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Abstract
Glass is an excellent material for use as a microfluidic chip substrate
because it has great chemical and thermal stability. This work describes a
flexible platform for the rapid prototyping of microfluidic chips fabricated
from glass. A debris-free laser direct-writing technology that requires no
photomask generation is developed. A 266 nm laser with a high repetition
rate is employed in laser-induced backside wet etching (LIBWE) for glass
machining. A microfluidic pattern is designed using computer drawing
software and then automatically translated into computer numerical control
motion so that the microtrench is directly fabricated on the glass chip. The
overall machining speed can be increased by increasing the repetition rate to
∼6 kHz. Without a clean room facility or the highly corrosive acid, HF, the
overall development time is within hours. Trenches with complex structures
that are hard to fabricate by photolithography were easily produced by laser
direct-writing. An integrated microreactor/concentrator is demonstrated.
The crack-free and debris-free surface was characterized by SEM and a
surface profiler. Various effective etching chemicals for the LIBWE process
were investigated to understand the etching mechanism. The minimal laser
power used for glass etching was approximately 20 mW for a 6 µm wide
microtrench. Several new compounds have been demonstrated to be
effective in ablation. The etch threshold is minimum and does not decrease
further as the unit length absorbance increases above 8000 in acetone
solution.

1. Introduction
Numerous applications have been developed using
miniaturized on-chip reactors.
These include, but are
not limited to, the preparation of nanoparticles [1], the
preparation of highly active intermediates [2–4], the
polymerase chain reaction (PCR) [5, 6] and catalytic reactions
[7]. The substrates include silicon, quartz, glass and plastics.
Glass has excellent chemical and thermal stability. For
instance, microreactors used for the Berthelot reaction and
the Wittig reaction [8], the diazonium reaction [3, 9] and the
Suzuki reaction [7], which use chemicals that are corrosive to
0960-1317/05/061147+10$30.00

