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Abstract

Soft x-ray zone plate microscopy is a powerful ranalytic technique used for a
wide variety of scientific and technological stugli®ushing its spatial resolution to 10
nm and below is highly desired and feasible dubecsshort wavelength of soft x-rays.
Instruments using Fresnel zone plate lenses achispatial resolution approximately
equal to the smallest, outer most zone width. Wesldped a double patterning zone
plate fabrication process based on a high-resalugsist, hydrogen silsesquioxane
(HSQ), to bypass the limitations of conventionalgé exposure fabrication to pattern
density, such as finite beam size, scatteringsist@nd modest intrinsic resist contrast.
To fabricate HSQ structures with zone widths indhger of 10 nm on gold plating base,
a surface conditioning process with (3-mercaptogidpmethoxysilane, 3-MPT, is
used, which forms a homogeneous hydroxylation sarém gold surface and provides
good anchoring for the desired HSQ structures. ¢#ie new HSQ double patterning
process, coupled with an internally developed, gt} alignment algorithm, we have
successfully fabricated in-house gold zone platdom outer zones. Promising results
for 10 nm zone plates have also been obtained. W2 nm zone plates, we have

achieved a resolution of 12 nm using the full-fistdt x-ray microscope, XM-1.

Keywords: double patterning, Fresnel zone plategdrdgen silsesquioxane, hot
development, 3-MPT, adhesion, x-ray microscopy gimg resolution, multilayer grating

samples, condenser zone plates.
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. INTRODUCTION

In the burgeoning quest of nanoscience and nanudémdly, soft x-ray zone plate
microscopy? has become a very attractive and powerful teckenifat complements
other analytic microscopies. With the operating @amgth between 5 nnhi = 250eV)
to slightly below 1 nm (2000eV), soft x-ray micropy can identify trace element of
low-Z materials and 3d transition metals, such akl, @, Al, Ti, Fe, Co, Ni and Cu.
Particularly for ferromagnetic 3d elements, usaige @y magnetic circular dichroism as
absorption contrast has enabled direct imagingagmatic domain structures. Since its
inception, invaluable knowledge in life sciefide nanomagnetisf¥, and material
science$'®have been gained through the use of soft x-rayasiopy. To probe the
fundamental behaviors in these sciences, imagswguton in the order of 10 nm is

strongly needed.

The resolution of the x-ray microscopy is largegtatmined by the imaging zone
plate. For diffraction-limited zone plate lensd® tesolution is approximately equal to
the outermost (smallest) zone width of the zoneshl€onventional electron beam
lithography**2 the most successful technique for fabricatindftjgality zone plates,
has limited success in fabrication of 15 nm andwetones, due to electron beam sizes
comparable to the zone width, scattering in resistnsic resist contrast, and
development issues such as resist swelling andps®@l To circumvent these obstacles,
we previously developed a double patterning teakelign which a dense zone plate
pattern is sub-divided into two semi-isolated, ctengentary zone set patterns [Fig. 1].
These patterns are fabricated separately and trexta@ with high accuracy to yield the
desired pattern. The key to success with this p®wethe accuracy of the overlay. For
diffraction-limited zone plates, accuracy bettertlone-third of the smallest zone width
is needed. In our previous work, we had realized¢chnique using PMMA and zone
plates with 15 nm outer zone width had been sutgstabricated for the first time.

The PMMA process, however, did not scale down béliaSpecifically, modest resist
contrast, combined with 8-10 nm electron beam siz®ur exposure tool, could not clear
the PMMA pattern with high yield. In this work, vdeveloped a new variation of double
patterning process using HSQ, which has enabléd fabricate zone plates of 12 nm

outer zones, with promising results of the 10 nmezplates.



