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Laser Lithography of Monolithically-Integrated Multi-Level

Microchannels in Silicon

Muhammad Ahsan Tauseef, Rana Asgari Sabet, and Onur Tokel*

The trend toward ever-increased speeds for microelectronics is challenged by
the emergence of heat-wall, leading to the faltering of Moore’s Law. A
potential solution may be integrating microfluidic channels into silicon (Si), to
deliver controlled amounts of cooling fluid and regulate hot spots. Such
meandering microfluidic channels within other transparent materials already
played significant roles, including in biomedical and sensor applications;
however, analogous channel architectures do not exist in Si. Here, a novel
method is proposed to fabricate buried microchannel arrays monolithically
integrated into Si, without altering the wafer surface. A two-step,
laser-assisted subtractive removal method is exploited, enabling fully-buried
multi-level architectures, with control on the channel port geometry, depth,
curvature, and aspect ratio. The selective removal rate is 750 pm per h per
channel, and the channel inner-wall roughness is 230 nm. The method
preserves top wafer surface roughness of 2 nm, with significant potential for

3D integrated systems.

1. Introduction

Microchannel fabrication methods enable diverse advances in
multiple fields.'>] These include state-of-the-art biomedical
research,[®’] micro-optical systems,[®! optofluidic sensors,>!]
lab-chip systems with filters, mixers, sorters,['>!3] and novel
microfluidic-integrated  platforms.l'*15]  Conventional tech-
niques, such as photolithography, reactive ion etching, and
electron-beam lithography, have been used to create microchan-
nels positioned over the material surfaces. An emerging
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paradigm challenging the existing archi-
tectures is exploiting 3D microchannel
networks to attack the notorious heat wall
problem of electronics.['1% The success
of this paradigm for Si microelectronics
would require the creation of microchan-
nels buried inside the bulk (subsurface)
of the wafer, to be positioned right below
surface hot spots.'””]  Unfortunately,
conventional methods cannot be used
to create channels in Si without altering
its top surface. In addition, available
techniques require complicated steps,
extensive expertise, and expensive infras-
tructure, precluding wider adoption even
for surface fabrication.!l Achieving high
throughput is a further challenge.['®] An
alternative direction is afforded by laser-
ablation-based lithography.'®2°1  How-
ever, these methods are also restricted
to creating the channels on the surface.

Significant efforts have been directed toward overcoming this
architectural challenge to position microchannels directly and
inside the bulk of Si with high control.l'?1-2*] So far, devel-
oped methods may broadly be classified as multi-wafer methods,
which rely on bonding two or more chips carrying the surface
channels.[?324] Since the microchannel fabrication step is based
on conventional methods, these approaches inherit the same
challenges. Indeed, the cost and complexity may even be higher
due to post-treatment steps, such as alignment and bonding.[?324]
Thus, currently, there is no monolithically-integrated solution
for creating microchannel networks inside Si, affording multi-
dimensional control.[?’]

In contrast, fabrication of buried microchannels has been pos-
sible in other materials, such as wide bandgap materials, in-
cluding sapphire, silicon carbide, and numerous glasses.[26-32]
These methods exploit ultrafast-laser-induced subsurface mod-
ifications created with 3D control inside the volume. The modi-
fications are usually removed with selective chemical etchants,
enabling the fabrication of multi-dimensional arrays with 3D
control.[1%3334] The variations of the various laser processing
scenarios include “Femtosecond Laser Irradiation followed by
Chemical Etching” (FLICE) and “Water-assisted Femtosecond
Laser Drilling” (WAFLD).[*>3¢ The direct-laser writing nature
dispenses with any masks and expensive equipment. Further,
fabrication quality and scalability can be improved with emerg-
ing optical techniques, including spatial and temporal beam
shaping,3¢37] using bursts of laser pulses,/?*3%3% and chemical
advances, such as optimized etching protocols.[264%41] We posit
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that the translation of this capability to Si is possible. Consid-
ering that Si is critical for multiple industries, including mi-
croelectronics, Si-photonics, and micro-/nano-electromechanical
systems (MEMS/NEMS),[*2*3] the 3D fabrication capability holds
significant promise toward monolithically-integrated applica-
tions through translating biomedical analysis,!'3*] lab-chip
systems,[**] and biosensors!**! directly to Si chips. Further, mi-
crofluidic networks hold significant potential for the heat man-
agement of systems through carrying cooling fluids to hot spots,
as illustrated by state-of-the-art heat extraction performance in
Gallium Nitride electronics.[!! Motivated by such diverse poten-
tial, we aim to establish a versatile multi-level microchannel
fabrication method in Si without altering the top/bottom wafer
surface.

