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Results are reported of direct-write X-ray lithography using a hard X-ray beam
focused by a Fresnel zone plate with an outermost zone width of 40 nm. An
X-ray beam at 7.5 keV focused to a nano-spot was employed to write arbitrary
patterns on a photoresist thin film with a resolution better than 25 nm. The
resulting pattern dimension depended significantly on the kind of underlying
substrate, which was attributed to the lateral spread of electrons generated
during X-ray irradiation. The proximity effect originated from the diffuse
scattering near the focus and electron blur was also observed, which led to an
increase in pattern dimension. Since focusing hard X-rays to below a 10 nm spot
is currently available, the direct-write hard X-ray lithography developed in this
work has the potential to be a promising future lithographic method.

1. Introduction

Lithography techniques have been critical for fabricating
various sub-micrometer-scale devices in the fields of electro-
nics, medical diagnostics and mechanical components. Recent
progress in advanced lithography systems have realised high-
resolution patterns with dimensions below a few nanometers,
and there is on-going research to explore the fundamental
limits of lithography on the atomic sub-nanometer scale (Chou
et al., 1997; Macintyre & Thoms, 2011; Winston et al., 2011).
Unlike mask-based lithography, whose resolution is critically
limited by the dimensions of the masks (Suzuki & Smith,
2007), ‘direct-write lithography’ is free of masks and capable
of creating arbitrary patterns. In this maskless lithography
technique, typically a light or particle beam is focused to a
small spot size by means of a suitable focusing device, which
illuminates photoresist (PR). Consequently, the focusing
capability is a key factor in determining the resolution of a
direct-write process, although the sensitivity of PR materials
and parasitic exposure must also be considered carefully. Up
to now, among various direct-write processes such as electron-
beam lithography, ion beam lithography (Winston et al., 2011)
and focused laser lithography (Gan et al., 2013), direct-write
electron-beam lithography (e-beam writers) has been widely
used for practical purposes, and patterns as small as 5 nm have
been achieved with great success (Macintyre & Thoms, 2011).

Recently, there has been a considerable amount of effort
devoted to developing direct-write X-ray lithography (X-ray
writers) using synchrotron light sources (Caster et al., 2010;
Leontowich & Hitchcock, 2011; Leontowich et al., 2013). The
concept of X-ray writers, i.e. maskless lithography, is similar to
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that of an e-beam writer, but offers a unique way to overcome
limited scan area and vacuum requirements inherent to
e-beam writers. Particular interest lies in the fact that X-ray
writers are free from charging which limits the application of
e-beam writers to insulating substrates (Satyalakshmi et al.,
2000). The short wavelength of X-rays (0.1-1 nm) is also
highly desirable in terms of the patterning resolution. Never-
theless, the development of X-ray writers has been greatly
hampered by the inherent difficulties in manufacturing
suitably high-resolution focusing optics due to the penetrating
nature of X-rays and their weak interaction with materials
(Bergemann et al., 2003; Schroer & Lengeler, 2005; Kang et al.,
2006). Recent advancements in X-ray focusing optics capable
of producing nano-sized spots (Schroer et al., 2005; Kang et al.,
2006; Mimura et al., 2009; Chen et al., 2011; Huang et al., 2013;
Keskinbora et al., 2014), however, have greatly increased the
performance of X-ray writers. For example, Leontowich et al.
(2013) have demonstrated an X-ray writer with a resolution of
25 nm in the soft X-ray regime (E < 1keV), in which they
used a Fresnel zone plate (FZP) as the focusing optic. This
FZP is a diffractive optic system composed of alternating
concentric opaque and transparent zones that satisfy the zone
plate law. Two critical issues related to the FZPs are reducing
the size of focus to the fundamental limit and obtaining a high
focusing efficiency (Kirz, 1974; Wu et al., 2012). Note that the
size of focus is defined by R = 1.22Ar,, where Ar, is the
outermost zone width. Up to now, FZPs with Ar, = 12 nm
have exhibited the best resolution (Chao et al., 2012).

