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a b s t r a c t
Sub-25 nm continuous, reproducible features of arbitrary geometry were created by X-ray lithography in
direct write (maskless) geometry, analogous to conventional electron beam lithography. This was
achieved through the use of a laser interferometer-controlled scanning transmission X-ray microscope
(STXM) equipped with a zone doubled Fresnel zone plate lens, and a cold development procedure. These
features are among the smallest created with photons in direct write geometry.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
A focused beam of radiation can directly write on a surface like
a pen moving across a sheet of paper. Computer-controlled electron and ion beams have been used extensively in this regard for
fabrication on the nanometer scale, often as part of a multi-step
process known as lithography. The products enabled by this technology have touched billions of people; the mass produced integrated circuits of today which are incorporated in almost
everything electronic are created from sets of patterned masks,
produced by directly writing them with focused electron beams
[1]. Several areas of science such as X-ray microscopy and nanoﬂuidics are highly indebted to the nano-focused electron beams used
to create the enabling optics [2] and masters or devices [3], respectively. Nothing is technically preventing nano-focused X-rays from
being used in like manner, but very rarely have they appeared in
such roles [4]. X-ray nanofabrication has so far been limited to
mask methods, particularly LIGA [5]; these approaches do not involve nano-focused X-rays. Intense nano-focused X-ray beams
from synchrotrons and free-electron lasers have dramatically improved established X-ray analysis techniques and enabled many
new ones [6], and could soon have a similar impact on nanofabrication. Some potential advantages of using focused X-ray beams in
direct write geometry for nanofabrication include high penetration
with minimal scattering for maskless deep etch lithography [5];
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immunity to sample charging effects [7]; and exploitation of the
energy tunability to element- or functional group-speciﬁc resonances in the sample for chemically selective patterning [8,9].
These potentials remain almost totally unexplored.
At present, there are only two published examples of sub100 nm features directly written in free form with focused X-rays
[10,11]. The ‘‘pen’’ in both examples was the X-rays at the focal
point of a Fresnel zone plate (ZP) lens [2,12]. These optics are circular transmission gratings where the width of alternating transparent and opaque ‘‘zones’’ (the half periods of the grating)
decreases with increasing zone radius according to the equation,

r2n ¼ nkf
where r is the radius of the nth zone, k is the wavelength of the radiation, and f is the focal length. If the numerical aperture (NA) <<1,
which is often the case for X-ray ZPs including the one used for this
work, then the spherical aberration correction can be dropped as
shown above [2]. The design is such that the difference in path
length between neighboring transparent zones to the focal point
is exactly one wavelength; the diffracted radiation from each transparent zone arrives in phase and interferes constructively, forming
an intense probe. Assuming that the fabrication tolerances and illumination conditions of the ZP are met or exceeded, the diffractionlimited spot diameter is directly proportional to the outer most
zone width, Dr. The two previous direct write X-ray lithography results [10,11] were achieved with 25 nm Dr ZPs controlled using
scanning transmission X-ray microscopes (STXM). Recent breakthroughs in X-ray ZP fabrication, speciﬁcally double patterning
and zone doubling, have enabled the production of ZPs with Dr
approaching 10 nm [13,14]. Here we report a record minimum
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feature size created with focused X-rays in direct write geometry,
which was achieved using a zone doubled ZP, a laser interferometer-controlled STXM, and a cold development procedure.

