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Fabrication of high-aspect-ratio (HAR) micro/nano-
structures by two-photon polymerization (TPP) has become
a hot topic because of the advantages of ultra-high res-
olution and true 3D printing ability. However, the low
efficiency caused by point-by-point scanning strategy limits
its application. In this Letter, we propose a strategy for the
rapid fabrication of HAR microstructures by combining
TPP with an amplitude-phase optimized long depth of
focus laser beam (LDFB). The optimization of the LDFB is
implemented by modulating the amplitude and phase on
a phase-only spatial light modulator, which can suppress
the side lobe and smooth energy oscillations effectively. The
LDFB is used for rapid fabrication of HAR micropillars
and various microstructures, which greatly increases the
fabrication efficiency. As a demonstration, several typical
HAR microstructures such as assemblies, microchannels,
microtubes, and cell scaffolds are prepared. Moreover, the
microcapture arrays are rapidly fabricated for the capture of
microspheres and the formation of microlens arrays, which
show focusing and imaging ability. © 2020 Optical Society of
America

https://doi.org/10.1364/OL.389946

High-aspect-ratio (HAR) micro/nanostructures have attracted
great attention due to their broad applications in microop-
tics, micromechanics, microbiology, and so on [1–3]. Corres-
pondingly, a variety of manufacturing techniques have been
developed, including deep silicon etching, nanoimprinting,
and UV printing [4–6]. Among these methods, two-photon
polymerization (TPP) is a promising method with the advan-
tages of high resolution, true 3D printing ability, and flexibility
[7,8]. Nevertheless, a conventional TPP system is based on a
point-by-point scanning strategy and consumes a great deal
of processing time. The low processing efficiency of TPP has
become a key factor limiting its application. An alternative way
to solve this problem is to introduce the spatial light modulator
(SLM) into a 2PP processing system that can modulate the

phase of the femtosecond laser beam and adjust the shape of
the laser beam. Hence, the point-by-point scanning is changed
into layer-by-layer or even voxel-by-voxel exposure, leading to
greatly improved fabrication efficiency [9,10]. A variety of com-
plex shaped beams such as double-helix beams, vortex beams,
and Bessel beams have been realized for the rapid fabrication of
numerous functional microstructures [11–13]. Until now, all of
these have focused on various complex shaped beams for rapidly
fabricating large-area 2D-3D microstructures. The potential of
using shaped beams to fabricate HAR microstructures has not
been fully exploited.

A long depth of focus laser beam (LDFB), such as a Bessel
beam, has the advantages of high resolution and long focal
length, and is widely used in optical imaging, optical tweez-
ers, and optical processing [14–17]. However, due to the light
propagation in a straight line and the conservation of the beam
energy, it will be inevitably accompanied by an axial or radial
light field oscillation when a LDFB is generated. These unde-
sired oscillations cause various negative effects. For example,
radial light field oscillations can cause annular defects or axial
point defects around holes when drilling with a Bessel beam
[18,19]. The signal-to-noise ratio is not ideal when imaging
with a Bessel beam due to the interference of the beam oscilla-
tion [20,21]. These oscillations limit the application of a LDFB
in optical processing. Several techniques have been reported
for smoothing the LDFB oscillation and improving the energy
utilization rate. For example, Davidson et al. [22] and Sochacki
et al. [23,24] modulated the light wavefront of Bessel beams
to a quadric surface or a logarithmic surface, and introduced
the variable of the surface slope to control the beam intensity
distribution. Another method to improve the uniformity of the
LDFB is to apodize the phase, which can control the starting and
ending positions of the LDFB. Nevertheless, the sudden change
of the phase will cause a sharp oscillation in the axial direction.
Jaroszewicz et al. smoothed this oscillation by introducing
amplitude modulation of the LDFB [25], but this method
is difficult to implement in a phase-only SLM-assisted TPP
system.
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In this work, we apply amplitude and phase modulation on a
phase-only SLM simultaneously to smooth the axial and radial
oscillations of LDFB. Combined with a TPP single point scan-
ning system, HAR micropillars can be processed with one-step
exposure. This method can fabricate the HAR microstruc-
tures/microdevices in a short time, which greatly improves the
processing efficiency. As a demonstration, we performed rapid
processing of the microcapture arrays, and realized the capture
of microspheres and the generation of microlens arrays.

