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Three-dimensional isotropic microfabrication in
glass using spatiotemporal focusing of
high-repetition-rate femtosecond laser pulses

Yuanxin Tan'?4, Haotian Lv!, Jian Xu®?*, Aodong Zhang?,
Yunpeng Song?, Jianping Yu?, Wei Chen?, Yuexin Wan?, Zhaoxiang Liu?,
Zhaohui Liu?, Jia Qi?, Yangjian Cail*** and Ya Cheng?3*

To improve the processing efficiency and extend the tuning range of 3D isotropic fabrication, we apply the simultaneous
spatiotemporal focusing (SSTF) technique to a high-repetition-rate femtosecond (fs) fiber laser system. In the SSTF
scheme, we propose a pulse compensation scheme for the fiber laser with a narrow spectral bandwidth by building an
extra-cavity pulse stretcher. We further demonstrate truly 3D isotropic microfabrication in photosensitive glass with a tun-
able resolution ranging from 8 um to 22 pm using the SSTF of fs laser pulses. Moreover, we systematically investigate
the influences of pulse energy, writing speed, processing depth, and spherical aberration on the fabrication resolution. As
a proof-of-concept demonstration, the SSTF scheme was further employed for the fs laser-assisted etching of complic-
ated glass microfluidic structures with 3D uniform sizes. The developed technique can be extended to many applications
such as advanced photonics, 3D biomimetic printing, micro-electromechanical systems, and lab-on-a-chips.

Keywords: simultaneous spatiotemporal focusing technique; pulse compensation; pulse stretcher; 3D isotropic
fabrication; chemical etching
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Introduction ics, integrated optics, microfluidics, and optofluidics' .

Femtosecond (fs) laser direct writing (FLDW) in trans-
parent materials, as a powerful three-dimensional (3D)
microfabrication technology based on nonlinear laser-
material interaction, has exhibited broad and promising

applications in many fields such as micro/nanophoton-

For instance, FLDW can be applied to fabricate 3D op-
tical waveguides in various transparent dielectrics!>!?,
Bragg gratings in fibers', microfluidic and optofluidic
structures', and proteinaceous micro/nanostructures'c.

Although significant advances have been made in
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micro/nanostructure fabrication and functional device
application using the FLDW, it is still a challenge to
maintain the 3D isotropic processing resolution during
the fabrication of arbitrary-shaped microstructures. Typ-
ically, the focal spot produced by FLDW has an asym-
metrical shape and the axial resolution is significantly
elongated, which inherently limits the 3D fabrication ho-
mogeneity of FLDW. To balance the differences between
the lateral and axial resolutions of FLDW, several beam
shaping techniques have been proposed!’-?!, such as slit
shaping'”'%, astigmatic shaping'®, and crossed beam irra-
diation?*. However, these techniques cannot achieve 3D
isotropic fabrication based on a single objective lens.

As a unique ultrafast laser beam shaping technique,
the simultaneous spatiotemporal focusing (SSTF) tech-
nique was originally developed for bio-imaging applica-
tions*>?*, and has been applied in fs laser micromachin-
ing?*~**. The SSTF technique provides a new temporal fo-
cusing dimension, making it prominent in improving the
axial fabrication resolution* %, eliminating the nonlin-
ear self-focusing?®¥, and increasing the fabrication effi-
ciency®**!. The mechanism of the SSTF technique is that
different frequency components of fs laser pulses are spa-
tially dispersed by gratings and then recombined by an
objective lens. With the SSTF technique, embedded mi-
crofluidic channels with circular cross-sections in silica
glass were fabricated using the laser assisted etching*
and high aspect-ratio channels were processed in thick
silica glass using laser backside machining®. In our pre-
vious work®, a 3D isotropic fabrication resolution of ~85
pm was achieved in glass using the SSTF scheme.
However, these results are all achieved by using Ti: sap-
phire chirped pulse amplification system with a central
wavelength of 800 nm, wide spectral bandwidth (~30
nm), and low repetition frequency (1 kHz). Notably, a
wide spectral bandwidth is beneficial for spatial disper-
sion and pulse compensation in the SSTF scheme, but
the relatively low repetition rate limits the fabrication
speed. Moreover, exploring the possibility of 3D isotrop-
ic fabrication with a tunable resolution in glass has yet
not been studied.

