Diffractive x-ray optics using production fabrication methods

A. Stein® and C. Jacobsen
Department of Physics and Astronomy, SUNY Stony Brook, Stony Brook, New York

K. Evans-Lutterodt, D. M. Tennant, G. Bogart, F. Klemens, and L. E. Ocola
Agere Systems, Murray Hill, New Jersey

B. J. Choi
Molecular Imprints, Incorporated, Austin, Texas

S. V. Sreenivasan
University of Texas, Austin, Texas

(Received 28 May 2002; accepted 18 November 2002; published 22 Januany 2003

Zone plates are the key focusing element for many x(7ay20 ke\j and soft x-ray(200-500 eV
applications, yet, production with electron-beam lithography poses obstacles to their widespread
availability. In addition, fabrication processes to date have limited the studies of amplitude Bragg—
Fresnel-type elements in the hard x-ray regime. We report new processes that couple 100 keV
electron-beam lithography with established production methods to achieve two(@paisproving

the overall yield and volume of ultrahigh-resolution soft x-ray zone plates(2ndpplying deep

silicon etching techniques to extend the state of the art in high aspect ratio Bragg—Fresnel optics
required to create high efficiency focusing of high-energy x rays.2@3 American Vacuum
Society. [DOI: 10.1116/1.1537232

[. INTRODUCTION zone plate altogether. An additional factor affecting the over-
all supply of zone plates is the general availability of access
X-ray probes have long been established as useful tools ify e-beam lithography tools, which does not nearly match the
a variety of applications. With soft x rays in the energy rangenumber of zone plate users. While a small number of these
of 250—800 eV, one can obtain 20—50 nm resolution imagegptics with desired characteristics can be mbdereating an
of micrometer thick hydrated specimens with a sensitivity toinventory and fulfilling the needs of users worldwide is an
the chemical state of many lo&-elements. Higher-energy  ongoing problem. Therefore, a solution was sought that
x rays in the 5-15 keV range can be focused~tH00 nm  would allow for the replication of soft x-ray zone plates as
spot sizes, and used for trace element mapping in fluorescewell as circumvent the need for repeated e-beam access.
microprobeg, or the mapping of strain in crystalline soliéis. Replication methods could greatly increase their availability,
Fresnel zone plates are used to obtain the highesjust as was done a century ago with replicas of mechanically
resolution x-ray images for imaging, spectroscopy, microdif-ruled gratings for spectroscopy. Early results using step and
fraction, and trace element analysis in materials, environflash imprint lithography(S-FIL) for replicating zone plate
mental, and biological sciences. In general, the resolution gbatterns are reported in Sec. lI.
a zone plate is governed by the width of the outermost zones Alternatively, in the hard x-ray range, the choice of opti-
while the efficiency is determined by the thickness and maeal elements is limited, due to the small refractive index
terial of the zones. Because this optic works in transmissiondifferences between materials, particularly at lafge keV)
it is also necessary that soft x-ray Fresnel zone plates bghoton energies. For this range, transmission zone plates
fabricated on fragile silicon nitride windows. To date, high have been shown to provide focusing with spots as small as
efficiency zone plates for soft x rays have been fabricated 00 nm® These are an extension of the type used success-
with electron-beam lithography in electroplated nickel with fully in the soft x-ray energy ranges.
outermost zones of 20 nm over a diameter of 80— L0 In the hard x-ray regime, Bragg diffraction from the crys-
resulting in a spot size of less than 30 fim. tal planes is possible, which opens up an alternative to the
While the demand for zone plates is widespread, theitransmission zone plate: Bragg—Fresnel zone pfattshe
immediate availability is rather small. Generating a largeprocess of standard Bragg diffraction can be viewed as the
supply of soft x-ray zone plates is challenging because of théeflection from weakly reflecting layers of atoms which in-
low yield per electron bearte-beam write and the fragility ~ terfere constructively for specific choices of energy and
of the silicon nitride windows on which the zone plates mustangle, resulting in perfect reflectivity in the dynamical limit,
be fabricated. Extremely careful handling during each step igven though individual layers only reflect weakly. A Bragg—
the fabrication process as well as during subsequent use kgesnel zone plate imposes the Fresnel zone structure on the
necessary in order not to break these windows and lose tHaragg crystal to achieve focusing in reflection. In particular,
the analog of the phase zone plate has been studied, and the

