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Abstract

®

CrossMark

Nano-3D printing has obtained widespread attention owing to its capacity to manufacture
end-use components with nano-scale features in recent years. Multiphoton lithography (MPL) is
one of the most promising 3D nanomanufacturing technologies, which has been widely used in
manufacturing micro-optics, photonic crystals, microfluidics, meta-surface, and mechanical
metamaterials. Despite of tremendous potential of MPL in laboratorial and industrial
applications, simultaneous achievement of high throughput, high accuracy, high design
freedom, and a broad range of material structuring capabilities remains a long-pending
challenge. To address the issue, we propose an acousto-optic scanning with spatial-switching
multispots (AOSS) method. Inertia-free acousto-optic scanning and nonlinear swept techniques
have been developed for achieving ultrahigh-speed and aberration-free scanning. Moreover, a
spatial optical switch concept has been implemented to significantly boost the lithography
throughput while maintaining high resolution and high design freedom. An eight-foci AOSS
system has demonstrated a record-high 3D printing rate of 7.6 x 107 voxel s~!, which is nearly
one order of magnitude higher than earlier scanning MPL, exhibiting its promise for future

scalable 3D nanomanufacturing.

Supplementary material for this article is available online

Keywords: 3D nano-printing, acousto-optic scanning, aberration-free wavefront,

spatial-switching

1. Introduction

In recent years, 3D printing has gained widespread attention
owing to its capacity to manufacture complex geometries for
end-use components [1-12]. Multiphoton lithography (MPL),
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a 3D printing method with a voxel size ranging from sub-
micrometer to nanometer, has been widely used in micro-
optics [13—17], photonic crystals [18-20], microfluidics [21,
22], meta-surface [23], and mechanical metamaterials [24,
25], which has been regarded as one of the most promising
3D nanomanufacturing technologies.

At present, there are two primary methods for
achieving MPL: projection MPL and scanning MPL. The
projection MPL can achieve high throughput and sub-
micrometer resolution [26] in complex structures [27] using
projection-based layers. However, the projection MPL raises
demanding requirements for highly sensitive photoresists and
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ultra-short pulse duration femtosecond lasers with high power.
Furthermore, it is difficult to achieve uniform spatial energy
distribution, which leads to a size-dependent thresholding
behavior [26] and becomes a barrier to forming arbitrary com-
plex 3D structures. Compared with the projection method, the
scanning MPL has intrinsic advantages in producing accurate
depth-resolved structures owing to its superior energy distribu-
tion uniformity [28] and much broader material applicability
[29, 30] because of the higher energy density of focusing spots,
which eliminates the need for amplified femtosecond laser
and ultralow threshold photoresist. Moreover, the sequential
movement of the laser focus in space allows multimaterial
3D self-assembly [31-35], which is beneficial for functional
device fabrication. However, serial scanning MPL is unfortu-
nately too slow to be a valuable solution for many practical
applications. Although attempts at multi-foci parallelization
increase the printing throughput of the scanning MPL, the
printing speed is still limited by the inertia of the scanning
mirrors [36-39], and it can only print periodic structures [28,
40-44], resulting in a loss of nanomanufacturing flexibil-
ity. Therefore, it remains a serious challenge to take advant-
age of both scanning and projection methods while avoiding
their shortcomings to achieve arbitrary complex 3D struc-
tures with high throughput, high accuracy, and broad material
applicability.