To improve the fabrication speed and extend the pro-
cessing window of 3D isotropic microfabrication, the use
of fs fiber laser amplification systems with high repeti-
tion rates is highly desirable. However, high-repetition-
rate fs fiber laser sources usually could not provide a suf-
ficient pulse compensation for the SSTF scheme due to
their narrow spectral bandwidths which limits the ap-

https://doi.org/10.29026/0ea.2023.230066

plication of SSTF technique on those systems.

To overcome this problem, we propose a pulse com-
pensation scheme by building a pulse stretcher outside a
high-repetition-rate fs fiber laser source for the genera-
tion of the SSTF fs laser pulses. Further, we demonstrate
truly 3D isotropic microfabrication in glass with a tun-
able resolution ranging from 8 pm to 22 um. Then, we
systematically investigated the influences of pulse energy,
speed, depth, and spherical aberration on fabrication res-
olution. Finally, SSTF FLDW followed by chemical etch-
ing was employed for demonstration of the processing
capability of 3D complicated and spatially homogenous
microfluidic structures in Foturan glass®*>*. Compared
with previous SSTF works, the proposed technique ex-
tends the SSTF scheme to a high repetition rate and nar-
row bandwidth fs fiber laser source, which not only im-
proves the fabrication efficiency of FLDW but also ex-
tends the tunable range of 3D isotropic fabrication
resolution.

Experimental setup

Figure 1 shows the schematic of the experimental layout
for the SSTF micromachining system. The laser source is
an ultrashort pulsed fiber laser amplifier system (Light
Conversion, Carbide 30 W) with a center wavelength of
1030 nm, a variable pulse duration ranging from 250 fs
to 10 ps, and a variable repetition rate ranging from 1
kHz to 1 MHz. The pulse energy can be controlled by
setting the transmission rate of the laser source and the
output laser beam has a nearly perfect Gaussian shape
with a ~3 mm diameter.
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Fig. 1 | Schematic of the experimental layout. BS: beam splitter;

M: mirror; G1-G4: diffraction gratings; L1-L4: lenses with different
focal lengths; DM: dichroic mirror; OL: objective lens; SA: sample.
The dashed rectangle indicates the proposed extra-cavity pulse
stretcher.
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In the SSTF scheme, different frequency components
are separated from each other in space by a single-pass
grating compressor. It should be noted that the spectral
bandwidth of the high-repetition-rate fiber laser system
is only ~8 nm, which is smaller than the typical spectral
bandwidth of Ti: saphirre chirped pulse amplification
system. Such a high-repetition-rate fs laser with a nar-
row spectral bandwidth needs more angular chirp rate to
obtain sufficient spatial dispersion, which also directly
introduces a large number of negative Group Delay Dis-
persion (GDD). However, the large number of negative
GDD cannot be compensated by tuning the laser source
itself.

To simultaneously obtain sufficient spatial dispersion
and compensation for the temporal chirp, we built an ex-
tra-cavity pulse stretcher to provide positive temporal
chirps, as illustrated in Fig. 1. A Martinez-type pulse
stretcher was adopted to introduce a large number of
positive temporal chirps¥, which consist of a double-pass
configuration with the gratings (G1 and G2) at the Lit-
trow angle and a telescope system (L1 and L2). The in-
cident angles of both transmission gratings (Gitterwerk,
1739 lines/mm, blazing at 1030 nm) were all 63.6°, the
focal lengths of two convex lenses L1 and L2 were all 150
mm, the distance between the lens was 300 mm and the
distance between the grating and convex lens was ~116
mm. The effective distance of the pulse stretcher z was
estimated to be ~136 mm.

The GDD introduced by the pulse stretcher can be ex-
pressed as

d’¢ Mz

GPD= 300 = Indorcosd W
where z is the effective distance of the stretcher, o is the
grating constant, and 6 is the first-order diffraction
angle. The GDD introduced by the pulse stretcher in this
experiment was estimated to be ~4.0107x10° fs?, and the
output pulse width was stretched to be ~45.789 ps after
passing through the pulse stretcher.