silicon or/and plastics, have been demonstrated on glass-based
chips [10]. Moreover, glass is less able to adsorb protein than
other materials, such as silicon (Si) and silicon nitride (Si3N4),
that are used extensively in chip fabrication. SiO2-coated chips
have been reported to yield greater DNA amplification than the
Si- and Si3N4-coated chips [11].
Almost all of these studies on chemical and biological
applications implement unique channel designs to meet the
needs of each experiment. Iterated modifications are often
made during the development of microfluidic chips to test a
new idea experimentally. However, repeating the photomask
design and photolithography process can be time-consuming.
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Having a rapid prototyping method for flexibly and quickly
fabricating chips would thus be very helpful. Laser directwriting for microfluidic chips provides this advantage. This
method does not require the generation of a photomask.
Hence, the microfluidic pattern can be very quickly redesigned
and re-fabricated. For example, the method reported in this
work can fabricate a 100 µm wide, 10 µm deep and 100 mm
long trench in 12 min. The overall development time for a new
prototype can be reduced from weeks to hours. Furthermore,
this approach raises the fabrication capability beyond that
which can be achieved or, at least, easily achieved by the
extensively used photolithography process.
Laser direct-writing can be used to fabricate several
structures that are hard to fabricate by photolithography. For
instance, fabricating multiple trenches with different aspect
ratios requires photolithography with many steps. The entire
procedure requires the alignment between the substrate and
the photomask. Such a structure can be easily fabricated on a
single substrate by direct-writing laser ablation [12] because
the trench width and depth can be varied by controlling the
laser machining parameters, including the beam size and the
scanning speed. Deep trenches with an aspect ratio larger than
1/2, which is the practical limit for isotropic wet etching, can
also be obtained easily.
The laser direct-writing method offers several other
advantages. The method can be used to prepare a smooth
slope easily by varying the beam sweeping speed during
ablation. The production of this structure depends on the use
of an expensive gray scale photomask in photolithography.
Moreover, the laser beam profile can be shaped to generate a
trench with corresponding cross-section.
Laser direct-writing on various types of substrate has
attracted ongoing attention. Its use in the micromachining
of Si [13] and various plastics [12, 14, 15] has been reported.
Swift fabrication has substantially reduced the development
time of the microfluidic systems. However, to the authors’
knowledge, direct-writing on glass was rarely reported [16].
Numerous reports have described photomask-based or
single-point laser micromachining on glass using nanosecond
lasers with a high energy density (3.4–5.4 J cm−2) or ultrafast
femtosecond lasers [17–27]. Nevertheless, only in recent years
have fused silica [28–36] and glass [35] of high quality been
obtained using nanosecond lasers, which are more economic
than femtosecond lasers. These novel etching approaches
result in crack-free and debris-free surfaces. The vacuum UV
(VUV, 157 nm) laser is used in crack-free glass machining [32],
and two novel methods are used in high-quality etching. Both
methods are suitable for etching a substrate that is transparent
to the incident laser light.
Zhang et al [28] utilized an excimer laser to energize a
metal target plate in proximity to a fused quartz substrate.
This method requires a piece of metal target that encompasses
the machining area. Laser-induced backside wet etching
(LIBWE), developed by Wang et al [30], utilizes an excimer
laser to excite a sensitizer solution that is in contact with the
substrate. This method uses very low pulse energy for etching.
The etch threshold (∼250 mJ cm−2) is approximately 1/40 of
that used for directly etching fused silica in air. This approach
has only been tested with an excimer laser. However, the low
pulse energy can easily be obtained by a diode-pumped solid
state (DPSS) Nd:YAG laser.
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Ding et al [33] employed a high-pressure ‘liquid hammer’
model to elucidate the LIBWE process. In this model, the
incident laser pulse energy (∼30 ns pulse width) is absorbed
by the solute and transferred to the solvent by rapid thermal
relaxation. This photothermal process eventually generates a
rapidly expanding liquid jet. The liquid jet then exerts high
pressure on the substrate, resulting in the etching. Vass et al
[37] very recently reached a similar conclusion, using a new
sensitizer naphthalene-methyl-methacrylate. Bohme et al
found the effect of different solvents on the etching threshold of
fused silica in the LIBWE process [34]. Their findings support
the claim that the solvent and the solute are both important to
the etching mechanism.
This study uses a UV laser with a high repetition rate to
test the micromachining capability of the LIBWE process. The
backside etching approach has only been implemented [29, 30,
33–35, 38] with an excimer laser that has a low repetition
rate (tens of Hz). Whether a laser with a high repetition rate
(tens of kHz), such as the frequency-quadrupled DPSS laser, is
appropriate for swift backside glass micromachining is worthy
of investigation.
An X-Y-Z scanning stage has been used in an earlier work
on backside glass etching [35], although it has been used with a
photomask, and no direct-writing has been reported. The aim
of this work is to take advantage of the high repetition and easeof-maintenance of the DPSS laser to explore its application
for the rapid prototyping of glass microfluidic chip. In this
microfabrication system, the UV laser is incorporated with a
computer numerical control (CNC) stage. The microfluidic
pattern is designed using common computer software and
then translated into computer-controlled motion, while the
laser beam is used to etch the substrate. This combination
could write the microfluidic trenches directly onto the glass
chip. This work demonstrates trenches with complex features.
It also demonstrates an example pattern that integrates a
microreactor and a microconcentrator for on-chip chemical
reactions. The high quality of machining was examined using
SEM and a surface profiler. To our knowledge, this is the first
work to report direct-writing on glass using a UV laser for
microfluidic chip applications.
This work also compares various organic compounds to
determine their effectiveness in the LIBWE process and
to elucidate the etching mechanism. An attempt was made to
correlate the etching threshold with the optical characteristics
of these compounds.

2. Experimental details
2.1. Chemical and borofloat glass substrate
Chemicals were obtained from Acros and used without further
purification. Organic solvents were acquired from Tedia or
J T Baker. All the solvents were HPLC grade. The glass
substrate was Borofloat 33 from Schott with a thickness of
0.7 mm.
2.2. Glass micromachining by backside UV laser etching
Figure 1 depicts the laser etching setup. The frequencyquadrupled Q-switched DPSS Nd:YAG laser was obtained
from Photonics Industries (266 nm, Model: DS-10E 266H).
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ablated feature size can be controlled by varying the distance
from the focusing lens to the substrate. The feature size is then
used to calculate the etching rate (nm per pulse) according to
the equation
Retch =

D
,
(d0 /V ) × f

(2)

where D is the etched depth, V is the sweeping speed of the
laser beam, d0 is the beam size and f is the laser repetition rate.
A surface profiler (Model AS-IQ, KLA-Tencor) is employed
to measure the cross-sections of the microtrenches and the
longitudinal profile along the bottom thereof. The stylus has
a tip angle of 60◦ . The SEM images were obtained using a
Leo 1530 field emission scanning electron microscope (SEM,
Leo, UK).
Figure 1. Setup of a DPSS laser direct-writing system for glass
micromachining.