In this study, we propose a new MPL method of acousto-
optic scanning with spatial-switching multispots (AOSS) that
combine the merits of both scanning and projection MPL
methods. We used acousto-optic scanning instead of inertial
mechanical scanning to drastically increase the laser scan-
ning speed. While to overcome the accompanying spatiotem-
poral light dispersion and aberration issues introduced by the
acousto-optic deflector (AOD), a Kepler dispersion compens-
ation module and a cylindrical lens were designed. And most
importantly, an nonlinear signal modulation technique of the
AOD was accomplished to ensure that the spot size met the
diffraction limit during the high-speed acousto-optic scan-
ning. Furthermore, to improve resolution, we used a digital
mask that functions as a spatial optical switch to activate and
deactivate beams with different scanning angles. Whether the
beam was allowed to pass was independent of the moment
it reached the specified angle. Therefore, the resolution was
not limited by the frequency of temporal optical switching
as usual. The resolution along the scanning direction reaches
220 nm, which meets the accuracy requirements determined
by the voxel size (212 nm in this work). With the small
voxel size of aberration-free acousto-optic scanning and the
high resolution of the spatial optical switch, a milestone of
9.5 x 10% voxel s~! for a single-focus 3D printing has been
achieved. Furthermore, since the spatial optical switch con-
trols the multi-foci switching individually, every focus can
print a different structure independently and simultaneously.
On this premise, a higher throughput was achieved through
parallel scanning. We demonstrated an eight-foci MPL sys-
tem with a printing rate of 7.6 x 107 voxel s~!, which is
nearly an order of magnitude higher than the best track record
of the state-of-the-art galvanometer-based MPL [28], with
enhanced spatial resolution and design freedom. The AOSS

printing rate is comparable to the projection-based method and
possesses great potential to achieve higher throughput and a
wider range of material applicability. It is anticipated that the
proposed AOSS with high throughput, high resolution, wide
material adaptability, and design flexibility will be a prac-
tical technology for nanomanufacturing wafer-scale functional
components with complex 3D micro and nanostructures, such
as metamaterials, micro-optics, micromechanical devices, and
tissue engineering scaffolds.

2. Results

The optical diagram of our AOSS method is presented in
figure 1(a), which mainly contains two modules: an inertial-
free AO scanning module and a multi-split spatial optical
switch module. The inertial-free AO scanning module con-
taining a two-axis AOD (including an AOD, and an AOD,)
deflects the femtosecond laser without mechanical rotation.
The AOD, points the laser to the beginning of each line.
The AOD, enables continuous scanning with a speed of
2.091 m s~!. The deflected beams have an aberration-free
wavefront due to a non-linear swept signal being used to drive
the AOD,. When the AOD, is driven by a non-linear sig-
nal, the wavefront of the deflected laser is significantly dif-
ferent from the linear swept signal which was widely used
in the past [45-48]. The comparison of the wavefront while
AQD; is driven by ‘non-linear swept’ and the ‘linear swept’
is shown in figure 1(b). The ‘non-linear swept’ wavefront
meets the strict standards of diffraction-limited, which means
the root mean square (RMS) value of a wavefront is below
0.05X [49]. In contrast, the RMS value of the ‘linear swept’
wavefront in the edge of the scanning angle does not meet
the diffraction-limited requirements and is 2.76 times larger
than the ‘non-linear swept’ one (58.6 nm versus 21.2 nm).
The peak-to-valley (PV) value of the above two wavefronts
is 298 nm and 118 nm, respectively. Both RMS and PV
values indicate that non-linear swept acousto-optic scanning
has better wavefront quality than linear swept acousto-optic
scanning.

The multi-split spatial optical switch module consists of
three components: a diffractive optical element (DOE), a first
tube lens (TL1), and a digital mask. The scanning laser is split
into multi beams by the DOE. The splitting beams are then
collected by the TL1 on the digital mask. We use a digital
micromirror device (DMD) to be the digital mask with high
frame refresh rates of up to 22.7 kHz [50]. The digital mask
is located on the back focal plane of TL1. Laser beams with
different scanning angles are focused on the different areas
of the surface of the digital mask. The digital mask controls
the optical switch of the laser beams by switching each pixel.
Whether the beam was allowed to pass or not was independ-
ent of the moment it reached the specified angle. Thus, the
resolution is not limited by the frequency of temporal optical
switching. In addition, the digital mask is divided into multi
parts to control the switch of multi-foci separately. Therefore,
the pattern of the switching scanning laser will not have to be
as periodic as the arrangement of multi beams.
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Figure 1. Acousto-optic scanning multiphoton lithography based on spatial optical switch. (a) The schematic of the AOSS. The laser beam

