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Nanofocusing parabolic refractive x-ray lenses
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Parabolic refractive x-ray lenses with short focal distance can generate intensive hard x-ray

microbeams with lateral extensions in the 100 nm range even at a short distance from a synchrotron
radiation source. We have fabricated planar parabolic lenses made of silicon that have a focal
distance in the range of a few millimeters at hard x-ray energies. In a crossed geometry, two lenses
were used to generate a microbeam with a lateral size of 380 nm by 210 nm at 25 keV in a distance
of 42 m from the synchrotron radiation source. Using diamond as the lens material, microbeams
with a lateral size down to 20 nm and below are conceivable in the energy range from 10 to 100

keV. © 2003 American Institute of Physic§DOI: 10.1063/1.1556960

Hard x-ray scanning microscopy and microprobe techto 20 nm and below in the energy range from 10 to 100 keV.
niques, such as microfluorescence mapping and tomography, To obtain these short focal distances, lens curvatures in
microdiffraction, and micro-absorption spectroscopy, rely onthe micrometer range are required. To fabricate lenses with
intensive x-ray microbeanisThey have greatly benefited extremely small radii of curvature, the fabrication techniques
from the high brilliance of third generation synchrotron ra-for rotationally parabolic lenses previously developed in
diation sources and recent developments in hard x-ray opticéachen cannot be appli€dnstead, we have used microfab-
The resolution of these techniques is limited by the laterarication techniques to make the planar silicon parabolic re-
size of the microbeam, that typically lies in the micrometerfractive x-ray lensésshown in Fig. 1. As in previous lens
range and that is routinely achieved at many beamlines witflesigns, a numbe\ of individual lensegsee shaded ar¢a)
various hard x-ray optics?® There is, however, a great de- in Fig. 1] is aligned along a common optical axshown as
mand for x-ray analytics on the 100 nm scale, in particular in@ dashed line in Fig.)lto form a NFL[shaded are#b) in
nanotechnology. To reach lateral beam dimensions in the 100i9- 1. The current design comprises lenses with 50 and
nm range is by far more demanding, but has been achieved= 100. For eactN, a set of lenses Wlth radius of curvature
in several recent experimerft& These focusing experiments Varying fromR=1 um to R=2.8 um in steps of 0.lum is
required a particularly long beamlirfe.g., 145 m or 1 ki !mplgmented on the same.smcor.\ \{vafer. The thickness of
or a small secondary sourde.g., 35<35 um? slits) in a individual Ie_nses on the optical axisds=3 um. The length
sufficiently large distancée.g., 43.5 mfrom the microbeam ©f the NFL is|=8.4 mm forN=100 andi=4.2 mm forN
setup? since the focal length of 0.1 m or more does not allow
one to demagnify a third generation synchrotron radiation
source into the range of 100 nm with source to experiment
distances of 30—60 m available at shorter beamlines.

In this letter, we present parabolic refractive x-ray lenses
with focal distances in the range of a few millimeters. With
these nanofocusing lensédFLs) microbeams with lateral
size in the range of 100 nm are obtainable at short distances
(e.g., 42 m from relatively large synchrotron radiation
sourcede.g., horizontal full width half maximuniFWHM)
source size 90um]. They allow for nanofocusing at many
of the shorter microprobe beamlines at third generation syn-
chrotron radiation sources. We have successfully tested and
used these lenses for microdiffraction and fluorescence to-

mography. Potentially, they can have diffraction limits downFIG. 1. Scanning electron micrograph of an array of parabolic refractive
x-ray lenses made of silicon. The shaded areasand (b) delineate an
individual and a compound NFL, respectively. The optical axis of the NFL
3E|ectronic mail: schroer@xray-lens.de is shown as a white dashed line.
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=50. The resulting geometric aperturBgvaries from 18 to (@

30 wm. Each of these lenses produces a line focus at a 1200 =

slightly different distance, allowing one to realize a variety —

of microbeam geometries at different energies. In order to 5 1000

obtain two-dimensional focusing, two lenses are placed be- 2 300

hind each other in a crossed geometry, one focusing verti- §

cally, the other one focusing horizontally. The lenses are ar- 5 800

ranged along the optical axis such that both foci coincide in § 400 —

one point. The common aperture is defined by a pinhole g

placed in front of the two lenses. = 200
The lenses are fabricated using electterbeam lithog- o

raphy and deep trench reactive ion etching. In a first step, the T T T T T
lens pattern is written into a Cr masgthickness 30 nmby -0 05 00 05 Lo
e-beam lithography and subsequent wet etching. The Cr vertieal position [um]

mask is then used to transfer the patt@ising reactive ion ®
etching into an underlying 300-nm-thick silicon dioxide __ 3000 —
layer that serves as mask for the deep trench reactive ion ; 2500
etching process. With this process the lens structure is im- z
printed into the underlying bulk silicon. The depth of the é 2000 —
lenses is larger than 20m. A 1500
The lenses were tested at beamline ID22 of the European g
Synchrotron Radiation FacilittESRB in Grenoble, France. 2 1000
The synchrotron radiation was produced by an in-vacuum é 500 <
undulator(third harmonic ate =25 keV). The high energy
content of the beam was removed using a flat Pt mifcat- T
off energy 32 keV. The reflected beam was monochroma- -5 -0 05 00 05 1.0 15
tized atE=25 keV using a cryogenically cooled fixed exit horizontal position [pm]

double crystal monochromat(ﬁl 111. The Iens system was FIG. 2. (a) Vertical and(b) horizontal scan of a gold knife-edge through the
setup at_;=42.1 m from the source. The alignment of both microbeam.

