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Abstract: We present a fast method to produce height-controllable high-aspect-ratio (HAR)
voxels in the two-photon polymerization process. By loading complex-amplitude encoded
holograms onto a phase-only spatial light modulator (SLM), precise control over the axial
intensity profile of a Bessel beam is achieved, enabling the fabrication of height-tunable HAR
voxels in a single exposure without mechanical axial motion. The voxel height can be adjusted
independently and continuously over a range of 15 pum while maintaining the constant lateral size
of 1.3 um simply by switching tailored Bessel beam holograms. As demonstrated, microneedle
arrays and hollow circular and polygonal microtubes with graded heights were fabricated.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Two-photon polymerization (TPP) has been widely used in the fabrication of microstructures
across various fields including biomedicine [1], micro/nano-optics [2,3], and microfluidics [4]
for its true three-dimensional processing ability and sub-diffraction-limited processing precision.
Improving the processing throughput has been deemed as the key factor for the industrialization
of TPP [5]. Various high-speed fabrication strategies have been proposed to greatly boost the
fabrication efficiency compared with the 3D point-by-point laser direct writing (LDW). In the
parallel processing schemes, multi-foci patterned light fields are generated via the diffraction
devices like digital micromirror device (DMD) [6] or LCoS-SLM [7], allowing even more
than one thousand voxels to be generated simultaneously. Further fine motion control over
this, introducing high-speed scanning devices like galvanometric mirrors enhance the system
throughput to 10% voxel/s [8—10], enabling rapid fabrication of large-area structures. Another
methodology involves laser beam shaping techniques, by utilizing LCoS-SLM, an incident
beam—typically the Gaussian beam—can be transformed into a special beam with a prescribed
intensity profile, such as the Bessel beam [11,12], or abruptly autofocusing beam [13]. By tuning
the beam parameters, a corresponding three-dimensional microstructure can be rapidly created
via a single exposure [14,15]. Through this approach, researchers have achieved rapid fabrication
of functional surface [16], microtubes [17-19], and chiral structures [20].

Among these applications, high-aspect-ratio (HAR) microstructures have emerged as a partic-
ularly important class, for their wide applications such as microneedle arrays for drug delivering
[21]. Various methods for generating HAR microstructures via two-photon polymerization
have been reported, including rapid axial scanning [22-24], scanning between pre-existing
micro-pillars with a low-power laser [25], and single exposure using long depth focal beam like
Bessel beams [26] or axilens beams [27]. Among the above schemes, one-step single exposure
methods enable fast fabrication due to the inherent HAR voxels induced by the structured long
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focal beams. However, independent control over the voxel height remains a challenge. Commonly
employed strategies rely primarily on mechanically adjusting the immersed beam depth into the
photoresist using precision translation stages [28], which introduces inherent mechanical latency
and thus limits the fabrication throughput. Varying the total exposed power of the input beam
may offer an alternative, but it leads to coupled changes in different voxel features [26,29]. Pan et
al. demonstrated the rapid fabrication of HAR microstructures using specially-optimized beams
with long focal depth [28]. However, adjusting the beam length by tuning the focusing properties
of the axilens still introduces an undesired axial displacement of the beam.

Here, we present a pure holography-based method for generating height-tunable HAR voxels
by precisely tailoring the axial intensity profile of femtosecond Bessel beams. We engineer the
longitudinal spatial spectrum to create Bessel beams with a flat-top longitudinal profile having a
controllable length. By simply switching holograms in the one-step exposure procedure, the HAR
voxel height can be adjusted continuously over 15 um while maintaining the lateral dimension
and without any axial mechanical motion in the fabrication. Compared with existing strategies in
which height control inevitably couples with lateral expansion or time-consuming stage motion
is involved, our straightforward approach offers a non-mechanical, high-speed alternative that
ensures independent feature control and enhanced processing stability. As a demonstration,
microtubes and polygonal microstructure arrays fabricated with this HAR voxel confirms the
suitability of this technique for high-precision rapid fabrication of complex three-dimensional
HAR micro/nano-structures.

