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In this Letter, we demonstrate a laser fabrication strat-
egy that uses the long focal depth femtosecond axilens
laser beam to manufacture the high-aspect-ratio (HAR)
micropillars and atomic force microscopy (AFM) probes
by one-step exposure. The long depth of focus is generated
by modulating laser beam focused at different positions.
By adjusting the exposure height, the morphology of HAR
micropillars can be tuned flexibly, and the micropillar with
an ultra-high aspect ratio (diameter of 1.5 µm, height of
102 µm, AR = 70) can be fabricated within 10 ms which
is a great challenge for other processing methods to obtain
such a HAR microstructure in such a short time. In addi-
tion, the HAR micropillar is fabricated onto a cantilever
to form the AFM probe. The homemade probe shows fine
imaging quality. This method greatly improves the process-
ing efficiency while ensuring the fabrication resolution
which provides a powerful method for processing HAR
microstructures. ©2020Optical Society of America

https://doi.org/10.1364/OL.384249

The improvement of surface science is greatly promoted by the
scanning-probe microscopy (SPM), and the performance of
SPM depends largely on the morphology and composition of
the probe [1]. Atomic force microscopy (AFM) is one of the
most successful scanning-probe microscopies which consists
of a cantilever beam and a high-aspect-ratio (HAR) tip [2].
The commercial HAR tips are usually silicon-based materials
prepared by the complex etching process. Due to the limitation
of the materials etching, the tip geometries are typically confined
to cones or pyramids with a limited aspect ratio [3]. However,
with AFM technology being applied in more applications, the
need to develop a tailed AFM tip is critical. Correspondingly, a
variety of manufacturing techniques have been developed, for
example, silicon etching, compressible replica molding, and
two-photo polymerization (2PP) [4–6].

Among these manufacturing methods, 2PP is a promis-
ing means with the advantages of excellent flexibility, true
three-dimensional processing ability, and high resolution and
fabricating ultra-high-aspect-ratio microstructures [7,8]. There
have been some reports on the use of 2PP processing probes.
For example, Göring et al. fabricated the tailored probes by
2PP and tuned the resonance spectrum by adding the rebar
structures [9]. Alsharif et al. printed not only the probe, but
also the cantilever; the AFM probe shows a larger bandwidth
in contact mode [10]. In these works, the tailored AFM probes
with a sharp tip and arbitrary shape which were manufactured
by 2PP demonstrate the good imaging quality, customizable
capabilities, and durability, which proves that this method for
fabricating AFM probes has promising prospects.

However, the low processing efficiency of 2PP has become
a bottleneck restricting its further application because of
the time-consuming point-by-point scanning strategy [11].
For example, the resolution of a common 2PP system is
800 nm× 800 nm× 1.5 µm which means that it takes sev-
eral hours to fabricate a tailored AFM probes and even several
days to fabricate a HAR AFM probe array. An alternative to solve
this problem is to introduce the spatial light modulator (SLM)
which can modulate the phase of the femtosecond laser beam
into a 2PP processing system. In theory, arbitrary-shaped beams
can be generated by modulating the beam wavefront. Therefore,
the point-by-point processing upgrades to layer-by-layer, even
voxel-by-voxel processing, leading to great improvement of
processing efficiency.

The axilens beam combines the properties of the long focal
depth of the axicon beam and the high energy concentration of
conventional spherical beams and can be used to achieve a long
focal depth without significant sacrifice in numerical aperture
[12]. Since its demonstration in 1991, the axilens beam has
been used in a variety of applications such as particle manipula-
tion, holographic projection, imaging, and micro-hole drilling
[13–15]. So far, to the best of our knowledge, there are no
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reports about the use of a femtosecond axilens beam to process
HAR microstructures.

Here, we introduce the SLM into the conventional 2PP
system and fabricated HAR micropillars and AFM probes only
by one-step exposure. By loading the axilens hologram onto the
SLM, the long depth of focus (LDOF) is generated and used to
fabricate HAR micropillars by single exposure. By modulating
the phase on the diffractive plane, the laser beam can focus at
different positions and form the LDOF. Due to the propagation
characteristics of the axilens beam, side-lobe structures (SLSs)
will be exposed inevitably. Therefore, we use the method of
controlling the depth of processing to avoid the appearance
of SLS and obtain the ultra-high-aspect-ratio micropillars.
The tips of these micropillars have a small radius, and thus we
used four AFM probes to obtain excellent imaging results. This
time-saving method greatly improves the processing efficiency
(> 100 times) while ensuring the fabrication resolution which
is suitable for the mass production. Besides, to the best of our
knowledge, this is the first time the axilens beam has been used
to fabricate HAR micropillars and microstructures by TPP
single exposure.

