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n of scalable nanostructures by
combining maskless plasmonic lithography and
grayscale-patterned strategy

Dandan Han, a Tianchun Ye*ab and Yayi Wei*ab

Nanolithography techniques providing good scalability and feature size controllability are of great

importance for the fabrication of integrated circuits (IC), MEMS/NEMS, optical devices, nanophotonics,

etc. Herein, a cost-effective, easy access, and high-fidelity patterning strategy that combines the high-

resolution capability of maskless plasmonic lithography with the spatial morphology controllability of

grayscale lithography is proposed to generate the customized pattern profile from microscale to

nanoscale. Notably, the scaling effect of gap size in plasmonic lithography with a contact bowtie-shaped

nanoaperture (BNA) is found to be essential to the rapid decay characteristics of an evanescent field,

which leads to a wide energy bandwidth of the required optimal dose to record pattern in per unit

volume, and hence, achieves the volumetrically scalable control of the photon energy deposition in the

space more precisely. Based on the proper calibration and cooperation of pattern width and depth,

a grayscale-patterned map is designed to compensate for the dose difference caused by the loss of the

high spatial frequency component of the evanescent field. A Lena nanostructure with varying feature

sizes by spatially modulating the exposure dose distribution was successfully demonstrated, and besides,

we also successfully generated a microlens array (MLA) with high uniformity. The practical patterning

method makes plasmonic lithography significant in the fabrication of functional nanostructures with high

performance, including metasurfaces, plasmonics, and optical imaging systems.
1 Introduction

With the rapid advancement in lithography techniques, the
demand for precise control of feature size and spatial
morphology for nanopatterning is eminent.1–5 This is princi-
pally because the performance characteristics of nanodevices
are highly sensitive to the critical dimensions of nano-
structures. Consequently, it is essential to achieve arbitrary
modulation of nanoscale feature size with high delity in the
lithographic process.6–11 Thus far, the mainstream approaches
for accurate nanofabrication with arbitrary shapes are photoli-
thography and laser direct write lithography.12–22 Photolithog-
raphy can provide large scale patterning, and laser direct write
lithography has shown its great potential in the fabrication of
complex three-dimensional micro–nano structures. However,
they suffer from limited pattern resolution by the intrinsic
property of light diffraction. Although electron-beam lithog-
raphy (EBL) and focused ion beam (FIB) milling are capable of
high-resolution patterning, they are costly, and the patterning
speed limits their throughput.23,24 For the high-throughput
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nanoimprint lithography, the imprint templates are extremely
expensive and the pattern delity heavily relies on the master
imprint mold.25,26 Interference lithography is also capable of
generating high-resolution periodic structures with high
throughput, but it is not suited for arbitrarily shaped
patterns.27,28 Therefore, developing a scalable nanolithographic
strategy that simultaneously satises (1) low cost, high-
resolution, and high pattern delity and (2) good feature size
controllability with various shapes is still a challenge in the
nanotechnology community.

Maskless plasmonic lithography is a cost-effective and
promising strategy for top-down scalable nanomanufacturing
because it can provide high pattern resolution, larger freedom
of pattern shape design, remove the need for mask fabrication,
and yield both time and cost savings for the fast prototyping of
exposure system.29,30 However, the precise control of feature size
during the patterning process still faces serious challenges. By
employing a metallic bowtie-shaped nanoaperture (BNA) as the
beam spot generator, which can induce the surface plasmon
waves (SPWs) and directly achieve a wavelength much smaller
than that of the incident light, the resolution of plasmonic
lithography has been successfully scaled down to sub-10 nm.31,32