2. Method and principle

To generate length-tunable Bessel beams for HAR voxels fabrication, we employed our previous
method for engineering the on-axis intensity profiles of Bessel beams [30]. Under the paraxial
and scalar approximations, the radially symmetric optical field E(r, z = 0) in the initial plane can
be expressed as:

l o0
Erz=0)= o- /O Sy 2 = OVo(ky ks )

where r is the radial coordinate, z is the propagation distance, k, represents the radial spatial
frequency, S is the amplitude of the spatial spectrum, and Jj is the first kind zero-order Bessel
function. For a given on-axis intensity distribution /(z) = |U(r = 0, z)|, the spatial spectrum S
can be expressed as:
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Here, k,0 and k, respectively represent the wave-vector and the longitudinal spatial frequency
of the beam. By resolving Eq. (2), the spectrum S in the input plane for any prescribed axial
intensity profile /(z) can be derived. Furthermore, the target complex optical field distribution
E4(x,y) can be calculated by substituting S into Eq. (1). Based on Eq. (2), we can further generate
Bessel beams with an engineered on-axis intensity profile. Details on tailoring the corresponding
spectrum are well explained in our previous work [30].

The experimental setup is illustrated in Fig. 1(a). The incident femtosecond laser beam
(Pharos, Light Conversion; central wavelength: 1030 nm; pulse duration: ~270 fs; repetition rate:
100 kHz) was frequency-doubled by a BBO crystal and the second-harmonic wave at 515 nm
was reflected by a phase-only spatial light modulator (SLM, Holoeye PLUTO, 1920 x 1080
pixels, pixel pitch: 8 pm, 60 Hz refresh rate). A complex amplitude modulation phase mask,
as shown in Fig. 1(b), was loaded onto the SLM to transform the incident Gaussian beam into
the tailored Bessel beam. The resulting modulated —1% order beam was then demagnified
through a 2f-2f confocal telescope system with a total demagnification of ~1/278 (lens, f=1m;
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Fig. 1. (a) Schematic of the femtosecond laser fabrication system. SLM: spatial light
modulator; MO: microscope objective. BE, beam expander. (b) Computer-generated
hologram (CGH) for generating Bessel beam with tailored axial intensity. AX: axicon phase
mask. BG: blaze grating. (c) Geometry of the irradiation: the tailored Bessel beam (straight
green rod) is set to cross the interface between photoresist and glass substrate so as to ensure
a perfect adhesion of the polymerized regions after development.

microscope objective (MO), Olympus, 50x, NA = 0.8) and reconstructed into the photoresist
layer. The photoresist sample was mounted on a two-axis translation stage, which was prepared
by spin-coating the photoresist (Microchem, SU-8) onto a glass substrate at 1000 rpm. The
resulting photoresist film thickness was approximately 40 um, with corresponding soft-baking
and hard-baking times of 4 and 5 minutes, respectively.

3. Results and discussion

To achieve our fabrication objective of controlling high-aspect-ratio voxels, a set of beams
are employed for demonstration. We use k,o = 12.1 um™!, corresponding to a central spot of
~1.3 um full width at half maximum, with the preset on-axis intensity plateau length Lyjusequ
varied between 15 wm and 25 um after being demagnified. Figure 2(a) shows the experimental
characterization of different beams, the on-axis intensities of these beams are engineered to
remain constant over a length Lyjequ With both parabolic axial profiles on the ascending and
falling edges. Here, we fix the position of the falling edges, while axially shifting the ascending
edges to change the beam length. We observe, as expected that the axial positions of the falling
edges are precisely identical across the different patterns. From one beam to another, only the
phasemask is modified.