In laser ablation, the architecture is immediately constrained
by the interaction of laser pulses on the wafer surface, leading
to shallow trenches or grooves, with 2D-constrained fabrication.
During the process, a significant portion of the surface material
is removed, wasting valuable chip area. In contrast, here, we exert
control directly inside the material, preserving the surface. In or-
der to do so, we exploit infrared laser pulses, where Si is transpar-
ent. The nonlinear laser interactions inside the bulk induce local-
ized micro-modifications in Si, affording strong depth control.?
It has been shown that this mode of laser writing can be used to
fabricate thru-Si vias.[?) However, the dimensional barrier is yet
to be overcome for creating monolithically-integrated multi-level
channel arrays. Here, we establish such a method, with precise
control on dimension, position, and geometry within the wafer.

The method involves two steps, 1) 3D laser-writing of a tem-
plate for the multi-level microchannel array and 2) selective
chemical removal of the laser-modified areas. The demonstrated
advances include the creation of buried microchannel arrays,
concurrent fabrication at multiple depths, nonlinear geometries
such as meandering, curved channels, strong control on the
channel port geometry, and high-aspect-ratio fabrication capabil-
ity. During the etching process, subsurface channels are created
in parallel, thus the method is strongly scalable. In addition, we
preserve the top and bottom surfaces during the entire process
(roughness, Ra = 2 nm), implying significant potential for fur-
ther integration with conventional Complementary-Metal-Oxide
(CMOS)-based technologies. This set of advances constitutes a
monolithically-integrated, large-volume, and multi-level fabrica-
tion paradigm for Si.

2. Results

2.1. Monolithically-Integrated Microchannel Arrays

The multi-level fabrication paradigm is illustrated in Figure 1.
We exploit a nanosecond-pulsed infrared laser at the wavelength
of 1.55 um, where Si is transparent, thus, the beam propagates
without surface effects (Experimental Section). Within the bulk,
two-photon absorption and free-carrier absorption processes trig-
ger self-focusing of the pulse, resulting in localized energy de-
livery at the microscale.?! This, in turn, leads to localized mate-
rial modification in Si.54¢] Through controlling the location of
modifications in 3D, one can form the template for an array of
microchannels at different depths (Step 1). The laser-lithography
is performed with multiple neighboring subsurface micro-planes
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(Figure 1a, inset). The subsurface modifications may be extended
to the surface or, optionally, accessed simply by dicing the sample.
In the next step, the modified parts are simultaneously exposed
to a selective etchant (Step 2), where these sections and limited
amount of crystal in between are removed, boosting the fabrica-
tion throughput (Experimental Section). The top and bottom sur-
faces are protected with photoresist throughout the process. The
robust depth control enables multi-level array fabrication, which
can laterally extend indefinitely, only to be limited by the range of
translational stage or extent of the wafer.

The geometry and coordinate system are defined in Figure 1b.
We exploit two modes of laser writing in Step 1. The first is trans-
verse writing modality, where the laser propagates along the z-
axis, perpendicular to the sample scanning direction along the
y-axis. The second is longitudinal writing modality, where the
laser propagates along the y-axis, parallel to the scanning direc-
tion. Both approaches are used to exert depth control, simply by
changing the location of focus along the z-axis. The scanning
electron microscope (SEM) image in Figure 1b-i illustrates three
completely open microchannels, created at various depths in Si,
using transverse laser writing modality. Here, the channel extent
along the z-axis is associated with the Rayleigh length of the laser,
and the horizontal extent is controlled by a set of Q consecutive
micro-planar modifications created with a spacing of A. In this
case, the laser pulse energy (E,) is 4.3 pJ, the spacing between
consecutive modifications is A = 11 pm, and the chemical etch-
ing time is 2 h. The cross-section geometry of the channels is
controlled with laser scanning over the x—z plane. We found that
A and E, are essential parameters for avoiding excess stress ac-
cumulation within the wafer, as will be detailed later. After the
fabrication process, the photoresist is removed. A representative
SEM image of the top surface already indicates preserved mor-
phology (Figure 1b-iii). Next, we will analyze quality metrics in
more detail.

2.2. The Quality Metrics of Microfabrication

As we explored the fundamentals of lithography, we now focus
on the quality metrics, i.e., roughness values for the microchan-
nel inner wall and top wafer surfaces after fabrication, chemi-
cal preservation of the wafer surface, and fabrication throughput.
These will be followed by demonstrations of architectural control
within the bulk. We find that the channel inner wall roughness,
as measured in arithmetic average of profile height (Ra), depends
on the spatial profile of the laser. While microchannels fabricated
with a Gaussian beam profile have wall roughness of Ra = 10 um,
one may exploit spatially-modulated beams for lower roughness
values. We demonstrate a proof-of-concept fabrication based on
Bessel-beam laser writing,[*’] and achieve an inner wall rough-
ness of Ra = 0.23 um (Figure 2a). After the selective removal
step, this channel is diced at its center and evaluated with laser
scanning microscopy (LSM). The imaged area is highlighted in
Figure 2a-i, and the associated LSM data is shown in Figure 2a-ii.
The reduced roughness is associated with an improvement in the
laser-writing step. The non-diffracting nature of the Bessel beams
enables modifications with sub-micron feature sizes (>100 nm)
and with ~200 pm axial length.[**¢] The longitudinal modality
enables high-resolution linear laser-written tracks, which results
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Figure 1. Methodology of fabricating fully-buried microchannels in silicon. a) The schematic represents the concept of monolithically-integrated mi-
crochannel fabrication in Si. Step 1: Laser lithography buried inside Si. Subsurface micro-planes of thickness & and separation A are written in Si as

Q distinct planes. Transverse writing modality is shown in the schematic.