The phase of the LDFB can be written as
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where R is the radius of the diffraction plane and Z1/Z2 are the
beginning and end positions of the LDFB. The LDFB is a kind
of axilens beam, and is similar to a Bessel beam. The wavefront
shape of a LDFB is a logarithmic-curved shape, while the wave-
front shape of a Bessel beam is an isosceles triangle shape, which
means that another parameter (curvature) can be introduced
for the flexible modulation of Z1 and Z2. The holograms can be
obtained by computing Formula 1, and the results are shown in
Fig. 1(a-1) (Z1 = 100 mm and Z2 = 400 mm). Although the
LDFB can generate a long depth of focus, the ending position
cannot be controlled at the predesigned position (400 mm).
Moreover, the axial light intensity distribution is uneven, and
the light intensity at the beginning is about two times higher
than the intensity at the middle and end positions [Fig. 1(c)]. To
solve this problem, an aperture is used to apodize the phase, and
the ϕ(r ) is limited by R Z1/Z1 and R [Fig. 1(a-2)]. Due to the
introduction of apodization, the beam position can be precisely
controlled between 100 and 400 mm [Fig. 1(d)]. However,
the sharp changes of phase caused by the apodization result
in rapid light intensity oscillations in the axial direction. For
smoothing these oscillations, an alternative method is to apply
smooth apodization by amplitude modulation. The amplitude
transmittance function can be written as
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, and 1 is the small fraction of the region.

Due to the introduction of the amplitude transition zone, the
oscillation of the light intensity is well suppressed. Here,1= 0
corresponds to apodization without smoothing [Fig. 1(d)].
As 1 becomes larger, the light intensity becomes smoother
or even excessively smoother, causing the light intensity to
concentrate in the middle [Fig. 1(b)]. Therefore, it is critical to
choose a suitable 1 for a specific situation. For example, when
Z1 = 100 mm and Z2 = 400 mm, 1 can be given as 50 mm,
which can effectively suppress the oscillation without making
the beam excessively concentrated [Figs. 1(a-3) and 1(e)].

In this optimization method, amplitude modulation is used
to optimize the LDFB intensity distribution. However, in a

Fig. 1. Optimization of LDFB. (a) Axial intensity distribu-
tion of (a-1) axilens beam, (a-2) phase optimized axilens beam, and
(a-3) amplitude-phase optimized axilens beam. (b) Intensity axial
distribution under different1. (c)–(e) Axial intensity of axilens beam,
phase optimized axilens beam, and amplitude optimization of light.

conventional TPP system, the commonly used SLM is a phase-
only liquid crystal SLM. Therefore, phase coding is needed.
Until now, there have been reports about the complex spatial
modulation on a phase-only SLM [26–28]. Here, the blazed
grating (BG) is used to encode the amplitude information. As
shown in Fig. 2(a), the BG with period T not only can separate
the+1st order light from the 0th order, but also can be used to
adjust the diffraction efficiency of each order. The diffraction
efficiencyη can be written as

η(ϕ)=
2(1− cos ϕ)

(ϕ − 2mπ)2
, (3)

where m is the diffraction order, and ϕ is the modulation
depth. As ϕ = 2π , all the light is diffracted into the+1st order.
However, when the ϕ decreases, part of the light is diffracted
into the 0th order and −1st order, resulting in the decreased
1st order light diffraction efficiency [Fig. 2(c)]. Therefore, the
amplitude modulation can be realized on a phase-only SLM by
coding the modulation depth of BG according to the amplitude
transmittance function [Fig. 2(b)]. The complex amplitude of
LDFB can be written as

U(r )= A(r ) exp(ϕ(r )+ 2π x/T ). (4)

It can be considered that the diffraction efficiency is the inten-
sity of the emitted light. Hence, it has the following relationship:

a(r )= η−1(A(r )), (5)

where a(r ) is the encoding phase corresponding to the ampli-
tude transmittance function A(r ). Therefore, the coded
complex amplitude of LDFB is

U(r )= exp(mod(ϕ(r )+ 2π x/T, 2π)a(r )). (6)