3. Result and discussion

The pulse repetition rate was adjustable from 1 Hz to 50 kHz.
The pulse width was 10 ns at a repetition rate of below 10 kHz.
From 10 kHz to 20 kHz, the pulse width increases gradually
to 15 ns. The maximal average power was 1.5 W at 10 kHz.
The maximal pulse energy was 250 µJ when the laser was
operated at 6 kHz. However, usually the energy of 78 µJ at
4.5 kHz was used to generate a 30 µm wide trench while 4 µJ
was used to form a 6 µm wide trench. It was measured that the
borofloat absorbed 50% of the incident laser wavelength (data
not shown). With such low pulse energy, the energy absorbed
by the substrate does not induce etching. The diameter of
the output laser beam is 0.7 mm. The laser beam is directed
perpendicular to a piece of borofloat glass that is mounted
on a circulation chamber. The glass is in contact with the
organic etchant, which is circulated using a pump. The glass
and the circulation chamber are mounted together on a twodimensional CNC motion stage.
A glass microfluidic chip was fabricated according to
the procedure described below. The microfluidic pattern was
designed using CorelDraw (Corel) or AutoCAD (Autodesk).
The pattern was then sent to the CNC stage to perform direct
machining on the glass substrate. The laser beam is fixed
while the CNC stages move as dictated by the pattern. The
beam is thus swept over the glass substrate for machining. The
CNC stage has a repeatability of 0.1 µm and the straightness
of the motion is 1 µm per 100 mm. After machining, the
microtrench was sealed by thermally bonding the trenched
substrate with a piece of blank borofloat glass. The thermal
course was as follows. The sample was heated from room
temperature to 600 ◦ C at 10 ◦ C min−1, and then slowly heated
to 640 ◦ C at 5 ◦ C min−1, at which it was kept for 3.5 h. The
oven power was then turned off and the sample was allowed
to cool to room temperature in the oven. The cooling time is
about 10 h.
A single lens is used to focus the laser beam onto the
substrate. The resultant beam size is calculated according to
the formula [39]
d0 = 2F λ/di ,

(1)

where d0 represents the focused beam size, F is the focal length,
λ is the laser light wavelength and di is the initial laser beam
size. The minimal focused beam size is 6 µm. The actual

3.1. Asymmetric trench structure
This work presented some examples to demonstrate the unique
micromachining capability of the direct-writing approach.
Figure 2 presents the first example. The three-dimensional
drawing in figure 2(a) presents the cut view of a stepwise
bottom in a trench. Fabricating this type of structure by
photolithography depends on an alignment and etching process
with several steps. Figure 2(b) presents the longitudinal
stepwise profile of a glass trench fabricated by laser directwriting. The machining process is simple. A laser beam
is programmed to sweep over the desired position at a preset
number of passes to generate the stepwise structure. Increasing
the number of passes deepens the trench. In figure 2(b), the
etching depths for two, four and six passes are 5 µm, 10 µm
and 15 µm, respectively. Such a structure can be used in many
kinds of microdevices. For instance, the structure can be used
to retain microbeads or resin to form a micro-chromatographic
column [40, 41]. Such a microcolumn can be used for rapid
purification of minute sample; for example, the purification
column can be integrated with capillary electrophoresis for
DNA sequencing [42]. Additionally, the structure can be
used in microchannel cell culture system to retain cells with a
diameter of ∼10 µm [43].
Figure 2(c) presents another example of a complex
structure.
The three-dimensional illustration presents a
transversely asymmetric trench. Two adjacent trenches are
fabricated by sweeping two lines that are separated by a
distance that is less than the width of one trench. Figure 2(d )
reveals that the width of a single trench is 30 µm and that the
two adjacent trenches are separated by 24 µm. The measured
profile presents a pair of adjacent trenches with different aspect
ratios. The depths are 6 µm and 12 µm, respectively. A
shallow depth is used so that the profiler stylus can reach the
bottom of the trench and detect the correct profile.
Such a structure is hard to fabricate by wet etching because
the wet etching process can only produce structures with the
same aspect ratio in a single process. Hence, the steps of
the lithographic process must be repeated for such structures.
The multiple steps of photolithography are also required to
generate this asymmetric profile by dry etching, such as
reactive ion etching (RIE).
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interfere with thermal bonding with another blank substrate,
as discussed below.
3.2. Maskless and debris-free micromachining by
direct-writing on glass using a laser

