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ABSTRACT: This article presents a new method for
fabricating complex cross-sectional microtubes with a high
aspect ratio at micro/nanoscale. The microtubes are directly
written in a photoresist using a femtosecond pulsed laser
combined with a spatial light modulator (SLM). A new
method for generating a C-shaped Bessel beam by modifying
the Bessel beams with a SLM is reported for the first time.
Using this gap-ring-shaped light field, microtubes with special
cross section (trefoil-shaped, clover-shaped, spiral, etc.) have
been first achieved through two-photo polymerization rapidly.
The microtube wall can reach about 800 nm and the diameter
of the gap-ring structure is only a few micrometers. As a
demonstration, artificial stomata were manufactured with the
same size as actual plants stomata consisting of gap-ring microtubes. This artificial stomata can mimic the function of the real
stomata with rapid opening and closing, demonstrating its ability to trap and release microparticles regulated by rinse solvent.
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1. INTRODUCTION

The micro/nano hollow-microtubes structures have attracted
wide interest of material and chemical scientists because of
their advanced functions in the development of new-generation
devices and systems.1,2 It can be used in special and important
areas, for example, catalysis,3 localized drug delivery,4 neuro-
science,5 microsensors,6 and microfluidic applications.7 Many
fabrication approaches have been utilized to create functional
microtubes, including photolithography,8 self-rolled-up driven
by a stressed nanomembrane,9 and direct laser writing
(DLW).10 In these methods, femtosecond direct laser writing
(DLW) is a promising approach with great advantages such as
high resolution, true-three-dimensional (3D) processing
ability, and processing flexibility. Compared with the conven-
tional photolithography, the microtubes fabricated by the
femtosecond DLW are smaller and finer.11 However, the
fabrication of microstructures by the DLW technique needs a
long time because the single-spot scanning method leads to
low fabrication efficiency.
Recently, two-photo polymerization (TPP) using a femto-

second laser coupled with a spatial light modulation (SLM)

has been developed for its fine resolution and high processing
efficiency. In theory, the SLM can create an arbitrary light field
by modulating the wave front of the laser beam. To improve
the TTP efficiency, structured beams12−15 modulated by SLM
with different intensity distribution have been used to create
functional structures. Among these structured lights, Bessel
beams have their unique features such as nondiffraction, “self-
healing”, and possession of orbital angular momentum.
Previously, our group has presented focused femtosecond
laser Bessel beam generation technique for the rapid
manufacture of microtube arrays.16 The manufacturing time
is reduced by 2 orders of magnitude compared with a
conventional single-point scanning. However, owing to the
circular intensity distribution of the Bessel beam, only the
microtubes with a circular cross section can be fabricated, and
these simplified microtubes cannot meet the increasing need of
various applications such as biomimetic engineering and tissue
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engineering. For example, stomata on the leaf surface has a pair
of guard cells that forms a noncircular section. Compared with
circular micropores, the noncircular ones are more easier to
open and close to exchange gases between plant and its
environment.17 In tissue engineering, artificial thick tissues or
organs can hardly be used in clinical application because they
lack a hierarchical vascular network, which is typically
responsible for sufficient nutrients and oxygen transport.18

Until now, it is very difficult to fabricate biomimetic
microvascular networks, and the rapid fabrication method of
the microscopic branched hollow microtubes has not been
resolved.
In this study, we demonstrate a simple and flexible method

to generate a C-shaped Bessel beam by using local modulation
of the Bessel beam’s phase. The center angle and the diameter
of the C-shaped light field can be modulated flexibly by
controlling the shape of the local phase area and the hologram.
Using this special beam, gap-ring-shaped microtubes and
complex-patterned microstructure are fabricated by patterned
light exposure. Compared to a single-point scanning method,
this method increases the processing efficiency by 2 orders of
magnitude. Besides, we design a new type of artificial stomata
(AS) inspired by nature that consists of gap-ring microtubes
that can open and close in seconds to release the trapped
microparticles. The gap-ring-shaped light field and the hollow
tubular structures have great potential in the field of drug
delivery, cell capture and analysis, optical tweezers, and optical
communication.