Moreover, the scanning speed of the maskless plasmonic
lithography can be up to mm s−1 order, which is high enough
for use in actual industry fabrication processes.29 Recently, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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research scope of plasmonic lithography has been focused on
practical applications, and the feasibility of applying plasmonic
lithography to micro–nano surface patterning has been further
extended from 1- to 2.5-dimension.33 The nal pattern accuracy
has also been effectively improved to over 90% using near-eld
optical proximity correction (OPC) methods on the basis of the
evanescent nature of the SPWs.32,34 Additionally, patterns with
large aspect ratios have been achieved using a hybrid plasmonic
waveguide exposure system to amplify the plasmonic optical
evanescent eld in the photoresist (PR) layer.35 Almost all of the
previously reported results show that the decay characteristics
of the SPWs critically affect the nal pattern features in plas-
monic lithography, but their corresponding relation has not yet
been intensively studied. Therefore, to realize the plasmonic
lithography for scalable nanofabrication, the more detailed
evanescent components conned by the spatial modulation of
exposure dose for multi-scale arbitrary patterning need to be
captured and controlled accurately to reconstruct a faithful
replica of the desired patterns with high quality and thereby
achieve the precise manipulation of feature size in nanoscale.

Grayscale-patterned method is a powerful approach for
generating the gradient height structures in the PR layer, which
refers to using a variable-dose exposure to control the pattern
depth (different exposure dose makes differential pattern depth
of exposed PR across the surface).36–39 Signicantly, the advances
in good controllability of feature size modulation make grayscale
lithography potentially capable of meeting the increasing
demand for high-precision micro–nano 3D manufacturing.
Unfortunately, achieving nanometer features and resolution in
grayscale lithography is limited by light diffraction. Because the
grayscale lithography uses diffraction to modulate the amplitude
of the intensity by controlling the pixels and pitches, each vari-
able intensity is regarded as a gray level, whereas the number of
the gray levels is determined by the lithographic resolution.

In the present study, we develop a practical and effective
manufacturing technique for scalable nanofabrication that
provides a simple yet versatile and cost-effective patterning
strategy by combining the plasmonic lithography and the
grayscale-patterned method. The patterning method combines
the subwavelength feature size generation capability of plas-
monic lithography with the precise feature size manipulation
capability of grayscale lithography. When aiming at scalable
nanostructuring, we emphasize that obtaining good width
features is as signicant as much as obtaining good depth
features. Hence, we theoretically investigate the rapid decaying
features of SPWs at the lateral and vertical directions of a plas-
monic BNA, respectively. Interestingly, it is found that the
scaling behavior of near-eld intensity decay can yield a wide
bandwidth of required exposure dose per unit volume by con-
trasting the photoresist contrast curves of plasmonic lithog-
raphy with those of conventional optical lithography. Although
this unique feature enables plasmonic lithography to control
the patterning prole more precisely, in reality, it is also a major
optical cause of pattern distortion due to the loss of the high
spatial frequency component of SPWs. To compensate for the
disparity between the desired shape and the patterning result,
a grayscale-patterned map is designed to spatially modulate the
© 2023 The Author(s). Published by the Royal Society of Chemistry
various feature sizes. To show the potential of the novel litho-
graphic method, Lena and MLA micro–nano structures have
been demonstrated with high resolution and high uniformity.
Therefore, plasmonic lithography not only allows fast proto-
typing with precisely modulated feature size but also exhibits
the versatility of scalable manufacturing.

2 Good feature size controllability in
maskless plasmonic lithography
2.1 Theoretical analysis of the scaling behavior in plasmonic
BNA

The patterning process of maskless plasmonic lithography with
a scanning contact probe is schematically illustrated in Fig. 1.
Typically, the plasmonic lithographic process consists of
exposing PR by a photon beam source generated by a metallic
BNA and subsequently developing the PR for pattern transfer.
The prole of the nal exposed pattern in the PR layer is spatially
modulated via the exposure dose distribution.34,40,41 It is impor-
tant to note that the exposure dose distribution (energy deposited
in the PR layer) is determined by the convolution between an
exposure dose map (feature size modulation) and a point spread
function (PSF), which is complex and shows how the photon
energy is distributed throughout the PR when a single spot is
exposed. Hence, in order to achieve high pattern quality, esti-
mation of the PSF with accuracy and efficiency is crucial during
the patterning process. Unlike the conventional optical lithog-
raphy, whose pattern is generated by far-eld diffraction, the
pattern prole created by plasmonic lithography is mainly
determined by the near-eld intensity of PSF (Ipsf). Because the
PSF in plasmonic lithography has an asymmetric eld structure
identied by both surface waves (near-eld waves, Inear-eld) and
space waves (far-eld waves, Ifar-eld) emerging from the plas-
monic BNA, complex decaying characteristics coexist with the
evanescent eld region.42–45 As a consequence, the PSF is difficult
to be directly described with exact functions. Nevertheless, for
simplicity of analytic approach, the decay behavior of the PSF can
be investigated numerically and theoretically.