(a)

(b)

(c)

(d )

Figure 2. Examples of two types of asymmetric trench.
(a) Cut-view of the three-dimensional illustration of a stepwise
microstructure. (b) Longitudinally asymmetric profile along the
bottom of the stepwise trench. The corresponding roughness (RMS
value) for each step is as indicated. (c) Cross-section of a
transversely asymmetric trench. (d ) Cross-section of an asymmetric
trench measured by a surface profiler. The trenches in these images
are etched with a laser pulse of energy 78 µJ. The repetition rate is
4.5 kHz and the laser sweep speed is 0.5 mm s−1 in (b) and
0.2 mm s−1 in (d ). The etchant is 0.4 M pyrene in acetone.
The Y-axes in (b) and (d ) are enlarged to show the smooth trench
edge.

Figure 2(d ) also presents the negligible rim distortion
at the trench edge. The rim height is smaller than 0.1 µm,
indicating that the thermal effect, if it exists, is very small
during ablation. The small rim distortion is unlikely to
1150

The maskless direct-writing method produces debris-free and
crack-free surfaces on borofloat glass. The surface profile
shown in figure 2(b) presents the effect on the surface
roughness of repeated sweeping of the laser. This profile
consists of four flat stages. The leftmost one is the original
borofloat surface. The surface roughness is 1.5 nm (RMS).
Starting from this stage are three consecutive stages that are
etched by two, four and six laser beam passes. Their surface
roughness is 16 nm, 17 nm and 35 nm (RMS), respectively.
That laser ablation roughens the surface is clear. However, the
surface is smoother than the Ar+ ion-etched surface that has a
roughness of 550–760 nm (Ra) [44]. The result is comparable
to other backside etching results [38], which reveal a roughness
of approximately 30 nm (RMS). The roughness in figure 2(d )
is less than that in figure 2(b) because the cross-section is
measured using a stylus to scan perpendicular to the trench, or
parallel to the ripples. The ripples are formed by the unstable
velocity of the CNC stage and not by the LIBWE process (see
below).
The crack-free surface was also observed under an
electron microscope. Figure 3(a) presents an SEM image
of the two adjacent trenches with different aspect ratios. The
asymmetric structure corresponds to that shown in figures 2(c)
and (d ). In figure 3(a), the right side of the trench is the
deeper side. The bottom of the trench has some ripples. The
ripples exhibit periodical fluctuation. The tuning of the motion
parameter of the CNC stage is therefore considered. It is found
that the ripples are caused by the fluctuation in the speed of the
CNC stage. Given a constant laser pulse energy, the unstable
speed makes the etching depth uneven. Optimizing the motion
parameter of the CNC stage, e.g. damping level at low speed,
motor inductance setting, etc, yields a very smooth surface, as
shown in figures 3(b) and (c). The magnification in figure 3(b)
is greater than that in figure 3(a).
Deeper trenches can be fabricated by increasing the laser
pulse energy. Figure 3(c) shows that the channel width is
10 µm and the aspect ratio exceeds 0.5. The aspect ratio
can be increased by repeated ablation. Figure 3(d ) presents a
trench with an aspect ratio of larger than 2. Notably, trenches
with higher aspect ratios tend to contain some debris near
the sidewalls, formed probably by the re-deposition of glass
during ablation. However, no crack is observed in such deep
trenches. Similar to that observed in figure 2(b), deeper
trench shows rougher surface. The direct-writing method
simultaneously produces trenches with various aspect ratios
on a single substrate. A photoresist layer need not be recast to
define areas with different depths. Trenches with different
aspect ratios can be formed by changing the laser beam
pulse, the beam scanning speed or the number of beam scans.
Figure 3(e) presents a chip with trenches with four aspect
ratios.
Recently, a femtosecond laser direct-writing method
for fabricating microfluidic chip has been reported [16].
Compared to this method, the mW Q-switched nanosecond
laser used in our approach is more available.
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(a)

