Qum diameter zone plate with 100 nm outermost
structures was used. The test object was provided by M. Panitz, University
of Gattingen

horizontal plane perpendlCUIar to the incident beam to mlnl_FIG. 5. SXM images of ZnS test structures imaged in fluorescence mode

mize the contribution of elastically scattered primary X rays.,sing a 300um diameter zone plate with 100 nm outermost structures. Top
The sample was inclined towards the detecterl6®) to  image: 40-nm-thick structures imaged with 125 nm pixel distance and a
allow the fluorescence signal to enter the detector. The signﬁl"’e” time qf 100 ms. Lower image: 26-nm‘-thick‘ structures with half pi_tch
was fed into a single channel analyser and pulses corrd/lues 210 fom 178 down to 75 Pl ditance: 20 el e
sponding to the arrival of an x ray in the energy range ap-
propriate for sulphuiK line emission were input to a fast optics for a SXM around 2.4 keV. Moreover, the high effi-
scanning system. ciencies which have been achieved give flux densities suffi-

Scanning x-ray fluorescence images of the ZnS testiently high to allow the detection of characteristic fluores-
structures are shown in Fig. 5. The fluorescence yieldSfor cence with sub-100 nm spatial resolution on model thin-layer
K-line emission is only 0.078 Given the collection solid systems even for a light element with low fluorescence yield.
angle(0.6% of 47 steradiank the absorption of the 26-nm- Future development of the technique will concentrate upon
thick ZnS film (1.7% and detector window transmission the application of x-ray fluorescence microscopy to perform
(75%) we would therefore expect approximately 100 ph/s inquantitative quantitative extended x-ray absorption fine
the S emission peaks when the probe is entirely incident orstructure analysis of “real-life” systems that are more de-
the ZnS structures. This value is in close agreement with thenanding in terms of spectral normalization.
experimentally observed values. Considering a 100 nm di- ) _ o
ameter probe this signal originates from less than 3  The authors wish to thank M. Panitz for providing the
%1069 (300 ag of sulphur and demonstrates the sensitiv-90ld test object shown in Fig. 3. G. S_chmahl and M. Peuker
ity of the method. Although the fluorescence signal is weal@'e gratefully acknowledged for providing access to the re-
due to the reasons given earlier, the signal to backgrounﬁCt'Ve ion etcher used for the structuring of the germanium
ratio from the outermost Lm wide structures is about 10:1. ZOne plates. The authors also thank the technical staff of
This results in a contrast better than that of the Au test objecdtMN and ESRF for the excellent working conditions.
imaged in transmission mode. The smallest structures that _ , - . _
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