The focusing efficiency is mainly determined by the posi-
tioning accuracy and depth of zones (z) along the optical axis.
Hard X-rays of photon energy above 7 keV with much shorter
wavelength than soft X-rays are more favorable in obtaining
smaller focal-spots considering the simple dependence of the
diffraction limits on wavelength. However, significant tech-
nological challenges with regard to increasing both the
numerical aperture and z of hard X-ray FZPs should be
addressed. Indeed, even at 7 keV, a z value in excess of 800 nm
is typically required to achieve at least 10% efficiency (Kirz,
1974; Yan et al., 2007; Wu et al., 2012). Drawing on the progress
made in this area, we herein present a newly developed hard
X-ray writer (E = 7.5 keV) based on a FZP and assess the
patterning resolution that was achieved by it.

2. Experiment

Experiments were performed at the 9C beamline of the
Pohang Light Source in Korea. Fig. 1(a) shows a schematic
illustration of the experimental setup, in which an X-ray
energy of 7.5keV was selected by a double-crystal Si(111)
monochromator. Incident X-rays were then confined to
120 pm x 120 pm by a pair of slits, and were then focused to a
nano-spot by a hard X-ray FZP consisting of a gold pattern
deposited on a 1 pm-thick SiN membrane through a combi-
nation of e-beam lithography and pattern transfer techniques.
Details of the fabrication process used for this FZP have been
reported elsewhere (Chen et al., 2008, 2011; Wu et al., 2012),
and its parameters are summarized in Table 1. Fig. 1(b) shows

Table 1

Parameters of the FZP used in this study.
Diameter (um) 110
Total number of zones 689
Outermost zone width (nm) 40
Depth of zones (nm) 947
Focal length at 7.5 keV (mm) 26.7
Theoretical efficiency at 7.5 keV (%) 22.78

a high-magnification scanning electron microscopy (SEM)
image near the outermost zones of the FZP. The Ar, value of
this FZP was approximately 40 nm, and the focal length,
proportional to the X-ray energy, was 26.7 mm. Note that
using such a long focal length in comparison with the several
hundred micrometers used with soft X-rays provides
substantial experimental advantages when installing litho-
graphic apparatus. A 25 um-thick Ta pinhole with a diameter
of 17 um was installed 25 mm downstream of the FZP as
an order-sorting aperture (OSA) to block all higher-order
diffraction signals. No central stop was used. However, the
accumulated dose by the direct beam during the patterning
process is insignificant in this study because the intensity of the
direct beam is very much weaker than that of the focal spot.
The X-ray flux at the focus estimated using an X-ray photo-
diode was 1.2 x 10" photons mm 2 s~

In order to evaluate the patterning capability of the X-ray
writer, we exposed X-ray nano-spots to a ZEP520A-7 (Zeon
Co.) PR which was spin-coated to a thickness of 60 nm onto a
single-crystal sapphire(0001) or Si(001) substrate. To achieve
the desired pattern, these PR-coated substrates were trans-
lated and exposed to the X-ray nano-spots in accordance with
a macro coded to control the motion and exposure. Posi-
tioning the substrates was controlled using an XYZ stage
driven by piezoelectric actuators, while a mechanical shutter
(FPS400M, CEDRAT technologies) with a fast response time
of 4 ms was used to control the exposure. Note that the hard
X-ray writer was operated in air ambient thanks to the high
penetration power of hard X-rays, whereas vacuum or He
purging is indispensable for soft X-rays. Following patterning
in air ambient, exposed samples were immersed in a ZED-N50
(n-amylacetate) developer for 30s, and then rinsed with
isopropyl alcohol for 40 s. This developing process was carried
out at 253 K so as to improve the sharpness of the pattern
edges, as reported previously (Ocola & Stein, 2006). The
developed samples were then dried by air flow. The simple

(a)
Hard x-ray
(E=7.5 keV)

v
PR cc:ated

4 substrate

Figure 1

(a) Schematic illustration depicting a hard X-ray writer with a FZP. (b)
High-magnification SEM image of the region near the outermost zone of
the FZP. Note that Ar, is approximately 40 nm.
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three-step process as mentioned above was repeated each
time. Finally, the morphology and features of thus fabricated
patterns were examined by SEM (Jeol, JSM-7500F). The
acceleration voltage was 5 kV and the emission current was
20 pA. We note that a thin Pt film was sputtered onto the
developed samples prior to SEM measurement. The thickness
of the as-deposited Pt film was less than 5 nm.