(b)

(c)

(d )

(e)

Figure 3. (a) SEM image of two adjacent trenches that merge into an asymmetric trench. The ripple at the bottom of the trench is caused by
the speed fluctuation of the CNC stage. The length of the scale bar is 10 µm. (b) Smooth etching is obtained by optimizing the CNC motion
parameter. The trenches in these images are etched with a laser pulse of energy 78 µJ. The length of the scale bar is 3 µm. (c) SEM image
of a 6 µm wide trench. The aspect ratio is 0.5. The image is obtained at a viewing angle of 40◦ above the chip surface. The length of the
scale bar is 10 µm. (d ) SEM image of a trench with an aspect ratio of larger than two. The width at half height is 7 µm. The number of
scans is 6. The length of the scale bar is 3 µm. (e) An optical microscope image of trenches with various aspect ratios in a single chip. The
numbers of scans from left to right are 5, 4, 3 and 8. The laser repetition rate is 4.5 kHz and the average power 35 mW for all these trenches.
The Y-axes in (b) and (d ) are enlarged to reveal the slightly distorted rim. The scanning speed of the laser beam is 0.2 mm s−1, except in (b)
and (d ) where it is 0.6 mm s−1. The etchant is 0.4 M pyrene in acetone.

3.3. Possible effect of the LIBWE process on
electrokinetic phenomena
Electrokinetic pumping is frequently performed in glass
microfluidic channels, such as when a sample is introduced
for capillary electrophoresis. The electrokinetic flow depends
on the surface properties of the microchannel. Surface element
(x-ray photoelectron spectrum) analysis reveals that the glass
substrate does not significantly change when pyrene/acetone is
used as photosensitizer. However, when another solvent such

as tetrachloroethylene (C2Cl4) is used, the surface element
contains Cl [34]. The LIBWE process may therefore affect
the electrokinetic properties. This issue is of interest but is
beyond the scope of the current study.
3.4. An integrated microreactor/microconcentrator
Figure 4 presents a microfluidic system that integrates a
microreactor and a microconcentrator to demonstrate further
the flexibility of the laser direct-writing method. Figure 4(a)
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shows the design of the system. Figure 4(b) presents a
photograph. The entire system is filled with dye to increase the
image contrast of the microfluidic channel. Direct-writing can
be used to prepare the trench pattern in 10 min. The trenched
glass chip is then thermally bonded with a blank borofloat
glass to form the sealed channel. The trench fabricated by the
LIBWE process does not interfere with good thermal bonding,
as can be determined by comparison with the bonding of two
pieces of blank borofloat glass. The inset in figure 4(b) presents
a typical bonded cross-section.
The sample chip presented in figure 4 consists of two
sections. The first section is a serpentine channel that serves
as a microreactor. Reactants are introduced through the two
inlets, A and B. The reactants react when they flow through
the serpentine section. Air or flowing liquid to be transported
in parallel with the crude product from the microreactor is
introduced through inlet C. The second section consists of two
adjacent trenches with different aspect ratios, as mentioned
previously in relation to the transversely asymmetric trench.
This section is employed to concentrate or extract the crude
product. The final product is collected at port D or E,
depending on the actual operation. In the extraction mode,
the product is collected at port D, while in the concentration
mode, the product is collected at port E.
Figure 4(c) shows the fluorescence image of extraction
process inside a microchannel similar to the extraction section
in figure 4(a). Rhodamine B in water is pumped into the lower
channel while a stream of butanol is pumped into the upper
channel. The two immiscible streams merge but do not mix. A
clear interface is observed between the two phases, indicating
stable laminar flow. Rhodamine B extraction from water phase
to butanol phase is observed by the fluorescence intensity shift
from water to butanol in the downstream region. Although
the channel cross-section shown in this example is laterally
asymmetric, the structure is not necessary for an extraction
process.
The advantage of laser direct-writing is the flexibility
of fabrication and the reduced development time. A new
microfluidic pattern on the glass chip can be fabricated in
10 min whenever the above design needs to be modified.
The development can be completed in 1 day, including the
overnight thermal bonding process that involves heating and
cooling.
3.5. High-repetition-rate laser enables high-speed
micromachining of glass
When combined with a high-repetition-rate laser that is used
in this study, the direct-writing process is rapid. The repetition
rate can be increased to several tens of kHz. For comparison,
an excimer laser system typically has a low repetition rate
of several tens of Hz. A Q-switched lamp-pumped Nd:YAG
usually has a higher repetition rate of approximately 1 kHz.
The limitation on the increase in the machining speed with the
increase in the laser repetition rate is of interest, in particular
for the borofloat glass used in this study.
The per-pulse etch rate was measured as the repetition rate
increased. Figure 5 presents the results. The laser sweep speed
was fixed at 0.2 mm s−1. The figure reveals that the etching
rate changes only slightly at a repetition rate of below 4 kHz.
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(a)

