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Focused hard X-ray microbeams for use in X-ray nanolithography have been

investigated. A 7.5 keV X-ray beam generated at an undulator was focused to

about 3 mm using a Fresnel zone plate fabricated on silicon. The focused X-ray

beam retains a high degree of collimation owing to the long focal length of the

zone plate, which greatly facilitates hard X-ray nanoscale lithography. The

focused X-ray microbeam was successfully utilized to fabricate patterns with

features as small as 100 nm on a photoresist.
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1. Introduction

As the scale of electronic devices approaches tens of

nanometers, short-wavelength light sources are highly sought

after for improving the pattern resolution of optical litho-

graphy (Suzuki & Smith, 2007). Although hard X-ray beams

with wavelengths below 0.2 nm are optimal for nanolitho-

graphy, the extremely weak interaction between X-rays and

matter, as well as the absence of appropriate optical elements,

has greatly limited their applications in lithography. Hard

X-ray lithography is in its infancy at this stage and its reso-

lution is far behind that of electron-beam lithography (Broers,

1995; Klymyshyn et al., 2010). However, recent progress

regarding optical elements for hard X-rays casts a chance to

make improvements in hard X-ray lithography. Focusing

X-rays to a small size is of great importance in X-ray micro-

scopy and microprobes applicable to current nanobio-

technology that require an X-ray beam size comparable with

the objects under probe with high brilliance (Diaz et al., 2009;

Chen, Wu et al., 2008; Fukuda et al., 2008; Vaschenko et al.,

2006; Paunesku et al., 2009). In hard X-ray lithography, the

increase in the photon flux by focusing facilitates overcoming

the weak interaction of X-rays with photoresist (PR) mate-

rials, and reduces the exposure time substantially. During hard

X-ray lithography, increasing photon flux by means of focusing

discernibly helps to overcome the weak interaction between

X-rays and PR, as well as substantially reducing exposure.

In order to focus X-rays within such small dimensions,

researchers have extensively investigated various types of

optical elements; for example, Kirkpatrick–Baez (KB) mirrors

(Mimura et al., 2007), multilayer Laue lenses (Kang et al.,

2006, 2008;), compound refractive lenses (Schroer et al., 2005)

and Fresnel zone plates (FZPs) (Chao et al., 2005, 2009; Chen,

Lo et al., 2008; Vila-Comamala et al., 2009). FZPs, repre-

sentative diffractive optical elements, currently provide a

spatial resolution of 15 nm in soft X-ray microscopy (Chao et

al., 2005) and 30 nm for hard X-ray microscopy at 8 keV

(Chen, Lo et al., 2008). FZPs are typically fabricated by means

of electron-beam lithography and pattern transfer techniques.

Notably, the FZP focusing capability can be improved by

decreasing the outermost zone width and increasing the aspect

ratio, i.e. the zone width to zone depth ratio (Kirz, 1974), since

the focal spot size is proportional to the outermost zone width.

Different from microscopic applications of FZPs, which

require the smallest possible focal spot, focusing efficiency and

focused beam collimation are more relevant during hard

X-ray lithography. To lithograph large repeated nanoscale

features, the beam dimensions should be larger than a few

micrometers. In addition, maintaining a high degree of colli-

mation is required owing to the high penetration power of

hard X-rays. To mask hard X-ray beams, a metal with a

thickness >10 mm is required; the aspect ratio of the mask

thickness to pattern features is more than 100 when the

feature size decreases to the nanometer scale. Therefore, the

angular divergence of an X-ray beam passing through a mask

should be of the order of a few milliradians or less.

Since an X-ray beam of high flux is desirable in overcoming

the weak interaction of hard X-rays during lithography, the

focusing efficiency should be maximized. FZPs diffract hard

X-rays weakly resulting in a relatively low focusing efficiency.

The most effective FZPs currently available in hard X-ray

microscopy have an aspect ratio of only 15 (Chen, Lo et al.,

2008), with a zone depth of less than 0.5 mm, and their effi-

ciency remains at only a few percent (Maser et al., 2004).

Therefore, considerable effort has been exerted to fabricate

hard X-ray FZPs with demonstrably higher efficiency. For

example, researchers have designed deposition techniques to

grow zone structures by sputtering (Kamijo et al., 2003;
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Tamura et al., 2006) or chemical vapor deposition (Golant et

al., 2007; Artyukov et al., 2009).