is deflected by inertial-free acousto-optic scanning. The wavefront of

deflected laser is aberration-free due to the AOD,, being driven by a

non-linear swept signal. Then the laser is switched by a multi-split spatial optical switch, which contains a DOE to split the laser into
multi-beams and a digital mask to switch beams individually with different areas adjacent to each other. The switched beams are tightly
focused by a high N.A. objective and selectively exposure the resin to produce the patterned polymer. The pattern is displayed on the digital

mask. (b) The comparison of the wavefront while the AOD, is driven
(c) The schematic of the printing process of a stone bridge printed by

by a linear swept signal and a non-linear swept signal, respectively.
eight-foci AOSS. (d) The SEM image of the printed bridge. The

bridge is printed in 130 ms. (e) The color processing area of the SEM image in (d). Different colored areas represent the independent
scanning area of 8 focal points. The scanning ranges of each focal spot are connected to form a whole volume.

The switching ‘on” multi beams are collimated by a second
tube lens (TL2) and are tightly focused by a high N.A. object-
ive. The multi-foci selectively exposed the resin to produce a
patterned polymer. The pattern of the exposed area is determ-
ined by the pattern displayed on the digital mask. Complex
3D structures are manufactured with a moving stage shifting
along the direction perpendicular to the scan plane (Z-axis dir-
ection). The shift along the Z axis is continuous, which aims
to save the position time between every two exposed layers
[27]. A stone bridge sculpture is manufactured by eight-foci
AOSS to demonstrate the above manufacturing methods. The
diagram of the eight-foci parallel manufacturing is shown in
figure 1(c). Eight-foci scan along the direction of the AOD,
and AOD,. The 8 foci distribute in a straight line which is
orthogonal to the scanning direction of the AOD,. The scan-
ning range of each focus spot is adjacent to form a connected
layer. Each layer has an exposure time of 805 us. The scan-
ning electron microscope (SEM) images of the printed bridge

are shown in figures 1(d) and (e). The width, length, and height
of the bridge are 22 pm, 68 um, and 27 pm, respectively. The
moving speed of the stage along the Z axis is 207 pum s~
The height of each two printing layers is 167 nm. One bridge
is printed in 130 ms. It can be estimated that the volumetric
yield is 3.1 x 10? um? ms™—', which is equivalent to printing
complex three-dimensional structures larger than the volume
of one red blood cell (diameter: 8 ym) in 1 ms. A larger volu-
metric yield raising with the higher moving speed of the stage
will be shown in figure 3.

The conception of the resolution and voxel size of AOSS
has presented in figure 2. The resolution is the distance
between two resolvable voxels. In this paper, we pay more
attention to the resolution along the scanning direction, which
is shown in figure 2(a). We manufactured a grating with a cycle
of 420 nm. The width of the protruding part of the grating
was 220 nm, which is shown in figure 2(b) and demonstrates
the best resolution the spatial optical switch could achieve
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Figure 2. The characterization of the resolution and voxel size of AOSS. (a) The resolution between two adjacent voxels. The voxel size is
the average of the axial and lateral sizes of a voxel. (b) A grid has a cycle of 420 nm and a protrusion width of 220 nm. (c) Three grids with
acycle of 1.5, 1.0, and 0.5 pm which are printed by the spatial optical switch. (d) Three grids with the same cycles are printed by the
temporal optical switch method. The inset SEM image in the upper right corner of (b) and (c) is a 45° side view of the grid. The white scale
bar in (c) and (d) is 1 um. (e) Eight wires between two piers were printed by the eight-foci AOSS. The voxel size of the thinnest wire is

212 nm. (f) The lateral size of the thinnest wire. (g) The axial size of the thinnest wire. The tilted angle of (e)—(g) is 45°. (h) The relationship
between voxel size and laser power. The power varies from 25.5 to 34.7 mW. The voxel size varies from 228 to 373 nm. The error bar is one

plus/minus the standard deviation of three measurements.