Step 2: Selective chemical removal of the laser-written subsurface regions,

revealing the microchannel arrays. b) Multi-level array with surface preservation. (i) Scanning electron microscope (SEM) image of the sample cross-

section with three open microchannels positioned at 190 pm, 460 um, an

d 700 um below the surface. (ii) Schematic shows a Si sample with buried

microchannels and an unaltered surface after Step 2. The red border represents the cross-section on the x—z plane; the black border represents the
sample surface on the x—y plane. (iii)) SEM image shows the preserved Si surface on the x—y plane, with three microchannels buried underneath.

in linear microchannels with increased aspect ratios and lower
Ra values. We will mainly use Gaussian beams for increased ar-
chitectural control, e.g., curved channel fabrication, and also for
higher effective etching rates.

An important consideration for potential surface/subsurface
functional integration would be preserving the top wafer sur-
face. This is automatically satisfied in Step 1, as the laser prop-
agates without surface alteration during transverse writing; and
does not even interact with this surface in the longitudinal writ-
ing modality. In Step 2, the surface is protected with photoresist
coating (Experimental Section). We evaluate the roughness af-
ter Step 2 using an optical profilometer device (Zygo NewView
7000). We first measure the surface roughness of a wafer car-
rying a buried and completely opened channel after removing
the photoresist (Figure 2b-i), then, compare this with a pristine
wafer (Figure 2b-ii). The roughness value for the former is mea-
sured as 2.2 nm, whereas the latter is 2.0 nm. The result corrob-
orates the preceding SEM analysis (Figure 1b-iii), showing the
surface is preserved. We further evaluate the chemical compo-
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sition of the samples with energy-dispersive X-ray spectroscopy
(Figure S1, Supporting Information). Our measurements do not
indicate a discernible difference between the surfaces, indicat-
ing strong surface preservation. These results suggest that there
is significant potential for integrating surface functionality with
subsurface microfluidics.!!

The fabrication throughput is controlled by the rate of etch-
ing. We first evaluate this for the simplest case, i.e., using a sin-
gle laser scan. We measured the opening rate for a single laser
track (&£ = 3 um) as 189 pm h~! from one side. This may be scaled
to uniformly-separated micro-plane tracks, each fabricated with a
distance of A from its neighbor. The arrangement increases the
surface area for the chemical reaction, significantly improving
the throughput. For such arrays, the opening rate for the entire
channel is taken as the effective rate. We performed systematic
experiments to optimize this value, considering the critical pa-
rameters of inter-plane separation (A), the number of planes (),
and the laser pulse energy (E,). The measured etching rate is
given as a function of E, in Figure 3a, for A = 11 ym, Q = 16.
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95UB01 7 SUOLUIOD 9AIIER1D) 8|qedl|dde ety Aq peuienob a1e sejollie YO ‘9Sh J0 S9N 10} ARJq1T 8UIUO /8|1 U (SUONIPUOD-PUE-SWLBIW00" A3 1M A1 1jeulUO//SdnL) SUONIPUOD pue swia 1 8y} 88S *[5202/T0/82] uo AriqiTauluo A(im ‘AiseAn 1ex(ig Aq ZT9TOEZ0Z IPe/Z00T OT/I0p/W0d A8 | ARJq1jpuljuo//sdny woij pepeojumod ‘6 ‘7202 ‘X60.S9EC


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

» (pm)

x (mm)

www.advmattechnol.de

20
40
60
80
100
120

140

Surface roughness,

crystal silicon nm

x (mm)

Figure 2. Characterization of the wafer surface and microchannel inner wall. a) Characterization of the channel inner-wall roughness from a high-aspect-
ratio, completely opened buried microchannel. (i) SEM image of a microchannel from the x-z cross-section plane. The orange border represents the
analysis area for laser scanning microscope (LSM). (ii) LSM data from the inner wall indicates inner wall roughness of Ra = 0.23 um. b) Characterization
of the top sample surface. (i) The optical profilometer data indicates that the surface has a roughness of 2.2 nm following Step 2. (ii) The optical
profilometer data for pristine silicon indicates a roughness of 2.0 nm, comparable to that of (b-i).

