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ABSTRACT

Fabrication of Fresnel zone plates for the hard x-ray spectral region combines the challenge of high lateral resolution
(~100 nm) with a large thickness requirement for the phase-shifting material (0.5-3 pum). For achieving a high resolution,
the initial mask was fabricated by e-beam lithography and gold electroforming. To prevent the collapse of the structures
between the developing and electroforming processes, drying was completely eliminated.

Fabrication errors, such as nonuniform gold electroplating and collapse of structures, were systematically analyzed and
largely eliminated. We optimized the exposure and developing processes for 950k and 2200k polymethylmethacrylate of
different thicknesses and various adhesion promoters. We discuss the effects of these fabrication steps on the zone plate's
resolution and aspect ratio. Fresnel zone plates with 110 nm outermost zone width, 150 um diameter, and 1.3 pm gold
thickness were fabricated. Preliminary evaluation of the FZPs was done by scanning electron microscopy and atomic
force microscopy. The FZP focusing performance was characterized at the Advanced Photon Source at Argonne
National Laboratory.

Keywords: Fresnel zone plate, high aspect ratio, hard x-rays, soft x-ray lithography

1. INTRODUCTION

Among many x-ray microfocusing optics developed so far, Fresnel zone plates (FZP) have been demonstrated as one of
the most promising microfocusing optics in both the hard x-ray ' and the soft x-ray spectral regions.”* While the initial
developments were driven by the fabrication of soft x-ray microscopes,’ optimized diffractive lenses are at present also
required for many other applications using various regions of the x-ray spectrum. These applications include
microanalysis, microspectroscopy, and microdiffraction. A circular FZP is a diffraction grating consisting of concentric
zones in which the period decreases with radius. Different diffraction orders yield different focus. Fresnel zone plates
focus x-rays into a diffraction-limited spot with a diameter of about 1.2 times the width of the outermost zone. Spot sizes
in the range of tens of nanometers for soft x-rays ** and of about 100 nm for hard x-rays '>'? have been achieved. The
diffraction efficiency of a zone plate, i.e., the fraction of the incoming radiation diffracted into a focal spot of certain
order, depends on the shape of the zone structure and on the optical constant of the zone plate material. Ideally, this
material should produce a strong phase shift, to avoid high aspect ratios of the outermost structures, coupled with low
absorption. FZP have been fabricated by electroplating gold or nickel into polymer molds.'*'? Semiconductors are also
commonly used as they can be structured with high aspect ratios by plasma etching."

There are two main difficulties in the fabrication process of a FZP for the hard x-ray spectral region. First, the pattern
generation has to provide high resolution and high placement accuracy for a large number of curved lines with
continuously varying linewidth. Second, the structures have to be transferred into the phase-shifting material with high
aspect ratios and controlled thickness.
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For the energy region from 8 to 20 keV, this translates into a range of gold phase-shifter thickness from 1.6 to 3.5 pm.
Using nickel as the phase-shifting material would require a thickness from 3.5 to 7.0 um for the same energy region."*

In order to fabricate FZPs with adequate thickness for hard x-ray applications, stepwise thickness-increasing techniques
have been developed and reported.'” The initial FZPs were produced by low-aspect-ratio electron-beam lithography and
gold electroforming. Three successive copying processes done by soft x-ray lithography and electroforming produced
FZPs with adequate thickness. The x-ray lithography steps are able to preserve sub-100 nm resolution while increasing
the aspect ratio, due to the large depth of focus and low x-ray absorption in the resist. The high aspect ratio in the
replication process can be obtained by soft x-ray exposure followed by wet development,' or a wet-silylated and dry
development resist.'® Collapse of the developed polymethyl methacrylate (PMMA) rings under the superficial tension
forces during drying or wetting the sample are known to be a major cause of failure. Thus, a wet process to exclude the
drying procedure between the initial resist development and the final Au electroplating was developed.'” Thus, the
sample does not leave the liquid environment until the electroforming is completed.