under our experimental conditions. In addition, we compare
the advantages of the spatial optical switch method over the
temporal optical switch method. Three gratings with cycles of
1.5 pm, 1.0 pm, and 0.5 pum are printed by the spatial optical
switch, which is shown in figure 2(c). Contrarily, the grat-
ings with the same cycle are printed by the temporal optical
switch, which is shown in figure 2(d). Even with the help of
the nonlinearity of the polymerization, only a grating with a
cycle of 1.5 pm could be roughly resolved. These comparis-
ons show the resolution of the spatial optical switch has at least
three times higher than that of the temporal optical switch at
a scanning speed of 2.091 m s~!. The temporal optical switch
used in the comparison is an acousto-optic modulator (AOM)
with a switching frequency of 2 MHz, which is similar to the
switching frequency of AOM [28] and electro-optic modulator
[51] used in previous MPL methods (1 MHz in paper [28] and
3 MHz in paper [51]).

As for the minimum voxel size that can be gotten by eight-
foci AOSS, we measure the size of eight hanging lines man-
ufactured by eight foci, which is shown in figure 2(e). The

thinnest line is manufactured by focus 1. The lateral size of
the thinnest wire is 163 nm, which is shown in figure 2(f).
The axial size is gotten by the measured height of the 45°
tilted SEM images of the line multiplied \/5 Thus, the axial
size is 184 x v/2 = 261 nm, which is shown in figure 2(g).
Therefore, the voxel size is 212 nm by averaging the lateral and
axial sizes. The total laser power of eight-foci in figures 2(e)—
(g) is 260 mW. By controlling the power, we can adjust the
voxel size range from 228 to 373 nm to meet different printing
speeds. The axial size of a voxel can be adjusted from 270 nm
to 458 nm. With the help of the optical proximity effect [52],
we can achieve a printing layer height of 500 nm or a print-
ing speed of 621 um s~! along the Z-axis. The relationship
between voxel size and laser power is shown in figure 2(h).
Various 3D models, arrays, and multi-level structures are
printed to show the printing accuracy and yield of our AOSS
method. Three printed soccer, a hollow nanolattice [53], and
a metamaterial are printed by single-focus AOSS, which is
shown in figures 3(a)-(c). The smallest printed soccer has a
diameter of 8.5 um, which is close to the size of the previously
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Figure 3. The 3D models which are printed by AOSS. (a) Three soccer balls with the following diameters: 34, 17, and 8.5 pm. The printing
times for (a) are 436, 218, and 269 ms, respectively. (b) A hollow nanolattice [53] has a width of 34 pm and a height of 30.5 pum. Each unit
has a width of 4.1 pm. (c) A metamaterial unit that has a side length of 16 um and an arbitrary frame with a width of 1.2 ym. The printing
times of (b) and (c) are 393 and 64.5 ms, respectively. (d) An array of metamaterials placed next to a coin. The array is printed by using
eight-foci AOSS. (e) The enlarged SEM image of (d). (f) The unit of the array in (d). The scanning times of (d) and (f) are 12.5 min and
54.7 ms, respectively. (g)—(h) A multi-level structure, a ‘HUST’ logo printed by our AOSS method. (i)—(k) The multi-scale enlarged SEM
image of (h). (I) The unit of the logo in (g) and (h). The ‘HUST’ logo in (g) and (h) consists of 44 844 units shown in (1). The designed
spaces between two adjacent soccer are 36.5, 34, and 35.0 um, respectively. The printing time of the logo in (g) and (h) is 74 min.
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reported ‘nano bull’ [54]. The printed hollow nanolattice has
a period of 4.1 um and submicron line width. The printed
metamaterial unit has a side length of 16 ym and 1 pm-level
details in arbitrary directions, which is similar to the previous
results printed by the two-step absorption 3D nano-printing
method [7]. We use a commercial printing system (Nanoscribe
Professional GT2) to manufacture the same unit shown in
figure 3(c) to compare the printing time of single-focus AOSS
with the leading commercial printing system. The commer-
cial printing system uses a galvanometer to scan the laser.
The results printed by the commercial printing system are
shown in figures S1(a), (b), and text S1. The printing time
of one 16 pm unit is 4.38 s at the maximum scanning speed
(100 mm s~ ') and the maximum acceleration (10 V s ~2). The
above comparison indicates that the printing speed of acousto-
optic scanning MPL is 67 times higher than that of the tradi-
tional galvanometer-based MPL method.