Ipsf(x,y,z) = Inear-field(x,y,z) + Ifar-field(x,y,z) (1)

To study the decay characteristics of the PSF, a nite differ-
ential time domain (FDTD, ansys lumerical v2021) calculation is
performed to obtain the three-dimensional electronic eld
distribution in the plasmonic lithography exposure system. A
transverse magnetic (TM) polarized Gaussian beam with l =

365 nm is illuminated on the metallic BNA. At this illumination
wavelength, the permittivities of Al, SiNx, and PR are 3Al=−19.4
+ 3.6i, 3SiNx

= 2.1, and 3PR = 2.9, respectively. To quantitatively
research the decay features of PSF generated by the plasmonic
BNA, and further investigate their effects on the pattern width
and depth, the transmitted intensity prole through the
different gap sizes at the gap center along the y-direction and z-
direction are separately analyzed. As shown in Fig. 2a and c, the
normalized intensity distributions are calculated as functions
of lateral distance (r) and vertical distance (z) for several BNA
Nanoscale Adv., 2023, 5, 4424–4434 | 4425



Fig. 1 Schematic of the basic exposure principle of themaskless plasmonic lithography systemwith a scanningmetallic BNA. The optical source,
which is a linearly x-polarized laser with l= 365 nm, is incident on a metallic BNA. The geometry of the BNA is given by the dimensionOx =Oy =

150 nm with various gap sizes (g) from 4 to 24 nm. Exposure dose modulation is adopted to achieve the precise manipulation of feature size for
multi-scale nanopatterning. The color map shows the intensity distribution of the generated pattern along the z-direction.
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with ridge gaps of 4, 14, and 24 nm, respectively. To express the
non-propagating properties of the evanescent eld in the
different directions, previous research works have shown that
the intensity distribution in the lateral direction (I(r)) can be
described with a Gaussian-based function and a hyperbolic
decay function can be used to describe the intensity distribution
in the vertical direction (I(z)).29,46

IðrÞ ¼ Iiexp
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��1=C2

(3)

where r is the radius from the BNA center, g is the gap size of BNA,
z is the distance away from the BNA exit, Ii is the intensity at r= z
= 0, C1 is the Gaussian tting parameter, and C2 is the decay
constant in the z-direction. The lateral and vertical normalized
intensity distributions generated by the plasmonic BNA with gap
sizes of 4, 14, and 24 nm are also plotted as functions of the r/g
4426 | Nanoscale Adv., 2023, 5, 4424–4434
ratio and the z/g ratio in Fig. 2b and d to compare the theoretical
models with the simulations, respectively. They show that the
proposed theoretical models of lateral and vertical intensity
distribution agree well with the simulation data. From the tting
processes in eqn (2) and (3), we obtained C1 = 0.8168 ± 0.0075
and C2 = 0.3289 ± 0.0095. It is notable that the decay trends in
the lateral and vertical directions exhibit the scaling behavior, i.e.,
the decay trend becomes independent of the gap size of BNA on
account of this scaling. The results also clearly indicate that the
scaling behavior of the plasmonic BNA will play a critical role in
determining the patterning quality. Particularly, as the feature
size of nanostructures approaches the resolution limit, the decay
inuence needs to be evaluated precisely to estimate the nal
pattern prole.

