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Abstract

Photolithography has long been a critical technology for nanoscale manufacturing, especially in
the semiconductor industry. However, the diffractive nature of light has limited the continuous
advance of optical lithography resolution. To overcome this obstacle, near-field scanning optical
lithography (NSOL) is an alternative low-cost technique, whose resolution is determined by the

near-field localization that can be achieved. Here, we apply the newly-developed backside
milling method to fabricate bowtie apertures with a sub-15 nm gap, which can substantially
improve the resolution of NSOL. A highly confined electric near field is produced by localized
surface plasmon excitation and nanofocusing of the closely-tapered gap. We show contact
lithography results with a record 16 nm resolution (FWHM). This photolithography scheme
promises potential applications in data storage, high-speed computation, energy harvesting, and

other nanotechnology areas.

Keywords: near-field lithography, nanofabrication, localized surface plasmon, nanofocusing,

passive flexure stage

(Some figures may appear in colour only in the online journal)

1. Introduction

In the past decades, photolithography has achieved great
success and has pushed forward the development of nano-
technology [1]. Its further advance is restricted by the dif-
fractive nature of light. To economically realize high-
resolution and high-throughput optical nano-patterning, var-
ious lithography techniques have been developed, such as
self-assembly lithography, nano-sphere lithography, plas-
monic interference lithography and nanoimprint lithography
[2-6]. Among them, near-field scanning optical lithography
(NSOL) using ridged apertures has attracted intensive
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attention [7-10]. In NSOL, scanning nano-apertures serve as
diffraction-unlimited light sources and directly expose surface
features in the optical near field on the photoresist; nano-
apertures with a more confined near field are therefore pre-
ferred to achieve better lithography resolution. For a bowtie
aperture illuminated with proper polarization, its near-field
localization is decided by its gap size [11, 12].

Usually, nanoscale bowtie apertures are directly milled
using a focused ion beam (FIB) from the top of a thin metal
film; we call it ‘the front-side milling method’. However,
bowtie apertures fabricated by this method suffer from a
tapered sidewall with a rounded corner [13]. The tapered
sidewall is caused by the combined effects of the Gaussian
ion beam profile, the angle-dependent sputtering yield of the
incident ion, and redeposition. The rounded corner is mainly

© 2016 IOP Publishing Ltd Printed in the UK
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Figure 1. (a) Schematic drawing of the mask fabrication process. (b) SEM images of the island on the mask (left: the front side; right: the
backside). (c) Tilted SEM images of bowtie apertures fabricated using the two milling methods (left: the backside milling method; right: the
front-side milling method). (d) Schematic of the two aperture milling methods.

caused by the non-Gaussian tail of the ion beam [14, 15]. As a
result, the lateral gap size is apparently enlarged; in previous
works this has been found to be above 30 nm, something that
seriously restricts its lithography resolution. In our former
work [16], we have developed a new fabrication method
named ‘the backside milling method’ to fabricate bowtie
apertures with a sub-20 nm gap size. As such, near-field
localization is notably improved, as testified by the scattering
scanning near-field optical microscopy.

In this work, we apply the newly-developed backside
milling method to fabricate bowtie apertures with an ultra-
small gap for near-field lithography. The passive flexure stage
is precisely designed to accurately control the contact con-
dition between the mask and the substrate. As a consequence,
the lithography resolution is improved to a record 16 nm
(FWHM), which demonstrates great advantages over pre-
viously reported works on NSOL. The lithography results
match well with the numerical calculations. This nanolitho-
graphy scheme may further drive down nano-manufacturing
resolution to a new era, which promises potential applications

in high-density data storage, biosensing, high-efficiency
energy harvesting and so on [17-21].

2. Experiment and modeling

Figure 1(a) shows the fabrication process of the near-field
lithography mask. A SiO, film (thickness: 2 m) and a SizNy
film (thickness: 300 nm) are deposited respectively on two
sides of the Si wafer (thickness: 300 pm) using plasma
enhanced chemical vapor deposition (PECVD) (Oxford Sys-
tem 100). Then three rectangles (400 pm x 400 pm) are
patterned on the backside by optical lithography (SUSS
MABAG), in which the SiO, film is removed by reactive ion
etching (RIE) (Oxford NGP80). After that the Si wafer in the
windows is etched out by inductively coupled plasma RIE
(ICP-RIE) (Oxford ICP380) and KOH, leaving the SizN, film
suspended. Then three islands (200 pgm x 200 pm) are pat-
terned at the front side aligned with the three windows using
optical lithography. The Si3;Ny film and a 20 pm thick Si layer
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Figure 2. (a) FDTD simulation of the electric field intensity (background color), surface current (dotted line) and charges (signs) on the exit
plane of the backside milling bowtie aperture made in the Cr film; scale bar: 50 nm. (b) and (c) Cross-sectional electric field intensity of the
backside milling bowtie aperture (b) and the front-side milling bowtie aperture (c); scale bar: 50 nm. (d) Imaging contrast at different x

coordinates for the two apertures at 5 nm and 10 nm exposure depth. (e) Achievable resolution as a function of exposure depth for the two

apertures.

