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Designed 3D Dumpling-Shaped Femtosecond Laser
Structured Light Field for Nanoscale Sensing
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Nanoscale optical sensing plays a crucial role in achieving high-precision
non-contact distance and displacement measurements. As one of the
promising alternatives, structured light can greatly simplify optical sensing
systems. In this study, a novel optical phenomenon of a structured beam
called the “Dumpling-shaped Structured Light Field” (DSLF) is revealed,
which forms during the focusing of cylindrical lens beams. The 3D DSLF
comprises two mutually perpendicular primary and secondary foci, offering
unique possibilities in micro/nano processing and sensing applications. A
thorough investigation of the DSLF is conducted, revealing a correlation
between the secondary foci and the phase status at the objective lens’s
entrance pupil. The propagation of DSLF under tight focus conditions has
been verified and discussed through methods of femtosecond laser
two-photon polymerization and light field analysis. Finally, thanks to the
unique 3D intensity distribution of 3D DSLF, the applicability of DSLF in
high-precision position and vibration sensing has been demonstrated. By
detecting the horizontal and vertical dimensions of the reflected DSLF,
position and vibration sensing is achieved with a Z-direction accuracy of
10 nm (4/80). This research contributes to understanding structured light,

and offers practical applications in various fields, including micro/nano laser

processing, optical imaging, sensing, etc.

1. Introduction

Benefiting from the abundant measurable
parameters and the flexible control charac-
teristics of light, nanoscale optical sensing
is of particular significance for it achieves
high-precision non-contact distance and
displacement measurements, and are
widely used in fields such as microscopy,
mechanical engineering, quantum physics,
and semiconductor manufacturing.!~* The
interferometric technique, a key player in
achieving minute displacement detection
by capturing relative phase differences,
has witnessed considerable progress.!
However, its efficacy comes at the cost
of intricate interference systems, impos-
ing stringent demands on measurement
setups. Recognizing this, tremendous ef-
forts have been dedicated to continuously
advancing the novel nanoscale optical
sensing technologies. For instance, a novel
approach involves leveraging the response
of nano dielectric particles to the local
polarized light of a structured optical field,

D. Pan, Z. Fuyang, H. Wang, Z. Wang, Y. Kuai, S. Zhen, B. Yu
Information Materials and Intelligent Sensing Laboratory of Anhui
Province

Anhui University

111 Jiu Long Road, Hefei 230601, China

E-mail: zhigiangwang@ahu.edu.cn

C.Zhang,Z. Lao

Hefei University of Technology

Hefei 230009, China

J.Zhang

School of Mathematical Sciences

Anhui University

111 Jiu Long Road, Hefei 230601, China

E-mail: jjmath@ahu.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202402323

DOI: 10.1002/adfm.202402323

Adv. Funct. Mater. 2024, 2402323

2402323 (1 of 11)

J. Ni, D. Wu
Hefei National Laboratory for Physical Sciences at the Microscale
CAS Key Laboratory of Mechanical Behavior and Design of Materials
Department of Precision Machinery and Precision Instrumentation
University of Science and Technology of China

Hefei, Anhui 230027, China

E-mail: dongwu@ustc.edu.cn

B.Xu

School of Mechanical Engineering

Suzhou University of Science and Technology

Suzhou 215009, China

© 2024 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:zhiqiangwang@ahu.edu.cn
mailto:jjmath@ahu.edu.cn
https://doi.org/10.1002/adfm.202402323
mailto:dongwu@ustc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202402323&domain=pdf&date_stamp=2024-05-22

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

paving the way for innovative displacement sensors.[®®] Yet,
precision in displacement measurement is contingent upon the
choice of nanostructures, such as silicon particles, limiting its
broad applicability. Another noteworthy alternative involves the
use of optical metasurfaces. Yuan and Zheludev’s optical ruler,
for instance, offers a promising avenue for lateral nanoscale dis-
placement measurements.l’) While this method necessitates an
ultrastable laser.'”) Wang et al. recently used the optical metasur-
faces to achieve the large-scale and high-sensitivity displacement
sensing, which proved a long-range, high-precision, and compact
transverse displacement metrology method.l"!l Nevertheless, its
reliance on optical metasurface components entails the use of rel-
atively costly equipment and intricate manufacturing processes,
posing certain constraints on its broader applicability to some
extent.

Structured light, including vortex beams, Bessel beams, Airy
beams, and others, represents a category of customized optical
fields with distinctive spatiotemporal evolution properties, featur-
ing a spatially-varying distribution of amplitude, phase, and/or
polarization.'"18] These structured lights exhibit novel features
during interactions with matter and have found wide-ranging
applications in areas such as optical manipulation, biomedical
imaging, optical sensing, and optical communication.'*2?] In
the field of optical sensing, the use of 2D structured light for sens-
ing has found extensive applications with the advantages of sim-
plicity, fast measurement, and high accuracy.>?* For example,
grid or line-based 2D structured light is projected onto an object,
and by employing specific algorithms, the distortions in the re-
turned encoded patterns are computed to derive information.[?’!
However, the inherent limitation of lacking depth information
poses a challenge in achieving nanoscale depth position sensing
and measurement.