2.2 Wider bandwidth of exposure dose in plasmonic
lithography

Typically, the photoresist contrast curve is an important
parameter for determining the nal pattern prole because it
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Scaling behavior of evanescent-field decaying feature in plasmonic BNA. (a) The calculated normalized intensity distribution as a function
of lateral distance rwith gap sizes of 4, 14, and 24 nm. (b) Plot of the normalized intensity distribution versus the r/g ratio, showing that the scaled
data points for the different ridge gap sizes follow the same tendency. The solid black line is obtained with a Gaussian-based fitting function. (c)
The normalized intensity distribution as a function of vertical distance z with gap sizes of 4, 14 and 24 nm. (d) Plot of the normalized intensity
distribution versus the z/g ratio, showing that with increasing the gap size of BNA, the magnitude of the normalized intensity at a given distance z
increases. The solid black line is obtained with a hyperbolic function model.
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determines the required exposure dose at the pattern edge
position and is usually obtained by the thickness versus dose
function in conventional optical lithography. However, the
photoresist contrast curve of plasmonic lithography is greatly
inuenced by the rapid decay characteristics of the evanescent
eld and can also be estimated via the width versus dose rela-
tionship. Unlike the photoresist contrast of a laser direct writing
system (gfar), which is calculated by using the formula g =

[ln(Dcl/Dth)]
−1, Dth is the threshold dose, and Dcl is the clearing

dose. Dth and Dcl are dened as the minimum exposure doses
required for the PR reacting to the light and for complete PR
removal, respectively. Typically, the local exposure dose is
determined by the equation Dex = It, where I is the total
intensity of the eld, and t is the exposure time. Our previous
works have demonstrated that the photoresist contrast of
plasmonic lithography (gnear) is approximately equal to the
evanescent eld-induced photoresist contrast (gdecay), which is
mainly dependent on the decay constant of the evanescent
eld.29,40
© 2023 The Author(s). Published by the Royal Society of Chemistry
gnear
−1 = gfar

−1 + gdecay
−1 (4)

Thus, to further investigate the effect of the decay charac-
teristics of the evanescent eld on the nal pattern prole, the
photoresist contrast curves are measured in the vertical direc-
tion of the generated spot-mapping patterns. By varying the
normalized value of the exposure dose from 1 to 6 in increments
of 0.5, spot pattern lines were fabricated on one sample. Aer
the exposure, the Si wafer was developed for 2 min in KOH
solution, followed by rinsing with distilled water for 20 s.
During the measurement step, atomic force microscopy (AFM;
Park systems, XE-100) was used to obtain the morphology of the
spot mapping pattern. As shown in Fig. 3a, the measured
photoresist contrast curve of the plasmonic lithography is wider
than that of the laser direct writing system. The photoresist
contrast of the laser direct writing system was measured to be
gfar ∼ 5.5207, but the measured photoresist contrast of plas-
monic lithography contrast varied with the distance and was
much smaller than that in the laser direct writing system, i.e.,
Nanoscale Adv., 2023, 5, 4424–4434 | 4427



Fig. 3 Estimation of photoresist contrasts. (a) The photoresist contrast
curves of (line with triangles) laser direct writing system, and (line with
squares) plasmonic lithography system. (b) Diagrams of dose band-
width in the space for (black dots) laser direct writing system and (red
dots) plasmonic lithography system. The initial and last points are
indicated by black and yellow circles, respectively.

Fig. 4 Schematic showing the grayscale-patterned strategy. (a) The
exposure intensity with various feature sizes. (b) The exposure dose
map with feature size modulation. (c) Final pattern profile on the PR
layer after the development process. The larger the size of the black
arrow, the higher is the exposure dose and vice versa.
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0.0835 # gnear # 0.1306. The unique feature can yield a wider
bandwidth of the required exposure dose per unit volume for
plasmonic lithography than that in the other lithography tech-
niques. A wide dose bandwidth can lead to being more accurate
in achieving volumetrically scalable control of the photon
energy in space, as illustrated in Fig. 3b. By analyzing these
results, we can conclude that the rapidly decreasing behavior of
intensity in the plasmonic lithography can be an advantage to
achieve the high quality top-down scalable nanostructuring
because it allows the feature size modulation of multi-scale
nanopatterning to be more precise, especially in nanoscale.

