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Wavelength tunable diffractive transmission lens for hard x rays
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We report on the fabrication and testing of linear transmission Fresnel zone plates for hard x rays.
The diffractive elements are generated by electron beam lithography and chemical wet etching of
(110 oriented silicon substrates. By tilting the cylindrical lenses with respect to the x-ray beam, the
effective path through the phase shifting zones can be varied. This makes it possible to optimize the
diffraction efficiency over a wide range of photon energies, and to obtain effective aspect ratios not
accessible with untilted optics. The diffraction efficiency of such a lens was measured as a function
of the tilt angles for various energies between 8 and 29 keV. Values close to the theoretical limit
were obtained for all energies. Because of the coherence preserving properties of diffractive optics,
the method opens up opportunities for experiments using coherent hard x ray¥)0ICAmerican
Institute of Physics.[DOI: 10.1063/1.1379364

The focusing of hard x raysh@>8 keV) to submi- spot size to some microns. The second consists of low ab-
crometer dimensions is an important prerequisite for many oforbing disks stacked along the optical axis with the refrac-
technigues such as microanalysis, microimaging, microspedive shape embossed into the surfaces of each disk. This
troscopy, and microdiffraction. Reflective, grazing incidencemethod gives the opportunity to avoid spherical aberrations
optics are most commonly used for this purpose, but submiby using parabolic surfaces, and submicron focusing has
cron spot sizes can only be obtained currently with greabeen demonstrated using Al as lens material. However, for
difficulty due to aberrations stemming from imperfections ofacceptable focal lengths the high absorption of Al limits the
the mirror surface$.Furthermore, high quality ellipsoidal transmission of these devices to about one peft€he fab-
focusing mirror systems are difficult to align and expensiverication of aspherical refractive lenses from Be with adequate
Due to their complexity, they are usually an integral compo-quality has not been possible up to now due to its hardness
nent of a synchrotron beamline, which limits their flexibility. and brittleness.

The first devices to achieve submicron hard x-ray focus-  Diffractive transmission lense¢Fresnel zone platgs
ing in a routine fashion were Bragg—Fresnel len®#BLs).>  have been used successfully for x-ray focusing and imaging.
These devices usually consist of a Bragg crystal patternegpot sizes in the range of tens of nanometers for soft x
with a diffractive Fresnel lens. Although BFLs with zone rays~!! and of about 100 nm for the multikilo-electron-volt
widths down to 100 nm and good diffraction efficiency haveregiont? and for hard x rays have been achieved. The dif-
been madé,there are some severe difficulties related withfractive patterns are mostly generated by electron beam li-
their practical application. First, the optical axis of the setupthography. State-of-the-art lithography tools are capable of
has to make a large additional angle, which—in contrast tgositioning the zone structures with accuracies in the order
mirror optics—changes with the photon energy. Moreoverof nanometers. As the required accuracy to avoid aberrations
the lense’s Bragg condition makes it only suitable for a naris in the order of one outermost zone width, the resolving
row bandwidth and difficult to align when used in combina- power of a zone plate is diffraction limited. Thus, the obtain-
tion with a crystal monochromator. Therefore, BFLs are onlygp|e spot size is approximately equal to the width of the
used in very few experimental setups. Focusing transmissiogytermost zones when the lens is irradiated with spatially
lenses avoiding these difficulties would be most useful in &oherent light. This means, that in contrast to refractive or
wide range of applications. reflective hard x-ray optics, the coherence of the incoming

Some years ago it was recognized that compound refragnt is preserved. This feature becomes increasingly impor-
tive lenseSCRLs) might provide an alternative way to focus tant in experiments taking advantage of the high coherence
hard x rays without an additional angle in the optical aXiS-provided by modern synchrotron sourcés.

CRLs were first proposed and patented by Tcgmeimd The efficiency of a zone plate, i.e., the fraction of the
shortly later experimentally verified by Snigiret al” Two  jncoming radiation diffracted into the focal spot, depends on
alternative arrangements are presently in use. The first typgo phase shift and attenuation caused by the diffractive
consists of a linear array of holes along the optical axisgtctures. For a given photon energy and zone plate mate-
drilled into a block of low absorbing material, preferentially rial, the maximum obtainable efficiency and the necessary
Be. The cylindrical shape of the refracting surfaces leads tg 0 height to obtain this value can be calculated using the
inevitable spherical aberrations, which limit the obtainableg.4r giffraction theory developed by Kifzand the com-

plex refractive indexn=1—6—i tabulated for most ele-
aElectronic mail: christian.david@psi.ch ments by Henkeet al!® For diffractive structures with a
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TABLE I. Maximum first order efficiencie€,, and optimum structures
heightst,,,; of a binary diffractive optical element for a selection of elements
commonly used in zone plate fabrication at different photon energies.