In this study, we introduce a simple, flexible, and designable
3D structured light for micro/nanoscale fabrication and opti-
cal sensing. By employing cylindrical lens phase modulation,
we can generate a 3D dumpling-shaped structured light field
(DSLF) within a tightly focused environment. The DSLF con-
sists of two mutually perpendicular line-shaped focal points in
space, of which the 3D morphology of which can be flexibly
controlled. Additionally, we conducted a detailed investigation
of the propagation and focusing characteristics of the gener-
ated 3D DSLD through a comprehensive optical computation
involving scalar and vector fields. Based on theoretical analy-
sis and experimental measurements, our 3D light field exhibits
varying intensity profiles at different focusing depths. Further-
more, it has been proven that DSLF is highly applicable in high-
precision position and vibration sensing, enabling the detection
of 10 nm (4/80) position changes and vibrations, showing the
promising prospect in the field of optical imaging, and nanoscale
sensing.

2. Results and Discussion

2.1. The Generation of Dumpling-Shaped Structured Light Field

The generation of DSLF is based on the modulation of cylindri-
cal lens beams. As a kind of structured light,[?®! cylindrical lens
beams with line-shaped focus have been widely used in many
fields such as optical measurement, microscopy, microfabrica-
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tion, etc.[27-3%1 Here, our objective is to construct a 3D structured
light field by introducing an additional line-shaped beam beyond
the initial line-shaped focal points. We eschew the traditional
use of a 4F system as an intermediary between the modulation
plane and the entrance pupil of the objective. Instead, we directly
employ the objective to focus the light beam. This approach en-
ables us to fully exploit the focusing properties of the cylindrical
lens, leading to the generation of a secondary line-shaped focal
point.

The generation of the DSLF is achieved through a simple
optical setup, as depicted in Figure la. The femtosecond laser
beam first passes through a laser power conditioning module
composed of a half-wave plate and a polarizing beam splitter.
The laser power can be precisely adjusted by varying the rota-
tion angle of the half-wave plate. Subsequently, the diameter of
the laser beam is expanded by a beam expander to match the
size of the spatial light modulator (SLM). On the SLM panel
(Figure 1Db), holograms with a cylindrical lens phase are loaded.
It is worth noting that the SLM device, with the advantage of
flexibility,?!) can be substituted by other optical modulation de-
vices (including cylindrical lenses, diffraction elements, etc.) ca-
pable of generating cylindrical phase. As the laser beam is re-
flected by the SLM, the beam phase is modulated into the cylin-
drical lens phase, which generates a line-shaped light field in
the free space. The phase of a cylindrical lens beam can be
written as:

ol = 2L o

where the 4 is the wavelength, and the fis the focusing length of
the cylindrical lens beam. u and v are the horizontal and vertical
coordinates of the phase plane. Here we use a high NA objective
lens (OL) to further focus the line-shaped light field. Due to the
tight focusing effect of high numerical aperture (NA) objective
lenses, the line-shaped light field in the free space will generate
an additional secondary focus perpendicular to the primary fo-
cus, either in front of or behind the focus plane of the objective
lens. These two linear light fields collectively form the distinc-
tive DSLF. Figure 1c shows the 3D intensity distribution of the
DSLF, where the red, green, and blue regions indicate light in-
tensity values at 5%, 30%, and 70% of the maximum intensity,
respectively.

Two critical parameters dictate the ultimate shape of the light
field. First, the distance between the SLM and OL (denoted as “d”)
is calculated by adding the distance from the SLM to the diffrac-
tion mirror (DM) (referred to as “d,”) and the distance from the
DM to the pupils of the OL (referred to as “d,”). Second, the fo-
cal length of the cylindrical beam (f) determines the focusing
position of the cylindrical lens beams in free space. The rela-
tionship between d and f is a crucial condition for modulating
the beam shape of the DSLF, which will be discussed in detail
below.

To collect the generated light field, a reflecting mirror is posi-
tioned beneath the OL. The mirror’s space position is controlled
Dby a piezoelectric ceramic 3D motion platform with 0.1 nm open-
loop control accuracy. Besides, an imaging system consisting of
a lens and a charge-coupled device (CCD) is utilized to capture
the images.
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Figure 1. The optical system for generating the 3D dumpling-shaped beam. a) Experiment setup: Fs laser, femtosecond laser; HWP, half-wave plate;
PBS, polarizing beam splitter; M, mirror; BE, beam expander; SLM, spatial light modulator; DM, dichroic mirror; OL, objective lens; L, lens; CCD, charge
coupled device. b) The only-phase hologram of a cylindrical lens loaded on the SLM. c) The designed DSLF is generated after focusing by an objective

lens.