The observed monotonically increasing trend may be expected,
as higher E produces thicker and longer building blocks. We
identify three main operation regimes in Figure 3a. For a given
A, lower E, values result in higher wall roughness, mainly when
£ is significantly lower than A (Regime 1, blue-shaded area). This
may be reduced by decreasing A, if needed. Conversely, assuming
high E, results in stress accumulation due to wider laser tracks,
creating undesired cracks inside Si (Regime 3, pink-shaded area).
Thus, intermediate E, values are identified as ideal for micro-
fabrication (Regime 2, white area). In this regime, we achieved
a significant etching rate of 680 pm h~!, measured from a sin-
gle entry port (E, = 4.3 pJ). The inter-plane separation A is also
observed to influence the optimal fabrication regime (Note S2,
Supporting Information).

In order to further increase the throughput, we selected E,
= 4.3 yJ, A = 11 um, and optimized the material removal rate
for the number of laser-written subsurface planes (Q). Figure 3b
shows the measured etching rate for channels created with Q,
ranging from 4 to 24. Since the total reaction surface area is pro-
portional to Q, one observes higher rates with increased Q. This
conclusion may also be generalized to channels fabricated with
different port geometries. However, increasing Q beyond a spe-
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cific value results in stress accumulation within Si, potentially
resulting in structural deformation. Thus, remaining within the
optimal fabrication regime, A = 11 pm, E, = 4.3 yJ, and Q =
20, the etching rate is measured as 750 pm h=!. We note that this
value is comparable to the highest etching rate recorded for glass,
820 um h~1.[¥1 Assuming the preceding lithography parameters,
typical microchannels in Si of 250 pm x 200 um port size, and
1.7-mm length require about 1.2 h to open completely.

2.3. Control on Geometry and Architecture

Next, we showcase subsurface microchannels with robust geo-
metrical control. We begin with high-aspect-ratio open channels
of 1-mm length (Figure 3c). While the extent along the z-axis is
given by the Rayleigh length of the laser, the channel width can
be dynamically controlled with the Q parameter. A representative
set of channels are shown for Q = 20 (Figure 3c-i) and Q = 10
(Figure 3c-ii), achieving an aspect ratio of 5 and 17, respectively.
Similarly, we fabricated channels of 250 X 200 um? cross-section,
with up to a length of 5 mm, achieving an aspect ratio of 25. In
comparison, to the best of our knowledge, the highest aspect ratio

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Etching rate analysis and control on channel aspect ratio. a) The effective etching rate is given as a function of pulse energy, E,, for @ = 16
micro-planes and plane separation of A = 11 um. The depth of microchannels is 540 um, fabricated with 2 h. etching. Three main operation regimes are
identified. Regime 1 assumes low E,, creating relatively high roughness on channel walls. Regime 3 assumes high E,,, resulting in stress accumulation
and undesired subsurface cracks. The intermediate E, values indicated with white color identify the ideal operation regime. b) The etching rate as a
function of Q, for E, = 4.3 p). The error bars in (a,b) correspond to standard deviations. c¢) SEM images from the x-z plane, indicating control on
the microchannel aspect ratio, created with Q = (i) 20 and (ii) 10. All data assumes Gaussian beams and transverse laser writing modality. Scale bar:

200 pm.

achieved via laser ablation on Si is limited to 10, with a channel
length of 100 um.[*®] The uniformity of such elongated channels
is further discussed in Note S3 (Supporting Information).
While the preceding subsurface microchannels have rectangu-
lar ports, one may also fabricate different port geometries. Pre-

serving the aspect ratio of 25, we fabricated microchannels of cir-
cular, square, and triangular port shapes (Figure 4). These are
created by exploiting spatially-modulated laser beams with non-
diffracting nature, i.e., Bessel beams, %% for higher resolution.
Due to the longitudinal writing modality, the laser can be scanned

Figure 4. Control on the port geometry of channels. a) Circular, b) square, and c) triangular-shaped microchannel ports. The channels are created by
scanning the nondiffracting Bessel beam over the x-z plane in longitudinal modality. The SEM images are acquired from the x—z plane. Scale bar: 50 um.
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Figure 5. Multi-level and curved architectures. a) Multi-level subsurface array. (i) Color-coded schematic of a 3 X 3 array, indicating cross-section on the
x-z plane. (i) SEM image from the x—z cross-section shows a 3 X 3 array in 1-mm-thick Si. Completely opened microchannels extend 1.2-mm along the
y-axis. b) Curved architectures in Si. (i) Schematic of a curved subsurface pattern. (ii) Infrared microscopy image of laser-written curved pattern with
multiple laser tracks (E, = 3.6 p) and A = 12 um). (iii) Infrared image of a buried open microchannel after Step 2. c) (i) High-definition camera image
of a surface array. Inset: Close-up view of an individual channel. (i) Representative SEM image of high-aspect-ratio curved channel from the set shown
in (c-i). All architectures are created with transverse laser writing modality and Gaussian beams.

over the x—z plane to create virtually any shape over this plane,
preserving the high aspect ratio. The method has the added ben-
efit of significantly reduced cross-sectional area, e.g., 50 X 50 ym?
for the square-shaped port (Figure 4b).