2µm

(b)

(c)

Figure 4. (a) Designed pattern of a microreactor/concentrator. The
inset shows the SEM image of the serpentine region. (b) Photograph
of the complete microfluidic system. A one-cent coin is placed next
to the device for comparison of sizes. The inset presents a bonded
borofloat glass microchannel. The length of the scale bar is 2 µm.
The borofloat chip is etched with laser pulse energy of 78 µJ. The
repetition rate is 4.5 kHz and the laser sweep speed is 0.2 mm s−1.
The etchant is 0.4 M pyrene in acetone. (c) Fluorescence image
showing successful extraction from water phase to organic phase.
Rhodamine B dissolved in water is pumped into the lower inlet of
the extraction channel while clean butanol is pumped into the upper
channel. Clear interface indicates stable laminar flow in the
emerged section. The extraction is observed by the fluorescence in
the butanol phase downstream. The channel width is 46 µm in this
example. The flow speed is 4 mm s−1.
(This figure is in colour only in the electronic version)

The etching rate increases to a maximum of approximately
6 kHz at a repetition rate of above 4 kHz. The etching rate
declines abruptly as the repetition rate increases above 6 kHz.
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backside etching is about two orders greater than that of Ar+
ion etching. Indeed, photolithography is a method that is more
appropriate for parallel processing. However, the machining
speed on glass is low. Alternatively, a high-end industrial
oxide etcher such as Applied Centura eMAX from Applied
Materials provides an oxide etching rate of up to 6000 Å min−1.
However, the accessibility of such a system is limited for most
researchers.
Currently, the trench profile generated by the LIBWE
process is Gaussian shape, which is governed by the laser
beam profile. In principle, steep wall could be produced by
employing flat-top laser beams for machining. This could
produce square trench profile that is easier for theoretical flow
analysis.
Figure 5. Effect of laser repetition rate on the actual etching rate.
The dotted line is a visual guide. The laser pulse energy is 78 µJ.
The repetition rate is 4.5 kHz and the laser sweep speed is
0.2 mm s−1. The etchant is 0.4 M pyrene in acetone.