2.2. The Propagation and Focusing Process of DSLF

The generation of the DSLF involves two distinct processes: prop-
agation in free space and tight focusing under a high NA objec-
tive lens. In order to facilitate comprehensive light field calcula-
tions, we simplify the entire optical path to the model illustrated
in Figure 2a. The plane denoted as “Q” corresponds to the mod-
ulation plane of the SLM. As the incident beam illuminates the
rear aperture of the objective lens (denoted as P,), the wavefront
of the incident beam is refracted by the High NA OL, transform-
ing into a converging spherical surface (denoted as Pr). Subse-
quently, structured beams are generated through the superposi-
tion of all the wavelets within the maximum convergence angle,
and the origin of the coordinate system XYZ is located at the focal
point of the OL.

The propagation process of the DSLF from plane Q to plane P;
can be described by the scalar Rayleigh—-Sommerfeld diffraction
integral:

r

E (u’,v’,d) = —% // E, (u,v,0) X exp (ikr) X cos Odudv (2)
Q

where r = \/(u/ —ul+ (-’ +d,k = 2z/A, v and V' are
the horizontal and vertical coordinates of the rear focal plane of
objective lens. dis the distance from plane Q to plane P;. In the ac-
tual optical system, the distance from Q to P, greatly exceeds the
size of the diffraction plane. Therefore, Equation 1 can be simpli-
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fied with the Fresnel approximation, that is, r ~ d + !
Moreover, in the paraxial approximation condition cos § = 1 can
be ensured. By this means, the complex electric field (E) in the
plane P; can be written as:

exp (ikd)
E (u’,v’,d):W //Eo(u,v,O)
)

xexp{zi—lzl [(w —w)"+ (v’—v)z]}dudv o)

Here, the phase of plane Q is a cylindrical lens phase, which
will generate a cylindrical beam in free space. The complex elec-
tric field of cylindrical beam modulated by plane Q can be de-
scribed as:

o u?
E (u,v) = A, (u,v)exp <_lkﬁ> (4)

where A, is the amplitude, and f is the focus length of the cylin-
drical lens phase loaded on the SLM plane. The parameter f deter-
mines the line-shaped focus position of laser beam in free space.
Different from the common utilization that uses the cylindrical
lens for generating a 2D line-shaped focus,!?*3? we find that the
system consists of SLM loaded on a cylindrical lens phase and
an objective lens can generate 3D spatially structured light fields.
The 3D intensity distributions of DSLF are related to the rela-
tionships of f and d. In this experimental setup, the distance
d is 1600 mm. Therefore, we chose three distinct values for f:
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Figure 2. The simulated optical propagating properties of the DSLF. a) The optical diffraction model of the designed DLSF. Plane Q, the phase plane;
plane P;, the plane of the objective lens pupil; sphere P,, the distorting surface of the objective. b,f,j) The intensity distribution of the DLSF focused by
f=1000 mm, f= 1600 mm, and f= 2200 mm in the free space, respectively. c,g,k) The calculated intensity distribution of the DLSF with f = 1000 mm,
f= 1600 mm, and f = 2200 mm at plane P;. d,h,]) the calculated phase distribution of the DLSF with f = 1000 mm, f = 1600 mm, and f = 2200 mm at
plane P;, respectively. e,i,m) the phase curve marked by the red dash line in Figure d, h, and |, respectively.

f=1000, 1600, and 2200 mm, corresponding to three conditions
f<d, f =d, and f>d, respectively.

Specifically, the process of cylindrical beam propagation from
Q to P, can be discussed in three cases: 1) When f is less than
d, (f<d), the laser beam will focus in front of plane P;, and will
diverge and propagate forward, resulting in a square beam with
a diverging phase illumining on the plane P,. Here, the light in-
tensity distribution of the cylindrical beam with f = 1000 mm
in free space is calculated by Equations 2 and 3, and the results
are shown in Figure 2b—e. In the X-Z plane, the calculation re-
sults reveal that the cylindrical beam has focused (Figure 2b) be-
fore reaching the plane P;, which is consistent with the theoret-
ical analysis. Figure 2¢,d depicts the intensity and phase distri-
bution of the plane P;, showing a square-shaped beam with a
typical cylindrical lens phase. In order to reveal the divergent
phases, the phase curve of red dash line in Figure 2d is repre-
sented (Figure 2e). It can be clearly seen that the phase curve has
an upward opening direction at U = 0, further affirming the di-
vergence of the cylindrical beam. 2) When f equals d (f = d), the
cylindrical beam can accurately focus on the plane P; (Figure 2f).
In this situation, a line-shaped focus is generated on plane P;.
The phase shows strong oscillations and can be considered as a
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plane wave phase with no divergence or focus at the center of
the beam (Figure 2h,i). 3. When f exceeds d (f>d), the cylindri-
cal beam’s focal length is larger than d. As the cylindrical beam
reaches plane P, it is not fully focused yet (Figure 2j), result-
ing in a square intensity distribution and a convergent phase at
the plane P; (Figure 2k1). The phase curve of red dash line in
Figure 21 shows a downward opening direction at U = 0.