In order to introduce the LDFB for TPP, a typical femtosec-
ond laser (central wavelength of 800 nm; repetition rate of
80 MHz; pulse width of 75 fs) TPP system combined with a
phase-only SLM (Holoeye, 1920× 1080) is used [Fig. 2(a)].
After expansion by the beam expander, the laser beam is reflected
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Fig. 2. Realization of amplitude-phase modulation on a pure
phase SLM. (a) Diagram of TPP system. (b) Schematic of modulation
of light amplitude by a blazed grating. (c) Diffraction efficiency of
different modulation depth and different diffraction order beam.
(d) Side-lobe microstructures exposed by the unoptimized axilens
beams. (e) Prefect HAR micropillars fabricated by one-step exposure.
(f ) Top view and side view of four-micropillar assemblies. (g) Top view
and side view of self-assembled microtubes.

by the SLM, and the laser beam energy is controlled by a gradi-
ent filter. A 4f system composed of a lens ( f = 200 mm) and
an objective lens (air, 100×, NA= 0.85) is adopted to recon-
struct the LDFB under the objective lens. After exposure by the
LDFB, the photoresist (SZ2080) is soaked with n-propanol to
remove the unprocessed areas and dried with a CO2 critical
point dryer to avoid the capillary force. To compare the effects
before and after the amplitude optimization, the holograms in
Figs. 1(a-1) and 1(a-3) are used to fabricate a HAR microstruc-
ture under the same conditions (exposure time of 10 ms, laser
energy of 200 mW). The microstructures exposed by the unop-
timized LDFB have significant side-lobe structures, while the
optimized LDFB can fabricate a prefect HAR micropillar by
one-step exposure, which proves that this optimized method can
effectively suppress the appearance of side lobes and oscillation
of the LDFB, as shown in Figs. 2(d) and 2(e). Using this method,
one-step exposure can fabricate a HAR micropillar (height of
50 µm and diameter of 2 µm). Interestingly, if the micropillars
are dried under natural volatile conditions, four micropillars
can self-assemble to form a stable, flower-like microstructure
[Fig. 2(f )]. Furthermore, if the single point exposure strategy is
changed to a line-scanning exposure strategy, the microwalls can
be fabricated at a rapid speed (2 s for a microwall with 100 µm
length and 15 µm height), which improves the fabrication
efficiency by about 50 times. The two thin microwalls could
assemble into one microchannel when the developer evaporates
[Fig. 2(g)]. It is worth noting that the assembled microchannels
could be infinitely long within the range permitted by the plat-
form stroke because the unprocessed area is removed ahead of
the formation of the microchannels. These microchannels have
broad application prospects, including lab-on-a-chip systems,
cancerous vessels, cell growth, and tissue engineering.

Except for fabricating the simple HAR micropillars, HAR
microstructures and microdevices with complex shapes can
also be manufactured through this strategy. As illustrated in
Fig. 3(b), the diameter of the LDFB gradually increases with
the increase of the propagation distance, but remains consis-
tent in the middle and rear parts. Therefore, we focused the
middle and rear segments of the LDFB into the photoresist
to obtain a good surface quality. The 45◦ scanning electron

Fig. 3. Using the optimized axilens beam to fabricate HAR
microstructures/microdevices by line scanning. (a) Schematic of
single scanning processing. (b) Surface quality of the microstructure is
improved with increasing processing depth. (c) and (d) Top view and
side view of microtubes fabricated by single scanning exposure. (e) and
(f ) Top view and 45◦ view of common shape cell scaffold. (g) and
(h) Top view and 45◦ view of orthogonal hexagonal liver cell scaffold.