2. RESULTS AND DISCUSSION

2.1. Generation of C-Shaped Light Field and
Fabrication of Gap-Ring Microstructure. The gap-ring
structure is fabricated by focusing the C-shaped laser beam
into a photoresist, and the fabrication setup is depicted in
Figure 1a. The femtosecond laser is modulated by a hologram

displayed on a reflective liquid-crystal SLM. After the
modulation of SLM, a C-shaped laser beam is generated
(inset in Figure 1b). At last, the modulated laser beam is
focused by a 60× oil-immersion objective lens (Olympus,
numerical aperture (NA) 1.35) for TPP, and the fabricated C-
shaped structure is shown in Figure 1b, which agrees well with
the intensity distribution.
The computer-generated holograms (CGH) have three

parts: Bessel beam phase (BBP), blazed grating (BG), and
local phase modulation (LPM), as shown in Figure 1c. The
BBP, composed of a spiral phase plate (SPP) and a axicon, is
used to create a ring-shaped light field. The azimuthal phase of
SPP is nφ, and the topological charge n is an integer that can
be greater than zero and less than zero or equal to zero,
representing the order of Bessel beam. If n is positive/negative,
it means that the Bessel beam carries a positive/negative
angular momentum. If n equals zero, it represents that the
modulated beam is a zero-order Bessel beam. The phase
distribution of axicon can be described as 2πr/r0, in which r0
represents the axicon radius. Besides, the distribution of the
BG phase can be written as 2πx/ΔT, in which ΔT is the blazed
grating period. Thus, the phase of BBP and BG can be
described as
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where PhBessel(x, y) is the phase distribution at the Cartesian
coordinate, φ = arctan(y/x) represents the polar angle of the

Bessel beam, and r x y2 2= + is the Bessel beam polar
radius.
The shape of the local phase modulation area is the

difference between the sector area and the triangle area
composed of a chord and two radii (Figure S1, the Supporting
Information); the black area means the phase distribution is
zero, whereas the white area means the phase distribution is
unchanged (Figure 1c). The phase of LPM can be written as
two parts, phase 1 and phase 2. Phase 1 determines the radius
of the LPM (R), whereas phase 2 identifies the distance from
the center to the chord of the LPM (the length is L). Hence,
the two phases can be described as
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The phase of the LPM can be written as

Ph Ph PhLPM LPM1 LPM2= ∩ (5)

Therefore, the synthetic phase distribution of the hologram can
be described as

x yPh ( , ) Ph PhCGH Bessel LPM= ∩ (6)

Due to the pixilation effect of the SLM, the BG phase is an
important parameter to separate the zeroth order light from
the other modulated laser beams.

2.2. Parameter Regulation of Gap-Ring Structure. The
diameter and center angle of the gap-ring are essential in
fabricating the required microstructures. The center angle is

Figure 1. Method of creating gap-ring-shaped light field. (a)
Femtosecond gap-ring-shaped beam is generated by phase modu-
lation using a predesigned hologram loaded in the SLM. (b) The
simulation of focused light field using Fresnel diffraction. (c)
Illustration of the computer-generated hologram (CGH) with
topological charge n = 20, axicon radius r0 = 600 μm, blazed grating
(BG) period Δ = 15 μm, and L = 200 pixels.
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controlled over the LPM, in which the area is reflected through
the length of the hologram’s center to the chord. The control
of Bessel beam shaped is achieved by controlling the shape of
LPM area. To clarify the consistency of the simulation and the
experimental results, the Fresnel diffraction theory was
adopted to simulate the C-shaped light fields generated by
the CGHs. Figure 2a demonstrates a series of simulated results
and reveals the relationship between L and the center angle.
The first row was a series of CGHs for generating the C-
shaped light, whereas the simulated results was illustrated in
the second row of Figure 2a. All the CGHs have the same r0 =
800 and n = 20 but different L, −250, −100, 50, 20, and 350
(unit: pixel value), respectively. According to the simulation, it
can be concluded that the central angle increases with
increasing L, so the center angle of the gap-ring can be
adjusted by changing the L. In addition, a series CGHs with
continuously changing L were used for exposure processing,
and the center angle of the gap-rings were measured by
scanning electron microscopy (SEM) images in Figure 2b. The
measured results showed that the center angle of the gap-ring
increased with L, which agreed well with the theoretical
simulation. Additionally, a good linear relationship between
the center angle and L was observed, indicating that the center
angle of the gap-ring could be coordinated by changing L. The
third row of Figure 2a is a series of SEM images with the center
angle of the gap-rings structure increasing from 75 to 300°.
The red dotted lines indicated the geometry of the gap-rings.
In addition, the gap-ring structure had good processing quality
that matched the theoretical geometry. Because the intensity
distribution of the C-shaped light field was uniform, it was
suitable for fabricating the gap-ring microtubes. Besides, laser

polarization has little effect on the processing results, which is
shown in Figure S6.
Notably, the C-shaped Bessel beam is an asymmetric beam.