II. NEW DOUBLE PATTERNING PROCESS WITH HSQ
A. Using HSQ in the double patterning process

Hydrogen silsesquioxane (HSQ), a spin-on glassnagtesas found to be a high
resolution, negative tone, electron beam r&siétit has good mechanical strength and
planarization property, as well as high etch rasist to oxygen plasma. Dense lines of
14 nm period have been demonstrated in HSQ usintsHity” base developménit To
adopt this resist to the double patterning zontegleocess, we explored various high
contrast development systetfi&’, as well as soft bake conditions. Vacuum dryinthef
HSQ'’s solvent at room temperature after resisticgatombined with development in
0.26N tetramethyl ammonium hydroxide (Microposit®P6W, Rohm and Haas) at
45°C, yielded smooth, sub-10 nm semi-isolated lindgb @ood reproducibility. Lines
narrower than 25 nm, however, experience poor aofnés the gold plating base, which
is used here for electroplating the metal zonesmjwove the HSQ adhesion, we
followed Thompsoret al.?° and developed a surface priming procedure using (3
mercaptopropyl) trimethoxysilane, or 3-MPT (Acrogg@nics N.V.), which are long
chain polymers that have affinity to gold on oné,eand to hydroxyl on the other end.
Soaking a gold substrate in this chemical followsgdydrolysis in diluted hydrochloric
acid forms a self-assembled monolayer of 3-MPT mdés on the surface. This
monolayer can withstand high electron dosage amdhibt” LDD26W development, and
it can be removed by UV-ozone exposure. Usingghiming process before HSQ
coating, semi-isolated patterns of zone width asmaas 8 nm can be fabricated without
collapse or detachment from the gold substrates®eones with half-pitch less than 15
nm, however, exhibit collapse after the base dgretnmt and the subsequent drying step.
The dense zones, as described below, are reinfbscaddition of short lateral supports,
or buttresses, across adjacent zones. The placedsinth buttresses is pseudo-random,
minimizing constructive interference from theseistures at the focal plane of the zone

plates.

B. The HSQ double patterning process
The complete HSQ double patterning process is rdifferent from the PMMA

process used before. The new process not only ssklr¢he challenges discussed above,



but also accommodates the negative tonality natuHSQ. The differences resultin a
single electroplating step to form all absorptivetah zones, in comparison to two
separate steps in the PMMA process. This simptiboaeliminates the possibility of two
different plating thickness for the two zone s€ig. 2 illustrates the process flow of the
HSQ double patterning process. First, alignmenksmare fabricated on a 100 nm thick
low stress membrane window wafer [Fig. 2(1.1)]. Vegfer, consisted of an array of 0.5
mm membrane windows, is pre-coated with a 5 nnktbiicomium adhesion layer and a
7 nm thick gold plating base using electron beaapevation. Alignment marks are
fabricated at the four corners of a major field4 uin field size, 1.75 nm pixels) on each
membrane window, using a standard positive resistgss. The marks, as seen in Fig. 3,
are variants of four two-dimensional Barker aligmimark seri€s, each of which is a
rotated copy of the other, and a similar set ofkmatoser to the center. The smallest
elements in the Barker marks are 60 nm squarestribnks are electroplated with gold to

about 90 nm thick and form a high contrast transaiélectron signal.

Next, the resist plating mold is removed [Fig 2.2 his is a crucial step to
forming a high-quality, continuous 3-MPT adhesiapdr on the wafer surface in the
following procedure. We strip the resist by floogesing the wafer with ultraviolet light
and developing the resist. This recipe removesdbist rather effectively without
damaging the plating base. In the case where resistue is still present, a fresh gold

layer of 5 nm is evaporated onto the wafer surface.

Once a clean gold substrate is prepared, the waféace is primed by soaking in
0.02M 3-MPT in ethanol for 2 hours [Fig. 2(Il.1gxcessive 3-MPT is then washed off
with ethanol, and the wafer is blow dried with. No complete the priming procedure,
the wafer is soaked in 0.01N hydrochloric acid@tCGfor 5 hours, and the residue acid
after soaking is removed by rinsing the wafer wthanol and drying in N The wafer is

now ready for the first zone set patterning withQHS

To start the fabrication, a 50 nm thick HSQ filnsfn-coated on the wafer,
which is then placed in a vacuum chamber 6t tr at 25°C [Fig. 2(lIl.1)] to evaporate
the solvents. Before zone set | is exposed, thegdnality, scaling, rotation and offset