2. Experimental
The ZP was supplied by the Laboratory for Micro- and Nanotechnology (LMN), Paul Scherrer Institut (PSI, Villigen, Switzerland). Very brieﬂy, a nano-focused electron beam was used to
directly write template zones in a hydrogen silsesquioxane ﬁlm
on a Si3N4 substrate. The irradiated areas become SiO2 after a subsequent development step. A 15 nm layer of Ir was conformally
deposited on the 120–150 nm thick SiO2 template zones by atomic
layer deposition, which in effect produces 15 nm wide Ir zones
with half the period of the SiO2 template [14]. The diameter D
and Dr were 150 lm and 15 nm, respectively. A 2 lm thick,
60 lm diameter central stop was prepared by a second electron
beam exposure. The ZP was installed in PolLux [15], the soft Xray STXM located at the Swiss Light Source (SLS), PSI. A 40 lm order sorting aperture was installed and centered on the ZP axis to
suppress undiffracted zeroth order and higher order X-rays. A
schematic of the experimental arrangement is shown in Fig. 1.
The sample for patterning was a 37 ± 2 nm thick ﬁlm of poly(methyl methacrylate) (PMMA, Mw = 315,000 g/mol, Mw/Mn = 1.05)
on a 75 nm thick SiN (nominally Si3N4) substrate prepared by a
spin cast and ﬂoat procedure previously reported elsewhere [10].
This sample was annealed under a low vacuum (2  102 Torr) at
150 °C for 1 h. After loading the sample, the STXM chamber was
pumped to 0.1 Torr and then ﬁlled with 250 Torr He. The photon
energy of patterning was set at 1.0000 keV (k = 1.24 nm) corresponding to the energy region of maximum diffraction efﬁciency
for this ZP. The monochromator exit slit widths were set to
10 lm  10 lm in order to exceed diffraction-limited focusing
conditions given D, the photon energy and the 1.07 m exit-slitto-ZP distance [4]. The ZP was then centered on the optical axis, assumed to be the position corresponding to the maximum detector
count rate with the shutter open, by adjusting the x, y position of
the STXM chamber using a girder mover system [15]. The focus
of the ZP was set in the plane of the PMMA ﬁlm with the assistance
of sub-micrometer specimens of mica or dust in or on the ﬁlm left
over from the sample preparation, which are conveniently opaque
to 1 keV X-rays. A defect-free area was located by cross referencing

X-ray transmission images acquired with the STXM to optical
micrographs of the sample. A pattern consisting of several 1 lm
long lines with a pitch of 160 nm was then executed over a range
of dwell times. Details of the patterning routine, instructions to
create and execute patterns, and dose determination were previously reported elsewhere [16]. While the sample was being patterned the positioning of the sample ﬁne stage (x, y) was
maintained relative to the ZP to better than 10 nm (peak–valley)
via a laser interferometer feedback system previously described
elsewhere [17]. The feedback-control rate was greater than
200 Hz which negated the detrimental effects of low frequency
vibration on patterning ﬁdelity and minimum feature size. After
patterning, the sample was removed from the chamber and developed by immersing it in a solution of 3:1 v/v isopropanol: methyl
isobutyl ketone maintained at 8 °C and gently stirring for 60 s,
revealing the patterned features. The developed patterned areas
were imaged by atomic force microscopy (AFM) ﬁrst, and later
by scanning electron microscopy (SEM), to avoid artifacts introduced by SEM imaging. A 5 ± 1 nm Pt layer was sputter coated onto
the sample after AFM imaging but prior to SEM imaging to eliminate resolution degradation due to charging. All feature widths
were measured from the scanning electron micrographs.

3. Results
Scanning electron micrographs of the developed sample are
presented in Fig. 2. Continuous 33 ± 4 nm (full width) lines of
cross-linked (negative mode) PMMA were produced at a dose of
25 ± 4 MGy (Fig. 2(a)). This width includes the 5 ± 1 nm Pt coating
necessary to image the features; the uncoated (as-fabricated)
width is estimated to be 20–25 nm. The average height of the lines
presented in Fig. 2(a) was found to be 17 ± 1 nm using AFM (Fig. 3).
Doses greater than 25 MGy resulted in line widths greater than
33 nm. This increase in feature width with dose is in fact due to
the point spread function of the optical system [10,18]. Lines made
at a dose of 24 ± 4 MGy had an average width of 26 nm, and some
were continuous over their 1 lm length (Fig. 2(b)). However, lines
made with doses of 24 MGy or less were not reproducibly continuous. Lines just begin to form (i.e. onset of negative mode) at a
dose of 23 ± 4 MGy (Fig. 2(c)). This is signiﬁcantly lower than the
90 ± 5 MGy onset of negative mode for PMMA developed using
Dose: 25 ± 4 MGy
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(λ = 1.24 nm)
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200 nm
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order
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Fig. 1. Schematic depicting the experimental arrangement (color online). During
patterning the zone plate and order sorting aperture are ﬁxed while the sample is
translated in x and y. The dimensions of the atomic force micrograph demonstrating
arbitrary geometry patterning capability are 15 lm  10 lm.