The aim of this work was to optimize the process for increasing the aspect ratio and the resolution for hard x-ray zone
plates fabricated in the final replication step. Fabrication errors, such as collapse of structures and nonuniform gold
electroplating, were systematically analyzed and largely eliminated. FZP with 110 nm outermost zone width, 150 um
diameter, and 1.3 um gold thickness were fabricated. The FZP focusing performance was characterized at the Advanced
Photon Source (APS), Argonne National Laboratory.

2. FABRICATION

The 3-step replication process for FZP fabrication using x-ray proximity printing and gold electroforming is illustrated in
Fig. 1.
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For the third step, the zone-plate carrier, a Si;N, membrane of 5x5 mm? formed on a Si wafer, was coated with a Ti/Au
or a Cr/Au plating base and PMMA resist and exposed thorough the x-ray mask. The x-ray lithography was carried out
on the ES-1 beam line of the storage ring Aladdin'® operated at 800 MeV. The beam line, equipped with two 13 um Be
filters, provides x-ray radiation in the A ~ 0.6-1 nm region, with the maximum intensity at 0.73 nm. The mask-wafer gap
was set at 5 pm using calibrated spacers. The exposures were performed in vacuum. The structures were developed in a
methyl-isobutyl ketone (MIBK) : isopropanol (IPA) mixture. Patterns were transferred into gold by electroplating.
Although the mask used for replicating the FZP has the outermost zone width of 100 nm, the first replicas obtained
reached only 150 nm. Several possible causes were identified, and most of them were eliminated.

2.1 Resist Processing

PMMA 950k in anisole (methoxybenzene) with different dilutions 5.5%, 8%, 11% and 2200k 6% (MicroChem Corp.)
were used for x-ray exposure. The dose required to achieve the correct resist exposure depends on the PMMA-
developing system performance. This is a function of the PMMA composition and thickness, developer chemistry, and
developing parameters.

We have investigated the influences of the absorbed dose (bulk exposure), thermal treatment temperature, development
temperature (20° and 25°C), developer (MIBK: IPA and G-G system'?) and the dilution (1:2 and 1:3 for MIBK:IPA
mixture). The PMMA was annealed at 180° or 150°C, with subsequent slow cooling for 3 h to reduce the residual stress
in the film. The resist thickness was measured using a Filmetrics Inc. F-40 spectroscopic reflectometry system, and a
KLA-Tencor alpha-step 500 profilometer. Figures 2-3 show the development rate as a function of the dose for the
PMMA 950k A11 (2.3 pm) and PMMA 2200k A6 (1.4 um) resists exposed with x-rays.
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Fig. 2: The development rate for PMMA 950K, A11.



The development rate is higher for the PMMA treated at 150°C. During the exposures, the formation of the latent image
is accompanied by a loss of material which is higher for the PMMA treated at 150°C. The observed effect could be
associated with migration to the surface and the escape of small volatile molecular fragments produced as a result of the
degradation of polymer (radiolysis).”’ The development rate increases with increasing temperature and changes with the
dilution, being smaller for high dilution. The G-G developer system can be used for developing thin layers of PMMA
with small or high molecular weight.
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Fig. 3: The development rate for PMMA 2200K, A6.

These data can be used to estimate the dose and the developing parameters for a specific thickness of PMMA. When a
x-ray mask is used, it is necessary to consider the differential attenuation produced by the absorber layer and the mask
substrate (Si;N, membrane). For high-aspect-ratio resist structures we used 1.5 pm PMMA, treated at 180°C, exposed at
a dose of 9500 mJ/cm?, and developed in MIBK:IPA 1:3 at 20°C for 1 min.

Since the adhesion of the PMMA film to the as deposited gold substrate is not good enough to pattern 100-150 nm lines,
a thin (30 nm) layer of an organic promoter was used as an intermediate layer between the PMMA and the gold plating
base. Usually, this is spin-coated onto the gold plating base. The resist adhesion promoters work by introducing
chemisorption forces between the chelating moieties of the promoter layer and the gold surface atoms.”' We compared
previous used promoter, diphenyl ethyl triethoxysilane (MS802), and new promoters provided by Gelest Co.: 3-
mercaptopropyltriethoxysilane (MPTS), 2-(diphenylphosphino)ethyl triethoxysilane (DPTS), 2-
(diphenylphosphino)ethyl dimethylethoxysilane (DPMS). The Gelest promoters present some advantages: no special
annealing step for drying the promoter and no wet etching in diluted hydrofluoric acid (HF) (as for the MS802 promoter)
are required. Our best results were obtained with MPTS, which was subsequently used for FZP fabrication on regular
basis.

