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Periodic nanostructures have attracted considerable interest and been applied in many fields. However,
nanostructures of sufficiently large areas and depths are necessary for the development of practical
devices. In this study, large-area high-aspect-ratio periodic nanostructures were fabricated by using a
hybrid technology based on X-ray interference lithography, and then the patterns were transferred onto
various substrates successfully. The final periodic nanostructures on the substrate attained measurements
up to square centimetres with depths greater than 200 nm.
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1. Introduction be due to the large-area nanostructures because of the nature of
the serial writing process. Methods based on self-assembled tem-
plates can be applied to the fabrication of large-area nanostructures

at a low cost with high throughput and high efficiency. However,

With the rapid development of nano-processing technology,
nanostructures have attracted considerable interest due to their

widespread applications in many fields, including catalysis [1-4],
sensing [5-8], data storage [9], optoelectronics [10] and fields
related to biology [11]. Furthermore, certain performances of
nanostructures can be drastically improved if the nanostruc-
tures are arranged in an ordered array. It is expected that high
performance devices will be developed on the basis of peri-
odic nanostructures, and therefore, the fabrication of larger-area
periodic nanostructures will be quite important for the develop-
ment of these devices. Focused ion beam etching and electron
beam lithography are two direct writing methods. High-resolution
nanostructures can be obtained by using these methods although
there is a high preparation cost in both time and capital that must
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the area that can be obtained with perfect periodicity is limited
to within several tens of micrometres [12,13] because long-range
ordered structures are difficult to prepare using this method. The
interference lithography method is a powerful way to produce
highly ordered structures because of the strict periodicity of the
interference pattern. Due to the diffraction limit, a traditional vis-
ible laser is not suitable for fabricating nanostructures. Thanks to
the rapid development of synchrotron facilities, extreme ultravi-
olet (EUV) and soft X-rays produced by an undulator have been
adopted as novel sources in interference lithography because of the
high brilliance and good coherence of these rays [14-20]. A single-
exposure patterned area is about several 102 x 10% wm?, which is
mainly dictated by the mask area in multi-beam X-ray interference
lithography (XIL). Unfortunately, this area is also too small to fab-
ricate a practical device. Recently, a novel large-area XIL stitching
technique was developed at the XIL beamline at the Shanghai Syn-
chrotron Radiation Facility (SSRF) [21]. The patterned area can be
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readily stitched together to up to several square centimetres and
even larger with this technique, and the development of a practical
device is possible based on such a large area.

Similar to other lithography methods, the exposure patterns
are first recorded on the photoresist in the XIL, and then the pat-
terns are transferred onto the substrate. A variety of substrates can
be used in the XIL because for the substrates, there are no spe-
cial requirements such as electrical conductivity. Structures with
sufficient depth have contributed to the expansion of the pro-
cessing window in post-treatment. A wider processing window is
important for preparing the sample successfully. In addition, high-
aspect-ratio patterns are a physical requirement in some research
fields. For example, scintillators are critical in radiation detection
systems. The detection efficiency of such systems is improved if
photonic crystals (PhCs) are introduced onto the surface of the scin-
tillator, and the high-aspect-ratio periodic structures of these PhCs
can contribute to the extraction of more photons. To obtain struc-
tures of sufficient depth, a novel soft X-ray interference lithography
(SXIL) technique was developed at the XIL beamline at SSRF [22].
In this technique, a photon energy of 140 eV instead of the tradi-
tional 92.5 eV was selected to increase the transmission rate in the
photoresist while maintaining a good beamline optical efficiency.
Compared with the pattern obtained by applying 92.5 eV photons,
when the photon energy is changed to 140eV, the depth can be
increased from less than 100 up to 300 nm.

Large-area XIL stitching technique and SXIL are two new
developed nano-processing technologies based on XIL at SSRF.
These two novel technologies have been developed independently
and realized large exposure area and high-aspect-ratio periodic
nanostructures, respectively. In this study, large-area high-aspect-
ratio periodic nanostructures were prepared on various substrates
successfully by combining the two new technologies. The experi-
mental results show that these two technologies can be combined
perfectly and the hybrid technology shows a powerful ability to
prepare large-area high-aspect-ratio periodic nanostructures.