In each case, the behavior of the cylindrical beam is influ-
enced by the relationship between f and d, leading to variations
in the DSLF shape and characteristics when focused by the ob-
jective lens. When the incident beam is focused by a high NA OL
(NA = 0.9, 100X, effective focusing lengths = 1.8 mm), the polar-
ization components are changed under the tight focus condition.
Because of the refraction induced by OL, the electric field com-
ponents (ep and es) at P; will transform into ey, es, and er, which
can be expressed by:

-

E = A, V/cos (0) x M x E, 5)

where E, =%, +¢,+%, M is the transform matrix, A,/cos(6)
is the apodization factor, E, = €, +¢ is the electric field vector
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85801 SUOWIWOD 881D 3(dedl|dde auy Aq peueob aJe soppiie WO ‘8sN JO S8|nJ o A%iqiT8uluQ AB]1/W UO (SUONIPUOD-PUR-SLLIBY WD A8 | I ARe.q 18Ul UO//:SdnL) SUONIPUOD pue SWiS 1 81 88S *[7202/50/82] Uo Ariqiauliuo Ae|im ‘saueids 1O AlsieAun Aq £2£20v202 WiPe/z00T OT/I0p/W00" A8 |im Ale.d 1 |pul|uoy/:sdny wolj pepeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

.... -
oo .

. .

14 o o
'c2 o® %,
. o
nn--- .....

g 4)\ 3)\ .
5 H 'U 2 ot ° f».;..
y\ K — 1o|H : -

www.afm-journal.de

Sim Exp
10 o
8 000
L]
6 > L]
) [}
4 O
2 eo00®
0
0 1 2 3 0 1 2 3
10
8 > e 1"«‘,,
6 W,
4 W, o°°
° ®%00, x o°
¢ 2 ..-'.o'
2 0—2 -1 0 1 z
6 0o, 10 %
T e 8 e,
24 © 6 e
°
£ 4 '...
2, r AL TYYS
0
-3 -2 -1 0 -3 -2 - 0

Z position (um) Z position (um)

Figure 3. The DLSF generated by a high-NA objective lens. a) The calculated 3D light intensity of DLSF with f = 1000 mm. The black dash line shows
the position of objective lens focus. b) The simulated (above) and experimental (below) results of the DLSF with f = 1000 mm, the scale bar is 5 um. c)
The statistics of the DLSF length (f = 1000 mm) in the x (Wx) and y (Wy) directions. d) The calculated 3D light intensity of DLSF with f = 1600 mm. e)

the simulated (above) and experimental (below) results of the DLSF with f =

1600 mm. f) The Statistics of the length of the DLSF (f = 1600 mm) in the

x (Wx) and y(Wy) directions. g) The calculated 3D light intensity of DLSF with f = 2200 mm. h) the simulated (above) and experimental (below) results
of the DLSF with f = 2200 mm. i) the Statistics of the length of the DLSF (f = 2200 mm) in the x (Wx) and y(Wy) directions. The scale bar of (a,d,g) is

5 um. The scale bar of (b,e,h) is 10 um.

before transformation. After the transformation, the electric field
of imaging point p(x,y,z) can be calculated by the Debye integral
formula,

E= —§// E xexp [i (k.z = kx = kyy)] 4= (©)
z

where k, .k, k, are the wave vector of the electric field in the x, y,
z directions. The light intensity distribution of the focused beam
can be expressed by I = E2.

Here, we have accurately calculated the 3D spatial light field
distribution of the 3D DSLF through full-path optical calculation
of scalar and vector diffraction. We calculate the 3D intensity dis-
tribution of the structured beam with three typical parameters
f=1000 mm, f = 1600 mm, and f = 2200 mm, where fis the focal
length of the cylindrical lens. Figure 3a shows the focused beam
with a parameter of f = 1000 mm. Interestingly, the 3D shape of
the light field bears a resemblance to traditional Chinese food,
dumplings. As such, we named this light field the “dumpling-
shaped structured light field” (DSLF). DSLF consists of two mu-
tually perpendicular linear beams, one of which is straight and
the other is curved. On the one hand, the straight-line beam is lo-
cated at the position of Z = 0 which is marked by the black dashed
line. On the other hand, the curved beam is located at the region
of Z<0 (the propagation direction is marked by the black arrow).
The phenomenon that a curved beam is formed before straight
focus can be attributed to the beam with f = 1000 mm carrying a
divergent phase when illuminating in the entrance pupil.

It is worth noting that the length of the DSLF in the horizontal
(X) and vertical (Y) directions changes with the propagation dis-
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tance. We quantitatively analyze the size evolution of the focused
beam at high NA, and the results are shown in Figure 3b. When
the propagation distance varies from 0 to 4 4, the spot direction
on the X-Y plane changes from vertical to horizontal. The simu-
lation results (above) are consistent with the experimental results
(below). Specifically, the length in the X direction (Wx) gradually
increases from 300 nm to 6.5 um as the DSLF propagates, while
the length in the Y direction (Wy) gradually decreases from 6 um
to 400 nm (Figure 3c).