3 Grayscale patterning method
3.1 Concept of grayscale-patterned strategy in plasmonic
lithography

When the plasmonic lithography system records multi-scale
target patterns with arbitrary shapes, the analog target pattern
image is converted into a digital grayscale exposure map. As
schematically shown in Fig. 4, the grayscale-patterned exposure
map makes it possible to spatially modulate the intensity
4428 | Nanoscale Adv., 2023, 5, 4424–4434
distribution according to the surface prole of the customized
target pattern. Fig. 4a shows the modulation of the exposure
intensity, which is obtained through different grayscale values,
with an aim to modulate the depth and width of the nal
pattern in the PR layer. Fig. 4b and c show the schematic of the
grayscale-patterned method for a positive PR, where the rect-
angles in Fig. 4b correspond to the digital grayscale exposure
map design, and the grayscale value of each rectangular pixel
corresponds to the required intensity when exposing these
patterns. Note that each individual rectangle in the exposure
map can be exposed with a specic grayscale value, and each
grayscale value corresponds to one feature size of exposure dose
where the clearing dose is obtained in the development process.
The larger the grayscale value, the larger the exposure intensity
and thereby the larger the depth of the nal pattern in the PR
layer. By gradual modulation of the grayscale values from one
pixel to another, a scalable pattern prole with multi feature
size is obtained in the PR layer, as shown in Fig. 4c. Therefore,
in principle, almost any arbitrary scalable proles can be
patterned by using plasmonic lithography, whether using
positive PR or negative PR.

3.2 Dose calibration for the precise feature size modulation

To achieve the goal of precise grayscale control in plasmonic
lithography, the relationship between the intensity and the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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grayscale value essentially needs to be estimated. In plasmonic
lithography with a scanning BNA, continuous exposure is
available along the scanning direction within a given line.
During the exposure process, the input laser power is kept
constant as well as focusing setting. Thus, the accumulated
dose (D) along the scanning direction within the laser On-pixel
region can be expressed as follows:

Dðx; y; z; tÞ ¼
ðts
0

Iðxs � vt; y; zÞdt;

ts ¼ D

v
;

D ¼ Ps

ns
:

(5)

where I(x,y,z,t) is the designed grayscale intensity distribution, t
is the exposure time, xs is the patterning length along the
scanning direction, v is the scanning speed, ts is determined by
the scanning speed and the sub-pixel size (D), and D is deter-
mined by the pixel size (Ps) and the step level (ns). During a scan
within a pixel size, the maximum number of laser On-unit times
depends on ns; for instance, when ns= 5, the maximum number
of laser On-unit times is 5. As illustrated in Fig. 5a, the grayscale
dose control is based on the spatial modulation of laser pulse
width, which enable 256 grayscale values or more in theory. For
Fig. 5 Spatial modulation of pattern feature sizes using plasmonic lithog
modulation of pattern feature size using grayscale-patterned exposure
exposure dose with various laser On-time step levels. (c) Calibration cur
laser On-time step levels.

© 2023 The Author(s). Published by the Royal Society of Chemistry
accurately controlling the pattern feature size, a discrete sub-
pixel is used as an assist feature to deliver the proper dose to
the adjacent region and not appear as a developed pattern.
Moreover, previous works have shown that the assist sub-pixel
can relax the shape complexity of the PSF and then play a role
in compensating the feature error induced by the decaying
characteristics of the evanescent eld.32,34 However, the ob-
tained pattern features of the grayscale values really depend on
many factors, primarily the aerial image intensity for each
grayscale value, the photoresist contrast, the development time,
and the initial PR thickness. Unfortunately, accurate general
theoretical formulas for describing the nonlinear relationships
between them are lacking. Hence, a reliable calibration curve
that can provide a precise relationship between the pattern
feature size and the grayscale value is adopted and further used
to identify the lithographic process window for grayscale-
patterned method. By varying the exposure time level, we ob-
tained the calibration curves of pattern depth and width with
different step levels from 5 to 25, as shown in Fig. 5b and c,
respectively. These results indicate that the relationship
between the exposure dose and the grayscale value, and the
relationships between the exposure dose and the pattern depth
and width are all nonlinear. According to these calibration
curves, an accurate grayscale exposure map can be generated to
raphy and calibration curves of exposure dose. (a) Schematic of spatial
map. (b) Calibration curves of the pattern depth depending on the

ves of the pattern width depending on the exposure dose with various

Nanoscale Adv., 2023, 5, 4424–4434 | 4429
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compensate the pattern distortions caused by these nonlinear
effects. Therefore, we can conclude that by using the one-step
maskless plasmonic lithography, one can precisely control the
grayscale value to modulate the optimal exposure dose required
for the scalable fabrication of micro–nano structures with
arbitrary shapes.
4 Results and discussion
4.1 Experimental results of scalable nanostructures