lenses to their common optical axis and focal plane was done

using 10 degrees of freedom, observing the lenses in tranghape from an ideal parabola. This is also suggested by the
mission using a high resolution x-ray camera. A PtIr pinholegeyiations of the measured radii of curvature from their de-
(diameter 10um) was centered around the lenses’ commonsjgn values that are most pronounced for the vertically fo-
optical axis to shadow radiation impinging onto the NFLscysing lens. These aberrations could also explain the radia-
outside their aperture. tion background around the focus. The asymmetry of this
The horizontally focusing lensN=100) produced its packground in Fig. @) may be due to misalignment. In
focus at an image distantg,=15.6 mm as measured from fyture experiments improved mechanics will be required to
the center of the lens. This corresponds to a radius of curvaeep the microbeam stable on the scale of the high lateral
ture of R=2.15 um (design valueR=2.0 um). The verti-  resolution.
cally focusing lens Nl=50) generated the vertical focus  The intensity incident on the lens was measuredto
L2, =26.7 mm behind its center, corresponding to a radius of= 4,3x 10'? ph/s/mnf. Behind the lens, the integral flux was
curvature ofR=2.0 um (design valueR=1.7 um).’ Frota=4.4x 10° ph/s. From Fig. 2 the radiation inside a 1
The lateral size of the microbeam was measured by« 1 um? area around the focus is estimated to be 28% of the
scanning a gold knife-edge through the beam both horizontotal radiationF,q, recorded behind the lens. Therefore, the
tally and vertically, recording the fluorescence radiation in arflux in the focus amounts t&,.,=1.2x 10° ph/s as com-
energy dispersive detector. Figure&@)2and 2b) show the pared to 2.X 10° ph/s expected from the design parameters.
vertical and horizontal scans through the microbeam, respedrhe discrepancy can be explained by the halo around the
tively. The measured data are depicted by full diamonds. Théocus extending beyond its ideal lateral limits. The relatively
error bars indicate the statistical error for each data pointhigh integral flux behind the lens outside the focus is due to
The sum of two error functions was fitted to the data. Thethe relatively high transparency of the absorptive part of the
horizontal and vertical fits are shown in FiggaRand 2b)  Ptlr pinhole(maximal thickness 8@m) at 25 keV that trans-
as full lines. The resulting beam profiles, the derivatives ofmits about 0.1% of the incident intensity. In future experi-
these fits, are depicted as dashed lines. ments, more care has to be taken to define the aperture of the
A FWHM beam size ofB,=(210x50)nm andBy, lens.
=(380*+90)nm are extracted from the vertical and horizon-  Besides obvious technical improvements needed to opti-
tal fit, respectively. While the measured horizontal focus sizemize the lens performance, the lens material and parameters
is only slightly larger than the expected beam size of 340 nm¢an be chosen more systematically. To obtain minimal dif-
the vertical beam size is significantly larger than the ex-raction limits, the numerical aperttf&lA=D /2L, needs
pected 110 nrfi.This broadening of the focus may be ex- to be maximal. HereD ¢ is the effective aperturéFigure 3

plained by spherical aberratichdue to deviations of the lens shows the ideal diffraction limitl, (FWHM size of the Airy
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N . of the microbeam can be decreased further by reducing the
‘\‘ o Be length of the lens and with it the focal distance. However,
100 = Ei;fa;h}g‘;m“) there are practical limits to this: the aperture of the lens de-

-o2 & (iamond) creases and the working distance between lens and sample
becomes smaller and smaller. Choosing reasonable param-
eters (=8.4 mm, working distance 2.1 mman ideal dia-
mond lens would yield a nanobeam with®1gh/s and a lat-
eral size of 140 n,gx 30 nm in the first hutch of beamline
ID22 of the ESRF. At other beamlines, close to diffraction
limited focusing would be possible. Diamond lenses are cur-
rently under development.

d, [nm]

10

E [keV] The authors thank N. Zichner for the deep trench reac-

o . o . . tive ion etching.
FIG. 3. Minimal diffraction limitsd, for different lens materials as a func- 9
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. . . size of 900um (horizontally by 60 um (vertically) was assumed, given
pact on the imaging properties, a correlated shape error car,, measur:me;ts with oth%r gpticg. ( Y 9

lead to significant spherical aberration. 9The proximity effect in the e-beam lithography step and slight underetch-
If the earlier experiment would be carried out with a ing by the deep trench reactive ion etching process introduce a shift of the
diamond lens under ideal conditions. a nanobeam with a flux lens surface, resulting in a larger radius of curvature and spherical aber-
P . ! n? rations. While we attempted to compensate for these effects, the experi-
of 3.5x 10" ph/s and a lateral size of 34347 nnt would be ment suggests that further corrections are needed to generate an ideal

expected. The gain in flux would be &40 fold. The size parabolic lens shape.
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