As for the DSLF of f = 1600 mm, the incident beam at plane
P; carries a phase similar to the plane wave phase, resulting
in the beam precisely focusing at the focal point of the objec-
tive lens without generating a second focal point (Figure 3d).
The evolution of the generated perfect line-shaped focus is il-
lustrated in Figure 3e. The simulation and experimental re-
sults show that during the propagation process from -2 to
2 A, Wx initially decreases and then increases, reaching a mini-
mum value at the focus (200 nm), while Wy remains unchanged
(9.5 um), showing a typical cylindrical lens focusing process
(Figure 3e,f).

The final scenario concerns the DSLF with f = 2200 mm. In
this case, the light beam is not fully focused when it illustrates
the entrance pupil plane of the objective lens, so it carries a con-
verging phase factor. The shape of the focused beam is similar to
dumpling, but the direction is reversed from DSLF with parame-
ters of f=1000 mm. The converging phase of the DSLF generates
a secondary focus behind the focus at Z = 0. Therefore, the focus
direction on the X-Y plane changes from horizontal to vertical,
causing a decrease in Wx and an increase in Wy (Figure 3h) as
the propagation distance increases from —4 to 0 A. Quantitative
data illustrate that the Wx of DSLF with f = 2200 mm decreases

© 2024 Wiley-VCH GmbH
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from 6.1 um to 320 nm, and the Wy increases from 1 to 5.3 um
(Figure 3i).

Overall, the morphology of the DSLF can be precisely tuned by
the focusing parameter f (Figure S1 and Videos S1-S3, Support-
ing Information). According to the theoretical analysis and exper-
imental results of the optical propagation process, the change in
the direction of the spherical wave vector is the intrinsic reason
for the change in the shape of the DSLF. Additionally, the NA of
the objective lens can also regulate the 3D intensity distribution
of DSLF. Alarger NA of the objective lens leads to shorter lengths
of the primary and secondary foci and a smaller z-direction dis-
tance between them (Figure S2, Supporting Information). It is
worth noting that another alternative DSLF control system is to
place a 4f system between the SLM and objective lens, the ad-
vantage of this system is that the low-frequency information of
the modulation process can be filtered out by the 4f system, but
the disadvantage is that it increases the complexity of the system
(Figure S3, Supporting Information). We believe that we have in-
troduced a novel method for controlling the secondary focus in
DSLF. A combination of theory and experimentation supports
our findings, emphasizing the practicality of these methods in
various optical applications.

2.3. The Validation of 3D Light Intensity Distribution of DSLD via
DSLF Two-Photon Polymerization

To further validate the 3D light intensity distribution and eluci-
date the light field evolution, a two-photon polymerization exper-
iment was conducted by exposing the photo resist (SZ2080, [ESL-
FORTH, Greece) with the modulated structured light field.*}! Be-
fore the fabrication process, a 170-micron thick glass substrate
was coated with photosensitive resist, and organic solvents were
removed by heating the substrate on a hot plate at 100 °C for
an hour. The side coated with photoresist is faced down, and
mineral oil (refractive index 1.518) is dropped on the glass to
match the refractive index of objective lens. During the fabri-
cation process, the position is precisely controlled by a 3D ce-
ramic nanopiezoelectric motion platform, the laser intensity is
controlled at 50 mW, and the exposure time is set to be 0.5 s per
position. After the exposure, the whole photoresist sample is im-
mersed in n-propanol, removing the unexposed area.

As shown in Figure 4a—i, three typical DSLF with f = 1000,
1600, and 2200 mm are chosen for fabrication experiments. An
oil-immersed objective lens with an NA of 1.35 and effective fo-
cusing lengths of 3 mm was utilized for superior processing com-
pared to the 100x objective lens with NA = 0.9. The simulated 3D
intensity distribution of DSLF with f = 1000 mm is shown in
Figure 4a, showing an upright dumpling shape (Video S4, Sup-
porting Information). Optical images captured at different Z po-
sitions during the fabrication process are illustrated in Figure 4b.
At the platform position of Z = 0 um, the vertical microstructure
fabricated by the primary focus can be clearly seen. With an in-
crease in exposure depth, the secondary focus exposes horizontal
microstructure at Z = 20 um, which is consistent with the evo-
lution of the DSLF. The SEM image of the exposed microstruc-
ture is shown in Figure 4C, confirming the dumpling-like shape
of the fabricated microstructure. The micro dumpling size, mea-
suring is 18 pm X 18 um, is consistent with the calculated results
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(Figure 4a), demonstrating the correctness of the theoretical anal-
ysis of the DSLF.