at the rest area is removed by RIE and ICP to form island
structures, which help ensure contact between the mask and
the photoresist. The SEM images of the island are depicted in
figure 1(b). After that, a layer of chromium (80 nm) is
deposited on the front side using a thermal evaporator with a
rate of 0.2 A s~'. Chromium is chosen because of its high
film quality and good compatibility with the lubricant. Lastly,
a FIB (FEI Helios 650, 30 kV and 7.7 pA) is used to mill
bowtie apertures on the Siz;N, membrane from the backside of
the mask through to the front side. We call this ‘the backside
milling method’, which is different from ‘the front-side mil-
ling method’. The schematic of the two fabrication methods is
displayed in figure 1(d). Utilizing the backside milling
method, the resultant non-vertical sidewall will not enlarge
the gap size of the bowtie aperture on the metal surface. As a
result, the lateral gap size can be consistently controlled
below 15 nm, as shown in figure 1(c) (left). The outline
dimension of the aperture is 120 nm X 130 nm. For com-
parison, a bowtie aperture fabricated using the front-side
milling method has a gap size of 42 nm, as shown in
figure 1(c) (right). Both the outline dimension and the lateral
gap size on the metal surface are apparently enlarged.
Three-dimensional, finite-difference, time-domain (FDTD)
simulations (Lumerical FDTD Solutions) are conducted to
compare the near-field localization of the two apertures shown

in figure 1(c). Optical properties of SizN, and Cr are taken
from Palik [22]. The refractive index of S1805 is 1.7433 at 355
nm. A plane wave polarized across the gap direction at the 355
nm wavelength is illuminated on the entrance plane of bowtie
apertures. For the backside milling aperture, the electric near
field is squeezed horizontally at the central gap in the xy-plane
and vertically along the z-direction. In the xy-plane, as shown
in figure 2(a), the surface current arises from one ridge, flows
around the aperture and ends on the opposite ridge, depositing
electric charges with opposite signs on the two ridges. The
accumulated charges oscillate with the excitation electro-
magnetic field and act as an electric dipole. Due to the exci-
tation of localized surface plasmon [23, 24], the electric field is
enhanced and localized at the gap area and its confinement is
decided by the gap size. Along the z-direction, the surface
plasmon polariton (SPP) mode excited at the entrance plane is
nanofocused to the narrower gap at the exit plane by the ver-
tical taper [25-27], as shown in figure 2(b). Although the
modal intensity is attenuated during transmission because of
the propagation loss, the modal volume is compressed. Take
the front-side milling aperture for comparison—relative to the
backside milling aperture, its near-field confinement in the xy-
plane is weakened due to its larger gap size and its SPP mode is
diverged along the z-direction for its reversed taper, as shown
in figure 2(c). As a result of the two factors, the electric field of
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Figure 3. (a) Schematic drawing of the near-field optical lithography system. (b) Schematic drawing of the front side of the mask. (c) 3D
model of a basic flexure hinge. (d) Stress distribution and (e) lateral deformation distribution of the passive stage using finite element

analysis (FEA).

the backside milling aperture is much more confined than the
front-side milling aperture.

Two factors decide the near-field lithography resolution:
the transmitted field intensity distribution and the imaging
contrast. Photoresist is sensitive to the total field intensity and
a sufficient imaging contrast is required to expose patterns
with good quality [28, 29]. The imaging contrast M(z, r) is
defined as:

Inax (2) — 1(z, 1)
Inax @) + 1z, 1)’

where z is the distance from the exit plane and r is the radial
coordinate. I,,x(z) is the peak value of the light intensity in
the plane and I(z, r) is the intensity where the resolution needs
to be evaluated. For the Shipley S1805 photoresist, an ima-
ging contrast >0.1 is required to realize the corresponding
resolution [30]. We can see from figure 2(d) that as the
lithography depth decreases from 10 nm to 5 nm, the imaging
contrast at a certain resolution apparently increases. By cal-
culating the resolution value at a different depth where the
imaging contrast equals 0.1, we can plot the achievable
resolution as a function of the pattern depth for the two
apertures, as shown in figure 2(e). Obviously, bowtie aper-
tures fabricated using our method can achieve a higher
resolution than bowtie apertures milled from the front side.
The schematic of the near-field lithography system is
shown in figures 3(a) and (b). A linear polarized, diode-
pumped, solid-state laser at 355 nm wavelength with 50 mW
power is used as the exposure source. With a 5x objective,
the laser beam is loosely focused to a 1.5 mm x 1.5 mm spot