To obtain a stronger spatiotemporal coupling effect in
the SSTF scheme, a telescope system consisting of a con-
vex lens L3 (f = 300 mm) and a concave lens L4 (f= —100
mm) was employed to reduce the beam diameter to ~1
mm (1/e?). The laser beam was then directed through the
single-pass grating compressor, which consists of two
transmission gratings (G3 and G4, Gitterwerk, 1379
lines/mm, blazing at 1030 nm). The incident angle of the
gratings was 45° and the distance between the gratings

was ~410 mm. It should be noted that the single-pass
grating compressor in the SSTF scheme had two main
purposes. On the one hand, the grating compressor in-
troduces proper spatial dispersion, with the grating dis-
tance of 410 mm, all the frequency components can fill
the pupil of the objective lens. On the other hand, the
grating compressor can provide negative GDD, which
can be used to compensate for the positive GDD in-
duced by all optics including the pulse stretcher, lenses,
and so on. The GDD introduced by the grating com-
pressor in this experiment was estimated to be
—4.3756x10° fs2.

After being dispersed by the grating pair, the sizes of
the laser beam were measured to be ~13 mm (1/e?) in the
chirped dimension and ~1 mm (1/e?) in the non-chirped
dimension. The spatially dispersed fs laser pulses were
then focused into the glass sample using a water immer-
sion objective lens (Olympus, 20x) with a numerical
aperture (NA) of 1.0 and a working distance of 2 mm,
the objective lens was immersed in water to minimize
spherical aberrations. Notably, the effective NA estim-
ated in this study was only 0.097.

To obtain the shortest pulse duration at the focus of
the objective lens in the SSTF scheme, the output pulse
from the amplifier should be pre-chirped by adjusting
the compressor in the amplifier system. In the experi-
ment, the strongest ionization of the air was observed at
the focus of the objective lens when the output pulse dur-
ation from the amplifier system was set at -3.5 ps.

The samples used in the experiment were photosensit-
ive glass Foturan (Schott Glass Corp), which were cut in-
to 10 mm x 10 mm x 1.6 mm coupons with all six sides
polished. The glass can be regarded as a great indicator
for the microfabrication process because the laser-modi-
fied area is not visible after the laser irradiation but turns
to brown after a thermal annealing process (the temper-
ature was first increased to 500 °C at 5 °C/min and held
for one hour; and then raised to 605 °C at 5 °C/min and
held for one hour). The glass sample was mounted on a
computer-controlled XYZ stage with a resolution of 1
um, and the front surface of the sample was immersed in
purified water. The whole fabrication process was mon-
itored by two charge-coupled devices (CCD) cameras
from the top and side, respectively.

Theoretical analysis

Theoretically, in the SSTF scheme, the normalized light
field of a spatially dispersed pulse E; at the entrance
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aperture of an objective lens can be expressed as>*02,
(0 — w,)’
o ]
><eXp{_[x a(wwzwo)] +y } @

where Ej is the constant field amplitude, wy is the carrier

E, (x,y, w) =Ejexp[—

frequency, 2In2Q) is the FWHM of the frequency spec-
trum of the pulse, and a(w—-wy) is the linear shift of each
spectral component. In our experiments, the spectral
bandwidth was only 8 nm, and the beam waist was wi, =
1 mm. According to ref.'s, the angular chirp rate
a = dMcosi/ (owycos’y) 3)
where d is the distance between the gratings; i and y are
the incident angle and the first-order diffractive angle,
respectively; o is the groove density of the gratings; A is
the carrier wavelength. We can calculate the angular
chirp rate a = 6.5635 x107'° m-s/rad in the experiment.
The numerically calculated and experimental measured
laser intensity distributions at the entrance aperture of
the objective lens are shown in Fig. 2(a) and 2(b), re-
spectively. The experimental results were captured by a
laser beam profiler (DataRay Inc. ) and the measure-
ment plane was right near the entrance aperture of the
objective lens. It is obvious that in the SSTF scheme, dif-
ferent frequency components are separated from each
other in the X direction after passing through the grat-
ing pair, the intensity distribution of the laser beam ap-
pears to be elliptical and the spatial chirp ratio (the ratio
of the spatially chirped size to the input beam diameter)
in the experiment is § = 13.
After passing through the objective lens, the laser field
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can be calculated using the slowly varying envelope ap-

proximation, which can be written as

4y
2f

where k is the wave vector, and f is the focal length of the

E, (x,y,0) = E (x,y, w) exp [—ik } , (@)

objective lens. Under the paraxial approximation, the
light field near the focus can be described using the Fres-
nel diffraction formula, which is

exp (ikz) (oo
E3 (xaya Za (0) IAZ J;[ EZ Ea 117
- exp {ik(x_ ) ;'Z(y_ﬂ) }dadr;. (5)