Further exploitation of the third dimension is possible with
architectural control. We envision creating an array of open
channels within Si, preserving the top and bottom surfaces
(Figure 5a-i). This can be achieved by controlling the positions
and depths of individual microchannels. We employ one-by-

Adv. Mater. Technol. 2024, 9, 2301617 2301617 (6 of 8)

one bottom-to-top writing with transverse laser writing (E, =
2.9 yJ, A = 10 um, and Q = 14), in order to create a state-of-
the-art 3 x 3 array of channels in 1-mm-thick Si (Figure 5a-ii).
This arrangement can easily be generalized to other port shapes
and aspect ratios. A precursor to advanced control and heat-
exchange capabilities based on arbitrarily shaped channels in Si
is creating curved microchannels. Currently, there is no exist-
ing technique to create buried, open microchannels with curved
architectures. To this end, we exploited our laser-fabrication
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approach and created the first such curved channels in Si
(Figure 5b-i). A computer-generated code for stage control is
used to scan uniformly-separated and curved laser tracks in vol-
ume (Figure 5b-ii). The transverse laser writing modality (E,
= 4.7 yJ, A = 10, depth = 490 um) enables virtually com-
plete freedom on the channel shape over the x—y plane. Af-
ter the chemical etching step, the buried curved channels are
completely opened (Figure 5b-iii). A simple modification of the
method allows one to create surface curved channels or deep
trenches. If one polishes down to laser-written areas and then
uses the same etching protocol, the entire curved shape or ar-
rays of curved channels can be created on the surface (Figure 5c).
Achieving such deep structures over Si would be a challeng-
ing endeavor with conventional methods. Thus, we established
a comprehensive laser-fabrication approach that achieves a rich
set of channel architectures in Si, with virtually any shape
on the plane perpendicular to the laser axis (complete 2.5D
control).

In summary, we introduced a unique fabrication method for
monolithically-integrated multi-level microchannel arrays in Si.
These are created in rich geometries and architectures with po-
tential applications from microsystems to electronics. Subsur-
face microchannels of port sizes down to 50 x 50 um? are fab-
ricated, with a channel inner-wall roughness of down to 230 nm.
The channels may also be created with different port shapes,
including circular, triangular, or rectangular geometries. Multi-
level (3 x 3 array form) and curved fabrication capabilities are
established buried inside the wafer, providing significant fabri-
cation flexibility. An etching rate of 750 pm per h per channel is
evaluated, enabling a significant channel aspect ratio of 25 for Si.
We emphasize that the method preserves the top wafer surface
during and after fabrication, which provides a robust fabrication
capability for silicon. An elementary cooling demonstration is
given in Note S4 (Supporting Information), where passing cool-
ing water through a completely buried channel rapidly reduces
the surface temperature. Future scaling of the technique may en-
able optofluidic and Si-photonics applications, and on-chip/in-
chip integrated systems. An exciting future direction would be
using meandering channels as heat exchangers for multi-level
Si-electronics; akin to blood vessels regulating the heat of the hu-
man brain, in order to help extend Moore’s law by increasing
clock rates.

3. Experimental Section

Materials:  One millimeter thick p-doped <100> type Si with resistivity
of 1-10Q.cm and 1-mm-thick p-doped <111> type Si sample with resistiv-
ity of 1-10 Q.cm were purchased from Siegert Wafer, Germany. Copper (11)
nitrate trihydrate [Cu(NO;),*3(H,0)], Hydrofluoric Acid [HF, %40], and
AZ-5274E photoresist (PR) were purchased from Merck, Germany. Nitric
Acid [HNO3, %65], and Acetic Acid [CH;COOH, %100] were purchased
from Sigma—-Aldrich, United States.

Laser Lithography Inside the Wafer: A home-built nanosecond laser
setup was used for laser writing. The details of the system are described
elsewhere.[246] Briefly, the laser had a pulse length of 10 ns, maximum
power of 9 W, and 150 kHz repetition rate with a variable rate. The out-
put wavelength 2 = 1550 nm was in the transparency window of Si. The
laser power was controlled with a quarter-wave plate (QWP) and a half-
wave plate (HWP). A polarizing beam splitter (PBS) was used for creat-
ing p-polarized light. The beam was expanded and collimated using a pair
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www.advmattechnol.de

of lenses, Ly (f; = 15 mm) and L, (f, = 35 mm), which was then pro-
jected onto a Spatial Light Modulator (SLM) for experiments with Bessel-
type modulation.[*7:48] A liquid-crystal-on-silicon (LCOS) SLM with 792 x
600 pixels and 20 um pixel size (Hamamatsu, LCOS-SLM, X10468-08) was
used. The SLM was used as a mirror for Gaussian beam experiments. The
reflected beam was demagnified using a 4-f system with lenses Ly (f; =
125 mm) and L, (f, = 100 mm), reducing the beam diameter to the aper-
ture of the final aspheric lens (f=4.5 mm). The laser was focused inside Si
and scanned with a speed of Tmm s~! (Step 1, Figure 1a). The sample was
mounted on a nano-positioning stage (Aerotech, ANT130-XY, ANT95-L-
Z), enabling high-resolution 3D scanning. The scans were performed with
longitudinal or transverse writing modalities. Experiments were performed
at room temperature and in an ambient atmosphere. The focused beam
induces nonlinear interactions within the bulk,[2°] creating localized mod-
ifications in Si. These, in turn, form the 3D templates of channel arrays to
be revealed in Step 2.