24 ± 4 MGy

23 ± 4 MGy

Fig. 2. Scanning electron micrographs of 1 lm long lines of cross-linked PMMA
with a pitch of 160 nm, made with various doses of 1 keV X-rays. (a) Continuous
33 ± 4 nm lines, dose: 25 ± 4 MGy. (b) Discontinuous 26 nm lines, dose: 24 ± 4 MGy.
(c) At a dose of 23 ± 4 MGy cross-linked lines hardly formed.
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beam [27]. A sub-5 nm X-ray beam should face this same limitation and therefore be capable of the same minimum feature size
as present electron beam systems. X-ray optics are steadily
advancing; two dimentional focusing has now reached 8 nm for
hard X-rays [28], and sub-5 nm focusing is a goal at several current
synchrotron beamlines [6]. Ultimately, feature sizes equal to those
made by electron beams should be possible when a sub-5 nm Xray spot (not resolution) is achieved.
Acknowledgments

Fig. 3. Averaged AFM line trace of lines presented in Fig. 2(a), recorded before Pt
coating and SEM imaging. The lines appear much wider due to tip convolution
effects.

the same developer but at 20 °C [10], and is consistent with observations from electron beam lithography [19].
4. Discussion and conclusions
The lines demonstrated here are the smallest features produced
with X-rays in direct write (maskless) geometry, and the smallest
produced using a ZP. Furthermore, these may be the smallest arbitrary geometry, continuous and reproducible features produced with
photons in direct write geometry. Most examples of direct write
patterning with photons have involved visible wavelengths. The
minimum feature width achieved is usually limited by diffraction
to 100–200 nm or more, however sub-100 nm features have been
achieved through several innovative approaches. Advancements
in the far-ﬁeld technique of multi-photon absorption polymerization have led to examples of 80 nm wide lines with 800 nm laser
light [20], and 65 ± 5 nm features with 520 nm light [21]. Menon
et al. demonstrated 80 nm line width capability by creating nearﬁeld apertures in a photochromic top layer using far-ﬁeld exposures at wavelengths of 325 nm and 633 nm [22]. Sub-100 nm features have also been directly written with scanning near-ﬁeld
optical microscopes (NSOM). The smallest continuous line widths
achieved using NSOMs are between 20 nm and 40 nm [23,24],
but the quality and consistency appear to be inferior to what has
been demonstrated here using ZP focused 1 keV X-rays. We expect
to achieve even better feature quality in the near term: At this level
of performance the roughness of the SiN substrate (Rq = 0.62 nm)
contributes to the measured line width roughness. STXM patterning experiments are currently limited to thin X-ray transmissive
substrates such as SiN as they enable accurate focusing, but patterning on smoother Si wafers (Rq 6 0.1 nm) and other opaque
samples will be possible by incorporating of a focusing procedure
involving electron yield [25,26] or ﬂuorescence detection.
Historically it has proven much more challenging to focus Xrays to nanometer dimensions compared to electrons, and the record minimum X-ray spot size may never equal that achievable
with electrons. In spite of this, the minimum feature width achievable by both radiation types could become equivalent, possibly by
the end of this decade. It has been observed that the minimum line
width attainable in polymeric resists is around 5 nm, whereas the
electron beams used to make such features typically have a spot
size much smaller than that. This intrinsic limit is due to exposure
from secondary electrons liberated within the resist by the primary
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