When f = 1600 mm, the secondary focus of the DSLF disap-
pears, and only the primary focus remains (Figure 4d). Therefore,
as the platform position increases from 0 to 20 um, only a line-
shaped microstructure forms inside the photoresist as shown
in Figure 4e. The SEM image of the exposed line-shaped mi-
crostructure is shown in Figure 4f. The micro line has a width
of 572.2 nm (Figure S4, Supporting Information) and a length
of 8.8 um, showing the typical two-photon polymerization fabri-
cation resolution. In addition, we can reduce the exposure time
of each structure to 10 ms by increasing the laser intensity to
500 mW, significantly enhancing the efficiency of processing
compared to the conventional point-by-point methods. Besides,
the width of the line-shaped microstructures can be further de-
creased to ~279 nm by controlling the exposure conditions near
the critical threshold of two-photon polymerization. As illustrated
in Figure 4]l,m, we have successfully fabricated a photoresist pe-
riodic structure comprised of 2800 line-shaped microstructures
within ~30 s, thereby underscoring the method’s potential for
large-scale manufacturing. The periodic structure exhibits vi-
brant colors when illuminated by a white LED light source, and
also demonstrates a typical periodic structure diffraction pattern
when illuminated by laser light, as evident in Figure 4n.

As for f = 2200 mm, the simulated result shows that the sec-
ondary focus generated behind the primary focus, as per the-
oretical analysis, generating an upside-down optical dumpling
(Figure 4g). Therefore, the horizontal microstructure appears
at Z = 0 um, while the vertical microstructure appears at
Z = 20 pm, generating upside-down micro dumpling. Since the
micro dumpling structure is inverted (the curved edge is close
to the glass substrate), we precisely control the exposure posi-
tion so that the microstructures do not adhere to the substrate
for ensuring the integrity of micro dumplings. The prepared mi-
cro dumplings, as shown in Figure 4i, exhibited a structure that
inverted onto the substrate due to the lack of adhesion between
the structure and the substrate during processing and develop-
ment.

Furthermore, to provide a clearer depiction of the DSLF’s
3D light field profile, we also fabricated a microstructure array
with increasing processing heights (Figure 4j). As the process-
ing height gradually increased, the exposure depth of the DSLF
also increased, resulting in an increase in the height of the ex-
posed microstructure and a gradual improvement in its com-
pleteness (Figure 4k). The height of the final microdumpling
structure reached 18 pum, consistent with the results of the light
field simulation, further validating the dumpling-shaped profile
of the DSLF’s 3D light field distribution.

2.4. Microvibration Monitoring with DSLF

To the best of our knowledge, this study presents the first compre-
hensive investigation of the Dumpling-shaped Structured Light
Field. Given that the primary and secondary foci of the DSLF are
spatially distributed at a 90° angle and do not coincide in the same
plane, the intensity distribution of the light field varies at differ-
ent spatial positions (as discussed in Figure 3). Therefore, we ap-
plied the dumpling beam to the fields of spatial position sensing
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Figure 4. The 3D topography of the DLSF by femtosecond laser two-photon polymerization. a) The simulated 3D shape of DLSF (f = 1000 mm,
NA = 1.35). b) The optical images of the microstructure exposed using DLSF (f= 1000 mm) at different z position. c) The SEM images of the dumpling-
shaped microstructures fabricated by the DLSF (f= 1000 mm) with a single exposure. d) The simulated 3D shape of DLSF (f = 1600, NA = 1.35). e) The
optical images of the microstructure exposed using DLSF (f= 1600) at different Z position. f) The SEM images of the micro dumplings fabricated by the
DLSF (f = 1600) single exposure. g) The simulated 3D shape of DLSF (f = 2200 mm, NA = 1.35). h) The optical images of the microstructure exposed
using DLSF (f = 2200 mm) at different Z position. i) The SEM images of the micro dumplings fabricated by the DLSF (f = 2200 mm) single exposure.
j) The micro dumplings array fabricated by the single exposure of DLSF. k) The SEM images of dumpling-shaped microstructure with different heights.
|) The optical images of the fabricated periodic structure. m) The optical microscopic images of the fabricated periodic structure. n) Diffraction pattern

taken by laser irradiation of the prepared periodic structure. The scale bar is 5 um in (c,i). The scale bar of (f) is 10 um.

and vibration monitoring, with the expectation of achieving high-
performance position and vibration sensing using this beam.

The test setup, depicted in Figure 5a, features a reflective mir-
ror (RM) positioned beneath the OL. During the test experiments,
a nanopiezoelectric platform controls the position of the RM.
When the spatial position of the RM is changed, the reflected
DLSF can be captured by a CCD. By altering the spatial position
of the RM, the reflected DSLF can be captured using a CCD. Sub-
sequently, through computer analysis of the captured beam in the
horizontal (X) and vertical (Y) directions, the precise spatial posi-
tion along the Z-axis can be determined.