Mz, r) = 1)

on the mask. The polarization of the laser is aligned across the
gap of the bowtie aperture. The positive photoresist (Shipley
S1805) used in our experiments is spun (4500 rpm) on a
quartz substrate with a thickness of 450 nm. According to the
data sheet of the photoresist, as the spin speed rises from 2000
rpm to 5000 rpm, the thickness of the photoresist decreases
from 650 nm to 400 nm; it remains unchanged with a further
increase of the spin speed above 5000 rpm. Our experiments
agree well with the data sheet. After exposure, the photoresist
is developed for 30 s. The substrate is mounted on a three-axis
piezoelectric stage and the mask is held by a passive flexure
stage [31]. The surface quality of the mask and the substrate is
critical for good contact. By AFM characterization, the
roughness of the photoresist is better than 2 nm and the
flatness of the Cr film is better than 3 nm over the 200
pm x 200 pm island. An electrical switcher is used to
accurately control the exposure dose. All the AFM mea-
surements in our experiments are conducted in a tapping
mode with a Bruker Dimension Icon. The AFM tip we use is
the Arrow-NCR (Nanosensors) with a nominal tip radius of
10 nm which is able to resolve the lithography results in
our work.

When bringing the substrate and the mask into contact, it
is critical to minimize their relative lateral motion. The pre-
sence of sliding can cause wear and generate undesirable
particles which will have a negative influence on lithography.
During scanning, the interfacial forces, adhesion or friction,
may cause unfavorable photoresist deformation, scanning
hysteresis, or even mask breakage. To solve these problems, a
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Figure 4. AFM images of lithography results using the same bowtie aperture with different exposure doses: (a) 1 s, (b) 0.5 s, (c) 0.2 s.
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Figure 5. (a) SEM of the two kinds of bowtie apertures with their lateral gap size indicated for comparison. (b) AFM image of lithography
results of the array. (c) Zoomed-in scan of the lower right hole. (d) Cross-section profile in the x-direction. (e) Achievable resolution as a
function of patterning depth for the two kinds of bowtie apertures with different gap width g. The solid lines are obtained with the numerical

analysis and the color asterisks are the experimental results.

passive flexure stage is applied in our lithography system
[32]. A flexure hinge with a high off-axis stiffness is the
fundamental unit of the stage, which incorporates a circular
cutout on either side of the blank, as shown in figure 3(c). Its
spring constant k can be calculated based on Paros and
Weisbord’s equation [33]. To maintain orientation motion
between the mask and the substrate with a low load, two
layers of hinges are designed with eight hinges in each layer.
FEA is used to calculate the stress distribution and the lateral
deformation distribution under a center load. A model mesh is
generated as a free tetrahedral element type and is refined to
improve the analytical accuracy. The top surface of the stage
is fixed and a given vertical load 5 N is applied on the edge of
the mask to mimic a small misalignment between the mask
and the photoresist. The material of the hinges is aluminum
alloy 7075-T6; its Young’s modulus is 71.7 GPa and

Poisson’s rate is 0.33. As shown in the stress distribution
illustrated in figure 3(d), the stress is mainly concentrated at
the circular hinges. Structural parameters of each hinge are
optimized to maintain the lateral motion of the stage to be as
small as 7.8 nm, as shown in figure 3(e). The lubricant
Fomblin Z-dol which is compatible with Cr is also used in
lithography to efficiently decrease the friction coefficient
between the mask and the substrate by a factor of three. This 2
nm-thick lubricant layer has little influence on the near-field
distribution, thus it is ignored in the numerical simulations.

3. Results and discussion

Precise control of the exposure dose is critical to achieve high
lithography resolution; this is achieved through exposure time
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Figure 6. (a) SEM of four bowtie apertures with different scan passes
and gap sizes. (b) AFM image of lithography results of the aperture
array with the FWHM of each hole indicated. (c) Achievable
resolution as a function of patterning depth for bowtie apertures with
different gap widths g. The solid lines are obtained with the
numerical analysis and the color asterisks are the experimental
results.

control in our experiments. Lithography results using the
same bowtie aperture with different exposure times (1 s, 0.5 s
and 0.2 s) are shown in figure 4. Longer exposure time leads
to larger and deeper holes with worse resolution, but too short
an exposure time (<0.2 s in this case) will result in no
lithography results. Thus, a threshold dose needs to be cali-
brated and used to achieve the best resolution.