Currently, the methods to generate an asymmetric Bessel beam
mainly depends on the asymmetric distribution and super-
position of the Bessel beam topology charges.19−21 In contrast,
this method relies on LPM, is simple, and produces a C-Bessel
beam with a uniform light distribution. Moreover, the gap-ring
size and the center angle can be regulated flexibly. This C-
shaped Bessel beam may have remarkable potential applica-
tions in the field of optical communications and tweezers.
Because TPP is a nonlinear polymerization process,22 the

laser power has great impact on the exposure of the gap-ring
structure. A larger fabrication power will polymerize a greater
area, resulting in a bigger center angle. As revealed in Figure
2b, four groups of different laser power (50, 75, 100, and 125
mW) were used to process the same CGHs. Besides, for better
explaining the mechanism of the laser−matter interaction, the
light intensity should be considered. As the femtosecond laser
we used has a central wavelength λ = 800 nm with a pulse
repetition rate f = 80 MHz and pulse width τ = 75 fs, the 50
mW of the average power equals to 0.108 TW/cm2 of laser
intensity.23−25 It can be observed that the curves shifted to the
left with an increasing laser power. When the measurement
error is taken into account, the curves shift can be considered
linear. Besides, the average power also affects the line width of
the micro-gap-ring structure.26,27As shown in Figure S5, when
the power is 60 mW, the thickness of the microtubes is about
700 nm. As the power increase to 190 mW, the thickness of the
microtubes increases to 3.7 μm.
The regulation of the gap-ring’s diameter can be achieved

through changing r0 and n, here mainly r0. The SEM images

Figure 2. Parameter adjustment of gap-ring-shaped light field. (a) Adjustment of center angle: the first line is holograms with different Lmask and the
same r0 = 800 and n = 20 (the value of Lmask from left to right is −250, −100, 50, 200, and 350). The second row is the corresponding simulated
light field calculated by Fresnel diffraction. The third line photos are SEMs of different gap-ring structures with different center angle. (b) Gap-ring
structure diameter adjustment. The first row is holograms with different r0 and the same n = 20 (the value of r0 from left to right is 500, 700, 900,
1100, and 1300). The second row is the corresponding simulated light field calculated by Fresnel diffraction. The third row is the SEMs of the ring
with different diameter. (c) The center angle of the gap-ring structure as a function of laser power and Lmask. Different laser power marked with
different colors. (d) The diameter of the single-ring microstructures as a function of axicon radius.
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and the simulated results of CGHs with different r0 are shown
in Figure 2c. The r0 of five CGHs in Figure 2c were 500, 700,
900, 1100, and 1300, respectively. When r0 increased from 300
to 1100, the diameter of the gap-ring decreased from 9.5 to 3.5
μm at the average laser power of 80 mW. Besides, the gap-
ring’s diameter could be adjusted by changing the objective
lens. For example, micro rings structure with a diameter of 40
μm can be obtained by using a 20× objective lens, which is
much larger than a micro ring structure fabricated with a 60×
objective.
2.3. Rapid Processing of Patterned Structure and

Complex-Shaped Microtubes. Our gap-ring-shaped light
field can be employed to process not only a simple notched
ring structure but also complicated patterned structure and
tubes by controlling the 3D nanotranslation stage to determine
the location and height of the gap-rings. As shown in Figure 3a,
two processing strategies were used: single exposure and
scanning exposure. In single exposure, the 3D stage remains
immovable at a certain position for a certain exposure time,
whereas in the scanning exposure, the 3D stage moves along
the z-direction for a certain exposure time.
First, the gap-ring-shaped light field was designed and

generated by imprinting the predesigned holograms on the
SLM. Then, with the aid of computer-programming control,
the 3D stage was moved in the predesigned path. As a result,
different gap-rings were exposed at different positions and

patterned structures were obtained. Finally, the processed
photoresist was soaked in n-propanol for 1 h, and the
unprocessed area was removed. Figure 3b shows the patterned
structure such as X-shaped, clover-shaped, flower-shaped, and
Tai Chi-shaped by single exposure. The processing time of
each single gap-ring structure is 500 ms, which can be reduced
to 100 ms or even 10 ms by increasing the power of the laser
beam. This surface-patterned technology with a high speed has
broad prospects in fields such as micro-optics, biomedical
applications, microfluidic, and so on.28