At repetition rates of over 10 kHz, the laser energy does not
result in any observable etching. The findings reveal that
the machining speed cannot be increased without limit by
increasing the laser repetition rate. An intrinsic factor may
impair the etching process at high repetition rate.
Backside glass etching assisted by pyrene solution has
been posited to be caused by the propagation of the shockwave
from the spot irradiated by a laser [33]. When the pyrene
solution absorbs laser energy, a bubble forms at the irradiated
spot. According to Ding et al [33], the bubble expands during
the first 100 µs and does not disappear until 140 µs following
the laser pulse. In our study, the etching rate declines sharply as
the repetition rate increases above 6 kHz, which corresponds to
a pulse interval of ∼160 µs. Therefore, when a repetition rate
of higher than 6 kHz is used, the intervals between the pulses
are too short to allow the bubble to disappear. The bubble can
impair contact between the etchant (such as pyrene/acetone)
and the substrate, so the etching process is impeded. Indeed,
the solvent evaporated but no glass etching was observed when
the repetition rate exceeded 10 kHz, indicating that the energy
of the laser is in fact absorbed by the solution but is not effective
in glass etching. The size of the laser beam and the dimensions
of the bubbles may affect the bubble collapse time. The
optimal repetition rate may vary accordingly. Further work
is being conducted to investigate the effect of the beam size.
3.6. Machining speed of laser direct-writing on
borofloat glass
The reported laser machining technique is very suitable for
prototype microtrenching. The overall machining speed can
be examined by the following example. Assume that the
beam size is 100 µm and the expected depth of the trench
is 10 µm. Consider a 4 nm/pulse etching rate and a
6 kHz repetition rate: the beam sweeping speed should be
0.6 mm s−1, as calculated by equation (2). Accordingly,
fabricating a 100 mm long trench with a depth of 10 µm takes
approximately 720 s. For comparison, the Ar+ dry etching
rate on borosilicate glass is 0.01 µm min−1 [44]. In this
example, while omitting the time for photomask generation
and photolithographic pattern transfer, the etching speed of

3.7. Effect of photothermal sensitizer on the etching threshold
The choice of photothermal sensitizer is not trivial. A
compound that has a high extinction coefficient and a high
concentration in solution may yield a poor etching rate. For
instance, Ding et al used a 1.0 M pyrazine salt solution
(ε 248 ∼ 10 000) and obtained a low etch rate of 0.1 nm/pulse
[33], which reveals that the etching mechanism is not
understood completely and that more experimental data are
required to improve our understanding of the LIBWE process.
Glass is highly resistant to chemical corrosion. The
organic sensitizer used in this study comprised only C, H and
O, so the product of photolysis or thermolysis does not contain
any acidic substance that is as strongly acidic as HF, which is
effective in etching glasses.
In the ‘liquid hammer’ model proposed by Ding et al
[33], the photothermal process converts photo energy into
thermal energy. The media for this conversion process are
the solute and/or solvent molecules, whichever absorbs the
photo energy and converts it into thermal energy. Zimmer
et al [35] compared the etching of fused silica by 248 nm and
351 nm excimer lasers. Three-time extinction at 248 nm results
in a 1/3 etching threshold when pyrene/acetone solution is
used. Wang et al [29] also found that increasing the pyrene
concentration reduces the etching threshold. These results
confirm the role of the solvent and solute in photothermal
conversion. Therefore, the etching thresholds of various
aromatic compounds were compared to understand better
the role of the etchant. Many novel compounds that are
effective for the LIBWE process were found. Table 1 lists
the results. The first group of compounds are liquids under
ambient conditions. The compounds in the second group are
all solid powders under ambient conditions and are dissolved
in acetone for etching. None of the listed compounds,
except for toluene and pyrene, have been reported to be
used before in backside glass etching. The lowest etching
threshold of these compounds was ∼140 mJ cm−2 when 1.3 M
9-methylanthracene was used. The corresponding pulse
energy was only 31 µJ for a 30 µm wide trench, as presented
in figures 2(d) and 3(a).
The compounds in the first group have thresholds of
around 200 mJ cm−2, which is close to that of 0.4 M pyrene
in acetone. The etching threshold of toluene is comparable to
that in the literature [36]. The two compounds, t-butylbenzene
and 1,2,4-trimethylbenzene, have a lower threshold than does
1153
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Figure 6. Effect of unit length absorbance on the etching threshold in the acetone solution. The dotted line represents a tentatively fitted
exponential decay.
Table 1. Etching characteristics of various aromatic compounds. The first group of compounds above the bold line are organic solvents.
They are directly used for etching. The second group, listed below the bold line, are solid compounds. They are dissolved in acetone at the
listed concentrations.
Threshold
(mJ cm−2)

Concentration
(C)

Extinction
coefficient (ε)