Recently, the European Synchrotron Radiation Facility

group developed a process for fabricating FZPs by combining

electron-beam and photo-lithography, deep plasma etching

and anisotropic wet etching techniques (Snigireva et al.,

2007a). In contrast to conventional FZPs made on Si3N4

membranes, they fabricated FZPs on single-crystal Si wafers

which provide excellent mechanical strength and thermal

stability. Although Si is relatively transparent in the hard

X-ray regime (E � 7.5 keV) compared with metals such as Au

and Ni, patterned silicon zone structure provides sufficient

phase shifts for focusing (Snigireva et al., 2007b). Theoretical

calculations indicate that the focusing efficiency of those FZPs

at 7.5 keV is approximately 30%.

In this study we increased the X-ray photon flux by a factor

of 300 by focusing a hard X-ray beam to about 3 mm using a Si-

based FZP. The focused beam profile was recorded on a PR in

a proximity lithography configuration. We successfully utilized

the focused X-rays to produce patterns with a feature size as

small as 100 nm on a PR using a specially fabricated hard

X-ray mask based on multilayer growth techniques.

2. Focusing X-rays by a Si-based FZP

Fig. 1(a) shows an optical microscopy image of the FZP

fabricated on silicon used in this study. The total number of

zones N was 364; the outermost zone width �rn was 0.4 mm;

the diameter D was 582 mm; and the zone depth was 9 mm. The

aspect ratio, i.e. the ratio of the zone depth to �rn, was 22.5.

The focal length f defined by f = 4Nð�rnÞ
2=�, where � is the

wavelength of X-rays and is proportional to the X-ray energy.

For � = 1.65 Å, f was approximately 1.412 m. Such a long focal

length guaranteed the maximum angular divergence of the

beam, D/f, to be �4 � 10�4 rad.

A schematic diagram of the focusing geometry is illustrated

in Fig. 1(b). The experiments were performed at undulator

beamline 11A at the Pohang Light Source (PLS) in Korea. A

liquid-nitrogen-cooled Si(111) double-crystal monochromator

was used to select an X-ray energy of 7.5 keV (� = 1.65 Å).

The FZP was mounted on a motion stage to control the

position and angle precisely. A pair of slits was installed

upstream of the FZP to set the incident beam size to�600 mm

in both horizontal and vertical directions. No central stop was

used since the purpose of the focusing is to optimize X-ray flux

rather than reducing focus size. A Ta pinhole with a diameter

of 30 mm located 5 cm upstream of the primary focus was used

as an order-sorting aperture (OSA), completely blocking

higher-order diffraction signals allowing the exclusive use of

the first-order focus. The focus size was estimated by scanning

a micrometer-sized Ta pinhole across the primary focus.

Fig. 2(a) shows a line profile measured across the primary

focus in the vertical direction. A Ta aperture with a diameter

of 1 mm was scanned across the focused beam, intensity being

monitored by a photodiode. The measured profile was fit to a

single Gaussian profile displayed as a solid line in Fig. 2(a).

The full width at half-maximum (FWHM) of the measured
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Figure 1
(a) Optical microscope image of the Fresnel zone plate fabricated on
silicon used in this experiment. (b) Schematic drawing of the focusing
geometry using the zone plate.

Figure 2
(a) Line profile of the focused beam in the vertical direction. A Gaussian
fit was also shown. A FWHM of about 3 mm determines the size of the
focus. (b) A comparison of the profile of the focused beam and direct
main beam.



profile was approximately 3 mm, representing the focal spot

size. The measured FWHM was much larger than the theo-

retical value of 0.5 mm set by the Rayleigh criterion, i.e. R =

1.22�rn (Born & Wolf, 1980). This is attributed to the large

source size and imperfect coherency of the incident beam. In

addition, the finite size of the pinhole broadened the measured

profile which is a convolution of the pinhole and the focused

beam.