3. Results and discussion

Fig. 2 shows the SEM images obtained of the letter ‘NT’
produced by exposing the X-ray nano-spot on a PR-coated
sapphire substrate in a controlled array. The exposure was
varied within the range 1.4—2.6 s, while the distance between
the spots was fixed at 300 nm. A minimum of 1.4 s exposure
was necessary to obtain clearly distinguishable spots. In
addition, we note that the patterned spots were slightly
elliptical in shape due to source demagnification, which is
attributed to the undulator property of the synchrotron
causing smaller X-ray coherent length in the horizontal
direction than in the vertical direction. The focus became
relatively large in the horizontal direction. The size of indi-
vidual spots, determined by averaging the horizontal and
vertical size, is displayed in Fig. 3(a) as a function of the
exposure. As the exposure increased, the size of the spots
increased linearly from 36 to 153 nm in the vertical direction,
and from 39 to 181 nm in the horizontal direction. The error
bars represent the standard deviations for a given set of spots,
which was mainly attributed to fluctuations in X-ray dose due
to variation in the flux at the focus. The inset of Fig. 2(a) shows
a high-magnification SEM image that illustrates this deviation
in size more clearly.

(a) 1.4 sec (b) 1.6 sec

(d) 2.6 sec

Figure 2

SEM images of the letter ‘NT” pattern, an array of spots, produced on PR-
coated sapphire substrates with exposure of (a) 1.4, (b) 1.6, (¢) 1.8 and (d)
2.6 s. The inset of (@) shows a high-magnification SEM image taken from
the region of interest indicated by the yellow box in (a). The scale bars
represent 200 nm.

The X-ray exposure sensitivity (R) can be defined simply as
d ~ Rt, where d is the size of the patterned spots and ¢ is the
exposure time, which exhibits a significant correlation with
the X-ray induced reaction rate of PR chain-scissoring. The
sensitivity in the horizontal and vertical directions was esti-
mated from the slope of the linear fits as being approximately
132 and 100 nm s, respectively, which implies that a precise
control over exposure time is essential for ensuring pattern
uniformity. The sensitivity also depends on the radial spread
of electrons. Note that ‘electrons’ included photoelectrons,
Auger electrons and secondary electrons generated from the
substrate during X-ray irradiation, as it is well known that PR
molecules are broken by these electrons rather than X-ray
photons themselves. As the radial spread of these electrons
around X-ray nano-spots is inevitable, breaking a patterning
resolution below 5 nm could be a huge technological challenge
to be overcome in X-ray writers. To examine the effect of
these electrons in different substrate types, the patterning
process was repeated using the same PR of thickness 60 nm
but on a Si(001) substrate. The sensitivity of the PR on the
Si(001) substrate is shown in Fig. 3(b), which clearly shows
that a shorter exposure was required than for the PR on a
sapphire substrate to produce a pattern with similar size. The
sensitivity of the PR on silicon was 204 nm s~ ' in the hori-
zontal direction and 166 nm s~ ! in the vertical direction, which
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Figure 3

Variation in spot size as a function of the exposure for (a) sapphire(0001)
and (b) Si(001) substrates. The slope of the linear fits represents the X-ray
exposure sensitivity. The error bar indicates the standard deviations for a
given set of spots.
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supports the notion that the radial spread of electrons depends
on the substrate material. Specifically, the energy and radial
spread of photoelectrons and Auger electrons are sensitive to
the substrate material, whereas those of secondary electrons
generated by photoelectrons and Auger electrons are much
less sensitive to the substrate material (Henke et al., 1977,
1979; Suzuki & Smith, 2007). As the energy of these secondary
electrons is typically less than 30 eV, their contribution to the
patterning process should be minimal. The energy of the
Auger electrons, on the other hand, increases with atomic
number. The kinetic energy of the Auger electrons of O, Al
and Si atoms is 510, 1396 and 1621 eV, respectively. It can
therefore be postulated that the Auger electrons of Si atoms
may be the reason for the high sensitivity in Si substrates
(Ocola & Cerrina, 1993). In addition, we conjecture that the
insulating nature of a sapphire substrate suppresses the
migration of electrons.

