NUCLEAR SCIENCE AND TECHNIQUES 26, 010101 (2015)

Developments at SSRF in soft X-ray interference lithography*
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The soft X-ray interference lithography (XIL) branch beamline at Shanghai Synchrotron Radiation Facility
(SSRF) is briefly introduced in this article. It is designed for obtaining 1D (line/space) and 2D (dot/hole)
periodic nanostructures by using two or more coherent extreme ultraviolet (EUV) beams from an undulator
source. A transmission-diffraction-grating type of interferometer is used at the end station. Initial results reveal
high performance of the beamline, with 50 nm half-pitch 1D and 2D patterns from a single exposure area of
400 um x 400 pm. XIL is used in a growing number of areas, such as EUV resist test, surface enhanced Raman
scattering (SERS) and color filter plasmonic devices. By using highly coherent EUV beam, broadband coherent
diffractive imaging can be performed on the XIL beamline. Well reconstructed pinhole of ¢20 um has been

realized.
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I. INTRODUCTION

Large area high resolution periodic nanostructures are
needed in many areas of scientific research, such as gratings
for spectroscopy, bio-sensor arrays, surface plasmon, photon-
ic crystals and magnetic recording. Lithography methods of
electron beam lithography (EBL), nanoimprint lithography
(NIL), scanning probe lithography (SPL) and laser interfer-
ence lithography (LIL) can be used to prepare periodic nanos-
tructures [1-4]. EBL and SPL are of high resolution, but they
are too slow to obtain large area nanostructures. NIL costs
less, but has problems of particulate contamination and resid-
ual polymer layer [5] on the nanostructures. LIL can also
be used to print periodic nanostructures over large area, with
low cost, too, but the resolution is limited to 100 nm by wave-
length of laser [6].

Based on coherent radiation from undulator source, soft X-
ray interference lithography (XIL) is developed for prepar-
ing large area periodic nanostructures in resolutions be-
low 100nm [7]. Modern synchrotrons can provide high-
ly coherent radiations up to about 100eV [8]. XIL
beamlines have been built in different synchrotron facili-
ties, such as the XIL II beamline in SLS [9], the EUV-
IL beamline in NewSUBARU [10], the EUV-IL beamline
in Wisconsin-Madison [11], the EUV-IL beamline in the
NSRRC (Taiwan) [12], and the highest resolution, lines
structures below 8 nm, is obtained by XIL techniques up to
now [9].

In this paper, we report the latest developments and po-
tential applications of XIL branch beamline (BLOSU1B) at
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Shanghai Synchrotron Radiation Facility (SSRF). Based on
diffraction (gratings) optics, 50 nm half-pitch 1D and 2D pe-
riodic patterns with single exposure area of 400 pm X 400 pm
were obtained. Also, broadband coherent diffractive imag-
ing was carried out on the XIL experimental setup, with good
results.

II. BEAMLINE LAYOUT

The XIL beamline is a branch of the soft X-ray spectromi-
croscopy beamline (STXM, BLOSU1A) [13] using the ellip-
tically polarized undulator (EPU). Energy range of the XIL
is 85-150eV. According to the choice of next-generation
EUV lithography technology, the EPU gap is usually set at
37.47 mm, corresponding to energy of 92.5eV [14]. The
beamline layout is shown in Fig. 1. A four-knife slit (Slit1)
located at 20 m from the source point is employed to define
the acceptance angles to +0.04 mrad in horizontal and verti-
cal directions. Slit 1 also functions to absorb most of the heat
load and protect the downstream optical elements. After Slit
1, two cylinder mirrors, Au-coated and side water-cooled, are
used to deflect and focus the beam. The beam is diverted into
the XIL branch when the Mirror 1 is inserted into the main
beam. It deflects the beam horizontally by 1.5° and produces
light parallel in the vertical direction. It plays a role in cut-
ting the higher energy radiation (> 2000eV). The Mirror 2
deflects the beam by 10°, which is large enough to eliminate
photons in energies of above 150eV. It plays a role in cut-
ting higher harmonic, and it deflects and focuses the beam to
another four-knife slit (Slit2), which acts as the high quality
spatial coherence second light source for the transmission-
diffraction-grating at the end station. The measurement re-
sults in acceptance of the beamline are shown in Table 1.