Now we demonstrate that the fabricated voxel height H,,.; can be effectively linearly
controllable via the Bessel beam plateau length Lyjeqn. Figure 2(b) shows the measured
distribution of the normalized on-axis intensity /(z)/l,q, With the axial position z. Note that
we use a common normal maximum intensity I = Lpax(Lpiarean) for tailored Bessel beams
with different preset plateau lengths Lyjgzeq, in accordance with our experiments. Considering
the threshold behavior in TPP, we define the axial distance over which the on-axis intensity
exceeds a specified virtual threshold Iy, = & - I,,4, as the effective length L.y with & representing
the normalized intensity threshold relative to the maximum intensity /,,,,,. And the evolution
of effective length L.y with the plateau length L,j4eq, are presented in Fig. 2(c). For a wide
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Fig. 2. Controlling the length of Bessel beams via axial intensity tailoring. (a) Normalized
axial intensity distribution of tunable-length Bessel beams and the according complex
encoded phase mask. The vertical yellow line indicates the schematic interface between
the glass substrate and the photoresist layer. All scale bars represent S um. (b) Intensity
axial distribution of beams with different lengths: it is apparent that, when the intensity is
sufficiently high compared to the TPP threshold, the polymerization length can be linearly
controlled. (c) The experimental value of the effective length L.y as a function of the
programmed Ljyzeq, for different normalized intensity threshold &. The dashed lines are
obtained by linear fitting of the datasets.

range 0.2 < ¢ < 0.6, the linear fitting results evidently demonstrate a linear relationship between
Leg and the preset Lyjareau: Leg = Lplaeau - @ + B, Where the constant « represents the scaling
difference between the actual optical system and an ideal one. S is a factor that only depends on
Iy, Tt corresponds to the effective length contribution from the beam intensity profile’s rising
and trailing edges. Further, taking the beam elongation caused by refraction at the air-photoresist
interface and other practical processing influences into account and assuming a factor y(,, 1.,
representing the linear contribution of these effects to the voxel height under given exposure
parameters, the relationship between the voxel height H,y; and the preset beam length Lyjgzeau
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can be expressed as:
Hyoxel + ho = Y, Lnw) * Lplareau +B 3)

Here, hy is the penetration depth of the effective length L.y into the substrate. In practical
two-photon polymerization processes, the exact value of the intensity threshold may not be
precisely measured. However, by appropriately selecting the exposure intensity, we can achieve
accurate control over the height variation AH,,,.; between the voxels produced by beams with
length variation ALpjequ as:

AH prel = Y(a, Lna) * ALplateau (4)

We stress that, due to the identical on-axis maximum intensity and endpoint of the plateau
profiles shared by the tailored Bessel beams, tunable voxel height can be realized simply by
switching CGHs without axially shifting the sample or adjusting the input power. Even if our
current SLM has a normally slow 17msec refresh time, our scheme still offers at least one order
of magnitude faster efficiency than the point-by-point 3D LDW or the beam-shifting strategy
due to the mechanical latency and unstability in motion. Thanks to the fixed fabrication time,
our strategy offers higher enhancement for longer voxels in comparison with mechanical motion
strategies. Employment of a fast spatial light modulator may further enhance the throughput. Via
this processing strategy, an array of 32 HAR voxels with various heights is fabricated in 5 s, with
aspect ratio (AR) ranging from approximately 7:1 to 15:1.

Figure 3(a) presents a 30° scanning electron microscope (SEM) image of micropillars with
linearly graded heights from 8 um to 16 um (AR, 7:1 ~ 15:1), produced in a single exposure
each using beams with Lpjeq, ranging from 15 pm to 20 um. The exposure time was fixed at
0.1 s and the power is set to be 0.012mW (0.12 nJ) at the sample, with the beam of Lyjusean =
25 um serving as the power reference, the factor y(o, 1,,,) Was calibrated to be 1.32 under these
exposure parameters. As shown in Figs. 3(b) and 3(c), the fabricated voxels exhibit needle-like
morphologies, matching the intensity distribution of the light field above the TPP threshold. Due
to the gradual rise of light intensity, the part exposed by light field where the intensity near the
threshold region forms the tip, while the part exposed by the intensity plateau forms the uniform
cylindrical body.