of the electron beam deflection are calibrated wWithinner set of the alignment marks



using an internally developed algorithm [Fig. 2@)l. Electrons of 100keV are then used
to expose zone set | at the major field centerh\Wie typical current of 0.5pA, the
exposure time of each pattern is below a minute. wafer is then developed in
LDD26W at 45°C for 2 minutes, and chilled in 1:1DD26W:water mixture at 30°C for
40 seconds before rinsing in de-ionized water. iAfie fabrication, zone set | is further
crosslinked with electrons, at a dose four timethat used in the patterning exposure, to
avoid additional attack of the structure by thealeper in subsequent steps [Fig.

2(IV.1)]. No fresh resist is coated on the wafethis step.

Next, buttresses are fabricated in the outer regfidhe zone pattern [Fig. 2(V)].
For this, a fresh layer of HSQ is spin-coated enwafer and dried in vacuum. Following
the same steps for fabricating zone set |, thereledeam deflection is calibrated to the
inner set of alignment marks, and buttresses gresed. The wafer is subsequently
developed, chilled and rinsed in the same manndessribed above. With the buttresses
fabricated, the wafer is ready for zone set Il iizddion [Fig. 2(VI)]. The same steps for
fabricating zone set | are again used here. Teeaehiigh overlay accuracy, the outer set
of alignment marks, covered only by fresh, unciioked resist, is used for the deflection
calibration. Zone set Il is exposed at 100keV, dredwafer is then developed, immersed
in dilute LDD26W solution, and rinsed in water thoghly [Fig. 2(VI1.2)]. As a
precaution to collapse of the dense HSQ structwesubsequently rinse the wafer with
ethanol to displace the water on the surface, & bry it gently. Next, we use the
HSQ structure as a mask and remove the 3-MPT inléae areas by UV-ozone. An
exposure of 7 minutes is chosen for sufficient wileg and moderate heating of the
silicon nitride membrane window and the HSQ streeetuThe wafer is then carefully
plated with gold (Enthone BDT-510) using pulse eats to form the absorptive metal
zones [Fig. 2(V1.3)]. Finally, the HSQ structurerésnoved using buffered hydrofluoric
acid, leaving the desired zone plate structure.

The key to the success of the double patterninggzis the overlay accuracy of
the two zone sets. We use an internally developad negistration and alignment
algorithnf? to achieve high overlay accuracy. In this algarittthe position of each
alignment mark is first estimated by calculating toss-correlation of the mark’s

scanned image and its template. To acquire the lneakion to beyond the pixel



resolution, the autocorrelation of the templatitied to the cross-correlation, and the
residue value is in turn fitted with a second ong@ynomial. The minimum of the
polynomial is then calculated to analytically detare the mark location. Once the
locations of the four marks are obtained, the gtmality, scale, rotation and offset of
the deflection field are determined using the Isgstare method. Since this algorithm
uses the whole marks, the deflection calibratioressstant to mark defects, and sub-pixel
alignment accuracy to the marks is achieved rolytite the double patterning process
above, both zone sets are aligned to the markeifzero level”. Systematic alignment
errors stemming from the fabrication inaccuracyhef alignment marks are thus

eliminated.

In addition to the overlay accuracy, reproducipibf the HSQ fabrication
processes for both zone sets and buttresses issdsatial. The “hot” development,
combined with usage of relatively fresh resist aodsistent time delay in air before
development, provides a robust process for the ldqditerning. One may note that the
fabrication of zone set | and the buttresses aresmbined. The reason is that the
combination compromises the zonal quality neabtitéresses, where the buttresses are
widened due to the proximity effects from the zqraesl the zones are slightly pulled
towards the buttresses as HSQ contracts duringajawent.