aAuthor to whom correspondence should be addressed: electronic maifiepth of _the e_tche(_:I grating has been Chosen to give a
stein@bnl.gov phase shift. With this approach, zone plates with outermost
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Fic. 1. SEM’s of cross sections of deep etched Bragg—Fresnel zone plates. The patterns were defined with e-beam lithography on a JEOL JBX-9300FS and
deep etched using a modified BOSCH process. On the left-hand sideoanéa) 250 nm outermost zones and on the right-hand sidéremaina) 400 nm
outermost zones. The actual smallest zone widthi200 nm. The etch depth is 15-20n with aspect ratios 25-100.

zones of 100 nm have been fabricated by etchingultbin ~ properties. First, a process was sought that would allow for
silicon® In the typical transmission amplitude zone plate,very deep etching of the zones, beyond the extinction depth
alternate Fresnel zones are blocked or open resulting in cof x rays in silicon. The second method was an attempt to
structive interference at the focal point. In the Bragg—Fresnegich the zones on a silicon-on-insulat80l) substrate

amplitude zone plate, one etches the standard zone plate pgfnere the SOI layer acts as an absolute absorber allowing

tern into FhehsmgLe crystzl. fOne ,Wﬁ‘y toﬂweyv the res‘ulltmgreflection only from the Fresnel zones. Details of this work
structure is that of a stack of partially reflecting zone plates, . o< ribed in Sec. I1.

Wltrnet?g; ela)s/er(c:)tfutrgz,Cirr):sitgér?te;??a?/sszaagtgrzzgilglrztseﬁ | The eventual solutions to the problems of zone plate rep-
zone plate are reflected both from the patterned silicon zonjg:at'(_)n and hgrd -x-ray Br-agg—Fres_neI z.(-)ne plate manufac-
as well as the unpatterned bulk silicon below the etch deptrfure involved linking the lithographic ability of the e-beam
The light reflected from the unpatterned silicon contributed@0! (in our case a JEOL JBX-9300FSwith other pre-

to a background signal. This background has, to this poin@xisting fabrication methods. This writer operates at 100 kV
hindered the fabrication and investigation of amplitude-typeand can deliver a spot size down to 4 nm. By combining the
reflective x-ray optics. Two methods were sought to achievexposure tool capabilities to previously established and
background elimination while maintaining good focusingtested processes, we were able to simplify the overall proce-
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Fic. 2. First attempts for zone plates on SOI written on bulk siliom oxide. SEM’s show cross-sectional view of Bragg—Fresnel zone plate etched in
um of silicon. Close up views: left-hand side shows lar®90 nim) zones, center 100 nm zones, and right-hand si88 nm zones. Initial tests of these
optics at a synchrotron beamline show good focusing properties that is inhibited by background light. Present work is underway to transfes tbeS@bces
substrates.

dures and cut down on iterative fine tuning while reachingThe chemically amplified resist UV113 was spun to a thick-

our established fabrication goals. ness of 400 nm and baked at 140°C for 90 s. Zone plate
patterns were designed for various energies, focal lengths,
Il. BRAGG—FRESNEL ZONE PLATES and outermost zone widths. Patterns were written with the

JBX-9300FS tool at 100 kV with a base dose of @0/cn?,
which was modulated empirically at various zone radii to
The process for fabricating the deep-etched Bragg-account for backscatter effects. The writing time per zone
Fresnel zone plates is as follows. First, a plasma depositeslate of dimensions on the order of 150X 1.5 mm varied
tetraethylorthosilicate oxide of 500 nm thick oxide maskfrom 30—60 min, which includes the exposure of a larger
layer is grown on clean, 20@m thick, 8 in. silicon wafers. area box surrounding the zone plate pattern necessary to iso-
late the optic from the bulk. A postexposure bake of 90 s at
130 °C was followed by development in an NMD-3 devel-

A. Deep-etched silicon

R“ﬂd quarz/template oper(Tokyo Ohka Kogya C9.for 90 s and a rinse in water.
Orient substrate and [ . la— Release layer After a spin dry, thg entire postexposure process was subse-
treat template —ATransfer layer quently repeated with a 20 s bake and a 30 s development
step.