To facilitate the data analysis, we define the half-height width
of the beam in the x direction as Wx, the half-height width of
the beam in the y direction as Wy, and the zero position of the
z-axis at Wx = Wy. Figure 5b illustrates typical images of the re-

Adv. Funct. Mater. 2024, 2402323

2402323 (7 of 11)

flected DLSF. At Z = 100 nm, a clearly visible horizontal spot
with Wx = 1280 nm and Wy = 638 nm can be observed. When
the position is changed to Z = 0 nm, the spot has an equal size
of 960 nm in both the horizontal and vertical directions. As the
z-coordinate becomes —100 nm, the spot size changes to 1128
and 410 nm in the horizontal and vertical directions, respectively.
Subsequently, we quantitatively measured the Wx/Wy of DLSF
and the results are shown in Figure 5C. It can be seen that the
Wy has a fine linearity and can be further fitted by y = a + bx
(@ =934.69594 + 7.16978 nm, b = —2.37062 + 0.06518, and R-
squared = 0.94). In addition, Wx changes most drastically around
z =0, reaching 19.1 nm for every 1 nm change in Z theoretically,
which provides the basis for high-precision position sensing. Be-
sides, it is worth noting that the change in the lateral width of
DSLF (Wx) with focus position is opposite to the change in the
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Figure 5. The position and vibration test scheme based on DLSF beam. a) The simplified optical diagram for determining the z-coordinate of the
measured object by introducing DLSF into the imaging path. b) The DLSF intensity images at different z positions captured by CCD. c) The curve

of image reflected spot widths Wx and Wy as a function of z obtained u

sing the incident beam (DLSF, f = 100 mm). d) Vibration test results under

excitation amplitude of 500 nm and frequency of 3.05. e) A zoomed-in image of a vibration test result, which well shows the sinusoidal characteristics
of the excitation signal. f) The Fourier transform result of the signal Wx and Wy in (c). The results show that the vibration frequency of the object to be
tested is 3.05, which is consistent with the frequency of the excitation signal.

longitudinal width of DSLF (Wy) with focus position. This means
that when we take Wx = Wy as Z = 0, we can distinguish the pos-
itive and negative z position through the state of DSLF. This abil-
ity, utilizing the unique 3D light field distribution of 3D DSLF
to distinguish positive and negative Z-direction positions, sur-
passes the capabilities of conventional 2D focusing spots such
as Gaussian focus and linear focus.

The measurement accuracy of this method is determined by
a variety of environmental factors, the most important of which
are two parameters, the vibration of the environment itself and
the resolving ability of the optical system. On the one hand, the
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position of the RM is controlled by a nanopiezoelectric platform.
Despite our best efforts, environmental vibrations (e.g., lasers wa-
ter cooling, vibrations generated by drive cooling fans) are still in-
evitable. These factors contribute to minor vibrations at the exper-
imental station. We used the acquisition card to record the abso-
lute spatial position of the platform/RM, and the results showed
that the spatial vibration was ~6-8 nm (Figure S5, Supporting
Information), implying that we could not detect position or vibra-
tion signals below this threshold. On the other hand, the optical
system utilized in this system can resolve changes in the inten-
sity profile full width at half maximum (FWHM) of the spot up
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Figure 6. The concept demonstration of micro vibration testing. a) The test results of the vibration of the platform, the inset shows that the tester taps
the platform to be tested lightly with hand during the test. b) The system detects a noise level 10 nm when no knocking occurs. c) When the hand hits
the platform, the test system can sensitively detect the vibration of the platform.

to 200 nm. If we use the half-height width of the spot in the x-
direction for position sensing, the theoretical limit of resolution
for position sensing would be 10 nm. Therefore, under the exist-
ing experimental conditions, the theoretical testing accuracy of
this protocol is ~#10 nm, equivalent to 1/80 4.

This study presents the successful realization of position sens-
ing via the capture and analysis of images generated by the DSLF.
Furthermore, it demonstrates the capability of detecting vibra-
tions through continuous image processing. In this context, we
showcase the vibration detection potential by applying a periodic
sinusoidal voltage signal to the piezoelectric platform and subse-
quently detecting and analyzing the changes in the actual spots.

The platform’s vibration during a single period (amplitude
500 nm, period 0.32764 s, frequency 3.05) is depicted in Figure
S6 (Supporting Information). During the test process, one CCD
is utilized to capture the images. The captured frames are ana-
lyzed in real time by a computer to obtain the value of the FWHW
in both the X and Y directions, and the experimental result is
shown in Figure 5d. The collected vibration signal exhibits re-
markable stability and effectively reflects the sinusoidal vibra-
tion pattern of the platform. A closer examination of Figure Se,
focusing on frames 5000-5100, highlights the sinusoidal vari-
ation in the measured signal (x/y) over time. Through Fourier
analysis of the acquired signal, it can be obtained that the fre-
quency of the measured platform vibration signal is 3.05, which
is exactly the same as the given value (Figure 5f), demonstrating
the efficacy of the vibration detection method. Besides, we per-
formed a vibration test with preset amplitude of 100 and 10 nm
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as shown in Figures S5 and S6 (Supporting Information). When
the amplitude is 100 nm, the signal still illustrates the state of
the sinusoidal vibration of the platform, and the Fourier analysis
shows that the frequency is 3.05 (Figure S7, Supporting Infor-
mation). However, with 10 nm amplitude, the measured signal
exhibits increased noise, and the time-domain results primarily
reflect the platform’s vibration but not its sinusoidal vibration
pattern (Figure S6, Supporting Information). Nevertheless, the
frequency domain analysis is still effective in extracting the vi-
bration information of the platform.