lIl. RESULTS AND DISCUSSIONS

Using the HSQ double patterning process, we suftdBstabricated zone plates
of 12nm outer zones. The fabrication was performetie Center for X-ray Optics’s
Nanofabrication Laboratory and the Nanowriter etmtbeam lithographic tod] a
modified 100keV Leica VB6 system optimized for dlinear shape¥. Fig. 4 shows the
scanning electron micrograph of the outer regioa &2 nm zone plate. The zone plate
has 250 gold zones, a diameter ofu24, and a gold thickness of 30 nm. The zones
resemble ones fabricated with a single exposur@asiMements indicate that 1.6 nm
overlay accuracy @) was achieved with this zone plate. Breaks ingible zones left by
the buttresses can be seen in various areas. T¢nggraph as well as in the magnified

view of the outermost region in the figure ins@bw that at this scale the gold grain



sizes were not perfectly controlled, and largergraiccasionally push the resist zones
sideway.

We are extending the double patterning procesanmwer zones. Complete zone
plates of 10.4 nm outer zones have been fabricAtedanning electron micrograph of
part of such a zone plate is shown Fig. 5. The ptete has 250 gold zones, 2Qu8
diameter, and 30 nm thick gold plating. The overtalgss accurate than that of the 12
nm zone plates. This may be caused by unequalviitles from zone set | and the
complementary set Il. Wider zones shift the goldesocloser to the narrower adjacent
zones, reducing the placement accuracy of the zyoids. For these zone plates,
buttresses were placed closer to minimize zon#hgse during zone set |l development
and electroplating. Gold grains similar to thoséhi@ 12 nm zone plate were formed by
the plating.

The 12 nm zone plates were tested using the s@fy xull-field transmission
XM-1 microscopé® at LBNL's Advanced Light Source (ALS) [Fig. 6]. Atogous to a
simple optical microscope, the x-ray microscopdecté and focuses the bending magnet
synchrotron radiation to the sample, which is inthlgg a high-resolution “micro” zone
plate, and full-field images are recorded by a Gfeffector. A high numerical aperture
condenser zone plate (CZP) of 30 nm outer zonedataicated to provide better
matched, less coherent, annular illumination fertésting. The condenser has 40820
zones and a diameter of 9.8 mm. The central aréaroh diameter is left unexposed due
to the usage of an external central stop. Fabdoatequadruple 5 mm silicon nitride
membrane windows, the condenser was exposed Umriganowriter e-beam system, at
a current of 1 nA. With the resist of PMMA, the egpre took three and a half days. Fig.
7 shows a scanning electron micrograph of the oetgon of a gold plated CZP, as well
as a photograph of the whole condenser. While ther@ones have varying widths, they

do not significantly impact the CZP’s focusing penhance.

Various types of test objects, including star pagepseudo-random arrays, and
periodic lines and spaces, were imaged with therh2zone plates. Fig 8(a) shows an x-
ray image of a 40 nm thick gold star pattern olgdiwith a 12 nm zone plate, at the

wavelength of 1.75 nmh{=707eV). Numerous pattern details can be seenlglieahe



image. The image is compared favorably to the Sogrtransmission electron
micrograph of the test pattern [Fig. 8(b)]. As sinaw Fig. 8(c), the zone plate
reproduced the small details in the pattern withtidelity. To quantify the resolution
performance of the zone plate, we fabricated higddity grating patterns with precise
periods. For this, we used magnetron sputterirdgpmsit uniform, low-stress periodic
molybdenum and silicon multilayer coatings on silicsubstrates, with half-periods from
20 nm down to 7 nm. Thin cross sections of the ilaykr coatings (100 nm thick) are
made and attached to TEM grids using the FIB ind#fi-out proces®. Fig. 9 shows a
transmission electron micrograph of a multilayest sample after processing, containing
twenty periods of 12 nm molybdenum and silicon tayand thirty periods of 9 nm Mo
and Si layers. The perfectly straight molybdenum sificon layers in cross section are

used as dense line patterns for the resolutiomgpst

Fig. 10 shows the x-ray images of 20 nm, 15 nimrh2and 10 nm half-period
Mo/Si gratings obtained at 1.75 nm wavelength usiiregl2 nm zone plate. Gratings
down to 12 nm half-period were resolved by the zalate. At the next smaller half-
period, 10 nm, image contrast drops to zero. WiGlem line and space resolution is
theoretically possible for the imaging setup anchpeeters used here, the actual
experimental resolution of 12 nm has been achiewtdthe new 12 nm zone plate. The
resulted discrepancy may be due to the environmiadirs such as vibrations, system
drift, and the optical alignments. Improvementha# microscope engineering design is

underway to test the ultimate resolution of theezplate.