2. Experimental

The XIL exposure experiments were carried out at the XIL beam-
line [23], which is a branch of the BLOSU1A [24] beamline at SSRF.
An APPLE-II type undulator is used to produce high brilliant pho-
tons, which decide the relative spectral width of the radiation
spectra is about 1/42.In the experiments, 140-eV coherent photons
were optimized and delivered by the beamline and then irradiated
onto a homemade grating mask. The total size of the grating mask is
about 1 x 1 mm?, so the spot size is optimized to be 1.5 x 1.5 mm?
by comprehensive considering uniformity, coherence and photon
flux. The coherence can be controlled by adjusting the aperture
and the exit slit in our beamline. In this case the coherent length
was estimated to be 2 mm at the mask plane by the mutual opti-
cal intensity (MOI) model [25]. The coherent photon flux density is
measured to be about 1.8 x 10'5 phs/s/cm? by a calibrated photodi-
ode (AXUV100G, IRD). Multi-beams for interference were obtained
using the grating mask. If the period of the mask grating was p,
the exposed pattern period of the first diffraction needed to be
p/2 for two-beam interference, p/+/3 for three-beam interference
and p/+/2 for four-beam interference. Fig. 1 shows the schematic
diagram of the fabrication process of the periodic nanostructures
on a silicon substrate. PMMA (MicroChem PMMA A4, 950Kk) was
spin-coated on a double-side polished silicon wafer to obtain a 300-
nm-thick PMMA layer. Prebaking was required at 180 °C for 1.5 min.
The photoresist was then exposed by the interference beam gener-
ated by the mask grating. By moving the silicon wafer step by step,
the exposure areas could be stitched together area by area. After XIL
exposure, the PMMA was developed in MIBK diluted at 1:3 in IPA
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Fig. 1. Schematic diagram of the fabrication process for large-area high-aspect-ratio
periodic nanostructures.

for 45 s, rinsed with alcohol for 30 s and finally dried with a gentle
N, flow.

3. Results and discussion

Although the larger area exposure technology and the SXIL tech-
nology were developed independently, these two technologies are
not mutually exclusive and can be naturally integrated. In this case,
140-eV photons are used instead of 92.5eV photons in the SXIL
while higher photon energy is also very favourable for the larger
exposure area. To stitch the exposure area together area by area, an
order-sorting aperture (OSA) is necessary to block the zero-order
diffraction from the mask grating. Meanwhile, the +first-order
diffraction from the mask grating must not be blocked by the OSA,
otherwise the pattern at the edge region will be different from that
at the centre area. Therefore, the tolerance for the moving distance
d for the OSA is highly constrained along the beam direction. The &
can be estimated as follows:

_d(L-D)
o~ 2\

where L is the distance between two gratings, D is the width of the
grating, d is the grating period and \ is the wavelength of the inci-
dent beam. The distance 8 greatly depends on the grating period d
and usually it is about several hundred microns. In consideration
of the thickness of the OSA (usually about 300-400 p.m), the OSA
has to be very close to the wafer. Higher photon energy implies a
smaller diffraction angle according to the grating equation when
the grating period is the same, which will lead to a longer toler-
ance for the moving distance of the OSA as shown in Fig. 2. When
140 eV photons are used instead of 92.5 eV photons, the d14gey Will
be about 1.5 times longer than the 8g;.50y.

The final exposure result is shown in Fig. 3, where a 280 nm
period four-grating mask is applied. Ultimately, the total pattern
area reached 1.2 x 1.2 cm? with a period of 200 nm. Thanks to the
top-up operation mode at SSRF, the photon flux that arrived at the
photoresist could be kept stable for a long time. Therefore, the pat-
tern area was mainly dictated by the travel range of the motor and
could be up to several square centimetres or even more. To verify
the photoresist depth after XIL exposure, the wafer was sectioned
and observed through a scanning electron microscope (SEM). The
cross-sectional SEM image reveals that the depth of the nanostruc-
ture was about 300 nm with an aspect ratio of up to 3.

However, the photoresist pattern cannot be applied directly in
most cases, so the pattern transfer is important and requires fur-
ther research. One of the advantages of XIL is that there is no special
requirement for the substrate, thus periodic nanostructures can be
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pattern area 5 140 eV

Fig. 2. Moving distance tolerance of the OSA in large-area XIL exposure with differ-
ent photon energies.
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Fig. 3. Exposure result: (a) the total exposure area is 1.2 x 1.2 cm?, (b) the period of
the nanostructure is 200 nm and (c) the depth of the nanostructure is about 300 nm.

fabricated and transferred onto different substrates. Up to now, this
hybrid technology has been open to the users of the XIL beam-
line. One of the important applications in this domain is fabricating
PhCs on scintillators. Scintillators are critical in radiation detection
system applications, such as medical imaging, high-energy physics
experiments and homeland security [26]. The detection efficiency
of such systems would be improved if PhCs were introduced onto
the surface of the scintillator because the periodic structures of
the PhCs would contribute to the extraction of more photons. As
proven in our previous work, the high-aspect-ratio periodic struc-

tures of PhCs can contribute to the extraction of more photons [22].
To develop a practical device on the basis of the excellent per-
formance of PhCs, larger area periodic nanostructures have been
fabricated on the surface of quartz and different scintillators such
as Y3Al5015:Ce (YAG:Ce), BigGe301, (BGO), which have no electri-
cal conductivity. Fig. 4 shows the result of a large-area exposure
pattern fabricated on a quartz substrate by using an 840 nm period
mask grating. Fig. 4(b) shows the atomic force microscope (AFM)
image of the photoresist pattern. The duty cycle of the pattern was
designed to be greater than 1 for the subsequent atomic layer depo-
sition (ALD). The structure depth was about 300 nm as shown in
Fig. 4(c), which is consistent with the SEM result on the silicon
wafer shown in Fig. 3(c).