The method presented in this paper demonstrates the ability to
resolve the 10 nm position and vibration. Compared to the laser
Doppler vibrometer method,**! this method does not require the
construction of a complex interference system, offering advan-
tages in terms of stability and cost. Additionally, compared to the
laser triangulation method,!*! this proposed approach only re-
quires a single probe (objective lens) to achieve high-precision po-
sition measurement. Considering that the test resolution has far
exceeded the diffraction limit of optics, and this experiment only
needs one CCD to complete the signal processing, we believe that
the method proposed in this paper has advantages in terms of
comprehensive performance and is advantageous in fields such
as vibration sensing and position measurement.

Finally, as a concept demonstration, we use this method to de-
tect the microvibrations caused by hand tapping the optical plat-
form. As showcased in Figure 6, when the experimenter gently
taps the optical stage, the value of the X and Y direction signals
caused by the spot change changes in real time. Figure 6b,c are
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typical signal plots where there is no vibration and vibration, re-
spectively, from which it can be seen that the vibration noise of
the optical stage is 10 nm, and when struck, the mirror under
the objective lens produces a vibration of ~#450 nm, proving that
it has potential applications in vibration monitoring and other
fields.

3. Conclusion

In this study, we have unveiled a novel optical phenomenon
known as the Dumpling-shaped Structured Light Field (DSLF),
which is formed when cylindrical lens beams are focused un-
der tight focus conditions. We constructed a spatial light mod-
ulator (SLM) assisted optical modulation system for the flexi-
ble generation and modulation different typical states of DSLF.
Through a comprehensive examination of DSLF, we identified a
correlation between the secondary focal point and the phase at
the objective lens’s entrance pupil, supported by both theoreti-
cal analysis and experimental validation, achieving perfect elim-
ination of secondary focus and adjustable 3D DSLF generation.
Based on the 3D DSLF modulation technology, we showcased the
utility of DSLF in rapid microstructure fabrication via femtosec-
ond laser two-photon polymerization. Besides, benefit from the
unique spatial light field distribution of 3D DSLF, we demon-
strated the potential of DSLF in nanoscale high-precision optical
sensing, with the ability to resolve position changes and vibra-
tions as low as 10 nm, which is difficult to achieve with tradi-
tional 2D light fields. This method presents a cost-effective and
stable alternative to existing vibration and position sensing tech-
niques. Overall, our research contributes to a deeper understand-
ing of structured light. The DLSF may offer practical applications
in various fields, including micro/nano processing, optical imag-
ing, sensing, and beyond.

4. Experimental Section

Femtosecond Laser Two-Photon Polymerization: In this study, a fem-
tosecond laser system consisting of a mode-locked titanium-sapphire os-
cillator produced by Coherent Inc. was employed. The laser source fea-
tures an 800 nm center wavelength, a pulse width of 75 femtoseconds,
and a repetition rate of 80 MHz. To facilitate this work, a pure phase re-
flective liquid crystal silicon-based spatial light modulator known (Pluto
NIR-2, HOLOEYE) was utilized.

Hologram Generation and Optical Beam Simulations: ~The spatial light
modulator boasts a resolution of 1920 x 1080 with an 8 um pixel pitch.
During the exposure process, an 8-bit grayscale image with 256 adjustable
grayscale levels was employed to modulate the laser wavefront. Holo-
grams, designed as 1080 x 1080 matrices, were created using the com-
mercial software MATLAB 2018a. The incident beam can be described by
the equation E(x, y) = A(x, y)exp[ig(x, y)], with the phase ¢(x, y) determined
= %”% The focused light field simu-
lation was carried out using the mathematical software MATLAB (2018a).

Sample Preparation: A 15 L hybrid organic—inorganic material pho-
toresist (522080) acquired from IESL-FORTH was utilized. Prior to fabri-
cation, the photoresist was deposited onto a cleaned 20 mm x 20 mm
glass slide and heated at 100 °C for 60 min. After fabrication, the entire
sample was immersed in propanol acetone for 30 min to remove unpro-
cessed areas. Subsequently, the sample was air-dried to prepare it for the
assembly of 3D chiral microstructures.

Characterization: ~ Scanning electron microscope (SEM) images were
captured using a Zeiss EVO18, while optical images were obtained using

by the cylindrical lens phase ¢(x, y)
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a Leica DMI3000B optical microscope. Precise control over the movement
was achieved using a nano-positioning stage (Physik Instrumente E545)
with nanometer resolution and a 200 um movement range.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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