Single-gap-ring microtubes were obtained by scanning
exposure and complex cross-sectional microtubes were
fabricated by assembling gap-ring microtubes. In this way,
microtubes with complex cross shapes were obtained as shown
in Figure 3c−e. Remarkably, if CGHs with continuously
different phase were projected on the SLM while the 3D stage
was moving, microtubes with a spiral open cross could be
obtained (Figure 3f), and the spiral opening structure of
microtubes is difficult to manufacture rapidly by other micro/
nanoprocessing methods.
It should be pointed out that the height of the microtubes

can be up to the oil-immersion lens working distance because
the microtubes are manufactured by moving the sample
adhered to the 3D stage along the z-direction. Therefore, this
method could yield structure with an aspect ratio of 20 or even
more. Furthermore, it is important to highlight that these

Figure 3. Process of patterned structure and complex microtubes. (a) Schematic illustration of two processing methods. In single exposure, the
shaped laser beam stays in a position for a certain amount of time. In scanning exposure, the 3D stage moves along the z-direction during the laser
beam exposure. (b) The SEM of complex-patterned structure from single exposure. The shapes are X-shaped, trefoil-shaped, clover-shaped, flower-
shaped, rose-shaped, and Tai Chi-shaped (scale bar: 10 μm). (c, e) Complex microtube arrays with special shaped cross section are produced by
scanning exposure processing, a challenge for other fabrication methods. (f) The SEM of microtube with spiral open cross. The scale bar of (c)−(f)
is 20 μm.
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complex microtubes are difficult to make through other
fabrication methods. In addition, the manufacturing time for a
two-gap-ring microtubes (150 μm high) at the scanning speed
of 40 μm/s along the z-direction is less than 10 s, which is
much shorter than that of single-point scanning (ten of
minutes). The wall thickness of the gap-ring microtubes is only
about 800 nm through this method (Figure S2b,c), and the
diameter and gap sizes can be regulated by design. Compared
with the existing methods such as photolithography and self-
roll-up, this method, based on SLM-aided TPP, can quickly
process gap-ring-shaped microtubes with a high aspect ratio
and controllable gap. Hence, this processing method has the
ability to fabricate high-aspect-ratio microtubes with complex
cross shapes efficiently and reliably. It has great potential for
applications in bionics, medicine, microfluidics, etc.
2.4. Fabrication of Biomimetic Plant Stomata.

Stomates are micro-sized pores distributed on the surface of
the leaves, are important part of plant leaves, and can regulate
water flow and gases like CO2 according to the plant’s needs
and water availability.29,30 As illustrated in Figure 4a, a pair of
guard cells control the opening and closing of the stomata,
which works like multisensory turgor-operative valves and can
exchange gases between the environment and the plant. Lots of
biomimetic technologies have been developed based on the
function of stomata, such as evaporative pumps, artificial
leaves,31,32 and stimuli-responsive hydrogel.33 Due to the
ability of stomata to allow the uptake of carbon dioxide and
limit the water loss, much work has focused on the fabrication
of artificial stomata. For example, the artificial stomata
consisting of two different hydrogels, which swell differently
in the same solution, was developed by Gargava A et al.34 In
addition, a temperature-responsive hydrogel through patterned
photopolymerization was used to realize a stomata-inspired
membrane.33 Nevertheless, there are still several issues in the
artificial stomata that deserve further discussion: (1) the size of
the minimum artificial stomata is about 500 μm, 10 times that
of the real stomata; (2) the response speed of the stomata

opening and closing is too slow; and (3) the artificial stomata
cannot achieve 100% closure and single completely closed
artificial stomata cannot be guaranteed.
The material used for fabricating the AS should be

deformable for realizing the opening and closing movements.
It was demonstrated in a number of studies that SZ2080 can
deform after soaking in a polar solution or move by capillary
action.13,35−37 Generally, the deformation is widely regarded as
an irreversible process that leaves a permanent impact on the
size and shape of the dry structure. However, it is helpful to
note that reversible size modifications may also be expected to
occur before drying when the samples are immersed in the
developer solvent.
Here, with the advantages of SZ2080’s reversible deforma-

tion, an innovative stomata-inspired structure was designed for
the first time. Fabricated with the same size as that of the real
stomata, it can open and close in a few seconds. Moreover,
because the AS structure is hollow, it could trap gas and
microparticles and release them in a solution.
The stomata on plant leaves are bordered by a pair of