IV.CONCLUSIONS

We successfully developed a double patterning ptate process using the high
resolution resist HSQ. Adhesion of narrow HSQ dties to gold substrate is
significantly improved using the 3-MPT surface @egtion process. With particular
attentions to the stringent requirements and cleriatics of narrow dense zones, we
realized high quality zone plates of 12 nm outerezavidth using the double patterning
process. Promising results have been obtainedfonizone plates, and we anticipate to

reach 10 nm resolution and below in not so didtatuoire.

ACKNOWLEDGEMENTS



The authors would like to extend gratitude to Fdr8almassi for fabricating the
multilayer coatings, to Patrick Naulleau for theaige analysis, and to the engineering
team for providing the technical support. This watks supported by the Director,
Office of Science, Office of Basic Energy Sciena#she U.S. Department of Energy
under Contract No. DE-AC02-05CH11231, and the Ergimg Research Centers
Program of the National Science Foundation unddf N&ard Number EEC-0310717.



REFERENCE

1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

D. T. Attwood,Soft x-rays and extreme ultraviolet radiation: principles and
applications, 1st ed. (Cambridge University Press, CambridgK,,l2000).

S. Aoki, A. Kira, Y. Suzuki et al., iX-Ray Microscopy VI (Institute of Pure and
Applied Physics, Tokyo, 2006).

C. Jacobsen, Trends Cell Bi8I(2), 44 (1999).
W. Meyer-llse, D. Hamamoto, A. Nair et al., J Misc201, 395 (2001).

D. Y. Parkinson, G. McDermott, L. D. Etkin et al.,Struct. Biol162 (3), 380
(2008).

P. Fischer, D.-H. Kim, W. Chao et al., Mater. Tp@g1-2), 26 (2006).

M.-Y. Im, L. Bocklage, P. Fischer et al., PhysvRleett. 102 (14), 147204
(2009).

S. Kasali, P. Fischer, M.-Y. Im et al., Phys. Reatt. 101 (23), 237203 (2008).

V. Harutyunyan, A. Kirchheim, P. Monteiro et al.,Mater. Sci44 (4), 962
(2009).

P. J. M. Monteiro, A. P. Kirchheim, S. Chae et @m. Concr. Compos. (2008).

D. L. Olynick, B. D. Harteneck, E. Veklerov et,al. Vac. Sci. Technol. B2,
3186 (2004).

M. Peuker, Appl. Phys. Leff8 (15), 2208 (2001).
W. L. Chao, B. D. Harteneck, J. A. Liddle et &lgture435 (7046), 1210 (2005).

W. Chao, E. H. Anderson, P. Fischer et alAdwanced Fabrication
Technologies for Micro/Nano Optics and Photonics, edited by Thomas J. Suleski,
Winston V. Schoenfeld, and Jian J. Wang (SPIE,J8ae, CA, USA, 2008), Vol.
6883, pp. 688309.

H. Namatsu, T. Yamaguchi, M. Nagase et al., Milecieon. Eng42, 331 (1998).

H. Namatsu, Y. Takahashi, K. Yamazaki et al., dc.\Sci. Technol. B6, 69
(1998).

J. K. W. Yang and K. K. Berggren, J. Vac. Sci. Ared. B25, 2025 (2007).

S. Choi, N. Jin, V. Kumar et al., J. Vac. Sci. fieal. B25, 2085 (2007).

M. Haffner, A. Haug, A. Heeren et al., J. Vac..S@chnol. B25, 2045 (2007).
W. R. Thompson, M. Cai, M. Ho et al., Langmi® (8), 2291 (1997).