Fig. 5 shows large-area nanostructures that have been trans-
ferred onto a YAG:Ce crystal successfully by using an inductively
coupled plasma (ICP) etch system (Plasmalab ICP 180, Oxford
Instruments, Bristol, UK). The total pattern area in the YAG:Ce crys-
tal was about 0.8 x 0.8 cm? as shown in Fig. 5(a). Such a large area
can meet the practical requirements of certain devices. Fig. 5(b)
shows the AFM images of the nanostructures in the YAG:Ce crystal.
Because of the strict periodicity of the interference field, the nanos-
tructures fabricated by XIL showed good consistent orientation
of the periodicity, which is also an advantage of the interference
lithography method. Furthermore, the orientations kept constant in
all the exposure areas. The AFM line-scan profile shown in Fig. 5(c)
indicates that the depth of the nanostructures on the YAG:Ce crys-
tal is about 220 nm, which illustrates that the depth of the unetched
photoresist structure is at least 220 nm where the etch selectivity
ratio is nearly 1. PMMA A4 photoresist was selected to obtain a
thick coating layer. And this further determines the depth of the
nanostructures in the photoresist. Combining the properties of the
photoresist and the transmission rate of the X-ray in this energy
range, a 300-nm deep photoresist structure can be consistently
obtained. This implies that the high-aspect-ratio of the nanostruc-
tures is mainly decided by the period. Though the high-aspect-ratio
isless than 1 in this study, it was determined by the 600-nm pattern
period, which is optimized for maximum light extraction efficiency.
This ratio for the pattern can be up to 3 if the pattern period goes
down to 200 nm [22].

According to various applications, different processes can be
chosen for pattern transfer. Compared with the etching process, the
lift-off process has a narrower processing window, which requires
higher quality photoresist patterns. The height of the final nanos-
tructures is variable depending on the materials in the lift-off
processing. Consider gold as an example: the height of the Au
nanostructure is usually less than 1/3 of the photoresist thickness.
Therefore, a high-aspect-ratio photoresist pattern will provide a
wider processing window for the lift-off process. The sample shown
in Fig. 6(a) was prepared for magneto-optical effect research. A
5x 5 array which consists of 25 2 x 2mm? areas was prepared
on a 3-inch-diameter Si/Au/SiO, substrate. After the lithography
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Fig. 4. (a) Periodic nanoholes prepared on quartz with a total area of 0.6 x 0.6 cm?, (b) AFM imaging of the periodic nanoholes and (c) the height curve of the prepared

periodic nanoholes, which is consistent with the SEM result on the silicon wafer.
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Fig. 5. (a) Periodic nanoholes prepared on the YAG:Ce screen with a total area of 0.8 x 0.8 cm?, (b) AFM imaging of the periodic nanoholes and (c) the height curve of the

prepared periodic nanoholes.
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Fig. 6. (a) Periodic Au nanocylinders prepared on a Si/Au/SiO, substrate by e-beam evaporation, (b) AFM imaging of the periodic Au nanocylinders and (c) the height curve

of the prepared periodic Au nanocylinders.

was completed, a Cr (5 nm)/Au (50 nm) layer was evaporated by an
e-beam evaporation system (QPrep Deposition System, MANTIS,
Oxfordshire, UK) in a 1 x 10~8 mbar vacuum environment, where
chromium was used as an adhesive layer to prevent the gold from
falling off. After evaporation, the resist layer was lifted off in acetone
atroom temperature in an ultrasonic bath for 10 min. AFM imaging
of the obtained periodic Au nanocylinders is shown in Fig. 6(b), and
the height curve of the Au nanocylinders is shown in Fig. 6(c). As
expected, the Au nanocylinders with a height of about 50 nm were
transferred successfully onto the SiO, substrate. In our in-house
study, the height of the Au nanocylinders attained 70 nm by lift-
off processing when the thickness of the photoresist was 300 nm.
Thus, 50 nm Au cylinders can be fabricated and provided to users
consistently.

4. Conclusions

Periodic nanostructures have attracted considerable interest
and can be applied in many areas. However, most of the research
remains in the laboratory stage and has not been developed into
a practical device because nanostructures with sufficiently large
areas and depths are difficult to fabricate efficiently and inexpen-
sively. In this study, periodic nanostructures with an area up to
square centimetres were fabricated by using a hybrid technology
based on XIL technology. The photoresist patterns were fabricated
with a depth about 300nm and transferred onto different sub-
strates successfully with a depth of over 200 nm by etching and
over 50 nm by lift-off processing. Up to now, this hybrid technology
has been open to users of the XIL beamline.
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