2.2 Exposure

The exposures were performed in vacuum. The proximity gap is made by simply clamping together the x-ray mask and
the replication sample using a magnet and a 5 pm-aluminum foil spacer. The first fabricated FZPs had an outermost zone
width of 150 nm or 175 nm for 0.7 um or 1 um thickness of PMMA, respectively (Fig. 4).



Fig. 4: SEM images of the hard x-ray zone plate with the 175 nm outermost zone.

The appearance of the collapsed structures (as investigated by SEM) suggests a possible cause of failure due to
mechanical displacement between the mask and the exposed PMMA during the exposure step itself (Fig. 5).

Fig. 5: SEM micrograph of failure in the outermost zone due to mechanical displacement between the mask and the exposed PMMA.

Mechanical displacement can be produced by thermal expansion of the mask/substrate, expansion of the substrate

(PMMA film on a Si;N4 membrane) due to stress accumulation in the PMMA film, or by vibrations induced by the

movement of the scanner. To reduce the displacement possibility, we took the following countermeasures:

- introduced a controlled pressure He atmosphere (500 mTorr) in the scanner chamber, to enhance cooling and damp
the membrane vibrations;

- reduced the vibration of the membranes by optimizing the scanning length and scanning speed.



During these experiments we observed that the exposure was not uniform due to spatial variations in the x-ray beam
intensity. The nonuniformity of the exposure causes the nonuniformity of development (Fig. 6) leading to different
extent of development for FZP structures even on the same membrane. Thickness variations up to 70 nm across the
5x5 mm’ membrane area could be observed. These variations in the remaining PMMA thickness also drastically
increased the error of estimating the sample area for the electroforming step.
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Fig. 6: The thickness variation of exposed PMMA after the developing step resulting in different outermost zone resolution.

To compensate for the x-ray beam inhomogeneity, we combined the normal vertical scan with a slight displacement in
the horizontal, providing a uniform average exposure for the whole sample area.

2.3 Gold electroforming

Electroforming gold microstructures is another critical step in the fabrication of high aspect ratio FZP. We experimented
two electrolites: Techni-gold 25E (Technic Inc.) and Neutronex 309 (Enthone-OMI Inc.). Gold sulfite [Au(SO3),|Naj; is
the active ingredient in both solutions. The two solutions operate at neutral or mildly acid pH, respectively. The solutions
contain sodium sulfite, ethylenediamine tetraacetic acid (EDTA) as conducting salt, and a stabilizer. The deposited gold
obtained with Techni-gold 25E is denser and was chosen to fabricate the FZP structures. This solution can be used also
with additives to provide mirror-bright soft or mirror-bright hard deposits having excellent wear resistance. To achieve
proper efficiency, uniformity and conformity of the electroforming process, must be determined periodically, and kept
constant the gold, sodium sulfite, EDTA, and stabilizer content of the bath. From atomic force microscopy (AFM)
measurements, a roughness of 11.88 nm (rms) was established to be typical for a 1-um-thick gold layer obtained with
this solution.

Electroforming gold microstructures of the desired thickness (0.6-1um) is an extremely sensitive process, susceptible to
problems originating from poor quality of some plating base coatings, bath contamination, and incorrect operating
parameters. Thermostating, magnet stirring, and continuous filtration during the deposition were used to control the
deposition rate. In the case of Ti-Au (5/25 nm) plating base coatings, we observed random defects in the gold
electroplating film, which caused failure of the structures (Fig. 7). The effect was that the gold electroplating started only
in some few nucleation spots. The fault was indistinguishable from sample underdevelopment, but plating substrates
with no PMMA previously deposited, showed the same behavior. The problem was eliminated by using coatings of
Cr/Au (5nm/30nm) and by using only high-quality substrates. The failure might be due to the diffusion of titanium
through the thin gold film, up to the top of the plating base.