The main focus of our experiments was to demonstrate the
feasibility of the grayscale-patterned method. Thus, a valid
method is to nd a reliable calibration curve that can provide
a precise relationship between the pattern features and the
grayscale values. Line mapping patterns were recorded on
a positive PR using plasmonic lithography with a nanoscale
BNA. The used BNA was fabricated using the FIB milling
method, which had a dimension of 150 × 150 nm with a 20 nm
gap size. A 50 nm-thick PR was deposited on a Si wafer
using the spin-coating method. The threshold and clearing
Fig. 6 Dose calibration curves of line-mapping pattern. (a) Depth andwid
squares and black circles are experimental data, red and black solid lines a
result and the cross-section profile of the line-mapping pattern as indic

4430 | Nanoscale Adv., 2023, 5, 4424–4434
doses of the used PR are assumed to be Dth = 20 mJ cm−2 and
Dcl = 43 mJ cm−2, respectively.44 The line-mapping patterns
were generated with step level ns = 12 by varying the input
power from 1 to 12 mw under a xed scanning speed 10 mm s−1,
followed by cold KOH development (at a temperature of
approximately −10 °C). In order to measure the pattern prole
precisely, the developed feature sizes of the line-mapping
patterns were measured using AFM with a noncontact mode.
Aer the measurement process, the AFM image was sent to
imaging soware (XEI, PARK Systems Inc.) to modify the
measured data. The modied AFM image was exported as
a basic image for data processing to obtain the exact value of the
line width. We plot the depth and width of the line-mapping
patterns with various exposure doses in Fig. 6a to compare
the simulated data with the experiment. The patterning results
agree well with the simulation data. According to these cali-
bration curves, the grayscale exposure map for arbitrary pattern
design can be achieved. The AFM image of the line-mapping
patterns and the cross-section prole, as indicated by the gray
line, is shown in Fig. 6b.
th of line-mapping patterns plotted as a function of exposure dose. Red
re obtainedwith the simulated data, respectively. (b) AFMmeasurement
ated by the gray line.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To further demonstrate that this one-step maskless plas-
monic lithography is capable of fabricating micro–nano struc-
tures with arbitrary shapes, a grayscale image of Lena, which is
a model picture for image processing, was used as the target
image (Fig. 7a).1 The Lena pattern contains complicated micro-
nano structures and the dimension span is from nanometers to
several micrometers, greatly increasing the difficulty of
patterning. However, the feature size manipulation mechanism
makes the plasmonic lithography possible to modulate the
arbitrary features of the Lena pattern according to a given
grayscale exposure map. As shown in Fig. 8a, when a Lena
image with arbitrary shapes needs to be fabricated, the required
spatial distribution is rst converted into the grayscale exposure
map. Then, when the exposure dose of the target pattern is
modulated, binary assist features are added to correct the
pattern distortion caused by the decaying characteristics and
Fig. 7 A grayscale image and the corresponding experimental result. (a) T
3D AFM image of the fabricated Lena and (d) cross-section profiles of the
topographic view of the fabricated Lena.

© 2023 The Author(s). Published by the Royal Society of Chemistry
asymmetrical distribution of the evanescent eld in the scan-
ning direction, as shown in Fig. 7b. As proof of concept, the
patterned scalable nanostructure of Lena within a frame size of
5 × 5 mm and a peak-valley height of 50 nm with various widths
is shown in Fig. 7. Fig. 7c and d show the 3D and 2D AFM
images of the patterned Lena nanostructure, and the two
sections of the fabricated Lena nanostructure that are indicated
by the red and blue lines. From these results, we can conclude
that the grayscale-patterned method can ensure a precise
control of the surface prole of the nanostructure to be fabri-
cated by using plasmonic lithography.