WWWVWWHW] - uv After a quick optical microscope check of the resulting

Dispense fluid, close ‘ patterns in the resist, the zone plates were transferred to an
gapand expose UV oxide mask with an AMAT 5200, using an EMAX plasma

source, for magnetically enhanced reactive ion etching with a

[ ) ] Recidnal

L P freon/oxygen etch chemistry. After the hard oxide mask is
o Datstsiihe teplate —i-aaa.aaal patterned, the remaining resist is removed and the remaining
I — oxide is used as a hard mask for the etching of the silicon.

) The deep silicon etching was done with a specially designed,

ﬁt;:rthe residual “ high throughput advanced silicon etcher which is the result
of collaborative development with Agere Systems and STS.

Etch to obtain high IR R] The process is a modified Bosch process, which is a time

t ratio features . - ..
ettt multiplexed deep silicon etch, consisting of two stefi:an

Fic. 3. Processing steps for S-FIL. An e-beam defined quartz template ilsSOtropIC etch, with a small bias applled which makes it

treated with a release layer and aligned in the University of Texas imprinSlightly anisotropic and2) a sidewall passivation step. This
tool with an 8 in. silicon wafer. A UV-sensitive monomer is dispensed as thetype of etch was previously used primarily in microelectro-
template is brought into contact with the wafer. Exposure with UV cures themechanical systems work.

fluid and the template is subsequently separated leaving the imprint on the . . .

wafer. Etching steps transfer the pattern and allow for high aspect ration The results are shown in the scanning electron microscope
replication. (SEM) micrographs in Fig. 1. The zone plates in Fig. 1 have
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Fic. 4. SEM micrographs of the outer zones of zone plate templates etched in quartz. The zones in the tefapkate mominally 40 nm wide etched 100
nm deep, and templat®) shows nominally 80 nm zones etched 00 nm deep.

nominal outermost zone widths of 250 and 400 nm. Figure 1o 80 nm were fabricated at a depth 82 um at an aspect
shows a cross section of the optic with both a full-scale viewratio of ~25. The results are shown for bulk silicon in Fig. 2.
of all zones and a zoomed-in view of the outerm@shall-  Testing at the NSLS showed good focusing properties albeit
esh zones. All but the very outermost zones in the 250 nmwith no background elimination, as expected. In an attempt
zone plate survived, while the 400 nm zone plate is perfect téo remove this background, identical zone plates in SOI have
the end. The etch depth for the center zones is oven20 now been fabricated, but focusing properties have not yet
while the obviously, etch-lagged outer zones are about 1Been fully characterized.
um deep in silicon which well matches the extinction depth
for silicon. The aspect ratio is calculated to be 25-100 and
the oxide mask is still intact and visible in the micrographs.Ill. IMPRINTING ZONE PLATES

_The etching process gives the zones a trian.gular profiIeA_ Fabrication of imprint templates
which should not affect the zone plate properties once the
proper critical dimensioCD) bias is determined. While a  S-FIL' is a low cost, high throughput, patterning tech-
scalloping effect is seen on the edge of the bulk silicon, théligque with sub-50 nm resolution capability. It possesses im-
result is minimal, if present at all, on the zones themselvesportant advantages over photolithography and other next
The zones themselves are actually less than their nomingeneration lithographyNGL) techniques since it does not
size, with a minimum zone width below 200 nm clearly require expensive projection optics, advanced illumination
etched down completely. There is adequate reason to belie@®urces, or specialized resist materials that are central to pho-
that zone plates with features down to 100 nm can be fabritolithography and NGL techniques. Imprint lithography tech-
cated using this method once the dose and pull-in biases afdques are essentially micromolding processes in which the
correctly determined. Experiments on the X16B beamline atopography of a template defines the patterns created on a
the National Synchrotron Light SourceNSLS) at substrate. Several imprint lithography techniques are being

Brookhaven National Laboratories showed focusing properinvestigated as low cost alternatives for high-resolution pat-
ties for these zone plates. terning. Figure 3 shows the general procedure for S-FIL.