specialized parenchyma cells known as the guard cells (Figure
4a); hence, two or three gap-ring-shaped microtubes were
fabricated to form an artificial stomata. The diameters of the
gap-ring-shaped microtubes were 12 and 10 μm for a two-gap-
ring (2AS) and three-gap-ring AS (3AS) with the same height
(20 μm), respectively (Figure 4b). Owing to the requirements
of AS’s structural rigidity, the laser power was crucial during
the fabrication of AS. If the laser power is too high, the AS will
not close with the evaporation of the solution. On the other
hand, if the laser power is too low, the AS will collapse during
the solution evaporation due to the lack of rigidity. Therefore,
an optimal laser power was required to fabricate the AS. After
optimization, we found a laser power of 40 mW and a scanning
speed of 20 μm/s for scanning exposure could yield the
required AS. To improve the success rate of processing, a
double-exposure strategy was also adopted to reinforce the
stiffness of the AS. After finishing the AS, the same gap-ring

Figure 4. Fabrication of artificial stomata and its closing and opening. (a) The stomata consists of a pair of guard cells. The stomata is open when
guard cells swell up and is closed when the guard cells shrink down. (b) Two different types of artificial stomata: 2AS and 3AS. (c) The open and
closing process of AS. The abscissa is the time, the ordinate is the relative area, and three colors represent the three states of AS: green areas
indicate that the structure is in solution, brown areas indicate that the solution is opening or closing, and blue areas indicate that the structure is in
the air.
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light field was used to expose the bottom of the AS again to
increase the stiffness of its bottom through the second
exposure. In this way, the stiffness at the top is lower than
that at the bottom, enabling reversible deformation of the AS
and good adhesion of the AS to the substrate.
In nature, the opening and closing of the stomata on the

leaves are regulated by the expansion and contraction of the
guard cells. When the guard cells of the stomata are swollen
with water, the cells separate, causing the stomata to open and
allowing water or gas to pass. Conversely, when the guard cells
are dehydrated, the guard cells move toward each other,
causing the stomata to close and block the moisture through
transpiration. Similarly, our artificial stomata’s opening and
closing were regulated by the solvent. The AS remains open in
the solvent but closes under capillary force (FC) when the
solvent evaporates.
Theoretically, the opening and closing of the AS were

consequence of the competition between the capillary force
(FC) caused by the solution evaporation and the standing
force (FS) caused by the rigidity of the microstructure. As
show in Figure S4a,b, when the artificial stomata is about to
close due to the evaporation of the solution, a meniscus arises
in the microstructure and causes an asymmetric capillary along
the tangential direction of the solution surface, which is
determined by the contact angle. As the FC increases to a
certain value that is enough to overcome the FS, the
microstomata begins to close. After closing, the top parts of
the AS contact with each other, causing the van der Waals
force (FV), which continues to overcome the FS and keep the
AS closed (Figure S4c,d). When the AS is immersed in the
solution, the liquid molecules enter into the gaps of the top
part of the AS, causing the FV to decrease and resulting in the
open structure.
Another interesting finding was that the opening and closing

of the AS were very rapid and only took a few seconds because

the FS, FC, and FV can be quickly produced and disappeared.
Figure 4c shows the relative area variation in a period of AS
opening and closing. The relative area was the total area
divided by the open area of the AS, which indicates the degree
of the stomata’s opening. The value of 100% implies complete
opening, whereas 0% implies complete closure. In the first 2 s,
the AS was immersed in the liquid and kept open. Followed by
the evaporation of n-propyl alcohol, the 2AS and 3AS close
rapidly in 1.5 and 3.5 s, respectively. When the AS was exposed
to air, the AS kept closed due to FV between the top parts of
the AS. Finally, the AS opened again when immersed in the
liquid, and the opening process only took 1 s. The videos of
the artificial stomata opening and closing are shown in the
Supporting Information (Videos S1 and S2).