We print an array of a metamaterial by eight-foci AOSS to
show the capability of high-throughput parallel printing. The
array is placed next to a coin, as shown in figure 3(d). The
length and width of this structure were 7.95 and 3.98 mm,
respectively. The array contained 234 x 117 units. The unit
details are shown in figures 3(e) and (f). Each unit has a width,
length, and height of 34 ym, 68 pum, and 34 pum, respectively.
The printing time of one unit as shown in figure 3(f) is 54.7 ms.
Therefore, the peak volumetric yield is 1.52 x 10° ym?® ms™!,
which is more than 10 times higher than that of the single-
focus AOSS (9.0 x 10! pm? ms~! in figure 3(b)). We also use
acommercial printing system to manufacture the unit as shown
in figure 3(f) to compare the printing speed of eight-foci AOSS
with the commercial printing system. The results printed by
the commercial printing system are shown in figures S1(c),
(d), and text S1. The printing time of the commercial print-
ing system is 27 s under the same conditions as above. The
above comparison shows that eight-foci AOSS is 490 times
faster than the commercial scanning MPL system.

We print a ‘HUST’ logo to show the capability of print-
ing multi-level structures by the eight-foci AOSS method. The
width, length, and height of the logo are 6.4 mm, 3.3 mm, and
0.21 mm, respectively, which is shown in figures 3(g) and (h).
The soccer structure is the secondary structure of the logo.
The width of the soccer unit cell is 36.5 um, which reaches
the maximum scanning range. An overlap between two soccer
along the width direction is set to 0.5 pum to ensure a secure
connection. We print 44 844 soccer to make up the logo in
74 min. The details of the soccer are shown in figures 3(g)—(1).
The block printing speed is 10.1 blocks per second consider-
ing the smallest repeating units as a printing ‘block’ [28]. The
block in figures 3(g)—(1) is soccer. In previous reports, the two
fastest block printing speeds are 1.67 blocks per second [28]
and 8.95 blocks per second [27]. The block printing speed of
eight-foci AOSS is the fastest as we know.

We compare the AOSS method with other methods in terms
of voxel size and voxel printing rate. The voxel printing rate
can be characterized by the quotient of the acousto-optic scan-
ning speed and the resolution. Our AOSS method has a voxel
size of 212 nm and a resolution of 220 nm. The scanning
speed of our acousto-optic scanning method is 2.091 m s~

B Jiao et al
108 T =
® Mechanical scanning TPP N=8,
m Diffracted scanning TPP AOD This Work
107 °
P8 N=9, Galvo N=1,
= AOD
] o n
+° s L S§2 N=1, Resonant Galvo P10 i
3 10 N=2 000, DMD:
>
= °
% . P7 $1N=1, Galvo
210 ® N=4, DMD [ ]
o P3 N=16, Galvo
£ . S3
t N=1, DMD
= 4 L n il
5 10 ® sS4
x P2
N=1, DMD
3 P9 N=9, Galvo
o 5 P1 N=100, SLM
10° EN=227, Piezo [ 3
o P8 P4 P5
N=60, Piezo ® N=5, SLM N=16, Piezo
102 1
0.5 1 5 10

1/voxel size/(1-pm-')

Figure 4. The comparison of the voxel printing rate of scanning
MPL methods. The horizontal axis shows inverse voxel size,
ranging from 0.5 zm ™! to 10 um ™! (voxel size ranges from 2 pm to
100 nm). The vertical axis represents the voxel printing rate, ranging
from 1 x 10% to 1 x 103 voxel s~!. The number of focal spots used
in this study is represented by the legend ‘N’. The legends ‘Piezo’,
‘Galvo’, and ‘Resonant Galvo’ represent the scanners for
mechanical TPP scanning. The legends ‘DMD’ and ‘SLM’
represent the scanners for diffracted TPP scanning. S1 [55], S2 [51],
S3 [50], and S4 [59] are single-focus scanning MPLs. P1 [40], P2
[41], P3 [56], P4 [57], P5 [42], P6 [44], P7 [50], P8 [28], P9 [58]
and P10 [60] are the multi-foci scanning MPLs. The serial number
after ‘S’ and ‘P’ shows the publication year in chronological order.