In order to compare the lithography performance of the
bowtie apertures fabricated using the two different milling
methods, an array composed of two front-side milling bowtie
apertures (upper) and two backside milling bowtie apertures
(lower) is fabricated and used for the lithography, as shown in
figure 5(a). By properly controlling the exposure dose,
lithography at 0.2 s gives the best resolution. It can be seen
from figure 5(b) that the lithography resolution is apparently
improved by using the backside milled bowtie apertures for
its better near-field confinement, which agrees well with the
numerical calculations, as shown in figure 5(e). A zoomed-in
scan of the lower right hole gives a resolution of 20 nm
(FWHM) in the x-direction, as shown in figures 5(c) and (d).
Deconvolution of the measured hole topography with the
geometric model of the AFM tip gives a FWHM value of 24
nm. The FWHM in the y-direction is 27 nm because of the
relatively larger longitudinal gap size, which can be reduced
by optimization of the ion scan path [34]. As a comparison,
the zoomed-in scan of the upper left hole gives a FWHM of
48 nm.

The gap size of the bowtie aperture decides its near-field
localization. To evaluate the influence of the gap size on the
lithography performance, we fabricated four bowtie apertures
with different gap sizes using the backside milling method by
simply changing the ion scan passes while fixing the ion

dwell time on a single pixel (figure 6(a)). As shown in
figure 6(b), the lithography results demonstrate that a larger
gap size leads to worse lithography resolution. In figure 6(c),
we plot the achievable resolution of bowtie apertures with
different gap sizes as a function of patterning depth using the
numerical method described above. The experimental results
are also presented in the figure, which agree well with the
analytical results. As a conclusion, the bowtie aperture with a
smaller gap size can achieve a higher lithography resolution.

With the assistance of the flexure stage and lubricant, the
substrate can be scanned below the lithography mask while
maintaining good contact. Otherwise, the interfacial forces,
adhesion or friction may cause an unfavorable photoresist
deformation, scanning hysteresis, or even mask break [35].
The exposure dose is adjusted by the scanning speed. A
slower scan results in a deeper and broader groove. Con-
sidering that the lithography line is formed by overlapping
between two adjacent lithography holes, a higher resolution
can be achieved by scanning lithography compared to static
lithography [36]. During scanning, the apertures will not be
rotated with different scan directions. As shown in figure 5(c),
the dimension of the exposure hole is 20 nm in the x-direction
and 27 nm in the y-direction. Such a deviation results in
different lithography linewidths along different scan direc-
tions, which, however, is not apparent, as shown in
figure 7(a). Rotating apertures will cause slide contact
between the mask and the photoresist, weaken the function of
the lubricant system and make the orientation of the apertures
misalign with the polarization of the exposure laser.
Figure 7(a) shows a pattern ‘USTC’ produced using our
NSOL system. AFM scanning gives a record 12 nm litho-
graphy resolution (FWHM) at a scan speed of 0.2 um s~ ', as
shown in figures 7(b) and (c). Deconvolution of the measured
trench profile with the geometric model of the AFM tip
(Arrow-NCR from Nanosensors with a nominal tip radius of
10 nm) gives a FWHM value of 16 nm.

Similar to FIB or E-beam lithography, NSOL fabrication
speed can change significantly depending on the fabrication
resolution and exposure power. Overall its fabrication speed
is comparable to FIB or E-beam lithography. However,
compared with FIB or E-beam lithography, NSOL is much
cheaper and more convenient. The total cost of the setup is
only ~5% of the FIB or E-beam cost. Furthermore, it does not
require high vacuum techniques and conductive substrates.

The optical near field of the bowtie aperture is evanescent
and decays rapidly with increased distance from the aperture;
the exposure depth is therefore limited in our work, which is a
common problem in NSOL [10, 35, 37-39]. If the Shipley
S1805 photoresist is diluted with the related diluent and then
spin-coated, the minimum thickness it can achieve is 19 nm,
which is still much larger than the exposure depth of our near-
field lithography. An increasing exposure dose can deepen the
lithography pattern at the expense of seriously worsening the
resolution. Adding a reflective slab can be an efficient
approach to increasing the exposure depth while maintaining
a high resolution, but it will make the lithography process
much more complicated [40]. The shallow exposure depth in
the photoresist can impede the following pattern transfer
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Figure 7. (a) AFM image of a pattern produced by NSOL. (b) Zoomed-in image of the line at the lower part of the character “T’. (c) Cross-

sectional profile of the line.

process, which is still under investigation by a number of
groups around the world.

4. Conclusions

In conclusion, we have presented NSOL using bowtie aper-
tures with a sub-15 nm gap, which are fabricated using the
backside milling method. Combined with the passive flexure
stage for contact control, we have realized a record 16 nm-
resolution lithography. By further decreasing the gap size of
the bowtie aperture via combining the proximity milling
technique and optimizing the contact condition, the near-field
lithography resolution promises further refinement in the
future. This low-cost photolithography scheme can find its
potential applications in data storage, energy harvesting, high-
speed computation and so on.
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