Fig. 7: Defects in a gold electroplating film on a Ti-Au plating base coating.

3. RESULTS AND DISCUSSION

In order to improve the resolution and the aspect ratio for hard x-ray zone plates, we established an optimized fabrication
process summarized in Table 1, which takes into account all the previously described results.

Table 1. Zone plate processing parameters

Plate coating base Cr/Au (5/30 nm)
Adhesion promoter MPTS

Spin speed 2500 rpm

Resist PMMA 950k A8 or PMMA 2200k A6
Spin Speed 1500 rpm

Soft bake temp. 180°C

Soft bake time l1h

Annealing time 2h

Resist thickness 1.5 pm

Exposure station ES-1

Exposure dose 9500 mJ/cm”
Exposure gap 5 um

Y scanning length 25 mm

Scanning speed Max Scan Dose 500 mJ/cm’
He pressure 500 mTorr

X scanning length 5x 1 mm
Developer MIBK:IPA=1:3 at 20°C
Development time 1 min.

Rinsing solution

IPA 1 min. and Deionized water (DIW) 1 min

Activation of Au surface

HF:H,0=1:30 for 1 min.

Rinsing DIW 1 min.

Electroplating Techni-gold 25E, 40°C, 1 mA/cm”
Continuous filtering, magnetic stirring

Rinsing DIW

PMMA removal acetone




Using the fabrication sequence described, we successfully fabricate circular FZPs with 150 um diameter and 110 nm
width of the outermost zone (Fig. 8 (a) and (b)). The remaining defects were proven to be due to defects on the mask

(Fig. 8(c)).

Fig. 8: SEM images of the hard x-ray zone plate with the 110 nm outermost zone. (a) center of the zone plate. (b) 110 nm wide
outermost zone. (¢) 100 nm wide outermost zone on the x-ray mask.

The AFM measurements confirmed that the Au thickness is 1.3 um, so that an aspect ratio of 11 was achieved using
PMMA 950k. For PMMA 2200k, the outermost zone was only 150 nm. Efforts are underway to improve the
performances for this resist, to achieve even higher aspect ratios.

The FZP were characterized in terms of diffraction efficiency and focusing spot size. The measurements were performed
at 8 keV photon energy at the 2-ID-D beam line of the APS at Argonne National Laboratory. If the inner area of 100
micron diameter of the zone plate was used, we measured a focusing efficiency of 23%. This is in good agreement with
the theoretical efficiency of 28% (assuming 1.3 micron of Au thickness with a bulk density of 19.3), indicating the inner
zones are well structured with close to 1:1 filling ratio between the Au and open areas. If the entire zone plate was used,
i.e., up to 150 micron diameter, the average efficiency was reduced to 18%, indicating some irregularities of the outer
zones.



The focal spot size was measured using a 20-nm-thick Cr knife-edge mounted on a silicon wafer. The Cr K-alpha
fluorescence was monitored while the knife-edge was scanned across the focal spot with 50 nm steps. By fitting the
profile with an Error function (integrated Gaussian), we obtained a spot size of 150 nm FWHM. This agrees very well
with the theoretical resolution of 130 nm (1.2 times the outermost zone width), and the difference can be accounted for
by the reduced contribution to the flux from the outermost zones.

4. CONCLUSIONS

Soft x-ray lithography technology has been applied to fabrication of phase shifting FZP's for hard x-rays. Effects of the
exposure conditions, developing system, and electroplating process parameters on line width and aspect ratio have been
analyzed. The process has been optimized and an aspect ratio of 11 has been achieved for 110 nm outermost zone width.
SEM and AFM have been used for preliminary metrology of the FZPs. The FZP optical performance was
characterized at 8 keV photon energy at the 2-ID-D beam line at the Advanced Photon Source. Focusing
efficiencies of 23% for FZPs apertures to 100 microns and 18% for 150-micron-diameter apertures have been
obtained. The parameters of the fabricated FZP are in good agreement with the predicted values.
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