Selective Chemical Removal and Microchannel Fabrication: The laser-
modified regions buried inside the sample were selectively removed with
an HF-based solution, to reveal the buried microchannels. This protocol
was shown to be effective for the fabrication of surface micro-pillar ar-
rays upon laser irradiation.[?] The etchant consisted of several chemicals
with the following composition: H,O (15 mL), Cu(NO3),*3(H,0) (3 gr),
HF (36 mL), HNO; (25 mL), and CH;COOH (24 mL). A surface passi-
vation step before the etching process was employed, such that the sur-
face of the wafer remains unaltered during material removal. For this pur-
pose, the sample was first drop-casted with AZ-5214E photoresist (PR),
and hard-baked at 120 °C for 5 min. After 2 h, the selective etching pro-
tocol was applied. The resist was found to be effective for 75 min dur-
ing the process. For experiments requiring longer periodsl3'! and the cre-
ation of high-aspect-ratio channels, a time-multiplexed etching process
was employed, with alternating passivation and chemical etching steps
(70 min). The selectivity of the etchant is evaluated in Note S5 (Supporting
Information).

Surface and Inner Wall Characterization: To characterize the physical
and chemical morphology of the top surface of the sample, an optical pro-
filometer device (OPD, Zygo NewView 7000) with an axial resolution of
< 1nm; and an energy dispersive X-ray spectroscopy (EDAX) were used.
A laser scanning microscope (LSM, VKX 100) with an axial resolution of
5 nm was used to evaluate the inner wall roughness of channels.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This work was supported partially by the TUBITAK project no: 119C217
and the Turkish Academy of Sciences, TUBA-GEBIP Award.

Conflict of Interest

The authors are inventors on a patent application (TR/2023/003165) by
Bilkent University based on the work here.

Author Contributions

M.A.T. and R.A.S. contributed equally to this work. O.T. designed the re-
search. Experiments were performed by M.AT. and R.A.S. RAS.,, MAAT,
and O.T. interpreted the results. All authors contributed to the writing of
the manuscript.

Data Availability Statement

The data that support the results of this paper are available within the
manuscript or supplementary information.

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U80|7 SUOWWOD 3A 8.0 (o (dde aL Aq peusenob afe sejoie YO ‘8sn J0 Sa|nJ Joy AriqiT8uIUO 8|1 UO (SUOIPUOD-pUe-SW.sl/wWoo" A3 1M Afe.q 1 [eul|uo//Sdny) SUORPUOD pue swie 1 8y} &8s *[5202/T0/8z] Uo Ariqiaulluo A8|IMm AiseAlun 1w (1g A LT9TOEZ0Z WPe/Z00T 0T/I0p/wod A8 1w AreIqiul|uo//Sdny woly papeojumoq ‘6 ‘vZ0Z X60LS9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

ADVANCED
MATERIALS
TECHNOILOGIES

Keywords

3D microfabrication, laser lithography, microchannels, nonlinear laser in-
teractions, silicon

Received: September 25, 2023
Revised: February 1, 2024
Published online: February 27, 2024

(1]

(2]

(3]

[
5]
[6]
]
8]
]

o]

)

(2]

3]

4]

5]

]

(17]
(18]

(9]
(20]

(21]
(22]

Adv. Mater. Technol. 2024, 9, 2301617

R. van Erp, R. Soleimanzadeh, L. Nela, G. Kampitsis, E. Matioli, Na-
ture 2020, 585, 211.

O. Tokel, A. Turnali, G. Makey, P. Elahi, T. Colakoglu, E. Ergecen, O.
Yavuz, R. Hiibner, M. Zolfaghari Borra, |. Pavlov, A. Bek, R. Turan, D.
K. Kesim, S. Tozburun, S. llday, F. O. llday, Nat. Photonics 2017, 11,
639.

F. Kotz, P. Risch, K. Arnold, S. Sevim, J. Puigmarti-Luis, A. Quick, M.
Thiel, A. Hrynevich, P. D. Dalton, D. Helmer, B. E. Rapp, Nat. Com-
mun. 2019, 10, 1439.

H. Chen, T. Ran, Y. Gan, ). Zhou, Y. Zhang, L. Zhang, D. Zhang, L.
Jiang, Nat. Mater. 2018, 17, 935.

D. Fan, X. Yuan, W. Wu, R. Zhu, X. Yang, Y. Liao, Y. Ma, C. Xiao, C.
Chen, C. Liu, H. Wang, P. Qin, Nat. Commun. 2022, 13, 5083.