The XIL chamber, with an interferometer (mask) of the
transmission-diffraction-grating type [15, 16], is installed in a
100-class clean room at the end of the beamline. The spatially
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Fig. 1. (Color online) Schematic layout of the BLOSU1B beamline.

TABLE 1. Measurement results of the BLOSU1B beamline in its
acceptance test

Items Measurement results

85-150
3.1x3.1@85eV
3.1x3.1@92eV
3.1x3.1@150eV

Photon energy (eV)
Spot size at mask (mm)

Flux at mask (10" s™! cm™2) 2.4@85eV
3.6@92¢eV
0.93@ 150eV
Single exposure size (mm) 04x0.4
Fringe period (nm) 100
(a)
e

Fig. 2. (Color online) The schemes of grating based interference.
1D line patterns and 2D dot patterns will be fabricated respectively.

coherent incident beam is diffracted by linear gratings which
are patterned on a Si;N, membrane (Fig. 2). The resulting
mutually coherent beams interfere at a certain distance along
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Fig. 3. Periodic line and hole patterns made by XIL exposure in
PMMA using different masks. (a) 50nm half-pitch lines, (b, c) 50
and 100 nm half-pitch holes, (d) SEM image of the single exposure
area of 400 microns. The scanning mode is SEM (U).
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the beam direction. The exposure dose is detected by a pho-
todiode (PD) installed before the mask. Two linear gratings
are used to create lines (Fig. 2(a)), while hole/dot patterns can
be made in one exposure step by the interference of three or
more diffracted beams (Fig. 2(b)).

For two-beam interference, considering normal incidence
of the light, pitch size of the interference fringes is expressed
as p = d/2, where d is pitch size of the grating pattern. For
multi-beam interference, the relationship between the peri-
od of diffraction gratings and the fringe patterns varies de-
pending on the grating design [16, 17]. For example, in a
four-beam scheme, a demagnification factor of 2 or 2!/2 (in
terms of pattern period) can be obtained when the phases fac-
tor difference of the interfering beams are nm or (n + 1/2)m,
where 7 is an integer [17]. Thus, the period of the fringe pat-
tern is related to the grating period only and is independent
of the illuminating wavelength (Fig. 2). Thus, high power of
broadband radiation from the undulator sources can be used
efficiently. A larger spectral width of the illuminating source
is permitted to have a higher illuminating flux. Then the ex-
posure time can be shortened, and the vibration issues can
be avoided as much as possible. Spectral width of the beam-
line is 1/40, which leads to high flux (Table 1). Under such
high flux, hole and line patterns in polymethyl methacrylate
(PMMA) resist can be exposed within 30 s on the beamline.

Examples of line and holes patterns of various periods,
which were realized on the XIL beamline, are shown in Fig. 3.
Structures of 1D periodic lines structures, and 2D periodic
holes with the half-pitch of 50 nm, and 100 nm, are shown in
Figs. 3(a), 3(b) and 3(c), respectively. Fig. 3(d) is SEM image
of the single exposure area, sized at 400 um. Depending on
the grating structures, the exposure time was 10-30s, which
is much quicker than traditional EBL techniques. All the
above structures were exposed in positive PMMA resist, in
thickness of 70 nm, spin-coated on Si wafers. After exposure,
the samples were developed in 1:3 solution of methyl isobutyl
ketone (MIBK): isopropyl alcohol (IPA) for 30s.

The exposure structures in Fig. 3 look like dot array not
hole array. This is very strange. As positive resist, the ex-
posed PMMA can be removed after developing by MIBK:
IPA and 2D hole arrays should be obtained. This may be be-
cause of non-conductive of the resist and the scanning mode
in the SEM. SEM (U) mode is usually used to get a clear im-
age (Fig. 3) because of the non-conductive resist. Pictures of
hole arrays can be obtained when the SEM (L) mode is used
(Fig. 4(a)). But it is not so clear. In addition, hole arrays can
be clearly seen in the AFM image (Fig. 4(b)). The above SEM
pictures were monitored by field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800). The gratings were
bought from Eulitha AG.