By performing an inverse Fourier transform of E3, the

intensity distribution in the time domain can be written
as

) = |E4 (x, 9, z, t)|2
o] 2
:‘ j E; (x,9,2z,w) exp (—iwt)dw| . (6)

I(x,y,z,

Figure 2(b—d) shows the numerically calculated spa-
tial intensity distributions near the focus of the objective
lens with the SSTF scheme in XY, YZ, and XZ plans, re-
spectively. Figure 2(f-h) are the corresponding experi-
mental measured intensity distributions in glass, which
were captured by an optical imaging system consisting of
an objective lens (Mitutoyo, 20x, the numerical aperture
is 0.3) and a CCD camera. The pulse energy was set to be
8 pJ (measured before the objective lens) and the intens-
ity distributions were recorded 300 um beneath the glass
surface.

As shown in Fig. 2, numerically calculated intensity

distributions were

40
20

0

-20
-40

-40 -20 0 20 40

in good agreement with the

| J P
20
E o
N
-20
~40

-40 -20 0 20 40
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Fig. 2 | (a) Numerically calculated and (e) experimentally measured laser intensity distributions at the entrance aperture of the objective lens.

(b—d) Numerically calculated and (f—h) experimentally measured intensity distributions near the focus of the objective lens in XY, XZ-and YZ

planes, respectively. Scale bars in (e) and (f~h) are 1 mm and 10 ym, respectively.
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experimentally measured results. In the XY plane, the in-
tensity distribution at the focus of the objective lens
showed a round-shaped profile with a diameter of ~20
pum in Fig. 2(b), indicating the overlapping of different
frequency components at the focus of the objective lens.
In the XZ and YZ planes, the cross-sectional profiles are
also symmetrical and round-shaped, which were in
agreement with the calculated results as shown in Fig.
2(c) and 2(d). Therefore, a nearly perfect 3D symmetric-
al intensity distribution can be achieved by the SSTF of
high-repetition-rate fs laser pulses.

Results and discussion

3D isotropic fabrication resolution
To verify the 3D symmetrical fabrication using the SSTF
scheme, a series of lines in glass samples along different
directions were inscribed. The pulse energy, repetition
rate, writing speed, and processing depth were set at 8 pJ,
10 kHz, 200 pm/s, and 300 pm beneath the glass surface.
Figure 3(a—c) show the schematics of the fabrication
procedure with the SSTF scheme along X, Y, and Z direc-
tions, respectively. Figure 3(d-f) show the correspond-
ing cross-sectional profiles, whilst Fig. 3(g—i) and 3(j-1)
show the corresponding top-view and side-view optical
micrographs of the lines, respectively. One can see that
all the lines oriented in X, Y, and Z directions are homo-
geneous and the cross-sectional profiles of the lines are
all circular with a diameter of ~16 pm, indicating the

B #i“
X y
2T .

L.,
[£]

. r’N
—
>

.
‘_] ) | y
T—»x

capability of 3D isotropic fabrication using the proposed
technique. In addition, the cross-sectional profiles in Fig.
2(d—-f) were in good agreement with the 3D symmetrical

intensity distribution results presented in Fig. 2.