The focusing efficiency was estimated from the integrated

intensity ratio between the focused beam and the unfocused

direct beam. Fig. 2(b) shows their profiles. The unfocused

beam profile revealed a rectangular shape in which the width

represented the slit opening, whereas the focused beam was

quite intense and sharp. Since FZPs are two-dimensional

focusing optic elements, the X-ray intensities were integrated

in both the vertical and horizontal directions. Based on the

integrated intensity ratio, the focusing efficiency was esti-

mated to be approximately 16%, which was higher than that of

typical Au FZPs fabricated on Si3N4 membranes. Moreover,

the efficiency might be further increased by increasing the

zone depth. Among hard X-ray focusing devices, the efficiency

of KB mirrors, about 50%, is considerably higher because they

are based on the total external reflection. Alignment of the

FZP, on the other hand, is relatively easier than aligning KB

mirrors that require highly precise manipulators.

3. Results of focused hard X-ray beam lithography

First we recorded the focused X-ray beam and unfocused

direct beam on a PR without placing any mask to evaluate the

efficiency of the focusing and visually inspect the beam profile.

ZEP520A-7 (Zeon, Japan), a high-performance positive PR

typically used in electron-beam lithography, was employed.

The PR was spin-coated on Si(001) substrates to a thickness of

about 250 nm, which turned out to be the optimal thickness

for features smaller than 500 nm. After exposure to X-rays,

the PR was developed in a chemical developer (ZED-N50)

and rinsed with isopropyl alcohol. The patterns were then

examined by means of scanning electron microscopy (SEM).

For SEM measurement, the samples were coated with a thin Pt

layer for protection against high-energy electron beam as well

as to minimize surface charging.

Fig. 3(a) shows an SEM image of the PR exposed by the

unfocused direct beam. The direct beam shape defined by the

silts with an opening size of 600 mm � 600 mm resulted in the

square pattern. Figs. 3(b), 3(c) and 3(d) illustrate the focused

beam replicated on the PR with exposure times of 4, 5 and

10 s, respectively. As shown in the figure, the patterning

depends quite sensitively on the exposure time, suggesting

that optimizing exposure time is critical for obtaining clear

pattern formation.

Since hard X-ray lithography applications have been

primarily limited by PR material sensitivity to hard X-rays,

being much lower to electron beams, the most critical

advantage of hard X-ray beam focusing in lithography is the

X-ray photon flux. The exposure time required to produce

the pattern shown in Fig. 3(a) by unfocused beam was as much

as 50 min. Conversely, exposure was dramatically reduced to

5 s with the focused beam, indicating that the X-ray flux had

increased over 300-fold owing to focusing.

Although the shape of the focused beam should be circular

in principle, the PR recorded focused beam profile was elon-

gated towards the horizontal direction as shown in Fig. 3(c),

reflecting the anisotropic shape of the undulator source. The

source size of the undulator beamline in PLS used in this

experiment at 7.5 keV was approximately 200 mm and 20 mm

in the horizontal and vertical directions, respectively. The

source was demagnified at the focal plane (Vladimirsky et al.,

1999). In order to reduce the size in the horizontal direction at

the focus, a slit was placed upstream of the beam, near the

front-end of the beamline.

The focused X-ray microbeam shown in Fig. 3 was

employed during the hard X-ray proximity lithography

process in which a sectioned multilayer was used as a hard

X-ray mask. The mask was prepared by alternately depositing

a number of WSi2 layers and Si layers and sectioning it in a

direction perpendicular to the layers with a section depth of

20 mm. An SEM image of the mask thus prepared revealed

that the thickness of the WSi2 and Si layers was 310 nm and

380 nm, respectively, as shown in Fig. 4(a). The aspect ratio,

i.e. the ratio of the transparent Si spacing to the section depth,

was >60 and the X-rays have to travel through a long tunnel,

requiring a highly collimated beam. As the feature size

decreases to a few tens of nanometers, an even higher degree

of collimation is necessary, which requires a focusing optic

with a long focus similar to the one previously discussed. A

detailed process of the mask preparation and the hard X-ray

lithography conditions will be published elsewhere (Lee et al.,

2011). The focused X-ray beam was illuminated on the side of

the multilayer section. The gap between the mask and the PR

was controlled to optimize optical contrast. The hard X-ray

lithography set-up is schematically illustrated in Fig. 4(b).

An SEM image of the pattern obtained by placing the

multilayer mask at the focus is shown in Fig. 5(a). The gap

between the mask and the PR was maintained at 200 mm,

representing the optimal distance for clean patterning.