A. Guan, P. Hamilton, Y. Wang, M. Gorbet, Z. Li, K. S. Phillips, Nat.
Biomed. Eng. 2017, 1, 45.

Q. Gao, H. Li, J. Zhang, Z. Xie, ). Zhang, L. Wang, Sci. Rep. 2019, 9,
5908.

H. Takehara, A. Nagaoka, ). Noguchi, T. Akagi, H. Kasai, T. Ichiki, Sci.
Rep. 2014, 4, 6721.

T. Lipka, L. Moldenhauer, L. Wahn, H. K. Trieu, Opt. Lett. 2017, 42,
1084.

K. Sugioka, ). Xu, D. Wu, Y. Hanada, Z. Wang, Y. Cheng, K.
Midorikawa, Lab Chip 2014, 14, 3447.

R. Osellame, H. ). W. M. Hoekstra, G. Cerullo, M. Pollnau, Laser Pho-
tonics Rev. 2011, 5, 442.

W. Li, W. Chu, D.Yin, Y. Liang, P. Wang, |. Qi, Z. Wang, |. Lin, M. Wang,
Z. Wang, Y. Cheng, Appl. Phys. A 2020, 126, 816.

R. Calmo, A. Lovera, S. Stassi, A. Chiadd, D. Scaiola, F. Bosco, C.
Ricciardi, Sens. Actuat. B Chem. 2019, 283, 298.

O. Tokel, U. H. Yildiz, F. Inci, N. G. Durmus, O. O. Ekiz, B. Turker,
C. Cetin, S. Rao, K. Sridhar, N. Natarajan, H. Shafiee, A. Dana, U.
Demirci, Sci. Rep. 2015, 5, 9152.

O. Tokel, F. Inci, U. Demirci, Chem. Rev. 2014, 114, 5728.

K. P. Drummond, D. Back, M. D. Sinanis, D. B. Janes, D. Peroulis, .
A. Weibel, S. V. Garimella, Int. J. Heat Mass Transf. 2018, 117, 319.
H. Liu, W. Lin, M. Hong, Light Sci. Appl. 2021, 10, 162.

F. He, J. Yu, Y. Tan, W. Chu, C. Zhou, Y. Cheng, K. Sugioka, Sci. Rep.
2017, 7, 40785.

C. Kerse, H. Kalaycioglu, P. Elahi, B. Getin, D. K. Kesim, O. Akcaalan,
S. Yavas, M. D. Asik, B. Oktem, H. Hoogland, R. Holzwarth, F. O.
Ilday, Nature 2016, 537, 84.

P. Zhang, L. Chen, ). Chen, Y. Tu, Opt. Lasers Eng. 2017, 98, 69.

P. ). Chen, C. Y. Shih, Y. C. Tai, Lab Chip 2006, 6, 803.

W. H. Lee, T. Ngernsutivorakul, O. S. Mabrouk, ). M. T. Wong, C. E.
Dugan, S. S. Pappas, H. . Yoon, R. T. Kennedy, Anal. Chem. 2016, 88,
1230.

2301617 (8 of 8)

(23]
(24]
(25]
(26]
[27]
(28]
(29]
(3]
(31]
32
33]
(34]
35]
36]
(37]
38]
39]
(40]
[41]

[42]

[43]

[44]

(4]
(46]
[47]
48]

(49]

[50]

(57

www.advmattechnol.de

A. Mapelli, Nucl. Instr. Methods Phys. Res. Sect. A Accel. Spectrometers,
Detect. Assoc. Equip. 2020, 958, 162142.

K. W. Jung, C. R. Kharangate, H. Lee, |. Palko, F. Zhou, M. Asheghi, E.
M. Dede, K. E. Goodson, Int. J. Heat Mass Transf. 2019, 130, 1108.
M. Chambonneau, D. Grojo, O. Tokel, F. O. Ilday, S. Tzortzakis, S.
Nolte, Laser Photonics Rev. 2021, 15, 2100140.

A.Rédenas, M. Gu, G. Corrielli, P. Paig, S. John, A. K. Kar, R. Osellame,
Nat. Photonics 2019, 13, 105.

Y. Yu, Y. Chen, J. Chen, S. Lv, X. Feng, Y. Qi, J. Qiu, S. Zhou, Opt. Lett.
2016, 417, 3371.

S. He, F. Chen, K. Liu, Q. Yang, H. Liu, H. Bian, X. Meng, C. Shan, J.
Si, Y. Zhao, X. Hou, Opt. Lett. 2012, 37, 3825.

Y. Hu, S. Rao, S. Wu, P. Wei, W. Qiu, D. Wu, B. Xu, J. Ni, L. Yang, J. Li,
J. Chu, K. Sugioka, Adv. Opt. Mater. 2018, 6, 1.