III. TRANSMISSION GRATING FABRICATION

Grating is a key part of XIL techniques [16-20]. We had
to buy gratings from Eulitha AG before we bought the EBL
machine (Crestec Cabl-9500C) in 2013, since then two-beam
grating in 300-nm period has been made and used.

Nucl. Sci. Tech. 26, 010101 (2015)

2.0 100.0 nm

Fig. 4. (Color online) SE (L) image (a) and AFM image (b) of
100 nm half-pitch periodic hole patterns.

Dry-etching and lift-off process are usually used in the
grating fabrication process [16—18]. Smooth and steep Cr line
structure can be fabricated by using the dry-etching process.
However, poisonous gas such as Cl, is usually used in the
etching process. Zhu et al. [19, 20] reported that by means
of electron beam evaporation and lift-off process, smooth Cr
line structure was fabricated. Based on the rigorous coupled-
wave analysis, they fabricated a Cr grating on 100 nm Si;N,
membrane by using the EBL lithography and the lift-off pro-
cess. The first order diffraction efficiency of the grating is
4.43%. By using the same process, we obtained a Cr grating
with period of 300 nm and obtained its exposure results in
XIL beamline.

The grating fabrication process is schematically shown in
Fig. 5(a). A low-stress 100nm Si;N, layer was chosen as
the transparent membrane. A Crestec CABL-9500C e-beam
lithography tool was used for the lithography. After lithog-
raphy, a 50nm Cr layer was deposited by electronic beam
evaporation. A 300 nm thick Au was deposited onto the out-
side grating region by electronic beam evaporation. It acted
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Fig. 5. (Color online) Fabrication process of the gating (a), SEM
image of the two beam grating (b), and SEM image of the exposure
result on PMMA (c), and on the user’s MG resist (d).
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Fig. 6. SEM image of the XIL patterns on MG resist invented by
Yang et al. [21].

as an XIL grating central photon stop layer. The backside
silicon substrate was removed by a wet-etch process using
an aqueous KOH solution at 80 °C. Fig. 5(b), Fig. 5(c) and
Fig. 5(d) show SEM images of the Cr grating and its inter-
ference patterns (half-pitch=75nm) on PMMA resist and on
a molecular glass (MG) resist invented by one of users. SEM
imaging of the grating and the exposure result on PMMA
were monitored by SEM function of the EBL system (CABL-
9500C), and SEM imaging of the exposure result done by our
user was monitored by field-emission scanning electron mi-
croscopy (FE-SEM, Hitachi S-4800).

IV. APPLICATIONS

The XIL beamline, started commissioning in Sept. 2011
and operation in Jan. 2012, has been opened to users since
Oct. 2012. Thanks to its excellent performance in terms of
pattern resolution, uniformity, size of the pattern area, the sys-
tem has been used in numerous applications, such as EUV
resist test, surface-enhanced Raman scattering, nanometer
magnetism, biology self-assembly, nano-photoelectron de-
vice, and large area gratings of high density. Up to now, 10
patents and 7 articles have been published. Here we report the
applications in EUV resist test and surface enhanced Raman
scattering.

A. EUV resist test with high resolution [21]

EUV lithography with 13.4 nm irradiation is most likely to
be used for the next-generation lithography. It is a key tech-
nology for continuation of the Moor’s Law [22]. Challenges
in EUV lithography include the EUV lithography system,
mask, and photoresist [23]. Yang et al. [21] did EUV re-
sist test on the soft XIL beamline. By changing the exposure
time, they obtained line structures of different line width on
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Fig. 7. (Color online) Surface enhanced Raman scattering of R6G on the Au nanodisk array with high resolution and high uniformity [24].

the MG resist they invented. Line structure in 30 nm resolu-
tion and line width roughness (LWR) of 2 nm was obtained
(Fig. 6).