Influence of pulse energy and writing speed
To further investigate the influence of pulse energy on
the fabrication resolution in the SSTF scheme, a series of
embedded lines with different pulse energies were writ-
ten in glass. The writing speed and processing depth
were 200 pm/s and 300 um beneath the surface, respect-
ively. The pulse energies varied from 4.7 pJ to 11.0 pJ.
Figure 4(a) and 4(b) present cross-sectional micro-
graphs of fabricated lines with different pulse energies in
XZ and YZ planes, respectively. The pulse energies from
left to right were 4.7, 6.2, 7.2, 8.0, 9.5, and 11.0 yJ in Fig.
4(a) and 4(b), respectively. Measured average lateral sizes
of cross-sections were 8.3, 13.6, 15.3, 16.3, 20.2, 21.4 pm
in the XZ plane and 8.3, 13.6, 15.3, 16.3, 20.2, 21.4 pm in
the YZ plane, while the measured longitudinal sizes were
to be 8.3, 13.6, 15.4, 16.5, 20.4, 21.8 um in the XZ plane
and 8.3, 13.6, 15.3, 16.3, 20.2, 21.4 um in the YZ plane,
respectively. Accordingly, the aspect ratios of lateral and
longitudinal sizes with different pulse energies were all
~1. It is obvious that with the increase in pulse energy,
the cross-sectional size uniformly increases while main-
taining their symmetries in both XZ and YZ planes (see
Figs. 4(a, b) and S1), leading to a 3D tunable isotropic

B

A i P A A AT R o S

RERER

X i
L. t.. S

Fig. 3 | Schematics of the fabrication procedure with the SSTF scheme along (a) x, (b) y, and (c) z directions, respectively. (d—f) Cross-sectional,

(g—i) top-view, and (j-1) side-view optical micrographs of lines along different directions. The pulse energy and writing speed were 8 pJ and 200

um/s, respectively. Scale bar: 20 pm.
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Fig. 4 | The influence of pulse energy and writing speed on the fabrication resolution in the SSTF scheme. Cross-sectional optical micro-

graphs of laser-inscribed lines in the glass along (a) y and (b) x directions with different pulse energies ranging from 4.7 pJ to 11.0 pJ. (c) Lateral

and longitudinal sizes of lines in XZ and YZ planes versus pulse energies. (d) A laser-written line using segmented processing with different

pulse energies ranging from 11.0 pJ to 4.7 pJ at a writing speed of 5 pm/s. The insets in (d) are the corresponding cross-sectional view optical

micrographs. Cross-sectional optical micrographs of several lines inscribed along (e) y and (f) x directions at different writing speeds ranging from

0.2 mm/s to 9 mm/s, pulse energy was set at 8 puJ. (g) Lateral and longitudinal resolutions versus writing speeds. Scale bars indicate 20 ym.

resolution ranging from 8 pm to 22 pum.

To quantitatively determine the pulse energy depend-
ence of the fabrication resolution, the lateral and longit-
udinal sizes of cross sections were plotted as functions of
pulse energy in Fig. 4(c). It can be observed that when
the pulse energy is in the range of 4.7 to 11 yJ, the lateral
and longitudinal sizes in both XZ and YZ planes are well
balanced, and the sizes in both lateral and longitudinal
directions show a nearly linear dependence on the pulse
energy, the aspect ratios of cross section in both XZ and
YZ planes are all about 1.

To demonstrate the tunability of fabrication resolu-
tion, we fabricated a line using segmented processing
with different pulse energies and a writing speed of 5
um/s (see Fig. 4(d)). The pulse energies varied from 11 pJ
to 4.7 pJ from left to right with a segmented distance of

50 um. The insets in Fig. 4(d) show the cross-sections of
the corresponding locations. This result revealed that 3D
isotropic fabrication resolution could be continuously
tuned with the variation of the pulse energy.

To investigate the influence of writing speed on the
fabrication resolution, a series of embedded lines at dif-
ferent writing speeds were also inscribed in the glass. The
pulse energy and processing depth were set at 8 pJ and
300 pm beneath the surface, respectively. The writing
speed varied from 0.2 mm/s to 9 mm/s. Figure 4(e) and
4(f) present cross-sectional micrographs of the fabric-
ated lines in the XZ and YZ planes, respectively. The
writing speeds from left to right are 0.2, 1, 3, 5, 7, and 9
mm/s in both Fig. 4(e) and 4(f). When the writing speed
changed, the measured lateral sizes were 16.3, 15.0, 13.8,
12.7, 11.2, and 9.2 pm and the axial sizes were 16.6, 15.1,

230066-6
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13.9,12.8, 11.2, and 9.2 pm, respectively. The aspect ra-
tios of lateral and axial sizes at different writing speeds
were all ~1. With increasing writing speed, the cross-sec-
tional sizes gradually decreased in the SSTF scheme, and
all cross-sectional shapes remain circular in both XZ and
YZ planes at different writing speeds, resulting in a 3D
tunable isotropic fabrication resolution ranging from 9
pum to 16 um (see Figs. 4(e, f) and S2). As shown in Fig.
4(g), the cross-sectional size showed a nearly negative
linear dependence on the writing speed.