2.5. Trapping and Releasing Microparticles by
Artificial Stomata. It is well known that stomatal movement
is important for plants. With the opening and closing of the
stomata, gas, water, and nutrients are exchanged with the
external environment. Hence, it is important for the the
artificial stomata to achieve the same function such as
controlling the entry and exit of gas/nutrients.
First, due to the close contact of the edges of the AS, a good

seal results in the AS being able to store gas and release them
in liquid, like a valve. When the AS was closed, the top of the
AS was in close contact and the bottom of the AS did not
deform, causing a gap in the AS. When the closed AS was
surrounded by a liquid environment, the FV disappeared
rapidly and the AS opened in a second, causing the liquid to fill
the hollow space quickly and expel the gas. As a result,
microbubbles were formed (Video S3, the Supporting
Information). As can be seen in Figure 5a, each AS generated
a microbubble whose diameter was about 10 μm at the
beginning and increased to about 30 μm with the merging of
the microbubbles. This interesting phenomenon verified that

Figure 5. Release of microbubbles and the trapping and release of microparticles. (a) Optical photos of microbubbles released by artificial stomata
at different times. (b) Schematic diagram of trapping and release of microparticles. (c) Image of artificial stomata cut by focused ion beam (FIB),
the illustration in the upper right shows the position of microsalt particles in the AS.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b11173
ACS Appl. Mater. Interfaces 2018, 10, 36369−36376

36374

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b11173/suppl_file/am8b11173_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b11173/suppl_file/am8b11173_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b11173/suppl_file/am8b11173_si_002.avi
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b11173/suppl_file/am8b11173_si_003.avi
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b11173/suppl_file/am8b11173_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b11173


the structure was hollow, which could be useful in cell trapping
and drug delivery applications.
Second, the AS could serve as a microscale trap−release

system to trap, transfer, and release the nutrients such as sugar
and salt (Figure 5b). First, we dropped a mixture of
microparticles and solvent A, in which the microparticles are
insoluble in solvent A, onto the AS to open it. As the
microparticles precipitated, they fell into the AS and got
trapped. Next, the AS closed as the solvent A evaporated and
thus trapped the microparticles permanently and reliably.
Finally, solvent B dissolved the microparticles in the AS,
causing it to open and release the trapped particles.
As a proof-of-concept demonstration, we use sodium

chloride (NaCl) particles, which are soluble in water (solvent
B) but almost insoluble in ethanol (solvent A). Figure S3b
shows the optical pictures corresponding to Figure 5b, and the
trapped NaCl microparticles are marked by yellow circle. To
verify that there were trapped particles in the artificial stomata,
focused ion beam (FIB) was used to cut the structure (Figure
5c). The FIB photos showed that the trapped particles were
present within the AS, demonstrating that the method of
trapping and releasing the particles in different solutions is
feasible and effective.

3. CONCLUSIONS
In this work, a gap-ring-shaped light field was generated by
using a new method to modify the hologram of the Bessel
beam. The center angle and the diameter of the gap-ring were
controlled by adjusting the parameters of the hologram and
changing the objective lens. Using this special light field,
patterned structure and microtubes with complex cross-
sectional shape were fabricated quickly and efficiently. Besides,
inspired by the stomata of a plant, the stiffness of microtubes
was reduced and microtubes with controllable opening and
closing are obtained. The artificial stomata not only open and
close within seconds but also store gas and perform trapping
and release of microparticles like a real stomata in nature.
These artificial stomates, which control the entry and exit of
materials, have great potential in applications such as drug
delivery, cell capture, and analysis. Beside fabrication, the gap-
ring-shaped light field could be useful in the field of optical
tweezers and optical communication.

4. EXPERIMENTAL SECTION

1. The preparation of sample: the photoresist we used is SZ2080,
which was mixed with 1 wt % 4,4-bis(diethylamino)-
benzophenone as photoinitiator (IESL-FORTH). Fifteen
microliters of SZ2080 was added dropwise to the glass slide,
which was placed on a hot plate and heated at 100 °C for 1 h.

2. The manufacture of microstructure: the femtosecond laser is a
mode-locked Ti:sapphire ultrafast oscillator (Chameleon
Vision-S, from Coherent Inc., Santa Clara, CA). The central
wavelength of the laser is 800 nm, the pulse width is 75 fs, and
the repletion rate is 80 MHz. After the expansion, the laser
beam is projected onto the SLM, which is a reflective liquid-
crystal SLM (Holoeye Photonics AG, Berlin, Germany, Pluto
NiR-2). The modulated laser beam is focused by an oil-
immersed objective lens (60×, NA 1.35, Olympus). The
sample is put on the 3D nanostage (E545, from Physik
Instrumente (PI) GmbH & Co. KG, Germany). After
fabrication by femtosecond laser, the samples are soaked in
n-propanol for 1 h to remove unprocessed areas.

3. The sample characterization and imaging: the optical images
are taken by microscopy (Leica, DMI 3000B) and the SEM

images are taken by electron scanning electron microscope
(ZEISS EVO18) with an accelerating voltage 10 keV.
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