In order to generate the axilens beam, we modify the spherical
phase and extend the focus along the propagation direction.
The spherical phase with a wavelength λ can be written as
ϕ = ( 2π

λ
) ∗

√
r 2 + f 2, where r is the distance from the diffrac-

tion plane to the focus point, and f is the predesigned focal
length. Using binomial expansion to simplify the formula, the
spherical phase can be written as ϕ = ( 2πr 2

2λ f )=
πr 2

λ f . When
we need to lengthen the focus, f becomes a function of the
distance r ; thus, ϕ can be written as ϕ = πr 2

λ f (r ) . The f (r ) can be
considered as a polynomial form f (r )= f0 +m ∗ r n , and f0
is the distance from focus to the position where the beam starts
focusing. Thus, we need to determine the values of m and n. For
the LDOF, it is hoped that the focus can have uniform energy
distribution within the focus range. Therefore, m and n should
satisfy 1 f (r )= 2mr1(r ). Thus, n = 2, and m =1z/R2,
where the R is the radius of the diffraction plane. In summary,
the phase of the LDOF can be written as ϕ = πr 2

λ( f0+
1z
R2 r 2)

, and

the calculated hologram is shown in Fig. 1(a). By modulat-
ing the spherical phase, the laser beam is focused at different
positions, and the axilens beam with a LDOF is generated.
Actually, the Bessel beam focused by an axicon also has a LDOF.

Fig. 1. Generation of axilens beam with a long focal depth.
(a) Hologram used to generate a long focal depth and the principle of
generating long focus. (b) Simulation results of DOF calculated by
Fresnel diffraction. (c) Simulation and experimental results of different
propagation distances (0.15, 0.35, 0.55, and 0.75 m). (d) Relative
intensities of propagation distances at 0.15, 0.55, and 0.95 m.

However, the focus distance f0 and the focus length 1z are
only regulated by an axicon radius, axicon top corner, and laser
beam diameter, because the axicon has a triangular cross shape,
which is inflexible and inconvenient to be adjusted in processing
and imaging systems that are already fixed in size. Here, the
Fresnel diffraction theory is used to obtain the diffraction of the
LDOF in free space [Fig. 2(b)]. With the increase of propaga-
tion distance, the beam gradually focuses, and the beam energy
begins to concentrate at a predesigned position. However, due
to the inherent characteristics of light propagation along a
straight line, as the diffraction distance increases further, the SLS
inevitably appears gradually around the main-lobe. Figure 2(c)
shows the simulation and experimental diffraction results at
different propagation distances (z= 1.0, 1.1, 1.2, and 1.3 m)
in the x–y plane. Because the sub-lobes are redundant for the
laser processing, it is necessary to figure out the relationship of
energy distribution between the sub-lobes and the main-lobe.
Figure 2(d) describes the calculated light intensity distribution
results at different diffraction distances. When Z = 1.0 m, the
beam just starts to focus, so the focus energy is relatively low.
As z= 1.1/1.2 m, the center energy continually increases and
the energy of the sub-lobe is about one-tenth of the main-lobe.
When Z = 1.3 m, the beam is about to stop focusing, and the
energy of the main-lobe decreases, while the energy of the sub-
lobe increases. However, the sub-lobe energy is still only 40% of
the main-lobe. Because the 2PP is a nonlinear process, and the
energy of the side-lobes does not exceed one-half of the main-
lobe, the influence caused by the sub-lobe can be eliminated
through regulating the energy.

In order to fabricate HAR micropillars by one-step axilens
beam exposure, the LDOF needs to be reconstruct under
the objective lens. Here, a 4f system consisting of an objec-
tive lens and a normal lens is used to shrink and reconstruct
the axilens beam for further 2PP fabrication [Fig. 2(a)]. It is
worth mentioning that the Bessel beam is used in 2PP for the
rapid fabrication of a microring structure and microtubes with
very high quality. However, the Bessel beam is focused by a
4f system and an objective, which leads to a short focal depth
(about 10 µm) and is not suitable for the fabrication of HAR
micropillars. Here, the expanded femtosecond laser (central