Influence of processing depth

To investigate the influence of processing depth on the
fabrication resolution with the SSTF scheme, a series of
lines at different depths and pulse energies were in-
scribed in glass as illustrated in Fig. 5(a). All the lines
were written at a speed of 200 um/s.

Figure 5(b) and 5(c) present the cross-sectional optic-
al micrographs of lines fabricated at different depths in
YZ and XZ planes, respectively. The pulse energies from
left to right were 8.7, 8.0, 7.2, 6.2, and 5.4 yJ, and the
depths of the focal position were 160, 480, 800, 1120, and
1440 pm, as indicated in Fig. 5(b) and 5(c). It is obvious
that all the cross-sectional profiles in both XZ and YZ
planes were symmetrical and round-shaped, and the lat-
eral and longitudinal sizes of cross-sections were almost
unchanged at different depths (see Figs. 5(b, ¢) and S3),
which means that the fabrication resolutions in both XZ

and YZ planes were insensitive to the depth of the focal

Depth (um)
160 . L ~ . . » E o
480 . . . - . Al . .
800 . . * - . R - -
1120 T T " s .
1440 . . . . . . - .
87 80 72 62 54 87 80 7.2

6.2
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position in the SSTF scheme. Figur 5(d) further con-
firmed that the lateral and longitudinal sizes were well
balanced at different depths in both XZ and YZ planes
when the processing depth was less than 800 pm, and the
corresponding aspect ratios of cross-sectional shapes
were 1. When the depth was beyond 800 um, although
the lateral and longitudinal sizes were not balanced, the

maximum aspect ratio was only 1.1.

Influence of spherical aberration

To investigate the effect of spherical aberration on the
fabrication resolution, we first wrote lines with different
pulse energies when the water-immersion objective lens
was not immersed in water, as illustrated in Fig. 6(a).
The fabrication parameters were almost the same as
those in Fig. 4(a) and 4(b). The writing speed and the
processing depth were 200 um/s and 300 pm beneath the
surface, respectively. The pulse energy varied from 4.75
uJ to 22.8 yJ.

Figure 6(b) and 6(c) present the cross-sectional optic-
al micrographs of lines fabricated at the increasing pulse
energy in XZ and YZ planes when the objective lens is
not immersed in water. It should be noted that com-
pared with the results in Fig. 4(a) and 4(b), there was no
visible modified area at the same pulse energy. Only
when the pulse energy increased to 14.8 pJ, the lines
could be fabricated in the SSTF scheme, which means
that the fabrication of lines needs more laser intensity

when the objective lens was not immersed in water than
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Fig. 5 | The influence of processing depth on the fabrication resolution in the SSTF scheme. (a) Schematic of inscribing lines in glass at

different depths along the X and Y directions. Cross-sectional optical micrographs of the lines written along the (b) X and (c) Y directions, re-

spectively. (d) The lateral and longitudinal resolutions versus depth. Scale bar: 20 ym.

230066-7


https://doi.org/10.29026/oea.2023.230066
https://doi.org/10.29026/oea.2023.230066

Tan YX et al. Opto-Electron Adv 6, 230066 (2023)

ﬂ q0f

Size (um)

https://doi.org/10.29026/0ea.2023.230066

30+

20 +

10 |

14 1.6 1.8 2‘0 2‘2 24
Pulse energy (uJ)

D @ & 9 9V

Pulse energy (uJ)

Fig. 6 | (a) Schematic of laser-inscribed lines in the glass when the objective lens was not immersed in water. Cross-sectional optical micro-

graphs of the lines along (b) Y and (c) X directions at different pulse energies. The pulse energies varied from 14.8 pJ to 22.8 pJ from left to right

in both (b) and (c). (d) The lateral and longitudinal sizes in XZ and YZ planes versus pulse energies. Scale bar: 20 ym.

that immersed in water. This phenomenon could be ex-
plained by the fact that different frequency components
were not overlapped well due to the effects of the spher-
ical aberration in the SSTF scheme.