Optimal exposure time was 40 s longer than the time used to
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Figure 3
SEM images of the PR patterned by unfocused direct beam (a) and
focused X-ray beam with exposure times of 4 s (b), 5 s (c) and 10 s (d),
respectively.



record the focused beam itself, which is attributable to the

attenuation of the beam by the multilayer mask. A clear line-

and-space pattern with sharp edges was observed. The line

width at the center of the focused beam was about 300 nm and

the period was about 690 nm. Such features are among the

smallest in hard X-ray lithography reported up to now

(Klymyshyn et al., 2010). The lines (spaces) near the edge of

the focused beam became thicker (thinner) indicating that the

X-ray intensity weakened when approaching the edges. The

size of the exposed area in the vertical direction is about 3 mm,

corresponding to the size of the focused beam shown in

Fig. 3(c).

One of the disadvantages of a focusing X-ray beam in

lithography is that the total patterning area is limited by small

beam size. As shown in Fig. 5(a), only a few lines can be

fabricated with a focused beam. Patterning areas can be

increased by either placing a mask and a PR away from the

focus or rastering the focused beam, which is at the expense of

the X-ray flux or exposure time. Fig. 5(b) shows an SEM image

of a pattern obtained by placing the mask and the PR 50 mm

downstream of the focus. Accordingly, beam size was

increased to about 10 mm vertically and the number of

patterned lines likewise increased significantly. Moreover,

exposure also consistently increased by about a factor of five,

while the patterning quality of the line-and-space structure

remained similar to the one obtained at the focus. The expo-

sure is believed to decrease to a few seconds using high-flux

synchrotron sources, i.e. the Advanced Photon Source and

SPring-8, which provide X-ray beams about a hundred times

more intense than at PLS. The field of patterning area can also

be increased by increasing the distance between the mask and

the focus.

Finally, using the focused beam, we tested a mask with a

reduced feature size to determine the patterning resolution

limit. A mask fabricated using a multilayer with 200 nm-thick

WSi2 layers and 100 nm-thick Si layers was placed at the focus

position. Fig. 6 shows an SEM image of the pattern recorded

on the PR using such a mask. The width of the thinnest line,

shown in the inset of the figure, measured about 100 nm with

the line edge roughness near 20 nm. The lines in the central

region, where the beam is more intense, narrowed slightly. We

note that the morphology of the PR remaining in the lines was

not uniform but exhibited local agglomerations needing to be

suppressed in order to improve the pattern resolution below

100 nm. In order to reduce the pattern resolution towards the

10 nm scale, the interaction mechanism between hard X-rays

and the PR should be investigated more closely. According to

our simulation of the wavefield inside and downstream of the

multilayer mask, it was obvious that contrast in the X-ray

beam is high enough to be patterned on PR even when the

mask feature size is scaled down to 10 nm. By employing two

crossed multilayer masks, periodic dot patterns can be

achieved. Nevertheless, patterns with arbitrary shape are

limited when employing the multilayer as a mask.

4. Conclusion

In summary, we characterized the focusing properties of a Si-

based FZP with a focal length of about 1.4 m. In particular, we

obtained a micrometer-sized X-ray focus and applied it to
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Figure 5
SEM image of the PR patterned by the hard X-ray beam at the focus
position (a) and at 50 mm downstream of the focus position (b). The
patterning area was enlarged away from the focus while the exposure
time was increased.

Figure 4
(a) SEM image of the sectioned multilayer mask with about 690 nm
period. The white regions are opaque WSi2 layers and the dark regions
are transparent Si layers. (b) Schematic illustration of the hard X-ray
proximity lithography set-up using the focused beam.



hard X-ray lithography. We have fabricated lines with a width

of about 300 nm, and demonstrated a capability to fabricate

100 nm-thick lines. With a high focusing efficiency, the expo-

sure time to pattern the PR was reduced significantly, even

though the focusing was not completely optimized. Moreover,

with continuous improvements in hard X-ray sources and PR,

the hard X-ray lithography demonstrated in this study can be

extended to a nanometer-scale resolution lithography. Intense

X-ray microbeam with an excellent degree of collimation can

also be applied to high-resolution X-ray microbeam diffrac-

tion experiments in which the X-ray beam size is similar to

that of the samples.
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Figure 6
Pattern fabricated with a WSi2(200 nm)–Si(100 nm) mask. The inset
shows the line at the center whose thickness is about 100 nm.
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