4.2 Fabrication of microlens array (MLA) with high
uniformity

As a typical 3D structure with unique optical properties,
microlens array (MLA) has been widely used in many elds,
he grayscale image of Lena. (b) The grayscale exposuremap of Lena. (c)
fabricated Lena as indicated by the red and blue lines in (c). (e) 2D AFM

Nanoscale Adv., 2023, 5, 4424–4434 | 4431



Fig. 8 Experimental results of MLA. (a) AFM measurement result of the generated MLA. (b) The calculated radius errors of the total 9 microlens
shown in (a). (c) The calculated curvature of the total 9 microlens shown in (a).

Table 1 Specification of the fabricated MLA

# of lens 1 2 3 4 5 6 7 8 9 Average

Diameter (mm) 1.82 1.80 1.82 1.86 1.88 1.87 1.80 1.84 1.87 1.84 � 0.030
Curvature (mm) 2.39 2.33 2.39 2.49 2.53 2.51 2.34 2.44 2.51 2.44 � 0.077
RMS surface error (nm) 11.76 12.15 11.00 11.78 12.12 11.96 10.93 11.35 11.39 11.60 � 0.456
RPV surface error (nm) 2.24 2.34 1.96 2.16 2.29 2.33 1.96 2.09 2.04 2.16 � 0.152
Focal length (mm) 4.78 4.66 4.78 4.99 5.06 5.01 4.68 4.88 5.01 4.87 � 0.154
Numerical aperture (NA) 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 � 0.003

Nanoscale Advances Paper
such as laser beam shaping, optical imaging system, optical
ber coupling, and micro-manufacturing.47,48 In order to
demonstrate the patterning results with high uniformity, MLA
with curved geometry was successfully generated. The shape
factors of the generated MLA were measured using AFM, and
the measured results are shown in Table 1. As displayed in
Fig. 8a, the generated MLA has a height of 200 nm, diameter of
1.80 mm, and radius of curvature of 2.40 mm. According to the
geometry and optical theory,49 we also calculated the focal
length and the NA of the MLA, which are 4.87 mm and 1.9,
respectively. In order to quantitatively analyze the quality of the
MLA, the radius error and the curvature of the MLA are calcu-
lated to evaluate the uniformity of the MLA, as shown in Fig. 8b
and c. From the measured results as shown in Table 1 and
Fig. 8, the surface roughness of the generated MLA is 11.60 nm,
and uniformity of the generated MLA is 97.32%. These results
indicate that high pattern uniformity can be achieved using the
gray-scale patterned method in plasmonic lithography.
4432 | Nanoscale Adv., 2023, 5, 4424–4434
5 Conclusions

A maskless plasmonic lithography method to realize the rapid,
cost-effective, and high-delity fabrication of micro–nano
structures with arbitrary surface proles is proposed. Unlike
conventional optical lithography, the decaying features of
plasmonic BNA show a scaling behavior, which can yield a wider
bandwidth of required exposure dose per unit volume in plas-
monic lithography and allow the precise manipulation of
feature size for nanostructure with arbitrary shapes. A special
digital grayscale exposure map is applied to spatially modulate
the exposure dose according to the feature size of a given target
pattern. Importantly, the dose calibration curves between
exposure features and exposure variations compensate for the
nonlinear effect between the intensity and the grayscale value of
the exposure map, as well as the nonlinear relationship between
the exposure features and dose and can be used to generate
appropriate grayscale exposure map and ensure a precise
© 2023 The Author(s). Published by the Royal Society of Chemistry
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control of pattern prole of the target nanostructure to be
fabricated scalably. Using this method, we successfully
patterned a Lena nanostructure with high relief and MLA with
high uniformity. The results demonstrate that the proposed
patterning strategy of compensating the nonlinear effect in
plasmonic lithography caused by the rapid decaying features of
the evanescent eld can be directly used to control the grayscale
value of the exposure map for patterning the nanostructure with
arbitrary shapes. We expect that the one-step maskless plas-
monic lithography can be applied to fabricate more complex
nanostructures with high pattern quality and can be proven
useful for many applications, especially the IC chip.
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