microscope (SEM) images in Fig. 3(b) demonstrate that the
surface quality of the microstructure and microdevice becomes
better when the relative position between the sample and
LDFB changes. No matter how high the microstructure, the
time consumption is the same because a single exposure can
produce a HAR columnar voxel [Fig. 3(a)]. This means that,
within the range of the fabrication capacity, the higher the
microstructure, the higher the efficiency. For example, when
the microstructure height is 100 µm, the processing time of
LDFB is only 2% of the point-by-point method. Figures 3(c)
and 3(d) are top- and side-view SEM images of circular micro-
tubes with 20µm diameter,100µm height, and 2µm thickness.
A HAR microtube is fabricated by simply scanning a circular
path within 1 s. In addition, a square cell scaffold (60µm height,
100 µm length and width, and 15 µm period)and a hexagonal
hepatocyte cell scaffold (80 µm height, 180 µm ∗ 150 µm, and
10µm period) with a thickness of 2µm can be fabricated in 10 s
and 35 s, respectively [Figs. 3(e)–3(h)]. These kinds of HAR
hexagonal micro/nanostructure arrays are helpful in the field of
hepatocyte tissue engineering.

As a proof of concept demonstration, this method is used to
fabricate microcapture arrays for the capture of microspheres
and the formation of microlens arrays. It is noteworthy that
a microlens consisting of microsphere can be used in super-
resolution imaging. Here, the pyramid-shaped microstructures
are adopted as the basic unit for composing the microcapture
arrays. The pyramid microstructures have better bending
resistance characteristics than the micropillar, which will be
more stable during the capture process. Figure 4(c) shows the
SEM image of the microstructures used for trapping particles.
During capture, the ethanol containing 10 µm diameter SiO2
microspheres was dropped onto the sample. The height of the
microtrapping-structure was designed to be 15 µm for only
capturing one particle in one trapping structure. Under the
action of gravity and hydrodynamic force, the microparticles
naturally settled into the pre-processed microstructure and got
trapped. Then the sample was washed in ethanol to remove the
uncaptured microparticles. The captured microspheres were
more relatively stable compared to the uncaptured ones due to
the grasping force provided by the microstructure and substrate.
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Fig. 4. Formation and characterization of microlens array com-
posed of the captured microspheres. (a) Process of capturing SiO2

microspheres. (b) Relationship between capture rate and number of
cycles. The illustration schematically shows the state when the micro-
sphere is captured. (c) 45◦ view of capture array. (d) and (e) SEM image
of arrays that are not fully filled with small balls and filled with micro-
spheres, respectively. (f ) Schematic of test system. (g) Image taken
above the microlens array. (h) Spot array obtained by focusing the
microlens array. (i) Intensity distribution of the focus of the microlens
array at different positions.

As the cycle times (CT) increased, the trapped particles and
capture rate (CR) increased [Figs. 4(a) and 4(b)]. Finally, almost
all the microtrap structures were filled with microparticles,
resulting in the formation of the microlens arrays. Figures 4(d)
and 4(e) are the SEM images of the unfilled microstructure and
the filled structure, respectively.

To test the imaging effect of the microlens array, the home-
made optical system shown in Fig. 4(f ) is adpoted. The white
light generated by a light bulb is modified by a mask with the
letter “C”. Afterwards, the modified light is focused and imaged
by the sample. Finally, the light intensity distribution at the focal
plane is received by an objective lens and caught by the charge-
coupled device (CCD). Thanks to the neat arrangement of the
microparticles and the close contact between the microparticles
and the glass substrate, the periodic “C” pattern can be seen
clearly [Fig. 4(g)]. Due to the spherical shape of the microparti-
cle, the parallel light will be converged after passing through the
microparticles [Fig. 4(h)]. The focal distance is 129µm, judging
from the statistical distribution of light intensity at different
propagation distances [Fig. 4(i)].

In conclusion, we propose a strategy for the rapid fabrica-
tion of HAR micropillars and microstructures by combining
TPP with amplitude-phase optimized LDFB. The LDFB with
uniform light intensity distribution is obtained by modulating
the amplitute and phase on a phase-only SLM at the same time
and used for one-step exposure of micropillars and microstruc-
tures. These high-aspect-ratio micropillars and microwalls
can self-assemble into stable, flower-like microstructures
and microchannels. Several typical microstructures such as
microtubes and cell scaffolds are processed with an efficiency
improvement of about 50 to 200 times. As a demonstration,
the microcapture arrays are prepared in this way for capturing
microspheres, which can form microlens arrays with focusing
and imaging ability. We believe that this rapid HAR microstruc-
tures process method has promising prospects in the field of
microoptics, microfluidics, microbiology, and micromechanics.
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