The proximity effect in e-beam writers is well known to be a
result of the radiation spilling over into regions neighboring
a targeted position, thereby enlarging the size of the pattern
(Chang, 1975). This was observed quite prominently in
patterns produced by this X-ray writer. Figs. 4(a)—4(d) show a
series of SEM images taken from a 10 x 10 array of spots on a
PR-coated sapphire substrate at different exposure times. In

(a) 1.2 sec (b) 1.3 sec

(c) 1.4 sec

[ ]Horizontal _
Il Vertical

Size (nm)
o
o

1 2 3 4 5 6 7 8 9 10
The number of columns

Figure 4
SEM images showing 10 x 10 spot arrays produced with exposure of (a)
1.2, (b) 1.3, (c) 1.4 and (d) 1.6 s. Scale bars represent 200 nm. (e) Plot of
the vertical and horizontal size of spots located within the sixth row, as
indicated by the yellow arrows in (d).

all samples the spots in the outer columns were notably
smaller than the others, especially those near the center. This
size variation became more significant as the exposure
increased, as illustrated in Fig. 4(e) which shows the variation
in the size of the spots located in the sixth row marked by
yellow arrows in Fig. 4(d). Note that the vertical (horizontal)
size of these spots gradually increases from 111 nm (123 nm)
at the edges to 145nm (174 nm) at the center, which
demonstrates the proximity effect on the spot size. The diffuse
scattering originated from an intrinsic feature of a focused
X-ray beam by a FZP with imperfect zones that produces
interference fringes as well as scattered light. The proximity
effect was therefore manifested when the spacing between
spots is less than 200 nm with prolonged exposure. This caused
the spots to come into contact with each other and eliminated
the narrow boundaries between them (data not shown). Note
that the electron blur near the focus might be a possible source
to enhance the proximity effect due to the drastically
increased mean free path of the electrons.

The resolution of the X-ray writer was examined by
patterning numerous individual spots separated by 1 pm, such
a large separation being considered sufficient to exclude the
proximity effect. A sapphire substrate was used to minimize
the contribution of electrons, and the exposure was 1.3 s. An
SEM image of the smallest spot produced in this manner with
its vertical and horizontal dimensions of 21 and 25 nm,
respectively, is illustrated in Fig. 5. This is the best resolution
achieved up to now with hard X-rays which is comparable with
the best resolution of soft X-ray writers (E = 1 keV) (Leon-
towich et al., 2013).

4. Conclusions

A hard X-ray writer based on a FZP has been demonstrated to
be capable of achieving a resolution of less than 25 nm at E =
7.5 keV. This patterning process was affected strongly by the

Figure 5

SEM image depicting the patterning resolution of the X-ray writer
developed. The spot size was estimated to be 21 and 25 nm in the vertical
and horizontal directions, respectively.
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underlying substrate type and the radial spread of electrons.
No charging effect was observed on the insulating substrate.
We, therefore, think that the X-ray writer developed in this
work is a promising tool for drawing arbitrary patterns, and
could serve as a supplementary technique to existing e-beam
writers. Moreover, given that the development of nano-
focusing X-ray optics continues to progress toward an ultimate
goal of 1 nm, and a 7 nm X-ray spot has been very recently
demonstrated (Yamauchi et al., 2011), it is possible that this
X-ray writer could ultimately achieve a patterning resolution
in the single-digit nanometer range. An alternative approach
could be to use a third-order focus, by which the focus size can
in principle be reduced by a factor of three. In addition, we
recently demonstrated the direct patterning of Ag films with
multilayer mask using hard X-rays (Kim et al., 2015), in which
periodic patterns with a line width as small as 21 nm were
fabricated. Such a direct patterning technique on metal thin
films without the typical photo-resist process should be a
possible application of X-ray writers. There are, however, still
various challenges that should be addressed to suppress the
proximity effect and to reduce strong electrons, as well as
identifying PR materials suitable for hard X-ray writers.
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