Fluorecence
quantum yield

Toluene

239

9.4

Not used

0.17c

t-Butylbenzene

190

6.4

Not used

0.14c

1,2,4-Trimethylbenzene

199

7.3

Not used

0.41c

Naphthalene

319

0.4

5 129a

0.23c

Compounds

Structure

a

0.13c
0.36c

Phenanthrene
Anthracene

175
636

0.4
0.04

15 136
794a

9-Methyl anthracene

138

1.3

7 080a

0.35c

9,10-Dimethyl anthracene

559

0.02

12 590a

0.35d

Pyrene

184

0.4

15 136a

0.32c

Fluoranthene

170

1.1

9 550a

0.3c

9-Phenyl anthracene

380

0.05

32 640b

0.49c

a

[45].
[46].
c
[47].
d
[48].
b

toluene. These compounds differ from toluene in having two
more methyl groups. The alkyl side chain is well known
to be ‘softer’ than the benzene ring, so that the vibronic
interaction, including the motion of the side chain, is strong
for those vibrational modes. Restated, the electronic energy
is more prone to dissipate through the vibration of the side
chains. For example, the internal conversion factor (kIC) of tbutylbenzene is ten times greater than that of toluene because
the tert-butyl group acts as a ‘loose bolt’ [49] that accelerates
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internal conversion. Accordingly, t-butylbenzene and 1,2,4trimethylbenzene convert the photon energy more efficiently
than toluene, resulting in a lower etching threshold. The
threshold-structure relationship of the large analogs of these
aromatic solvents in the second group is not as straightforward
as that of the aromatic solvents.
Theoretically, the overall efficiency of the photothermal
process should be related to the unit length absorbance,
ε × [C]. A larger value corresponds to a higher conversion

Crack-free direct-writing on glass using a low-power UV laser

efficiency. Figure 6 depicts the relationship between the
etching threshold and the unit length absorbance of the acetone
solution. The plot can be nicely fitted with an exponential
decay curve. Although the fit is tentative (R2 = 0.994 65), the
plot reveals that the etching threshold reaches a minimum of
∼150 mJ cm−2 at a unit length absorbance of around 8000
and does not decrease further as the unit length absorbance
increases. Zimmer et al made the unusual observation that
in pyrene/toluene solution, contrary to that in pyrene/acetone
solution, the extinction at 248 nm that is three times larger than
that at 351 nm results in almost the same etching threshold
[35]. Other effect such as fluorescence quantum yield (F) is
therefore examined.
The effect of fluorescence quantum yield (F) on the
etching threshold is examined as follows. A higher F
results in weaker non-radiative transition and hence poorer
photothermal conversion. However, as presented in table 1, F
does not correlate well with the etching threshold. Anthracene
and naphalene have similar or lower F than pyrene but
yield higher etching threshold. At high concentration, the
fluorescence is quenched by neighboring fluorophore and
the radiative energy dissipation is mostly replaced by nonradiative transition. Under such conditions, the absorption
and solution concentration dominate the overall photothermal
energy conversion efficiency.
Hence, the fluorescence
quantum yield does not correlate well to the etching threshold.
The plot in figure 6 also suggests this correlation. Further work
is being conducted to clarify the details of the dependence of
the etching rate on the solute concentration for each compound.

4. Conclusion
This work describes a rapid prototyping platform for
fabricating a crack-free and debris-free glass microfluidic
chip. The process does not require a clean room facility
or the use of the highly corrosive chemical, HF, for glass
etching. A 266 nm DPSS laser with a high repetition rate is
employed and laser-induced backside etching is performed.
The microfluidic pattern is drawn using common computer
software and the pattern is automatically translated into CNC
motion. Without the use of a photomask, a glass microfluidic
system can be etched in 10 min. The overall development
time is shortened to less than 1 day. A very low laser power
(several tens of mW) is used and a high laser repetition rate
enables swift direct-writing. The use of a low-power laser
makes this platform very affordable. The optimal repetition
rate was approximately 6 kHz in this work. Smooth etching is
observed by a surface profiler and SEM. Complex structures
such as stepped trenches and transversely asymmetric trenches
were fabricated and characterized. An example with integrated
microreactor/concentrator pattern is presented.
Various aromatic compounds are investigated herein and
their effects on the etching threshold are compared. Lower
thresholds were observed for aromatic solvents with stronger
vibronic interactions. Acetone solutions with aromatic solutes
have a minimal threshold of 150 mJ cm−2. The etching
threshold does not decrease further when the unit length
absorbance exceeds 8000.
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