Therefore, the voxel printing rate of single-focus AOSS is
9.5 x 10° voxel s~!. The voxel printing rate of eight-foci
AOSS reaches 7.6 x 107 voxel s~!. The comparison of our
work and the reported scanning MPL methods is presented in
figure 4.

On the one hand, we compare our work with the reported
mechanical scanning MPL methods. Initially, a piezo stage is
used to scan laser spots in the resin [40, 42, 44], and the print-
ing rate does not exceed 1 x 10% voxel s~'. Subsequently, the
printing rate increases from 1 x 10° to 1 x 10% voxel s~!
while a galvanometer is used to deflect the beam [41, 55,
56]. In 2019, resonant scanning significantly increases the
printing rate to 2.3 x 10° voxel s~! [51]. At the same time,
mechanical scanning MPL methods increase throughput by
incorporating multi-foci parallel manufacturing [28, 40-42,
44, 56]. In 2020, a nine-foci scanning MPL method with a
high-performance galvanometer records the best printing rate
of 9 x 10° voxel s~! [28]. The voxel printing rate of our AOSS
method is 8.4 times more than the record of the mechanical
scanning MPL method. The parameters of the above compar-
ison are shown in table S1.

On the other hand, we compare our work with the repor-
ted diffracted scanning MPL. A spatial light modulator (SLM)
[57, 58], and a DMD [50, 59] are used to realize multi-foci
scanning by refreshing the holograms frame by frame and pos-
itioning the laser spots point by point. The higher refresh rate
of the device enables a higher printing rate. Four-foci scanning
with a single-focus printing rate of 2.27 x 10* voxel s~! and
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multi-foci printing rate of 9.08 x 10* voxel s~! is reported

in 2019 [50]. About 2000-foci parallel manufacturing with a
printing rate of 2.0 x 10° voxel s~ is reported in 2023 [60],
which is the highest diffracted scanning MPL method recor-
ded to date. Due to the continuous movement of laser spots in
AOSS, the voxel printing rate of AOSS is up to 37 times more
than the record of the diffracted scanning MPL method. The
parameters of the above comparison are shown in table S2.

3. Discussion

In this study, we present an AOSS method to significantly
improve the MPL scanning throughput while maintaining
high printing resolution and flexibility. In the future, a higher
acousto-optic scanning speed and an increased number of foci
can continue to increase the throughput of AOSS. The scan-
ning speed of acousto-optic scanning is proportional to the
bandwidth of the acousto-optic scanning [61]. A step-array
AQOD based on PbMoOy4 had a 3 dB bandwidth of 250 MHz
[62], which is 4.5 times wider than the 55.7 MHz bandwidth of
our current work. Besides, the AOD based on LiNbO3 demon-
strates the 3 dB bandwidth of 1 GHz [63]. Therefore, the scan-
ning speed has the potential to improve by one order of mag-
nitude using a wider bandwidth. As for increasing the foci
number, higher laser power can support more laser spots. To
address the energy requirements of eight-foci, we used a laser
source with a power of merely 6.5 W. As the average power
of femtosecond lasers increases from 100 to 10000 W [64—
66], the number of laser spots can further expand to hundreds
or even tens of thousands. Based on the above analysis, the
throughput of AOSS has a foreseeable potential to increase
by three orders of magnitude without sacrificing the struc-
tural design freedom, uniformity of parallel processing, and
accuracy, which will create new possibilities and pave the way
toward massive industrialized MPL 3D nano-printing.