Fig. 2. Schematic of a single exposure processing high-aspect-ratio
micropillar 2PP system. (a) Fabrication system mainly composed of
the SLM, lens, and objective lens. (b) Side view of the micropillar fabri-
cated by the single exposure. (c) Micropillar with tip diameter is 50 nm.
(d) and (e) Large-area micropillar array (1 mm× 1 mm) fabricated by
single exposure; the whole processing time is about 10 min. The laser
power used in all fabrications is 100 mW.
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wavelength λ= 800 nm, pulse repetition rate f = 80 MHz,
and pulse width τ = 75 fs) are projected onto the SLM. The
phase displayed on the SLM is composed of two parts: the
LDOF part and blazed grating part. The function of the blazed
grating is to separate the LDOF from the zero order light. After
being modulated by the SLM, the laser beam is focused by a lens
( f = 0.2 m) and an objective lens (100×, air, NA= 0.85). As
a result, the elongated laser focus is focused into the underlying
photoresist (SZ2080). Therefore, the HAR micropillars can be
fabricated by one-step exposure. Finally, the sample is developed
in 1 propanol and dried with a CO2 critical point dryer to avoid
the capillary force to complete the preparation of the HAR
micropillars [Fig. 2(b)]. Different from conventional 2PP based
on point-by-point scanning which requires a lot of time, this
single exposure method can manufacture a HAR micropillar
within a short time. Depending on the different laser powers,
the processing time by this method is about 5–200 ms, which is
one-tenth to one-hundredth of the point-by-point processing
times. It is worthy noting that after CO2 critical point drying,
the diameter of the micropillar tip is about 50 nm, which is
far beyond the optical diffraction limit [Fig. 2(c)]. The pos-
sible reason for this phenomenon is the nonlinearity of energy
absorption during the 2PP process, which causes the small fea-
ture size. Using this LDOF phase-assisted processing method,
an ultra-fast process for fabricating large-area microstructures
can be achieved. We fabricated a 1 mm× 1 mm array with
a period of 20 µm for each micropillar [Figs. 2(d) and 2(e)].
The height of the micropillar is about 30 µm, and the total
number of micropillars is 2500. The processing time for each
micropillar is 100 ms, and the total time is about 10 min. In fact,
the fabrication of micropillars takes only 4 min, and the other
time is consumed in manual stitching and alignment between
arrays. In comparison, the processing time is about 110 min by a
conventional point-to-point 2PP, which will linearly increase as
the height of the micropillars rises.

As mentioned above, the sub-lobe of the LDOF appears
as the propagation distance increases. Hence, in order to
fabricate HAR microstructures, these side-lobes should be
avoided. Besides, owing to the fact that the photoresist faces
up, the exposure depth has great impact on the morphol-
ogy and the height. Figures 3(a)–3(d) illustrate four kinds of
micropillar morphologies fabricated with the LDOF hologram
( f0 = 1.2 m, 1z= 1 m). As the exposure depth increases from
5 to 20 µm, the obtained microstructures are gradually higher,
and the first-order, second-order, and third-order SLSs gradually
appear. In order to distinguish each lobe clearly, SEM photos
in Figs. 3(a)–3(d) are colored and the main-lobe, first-order,
second-order, and third-order sub-lobe are expressed in yellow,
red, green, and blue, respectively.

Since our goal is the rapid processing of HAR micropillars,
it is necessary to increase the micropillar length while avoiding
the presence of other interfering structures. Two strategies are
adopted. (1) As the sub-lobe only appears at the back part of the
LDOF, we can keep the sub-lobe away by controlling the sample
exposure position. (2) In order to get a LDOF, we can regulate
the parameters of holograms displayed on the SLM. When
the depth of focus in free space becomes longer, the main-lobe
under the objective lens also gets extended. Figures 3(e)–3(g)
show the statistical histograms of the micropillar height as
the exposure distance increases (the Z-direction coordinates
increase). The hologram parameters used in Figs. 3(e)–3(g)

are f0 = 1.2 m, 1z= 1 m, f0 = 1.2 m, 1z= 1 m, and
f0 = 1.2 m, 1z= 1 m, respectively, and the exposure time is
300 ms. H represents the total height of the microstructures,
which increases linearly as the z increases. The h1, h2, and h3
represent the height of the main-lobe, first-order sub-lobe, and
second-order sub-lobe, respectively [illustration in Fig. 3(c)].
From the statistical results, the height gradually increases, and
the sub-lobe appears in order with the increase of z, which
is consistent with the distribution of the LDOF light field.
However, as the f0 decreases from 1.2 to 0.6 m, the main-lobe
height increases from 35 to 120 µm [Fig. 3(h)], because the
focus position is varied forward when the f0 decreases. This
results in an increase of distance from the laser focus to the
lens, which means the effective distance of the focus increases.
A longer effective distance brings the ability to process higher
main-lobe microstructures.