Investigations by S-FIL group and others in the sub-100 nm
regime indicate that the resolution is limited by pattern reso-
lution of the templaté>~** To date, lines down to 20 nm

To improve resolution limit, narrow zones are needed. Tchave been imprinted with a UV monomer using this method,
achieve this, an alternate etch process was adopted in whiahith tests showing the accurately repeatable patterning capa-
a shallower etch was traded for finer zones. The “shallow”bility of S-FIL.'* Using a low-viscosity, UV-curable liquid in
etching for these zone plates was done with a LAM Researchonjunction with a bilayer approach makes S-FIL particu-
9400, with TCP plasma source, which uses chlorine-baselérly suitable for high-resolution layer-to-layer alignmént;
etching of silicon giving an anisotropic profile. Zones downinsensitive to pattern density variations, and capable of gen-

B. Alternate etch method
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Fic. 5. Overview of imprinting results. SEM images of the 80 nm zone plate pattern transferred into the monomer layer are &jdimmén zonesand

(b) (outer zones Images of the imprinted 40 nm zone plate pattern are showe) ifinnen and(d) (outermosk The results show good comparison with the
templates in Fig. 4. Zones50 nm were transferred with little aberration, although the 40 nm z@fdailed to imprint acceptably. Because the template was
on a quartz wafer instead of a rigid, 1/4 in. thick piece, these first imprints did not have the required thickness uniformity for etching.

erating high aspect ratio, high-resolution features with highwas 2 min in Xylenes and a 45 s rinse in a ZEP ri(8@%
throughput. For these reasons, it was felt that S-FIL was anethylisobutylketone, 11% isopropaholhe patterns were
good candidate for replication and eventual mass productioatched into the quartz via a reactive ion etch with GH& 2

of zone plates, making it necessary to fabricate zone platain etch to obtain~120 nm etch depth. In general, features

patterns in fused silica. below 50 nm, in some cases down to 40 nm, were etched
without aberration into the quartz, but the 30 nm zone plates
B. Fabrication of quartz template did not transfer well with this process. Figure 4 shows outer

Quartz wafers(1/16 in. thick were cut into roughly zones for the 40 nm and 80 nm zone plate templates in
1in.X1in. pieces and vapor primed in an HMDS oven to quarz.
improve the adhesion of the resist to the quartz. ZEP52
e-beam resist was spun to a thickness-a480 nm and baked
at 180 °C for 5 min. To avoid charging problems of the sub- The thin template was glued onto a thicker substrate in
strate during e-beam exposure, the charge-dissipating Showeader to make it adaptable to the template holder of the Uni-
Denka Espacer 500 was then spun at 2000 rpm and baked &rsity of Texas imprint tool® The active area of the tem-
110°C for 10 min. Previous tests showed that the Espaceslate was surface treated to enhance the separation pfdcess
layer made no effect on overall CD. (Step 4 in Fig. 3 Multiple imprints were patterned on 8 in.
Various zone plate patterns with minimum features of 80,Si wafers with a transfer layer using a low-viscosity UV
40, and 30 nm over diameters of 100—30® were exposed monomer as the imprinting layer.
in each write using the JBX-9300FS once again. The base Some results of the imprints with the zone plate templates
dose for the zone plates was 12&/cn?. After rinsing the  are shown in Fig. 5. There is good correspondence between
Espacer with deionized water, the postexposure developmetiie master and the imprint for the 80 nm zone plates. The 40

%. Imprinting zone plates
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