4. Materials and methods

4.1. The optical structure of our AOSS method

The detailed diagram of the AOSS is shown in figure S2. The
laser is a femtosecond laser (Keyun, China, 250 fs pulse width,
45 MHz repetition rate, 6.5 W). A pair of prisms, P1 and P2
(Thorlabs, N-F2, USA), is used to pre-compensate the group
delay dispersion of the system. An AOM (Gooch, AOMO
3080-294, UK) controls the temporal optical switch of the sys-
tem. The switching frequency of AOM can be calculated from
the aperture and sound velocity [67]. The aperture of the beam
passing through the AOM is 2 mm, and the sound velocity of
the AOM is 5730 m s—!. From this, it is calculated that the rise
time is 230 ns, and the 3 dB switching frequency is 2 MHz.
A prism, P3 (Thorlabs, N-F2, USA), is used to offer pre-
compensation for the angular dispersion of the AOD on the
center of the field. A two-axis AOD (AA Opto-Electronic,
DTSXY400, France) deflects the femtosecond laser at differ-
ent angles. The AOD, and AOD,, are driven by a pair of RF
generators (AA Opto-Electronic, DRFA10Y-B, France) and a
pair of power amplifiers (AA Opto-Electronic, AMPB-B-34,

France). The RF generators are controlled by an arbitrary
waveform generator (NI Instruments, pixie-5413, USA). A
DOE (Lubang, China) splits the beam into eight beamlets.
The direction of beam division is perpendicular to the fast
axis (AOD,). The beam is nearly vertical incident DOE. The
angle between the incident beam and the normal direction of
the DOE is +0.14° and 4-0.7° along the scanning direction of
AOD, and AOD,, respectively.

The uniformity of the eight-foci is mainly affected by the
DOE. We measured the voxel size and intensity of each focus,
which is shown in figure 2(e). The optical power of each focus
is shown in figure S3(a). The uniformity of our DOE is calcu-
lated by the following formula [68]:

uzlipmax_Pmin (1)

P, max T P min

Pax and Py, are the maximum and minimum values of the
optical power of eight-foci, respectively, and the uniformity
of DOE is 0.881. There is an approximate linear relationship
between the voxel size and the optical power of each focus,
which is shown in figure S3(b). The lateral size and axial size
of each focus are shown in figures S3(c) and (d).

The scanning range of AOD, and AOD, is 68 ym and
36.6 um, respectively, which is shown in figure S4. The pitch
of each of the eight-foci is 8.5 um. AOD, scans 46 points at
a hatching distance of 185 nm to form a layer. The scanning
period of AOD,, is 17.5 us. Therefore, the processing time of
each layer is 805 us.

Angular dispersion occurs when the femtosecond laser
passed through the AOD and DOE. A Kepler dispersion tele-
scope (KDCM) can compensate for the angular dispersion
generated by the AOD [69] and DOE [28], respectively. In
this study, the DOE is placed close to the exit pupil of AOD,,.
A custom-designed KDCM compensates for the angular dis-
persion generated by the AOD and DOE. The results of com-
pensation are shown in figure S5 and text S2. A cylindrical
lens (CL1, Thorlabs, LJ1277L1-A, USA) with a 250 mm focal
length compensates for the cylindrical lens effect caused by
AQOD;. A tube lens, TL1 (Olympus, SWTLU-C, Japan), col-
lects the above eight laser beams onto the surface of a digital
mask (TI, DLP6500, USA).

The digital mask is located on the back focal plane of TL1.
CL1 is on the front focal plane of TL1. The digital mask has
a blaze angle of 12°. The incident angle 6; mas, and outgoing
angle 6, mask Of the digital mask meets the 2D blazed grating
diffraction theory [70]

(sin(0o mask) — Sin(6; mask)) X \% =mx A\ 2)

In this study, we use 6 mask = 10°, 0o, mask = 34°, m = 4
for a 517 nm laser. The parameter d in formula (2) is the pixel
size of the digital mask, and d = 7.56 pm.

The laser beams are then relayed by another tube lens, TL2
(Olympus, SWTLU-C, Japan), tightly focused by a high NA
lens (Olympus, 100 X, NA 1.4, Japan). A moving stage (AUS-
PRECISION, QFL100-100XY-15V, China) is used to position
the scanning region.