R. H. Barker, ifCommunication Theory (Butterworth, London, 1953), pp. 273.
E. H. Anderson, D. Ha, and J. A. Liddle, Micro¢tea. Eng.73-74, 74 (2004).

E. H. Anderson, D. L. Olynick, B. Harteneck et dl.Vac. Sci. Technol. B3 (6),
2970 (2000).



24

25

26

E. H. Anderson, V. Boegli, and L. P. Muray, J. V&ci. Technol. B3 (6), 2529
(1995).

P. Fischer, D.-H. Kim, B. L. Mesler et al., Su8ti. 601 (20), 4680 (2007).
R. M. Langford and C. Clinton, Micrasb, 607 (2004).



Figure Caption

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

An illustration of the double patterningheoplate fabrication technique. The
Fresnel zone plate pattern (right) is composedidfmumbered opaque zones
(black) and even-numbered transparent zones (wis&) (left pattern),
containing zones 1, 5, 9 ..., and its complementll geenter pattern), are
fabricated sequentially and overlaid with high aecy to form the desired zone

plate.

lllustration of the HSQ double patternirane plate process. It is made up of six
parts: (I) alignment mark fabrication, (II) surfaggeming, (Ill) zone set |
fabrication, (IV) blanket exposure of zone seM) puttresses fabrication, and

(VI) zone set Il fabrication.

The layout of the alignment marks and zola¢es. Two sets of Barker alignment
marks are fabricated at the corner of a major fiail the zone plate at the field
center. A field size of 11dm with a pixel size of 1.75 nm is used in the
fabrication here.

A scanning electron micrograph of the ouéglion of a 12 nm zone plate
fabricated using the double patterning process-ixdl overlay accuracy of 1.6

nm was achieved. The gold zones have a thickne38 om.

A scanning electron micrograph of the ouvégiion of a 10.4 nm zone plate

fabricated using the double patterning process.

A schematic of the soft x-ray full-fieldatrsmission XM-1 microscope, at the
Advanced Light Source (ALS) of LNBL. X-ray from &iding magnet
synchrotron source is focused by a condenser Zate (CZP) onto the sample,
and a “micro” zone plate (MZP) projects a full-li@mage onto a CCD detector.

The 12 nm zone plate was installed as a MZP fogintatesting.

(a) A scanning electron micrograph of tigeo region of a 30 nm gold condenser
zone plate (CZP). The condenser has 40820 zones diagheter of 9.8 mm. The
central area of 7 mm diameter is left unexposedtdiiee use of an external

central stop. (b) A photograph of the whole condenshich was fabricated on



Fig. 8.

Fig. 9.

four 5mm silicon nitride membrane square windowse Tembrane thickness is
100 nm.

(a) A x-ray image of a 40 nm thick goldrgtattern taken with the new 12 nm
zone plate at the wavelength of 1.75 nm (707e\j)A(bcanning transmission
electron micrograph of the same pattern. Numeraogpte defects in the
micrograph can be seen clearly in the x-ray imé&oeThe top left areas of the x-

ray image and the micrograph are shown for compiaris

A transmission electron micrograph of ohéhe multilayer test sample used for
resolution testing. Twenty periods of 12 nm molylg® and silicon layers, on
top of thirty periods of 9 nm Mo and Si layers, an®wn after the magnetron

sputtering and the FIB in-situ lift-out process.

Fig. 10. The x-ray images of 100 nm thick Mo/Si ttayer cross-section samples at

half-periods of (a) 20 nm, (b) 15 nm, (c) 12 nm &h)d10 nm, obtained with the
12 nm zone plate at 1.75 nm wavelength (707eV).d&rk lines are
molybdenum, and the light ones are silicon. Liaed spaces down to 12 nm can
be observed with the zone plate. At 10 nm halfqzerimage contrast reaches

Zero.
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X-ray image electron micrograph
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