P. Kunwar, Z. Xiong, Y. Zhu, H. Li, A. Filip, P. Soman, Adv. Opt. Mater.
2019, 7, 1900656.

Y. Lu, Y. F. Li, G. Wang, Y. Yu, Z. Bai, Y. Wang, Z. W. Lu, Adv. Mater.
Technol. 2023, 8, 1.

S. Piacentini, F. Bragheri, G. Corrielli, R. Martinez Vazquez, P. Paié,
R. Osellame, Opt. Mater. Express 2022, 12, 3930.

K. Sugioka, Y. Cheng, Appl. Phys. Rev. 2014, 1, 041303.

Y. Bellouard, A. Said, M. Dugan, P. Bado, Opt. Express 2004, 12, 2120.
S. Waheed, ). M. Cabot, N. P. Macdonald, T. Lewis, R. M. Guijt, B.
Paull, M. C. Breadmore, Lab Chip 2016, 16, 1993.

Z. Wang, L. Jiang, X. Li, A. Wang, Z. Yao, K. Zhang, Y. Lu, Opt. Lett.
2018, 43, 98.

Y. Tan, H. Lv, J. Xu, A. Zhang, Y. Song, J. Yu, W. Chen, Y. Wan, Z. Liu,
Z. Liu, ). Qi, Y. Cai, Y. Cheng, Opto-Electron. Adv. 2023, 6, 230066.

V. Stankevig, ). Karosas, G. Ratiukaitis, P. Ge¢ys, Micromachines 2020,
11, 483.

V. Stankevi¢, G. Raciukaitis, P. Getys, Opt. Express 2021, 29, 31393.
A. Butkuté, T. Baravykas, J. Stantikas, T. Ti¢kdnas, R. Vargalis,
D. Paipulas, V. Sirutkaitis, L. Jonu3auskas, Opt. Express 2021, 29,
23487.

E. Casamenti, S. Pollonghini, Y. Bellouard, Opt. Express 2021, 29,
35054.

N. Quack, A. Y. Takabayashi, H. Sattari, P. Edinger, G. Jo, S. . Bleiker,
C. Errando-Herranz, K. B. Gylfason, F. Niklaus, U. Khan, P. Verheyen,
A. K. Mallik, J. S. Lee, M. Jezzini, P. Morrissey, C. Antony, P. O'Brien,
W. Bogaerts, Microsyst. Nanoeng. 2023, 9, 27.

S. Stassi, |. Cooperstein, M. Tortello, C. F. Pirri, S. Magdassi, C.
Ricciardi, Nat. Commun. 2021, 12, 6080.

J. B. Lee, D.-H. Kim, J.-K. Yoon, D. B. Park, H.-S. Kim, Y. M. Shin,
W. Baek, M.-L. Kang, H. J. Kim, H.-J. Sung, Nat. Commun. 2020, 17,
615.

Y. Liao, Y. Cheng, C. Liu, J. Song, F. He, Y. Shen, D. Chen, Z. Xu, Z.
Fan, X. Wei, K. Sugioka, K. Midorikawa, Lab Chip 2013, 13, 1626.

A. Turnali, M. Han, O. Tokel, J. Opt. Soc. Am. B 2019, 36, 966.

R. A. Sabet, A. Ishraq, A. Saltik, O. Tokel, arXiv:2302.13105, 2023.

R. A. Sabet, A. Ishraq, O. Tokel, in 2021 Conf. Lasers Electro-Opt. Eur.
2021, paper cm_2_6.

A. Butkute, G. Merkininkaité, T. Jurk3as, |. Stantikas, T. Baravykas, R.
Vargalis, T. Ti¢kiinas, J. Bachmann, S. Sakirzanovas, V. Sirutkaitis, L.
Jonusauskas, Materials 2022, 15, 2817.

M. A. Tauseef, R. A. Sabet, O. Tokel, in 2022 Conf. Lasers Electro-Opt.
2022, paper AMA4L.5.

B. Wu, A. Kumar, S. Pamarthy, J. Appl. Phys. 2010, 108, 51101.

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U80|7 SUOWWOD 3A 8.0 (o (dde aL Aq peusenob afe sejoie YO ‘8sn J0 Sa|nJ Joy AriqiT8uIUO 8|1 UO (SUOIPUOD-pUe-SW.sl/wWoo" A3 1M Afe.q 1 [eul|uo//Sdny) SUORPUOD pue swie 1 8y} &8s *[5202/T0/8z] Uo Ariqiaulluo A8|IMm AiseAlun 1w (1g A LT9TOEZ0Z WPe/Z00T 0T/I0p/wod A8 1w AreIqiul|uo//Sdny woly papeojumoq ‘6 ‘vZ0Z X60LS9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

	Laser Lithography of Monolithically-Integrated Multi-Level Microchannels in Silicon
	1. Introduction
	2. Results
	2.1. Monolithically-Integrated Microchannel Arrays
	2.2. The Quality Metrics of Microfabrication
	2.3. Control on Geometry and Architecture

	3. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