Int. J. Extrem. Manuf. 5 (2023) 035008

B Jiao et al

4.2. The measurement of the wavefront of acousto-optic
scanning

We develop an optical measurement system to measure the
wavefront of acousto-optic scanning. The diagram of the
measurement system is presented in figure S6. To extract
the beam at a specific scanning angle of the acousto-optic
scanning, we use a bi-convex lens (f1, LB1391-A, Thorlabs,
USA) to focus the single longitudinal mode laser (ZK
Laser, SLM532G-200, Beijing, China) into the AOM (Gooch,
AOMO 3080-294, UK) to reduce the rise time to 25 ns. A
pinhole with a diameter of 50 ym and a collimating lens (2,
LA1172-A, Thorlabs, USA) is used to generate a planar wave
with a wavefront RMS value of 11 nm. We use a cylindrical
lens (f3, LJ1277L1-A, Thorlabs, USA) with a focal length of
250 mm to compensate for the cylindrical lens effect caused
by acousto-optic scanning. A pair of tube lenses (f4 and f5,
SWTLU-C, Olympus, Japan) is used to relay the beam on the
surface of the wavefront sensor (WFS30-5C, Thorlabs, USA).
An aperture (GCM-5702M, Daheng Optics, Beijing, China) is
located at the confocal plane of the relay, which aims to allow
only the wavefront of the first order of diffracted light to be
measured. The wavefront of 21 locations in the scanning field
is measured.

The eight wavefronts of the measurement result in
figure 1(b) are shown in figure S7(a). The wavefront of the
acousto-optic scanning driven by linear swept signal has sig-
nificant aberrations at the scanning edges. By analyzing the
Zernike coefficient of the measuring wavefronts, we find that
the variation of the focal power of the cylindrical lens effect
is the main source of the aberrations. The focal power of the
cylindrical lens effect (¢) can be expressed by the 90° astig-
matism coefficient, which is recorded as Z; 2

¢ =

4V6X x Z3*. (3)

2
The r in formula (3) is the radius of the measured aper-

ture of the wavefront sensor. r = 2.55 mm is used in this
measurement.

4.3. The non-linear swept acousto-optic scanning method

The focal power calculated by the formula (3) is shown in
figure S7(b). As for acousto-optic scanning driven by lin-
ear swept signal, the calculated focal power ranges from
—0.052 m~! to +0.068 m~", of which the variation is 3% rel-
ative to the focal power of lens f3. We use a non-linear swept
signal to achieve a nearly constant cylindrical lens effect.
The nearly constant cylindrical lens effect is shown in figure
S7(b). The calculated focal power ranges from —0.004 m~! to
+0.014 m~!, of which the variation is only 0.45% relative to
the focal power of lens f3. Based on this, the non-linear swept
acousto-optic scanning method also greatly reduces wavefront
aberration, which is shown in figures 1(b) and S7(a). The non-
linear swept signal is

F0=3ax(4)" @
i=0

T in formula (4) is the scanning period of AOD,. We do not
stop adjusting the second-order coefficient a, until the meas-
ured focal power of the cylindrical lens effect is nearly con-
stant. Higher-order coefficients (i > 3) may be used for per-
forming faster acousto-optic scanning in the future.

4.4. Printing processing and structure characterization

The resin used in this study is IP-L and IP-Dip (Nanoscribe,
Germany). The post-print processing for the sample included
a propylene glycol monomethyl ether acetate (PGMEA) bath
for 10 min and another IPA bath for 5 min. The sample dries
at a room temperature of 24 °C. The sample coated with Au
is imaged using a field emission scanning electron microscope
(FEI Nova NanoSEM450) at 5-10 kV. The microscope images
are obtained by using 3D laser scanning confocal microscope
(LSCM, Keyence VK-X1100).

4.5. Module processing

The slicing distance and hatching distance of the printed mod-
els are shown in table S3.

Data and materials availability

All data are available in the main text or the supplementary
materials.
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