To evaluate the reproducibility of digital height tuning, we fabricated an array of 10 x 10
micropillars with 10 different heights using beam with Lyjgeq, varying from 15 um to 25 um. As
illustrated in Fig. 3(d), the measured height agrees well with the height variations predicted by
Eq. (4), with a maximum deviation of less than 4%, confirming the validity of our holographic
voxel height control method. We also examined the variation in lateral dimensions of the voxels
using another array of 96 micropillars with linearly varying voxel heights. As presented in
Fig. 3(e), the lateral size remains constant at about 1.3 um with < 5% variation along with the
voxel height changing from 18 um to 31 um (AR, 14:1 ~ 24:1). This feature benefits from the
fact that beams with different 44, share the same maximum on-axis intensity, ensuring that
the variations of voxel height do not affect its lateral dimensions. We note that the voxels” ARs
stay below 30:1 due to the limit of current setup. But voxels with much higher aspect ratios can
be expected as the demonstrated tailored Bessel beams presenting a scaled AR ~200:1 in our
previous work [30]. Besides, non-ideal incident Gaussian beam also results in tiny bending edges
of the on-axis intensity plateau [Fig. 2(a)] and asymmetric intensity side lobes [Fig. 4(a)] with
similar local peak intensity (~18% of global peak intensity). Therefore, the exposed power should
be carefully calibrated to maintain the local peak intensities below the TPP threshold to achieve
high-quality smooth and straight HAR voxels as shown in Fig. 4(b) and (c). Otherwise, bending
spindle-like HAR voxels as shown in Fig. 4(d) and (e) would be generated in the over-exposure
case, which are induced by the asymmetric intensity side-lobes and bending edges in combination
with the accompanying asymmetric mechanical stress. Consequently, voxels generated by our
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Fig. 3. (a) 30° SEM image of micropillars array with graded height. Close-up view SEM
image of single voxels of height, (b) 11.75 um (AR ~10:1) and (c) 14.86 um (AR ~13:1) and
corresponding light intensity above polymerization threshold. (d) Variation of voxel height
with the preset exposure beam length. (e) Variation of voxel maximum lateral diameter with
different voxel height.

method allow for simpler voxel configuration design when being assembled into more complex
microstructures.

To further demonstrate the potential of this voxel-generation approach for two-photon microfab-
rication, we produced height-tunable hollow microtubes of different shapes (Fig. 5). Microtubes
with high aspect ratios can be rapidly fabricated. By scanning along a circular trajectory, we
fabricated the circular microtube array with a diameter of 10 wm and wall thickness of 1.3 um.
The height ranging from 15 pm to 30 um. To achieve the best surface quality, the spacing between
adjacent voxel was set to 200 nm in combination with well selected exposure parameter. As
shown in Fig. 5(b), the fabricated microtube heights match well with the theoretical results,
confirming the feasibility of our scheme for rapid fabrication of HAR voxel-based microstructures.
Furthermore, by employing different transverse scanning patterns, pentagonal and hexagonal
microtubes with adjustable heights were also produced.
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Fig. 4. Impact of sidelobes: (a) a typical intensity profile of the Bessel beam with
asymmetric sidelobes, the blue solid line represents the radial profile along the blue dotted
line and the white dashed line indicates the relative TPP threshold in the over-exposure case.

HAR voxel fabricated: (b) and (c), in proper exposure case; (d) and (e), in over-exposure
case.
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Fig. 5. (a) SEM images of microtubes with graded height. (b) The predicted and measured
tube height of different microtubes. SEM images of (c) hexagonal and (d) pentagonal
microstructures with graded height. All scale bars represent 20 pm. Ripples on the sample
substrates presented in (a), (c) and (d) are residual developer in the unoptimized post-

processing procedure. An additional step of rinsing with acetone can totally clean these
features.
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4. Conclusion

In summary, we have demonstrated a method for fabricating height-tunable high-aspect-ratio
voxels using tailored Bessel beams. By tailoring the on-axis intensity profile via a phase-only
spatial light modulator (SLM), needle-like voxels with precisely adjustable heights are fabricated
in a one-step single exposure, without mechanical axial shift or laser power tuning. The feasibility
of the technique is validated through fabricating arrays of microneedle-like voxels and diverse
microtubes with graded heights, such as circular microtubes and polygonal arrays. Our method
significantly improves writing efficiency compared to conventional point-by-point 3D-LDW
strategy. We believe that higher throughput can be achieved by further combined with high-speed
spatial light modulators or the multi-foci parallel process in rapid fabrication of functional
micro-optical, micro-mechanical and biomedical devices.
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