As shown in Fig. 6(d), the lateral and longitudinal
sizes showed a nearly linear dependence on the pulse en-
ergy, however, the ratios of cross sections in both XZ and
YZ planes are more than 1.5, which revealed that 3D iso-
tropic fabrication resolution could not be achieved in
SSTF scheme due to the effects of spherical aberrations.

Moreover, it was found that with a conventional fo-
cusing (CF) scheme under the same fabrication paramet-
ers, it was impossible to obtain a 3D isotropic resolution
(see Fig. S4).

Demonstration of 3D isotropic fabrication

To demonstrate the unique capability of 3D isotropic
fabrication in glass with the SSTF scheme, four helical
lines with different pulse energies were inscribed from
the rear surface to the front surface of 1.6 mm thick glass.
Figure 7(a) and 7(e) show the cross-sectional view and
top-view optical micrographs of the fabricated helical
lines. The writing speed was fixed at 200 pm/s and the
pulse energies from left to right were 9.5, 8.0, 7.2, and 6.2

u, respectively. The helical lines with coil diameters of
200 pum in the XY plane and the Z-direction pitches of
200 pm were written. The measured widths of helical
lines from left to right were 20.2, 16.3, 15.3, and 13.6 pm
(see Fig.7(a) and 7(b)), respectively. As shown in Fig.
7(c, d, g), all the helical lines were homogeneous not only
at different depths but also in the XY planes, which fur-
ther provided evidence of the 3D isotropic fabrication
resolution with the SSTF scheme. Compared with con-
ventional 3D FLDW, the SSTF scheme provides a 3D
tunable and depth-insensitive 3D isotropic fabrication

resolution.

3D homogeneous microchannel fabrication

To demonstrate the capability for fabricating spatially
homogeneous microfluidic structures, SSTF FLDW-as-
sisted etching was performed as illustrated in Fig. 8(a),
the fabrication procedure consists of three main steps: (I)
SSTEF fs laser direct writing; (II) thermal annealing; (III)
chemical etching. 10% hydrofluoric (HF) solution was
employed for the selective removal of the laser-modified
lines to form glass microchannels. A meandering cool-
ing structure microchannel was firstly fabricated embed-
ded in glass with a depth of 100 um. To ensure the etching
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Fig. 7 | (a—d) Cross-sectional view and (e—g) top-view optical micrographs of helical lines written throughout 1.6 mm thick glass at different pulse

energies with the SSTF scheme. The writing speed was set at 200 um/s, and the pulse energies from left to right were 9.5, 8.0, 7.2, and 6.2 pJ,

respectively. (¢) and (d) Enlarged images of (b) at different depths. (g) Enlarged image in (f). Scale bar: 100 pm.

homogeneity of the channel, a series of extra-access ports
distributed along the whole channel with a spacing of
100 um was adopted. The writing speed and the pulse
energy were 200 um/s and 6.2 pJ, respectively. Figure
8(b) shows the optical micrographs of the channel struc-
tures after laser irradiation followed by thermal anneal-
ing, the measured width of the line was ~13.6 um. After
thermal annealing, the sample was immersed in a 10%
HEF solution under an ultrasonic bath for 15 min at room
temperature. Figure 8(c) and 8(d) show the optical mi-
crograph of the etched microchannel and its enlarged
image. One can see that the whole channel was uniform
and its width was almost unchanged along the channel
(total length: ~50000 pum) (see the inset of Fig. 8(d)), in-
dicating the ability to prepare large-scale and highly uni-
form functional microstructures in glass using SSTF
FLDW assisted etching. For instance, it may also further
promote the performance of fs laser-fabricated opto-
fluidic waveguides in glass®.