Interestingly, with the exposure depth increasing, the evo-
lution of the micropillar’s morphology is similar to the growth
process of bamboo in nature, which is depicted in Figs. 3(i) and
3(j). This means that we can fabricate “bamboo-like” and “bam-
boo shoot-like” by controlling the exposure depth at the same
time. The fabrication parameter is f0 = 0.5 m, 1z= 1 m,
and the exposure time is 300 ms. The micropillars fabricated
by single exposure have a height of 102 µm and a diameter of
1.5 µm. The aspect ratio of micropillars can reach as high as
70, which is a great challenge for other processing methods
to obtain such a HAR microstructure in one-step exposure.
Furthermore, the “bamboo shoot-like” microstructures can
be obtained by controlling the thickness and the z-direction
position of the photoresist. As illustrated in Fig. 3(k), the thick-
ness of photoresist is about 100 µm, controlled by spin coating.
The sample position was adjusted precisely so that only the
sub-lobe can be focused into the photoresist, while the main-
lobe is focused in the air. In this way, the bamboo-shoot-like

Fig. 3. Regulation of the single exposure micropillar morphol-
ogy. (a)–(d) Four morphologies of the single exposure micropillar.
(e)–(g) Statistics on the height of the micropillar obtained when
fabricating with f = 0.6, 0.8, and 1.2, z= 1 hologram. (h) Primary
height changes as the focus distance changes. (i) Side view of the
micropillar array with the gradual increase of the processing depth.
(j) High-aspect-ratio (> 50) micropillar fabricated by single exposure.
(k) Multi-layer composite microstructure is manufactured by the
single exposure, and the shape is similar to the bamboo shoot. The laser
power used in (a)–(d) and (i) is 150 mW, and the laser power used in
(j) and (k) is 200 mW.
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microstructures with multi-annular-layered microstruc-
tures/nanostructures on the surface are obtained. This tapered
multi-layered microstructure can play an important role in
the field of cell analysis and cell growth research. In particular,
the microstructures/nanostructures on the surface can provide
the necessary adhesion sites for the cell growth, which can be
used to study the cell growth, migration, and differentiation on
the 3D topography.

Since the morphology of the micropillars can be adjusted
flexibly, we can fabricate HAR micropillars with a sharp tip
on the cantilevers to form the AFM probe (LDOF probe). As
shown in Fig. 4(a), the SZ2080 was dropped onto the cantilever
and heated by a hot plate at 60◦C for 1 h. The LDOF is focused
into the photoresist, and the LDOF probe can be fabricated by
one-step exposure. The LDOF probe in Fig. 4(b) has a diameter
of 1.5 µm, height of 25 µm, and AR of 16; such a cylindrical
cross section with a high-aspect-ratio probe is difficult to process
by other conventional methods such as etching. The AFM
testing system is shown in Fig. 4(c); when the tip reaches the
sample surface, the laser beam deflection caused by the can-
tilever is measured to calculate the surface topography of the
sample. We selected a standard blend composed of polystyrene
(PS) and low-density polystyrene (LDPS) (Bruker Nano Inc.)
for imaging. The nominal elastic moduli of PS and LDPE are
2 GPa and 100 Mpa, respectively. The free resonance frequen-
cies and spring constant were measured to be 403 kHz and
40 N/m, respectively. Figure 4(d) is the measured topography
distribution and phase distribution results by the LDOF probe,
respectively. We also use a commercial probe to measure the
same samples, as shown in Fig. 4(f ). From the measurement
curve shown in Figs. 4(e) and 4(g), both probes can well reflect
the spherical topography of the micro-PS sphere. Besides,
the phase distribution can be used to distinguish the physi-
cal properties between different materials. From the results,
we can clearly see that the PS spheres and substrates are well
distinguished in both LDOF probes and commercial probes.

According to our test, the LDOF probes demonstrated
comparable imaging traits as commercial probes. Notably, the
Young’s modulus of tips made of polymer is only 2.34 GPa,

Fig. 4. LODF probe and imaging test results. (a) Schematic dia-
gram of fabricating the AFM tip by single exposure. (b) SEM images
of AFM probe. (c) Diagram of AFM test. (d) Topography distribu-
tion and phase distribution results, respectively, measured using the
DOF probe. (e) Height information of the cross section marked in
(d) (red line). (f ) Topography distribution and phase distribution
results, respectively, measured using the commercial probe. (g) Height
information of the cross section marked in (f ) (red line).

which is much lower than silicon-based probes and can be reg-
ulated by changing the material and laser power. Besides, the
TPP can be used to fabricated multi-material probes such as
hydrogel. The fabrication time for an AFM probe in the method
of 2PP assisted with the LDOF is only 50–500 ms, this strategy
can save fabrication time as well as costs, which is suitable for
mass production.

In conclusion, we propose a laser fabrication strategy that
combines the 2PP and SLM to manufacture HAR microstruc-
tures by one-step exposure. The morphology of the micropillars
can be adjusted flexibility by controlling the exposure height.
The micropillars are suitable for the AFM probe. The LDOF
probe has a comparable imaging quality compared with com-
mercial ones, but is more advantageous in terms of economy
and flexibility. This method greatly improves the processing effi-
ciency while ensuring the fabrication resolution which provides
a powerful method for processing HAR microstructures.
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