B. Surface enhanced Raman scattering (SERS) with high
sensitivity and uniformity [24]

Au nanodisk arrays exhibited a significant, uniform and
reproducible surface enhancement on Raman scattering sig-
nal, which enabled the detection of R6G (Rhodamine 6G) as
low as 10~ M with an enhancement factor of 10° (Fig. 7(a)).
Importantly, the Au nanodisk arrays SERS-active substrates
with uniform high sensitivity have high reproducibility and
stability. Intensities of the main Raman vibrations of R6G
methanol solution in 32 spot SERS spectra were collected on
the Au nanodisk arrays. The values of RSD (relative stan-
dard deviation) of vibrations at 1313, 1366 and 1512cm™!
are 18.1%, 15.5%, and 13.4% (Fig. 7(b)), respectively, which
a vigorous indication of the substrate uniformity [24]. XIL
nanofabrication appears to be a feasible approach to prepare
uniform and reproducible SERS-active substrates with high
sensitivity for practical SERS applications.

V. LATEST DEVELOPMENT-BROADBAND COHERENT
DIFFRACTIVE IMAGING

Broadband coherent diffractive imaging (CDI) is the lat-
est development on the XIL beamline. CDI is a powerful
microscopy technique for imaging materials and biological
specimens in two and three dimensions [25]. It does not rely
on X-ray optics, so its spatial resolution is just limited by the
wavelength. Significant increases in the spatial resolution re-
quire brighter sources and longer exposure time, or the capac-
ity of increasing the acceptable limit on the bandwidth. The
use of broadband X-ray beams is a possible way to improve
the spatial resolution [26].

Using full spectrum width of the undulator radiation en-
ables a broadband XIL lithography. The beam spatial coher-
ence and coherent photon flux can be controlled precisely,
which meets the conditions of broadband coherent diffractive
imaging. Then, broadband CDI can be carried out on the XIL
beamline. Typical results are shown in Fig. 8. Broadband
X-rays, in a distribution shown in Fig. 8(a), and in normal
incidence, irradiated on a ¢20 um pinhole. Fig. 8(b) shows
the diffraction pattern collected by CCD. Fig. 8(c) shows the
pinhole image reconstructed after enough iteration by broad-
band phase retrieval algorithm. Comparing with Fig. 8(d),
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Fig. 8. (Color online) Typical results of broadband CDI. (a) First harmonic spectrum of undulator radiation. (b) Diffraction pattern of pinhole
(in logarithmic scale), the central and left show missing signals caused by the beamstop. (c) Reconstructed pinhole image. (d) The pinhole
STXM image.

we can see that the reconstructed pinhole image is the same
as its real image, and the aperture edge detail is clearly visi-
ble (shown the arrow positions). In order to avoid saturating
the CCD, a beamstop is used, which causes black fake signals
appearing inside the reconstructed pinhole image because of
the central missing signal in Fig. 8(b). The central missing
data can be estimated by Fourier transform of lower resolu-
tion images by, e.g., soft X-ray microscopes [27]. The results
demonstrate the application of broadband CDI in XIL, which

provides a prerequisite for developing rapid high-resolution
three dimensional imaging technique.

VI. CONCLUSION

In this study, a new branch beamline in SSRF to perform
XIL exposure is introduced. A transmission-diffraction type
of grating is used on the beamline. The XIL beamline can
be used to fabricate 1D periodic line structures and 2D pe-
riodic holes patterns by using the EUV exposure of two- or
multi-beam gratings. A two-beam Cr transmission diffraction
grating of 300nm pitch was fabricated by the lift-off pro-
cess. High quality exposure line patterns with the half-pitch
of 75nm were fabricated on PMMA and MG resist. EUV
resist test with high resolution and surface enhanced Raman
scattering detection with high sensitivity and uniformity have
been realized by the beamline users. These show excellent
performance of the XIL beamline. By using the highly coher-
ent EUV beam, XIL beamline can be used to perform broad-

band CDI. Well reconstructed pinhole of ¢20um has been
realized on the beamline.
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