10 keV 15 keV 20 keV

Element Eax (%) topt (um)  Epmay (%) topt (um)  Emax (%) topt (pem)

C 40.4 13.6 40.5 27.6 40.5 34.0
Si 38.7 12.6 39.7 19.3 40.1 26.0
Ni 30.1 3.4 34.9 5.1 37.0 6.9
Ge 38.0 6.8 32.7 9.3 355 12.5
Ta 26.4 2.4 29.5 3.2 33.0 4.3
Au 32.7 2.0 27.3 2.9 31.4 3.7

square wave profile, the first order diffraction efficiertey
at a given x-ray wavelength is given by

1
Ei=—(1+e ?¢—2e"’cose), (1)
v

where k=8/6, and ¢=2m56t/N denotes the phase shift
caused by the diffracting structures. The maximum diffrac-
tion efficiency is high for a favorable ratio of absorption to
phase shift, i.e., for small values kfln the case of the ideal
phase zone plate&kE&0), a maximum first order diffraction
efficiency of 4fr°=40.5% can be obtained fap= .

Especially for energies just above theedges of me-
dium weight elements like Ni or Ge and theedges of heavy
materials like Ta, or Au, a significant fraction of radiation is FIG. 1. Scanning electron microscopy images of linear Fresnel zone plates
lost by absorption as can be seen from Table |. The obtairfabricated by electron beam lithography and wet chemical etchif@1
able efficiency of light eleme_nts I_ik(_a Cor Si in this energy ﬁg%nr:f ids Sl'g;?;' i%?fégg;a;get(? :f;rggztctz ?;ieov(‘;'fd;r%.'s 324 nm, the zone
range is close to the theoretical limit of an ideal phase zone
plate due to the absence of absorption edges. Unfortunatel
the required zone plate thickness to obtain a phase shift of . .
is more than 1Qum, which results in enormous aspect ratioscan_ﬁ:a n:jc;;feas:_a d byﬁ"?‘ factor 0: 1/Q@%F'%SHZ§) ;Z(d)]'l
for submicron structure widths. The fabrication of nanostruc- lat feb ! r?cdmk))n tehllc;en::]ylo a Wteh ete ?1. hr;snte z?ne
tures using standard technologies like reactive ion etching jglate fabricated by this technique wi %40 high Si struc
limited to aspect ratios in the order of 10 due to a limited
control of the sidewall angles.

We used a simple technique to fabricate diffractive
lenses with significantly higher aspect ratios. The lenses
were made fron110 oriented Si substrates. First, mem-
branes of 15—-2Qm thickness were formed by photolithog-
raphy and reactive ion etching from the backside of the sub-
strate. The linear zone plate patterns were then defined by
electron beam lithography and transferred into 30-nm-thick
chromium structures by a lift-off process. On such substrates,
lines oriented in th€112) direction have sidewalls wittl11)
orientation. Using an ethylendiamine pyrocathecol solution
as orientation-selective wet etch resulted in structures with
vertical sidewalls’ Figure 1 shows a linear zone plate with
324 nm outermost zone widithalf-pitch) and 13um struc-
ture height. A more detailed description of the lens fabrica-
tion process is given elsewhef®.

This method is obviously limited to producing linear dif-
fractive structures and thus to one-dimensional focugseg
Fig. 2(@)]. To achieve two-dimensional focusing, we suggest
aligning two linear lenses with different focal lengths and
orthogonal orientation along the optical axis as indicated irFlG-b?- /?lineifti;)ne P'itedcan be U_Slfd to Ithff_Jdl:\ile Z."ﬂe f@uwlhfile a

H ] H H H H H compination O O SUC evices will result In O-dimensional Tocusin
:'[I?uc2t(ut7’)eslnleaa(.jv(2t::'a((jjlgflrt.i)clilavle d(;gt:gzl oeflirrgggf)smvvléhy“arfiﬁroﬁb)' By tilting of the lenses, the effective path through the phase shiftingg

] ) : : tructures can be varigd, d) in order to match the phase shift over a wide
¢ around an axis perpendicular to the diffractive structuresnergy range and to increase the obtainable aspect ratio.

&nhd the optical axis, the effective path through the structures
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Effective aspect ratio of outermost zone structures device is already fairly highl5.7), the wet etching technique
045 b R PN S iy is capable of exceeding this value at least by a factor of 2 as
] FErersy Caleulations Measurements shown in Fig. 1. It is, therefore, possible to fabricate lenses
0409 SV T : ~ with higher structures for even harder photon energies or to
035 By T 7 reduce the outermost zone width and, thus, the achievable
] 2kev  — x spot size down to the 100 nm range. The technique to in-

0207 crease the aspect ratio by tilting could also be applied to zone

plates with blazed zone profilé$2°This would be of special
interest for two-dimensional focusing using two linear
lenses. A combination of two binary lenses limits the total
efficiency to a maximum value of (40.5%% 16.4%), while

a combination of ideal blazed zone plates could give up to
100% efficiency. Furthermore, it should be noted, that the
3 v described techniques are also suited to produce other diffrac-
0.00 % R A e A tive optical elements than merely lenses. Such devices could
include wavefront-shaping elements or linear gratings to be
used as beam splitters for interferomettie or holographic

FIG. 3. First order efficiency of a linear Fresnel zone plate withBrbhigh applications_
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