To further demonstrate the powerful capability of the
fabrication of 3D complicated microfluidic structures by
SSTF FLDW assisted etching, a 3D multi-layer micro-
fluidic network structure with a size of 3.75 mm x 3.75
mm x 0.5 mm was fabricated, as shown in the inset of
Fig. 8(g). The writing speed and pulse energy were 5
mm/s and 8 pJ, respectively. Figure 8(e, h, k) show the
optical micrographs of the laser-written network struc-
ture in XY, XZ, and YZ planes after laser irradiation fol-
lowed by thermal annealing. The spacings between lines
in the XY plane and in both XZ and YZ planes were 150
pm and 120 um, respectively. The widths of all lines are

~12.7 um. Then, the sample was etched in a 10% HF
solution under an ultrasonic bath for 50 min. Figure 8(f,
i, 1) show the optical micrographs of the etched network
structure in XY, XZ, and YZ planes. As shown in Fig. 8(g,
j, m), all etched channels oriented in X, Y, and Z direc-
tions exhibited a nearly circular cross-section with a
width of ~30 pm, revealing the capability for the fabrica-
tion of 3D large-scale and uniform complicated micro-
fluidic structures using the proposed technique.

In addition, four helical hollow microchannels in 500
pm thick glass were also fabricated. The pulse energy and
the writing speed were 6.2 pJ and 200 um/s, respectively.
Figure 8(n, q) show the top-view and side-view optical
micrographs of helical lines after FLDW followed by
thermal annealing. The diameter and pitch of coils were
all 150 pm and the helical lines were homogeneous with
a width of 13.6 um. Then, after the etching of 10% HF
solution under an ultrasonic bath for 45 min, the embed-
ded helical microchannels with a width of ~30 um and a
coil diameter of 150 um were fabricated from the front
surface to the rear surface, as shown in Fig. 8(o, r). As
presented in Fig. 8(p, s), although there was a small vari-
ation along these two channels, the whole helical mi-

crochannels were relatively uniform.

Conclusions

In conclusion, we have successfully applied the SSTF
technique to a high-repetition-rate fs fiber laser system
and demonstrated the capability of the SSTF technique
for 3D isotropic microfabrication with a tunable resolu-

tion in the glass. To solve the problem of insufficient
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Fig. 8 | (a) Schematic of the fabrication procedure for 3D microchannel structures in glass by a combination of SSTF FLDW assisted etching,
which consists of three main steps: (I) SSTF fs laser direct writing; (II) thermal annealing; (Ill) chemical etching. (b—d) A meandering cooling
structure microchannel. Optical micrographs of the channel structure (b) after FLDW followed by thermal annealing and (c) after etching. (d) An
enlarged image in (c). (e-m) A 3D multilayer microchannel network structure. Optical micrographs of the 3D network structure (e, h, k) after
FLDW followed by thermal annealing and after etching in XY, XZ, and YZ planes. (g, j, m) were enlarged images in (f, i, I), respectively. (n—-s) 3D
helical microchannel structures. The top-view (n,0) and side-view (q,r) optical micrographs of the 3D helical lines fabricated after FLDW followed
by thermal annealing and after etching. (p) and (s) are enlarged images in (0) and (r), respectively. The insets in (d, g, j, m) are photographs of
the microchannel structures. Scale bar: 100 ym.

230066-10



Tan YX et al. Opto-Electron Adv 6, 230066 (2023)

https://doi.org/10.29026/0ea.2023.230066

pulse compensation for a narrow-bandwidth fiber laser
source in the SSTF scheme, we have built a pulse stretch-
er outside the laser source and confirmed its validity. We
have theoretically and experimentally demonstrated that
3D symmetrical intensity distributions near the laser fo-
cus can be achieved with the SSTF scheme, respectively.
Meanwhile, 3D tunable isotropic fabrication resolution
ranging from 8 um to 22 pm in glass can be achieved by
varying the pulse energy of the fs laser, which remains a
challenge for the conventional focusing scheme. We also
systematically investigated the influences of writing
speed, processing depth, and spherical aberration on the
fabrication resolution in the SSTF scheme. The cross-
sectional size exhibits a nearly linear dependence on the
writing speed due to the modulation of exposure doses.
The fabrication resolution is insensitive to the depth of
the focal position at a certain degree and the rational
control of the spherical aberration is of importance for
maintaining the 3D isotropic fabrication resolution. This
proposed technique overcomes the problem of asymmet-
ric resolution in the conventional FLDW process and ex-
tends the processing window of 3D isotropic fabrication
resolution, which will be beneficial for developing 3D
high-uniform microstructures and novel functional

microdevices.
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