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Rapid prototyping of silica glass microstructures by the LIBWE method:
Fabrication of deep microtrenches
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bstract

We have constructed a system for surface-microstructuring transparent materials, such as silica glass, using laser-induced backside wet etching

LIBWE), which includes an excimer laser and a mask projection system. In this report, we describe the advantages of the LIBWE method and
resent various results showing deep microtrenches fabricated using this method. We examine the applicability of this method to rapid prototyping,
nd propose a mechanism for the formation of deep microtrenches.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Silica glass has excellent properties: exceptional trans-
arency in the deep ultraviolet (DUV)–visible (VIS)–near
nfrared (NIR) region, mechanical hardness, thermal stability,
urability against chemicals, etc. Micro-/nano-fabrication of sil-
ca glass is a key technology for a number of applications: micro-
ptics, optoelectronics devices, photonics devices, microfluidic
evices for high throughput chemical synthesis, chemical and
iological analysis, etc. However, the above properties and the
echanical brittleness make micromachining of silica glass very

ifficult.
In industrial fabrication processes, a combination of photo-

r electron-beam lithography and etching either in a plasma
r a strong acid, typically HF, is utilized [1–3]. However,
hese methods require elaborate process sequences and utili-
ies, including, for example, the coating and removal of resist
ayers and vacuum systems for plasma etching equipment.

ypical etch rate in plasma etching or HF etching is around
.5 �m min−1 at maximum. Therefore, more effective, sim-
ler and faster methods of fabricating devices on silica glass
ubstrates have been pursued, and various researchers have
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tudied the micro-/nano-fabrication of silica glass using lasers
4–38]. The following methods have been reported: use of a
ightly focused conventional ultraviolet (UV) laser [4], vacuum
ltraviolet (VUV) lasers [5–8], CO2 lasers [9], laser plasma
oft-X-rays [10], focused femtosecond (fs) lasers [11–14], and
aser-induced plasma-assisted ablation (LIPAA) [15,16]. The

ethod we have developed is laser-induced backside wet etch-
ng (LIBWE) [17–38].

A schematic diagram illustrating the LIBWE method, espe-
ially for deep microetching, is shown in Fig. 1. A nanosecond
ns)-pulsed UV laser beam passes through a photomask and a
ransparent plate to be absorbed by a dye solution located at the
ear surface of the plate. Due to strong laser absorption by the
olution, the laser energy is initially confined to a photo-activated
icron scale thin layer at the interface between the transparent

late and the solution, where the dye molecules are excited col-
ectively. The photo-activated layer interacts with the surface of
he plate, resulting in microetching. Typical etch rate is around
0 nm pulse−1, indicating that as large as about 1 �m s−1 is pos-
ible with the repetition rate of around 100 Hz, about two order
arger than ordinary plasma etching or HF etching.

The LIBWE method has several advantages, which are listed

elow:

(i) resist-free, single-step process in atmospheric conditions
with a simple pre-/post-treatment [18,20,21];

mailto:y-kawaguchi@aist.go.jp
dx.doi.org/10.1016/j.jphotochem.2006.05.033
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ig. 1. Experimental setup for the fabrication of deep microtrenches on silica
lass using the LIBWE method.

(ii) control of etch depth from the nanometer scale to sev-
eral hundreds of micrometers by controlling the laser
conditions such as fluence and number of laser pulses
[18,20,21,23,24,28,34,37];

iii) about two orders large etch rate at maximum compared to
ordinary industrial methods, plasma etching or HF etching;

(iv) etching of various transparent materials including silica
glass and sapphire [17–38];

(v) flexible surface structuring by use of a mask projection
system [26].

Of these advantages, the ability to fabricate trenches with
epths of several hundreds of micrometers is one of the most
rominent characteristics of the LIBWE method. In this paper,
e have revisited the LIBWE method for fabricating these deep
icrotrenches. We give detailed results for etching silica glass

nd discuss the mechanism by which successful deep etching is
chieved. Using the LIBWE method, a 420 �m deep, 7 �m wide
icrotrench (aspect ratio = 60) was successfully fabricated with

n irradiation time of about 5 min, indicating that this method can
e very effective for rapid prototyping of transparent materials
n practical use.

. Experimental

A synthetic silica glass plate (Tosoh SGM, ES grade, thick-
ess ≈2.0 mm) was used for etching. For the dye solution, a sat-
rated pyrene/acetone solution was employed: the concentration
as about 0.4 mol dm−3. A KrF excimer laser (Lambda Physik,
MG-201MSC, λ = 248 nm, FWHM ≈ 30 ns) and a mask pro-

ection system (MicroLas, ValioLas) including a homogenizer
ere used in the LIBWE process (Fig. 1). The laser fluence was

et to F = 1.0 J cm−2. The photomask was comprised of slits to
nable fabrication of 1 mm long trenches with widths 7 or 9 �m.

A sample holder was placed on a XYZ stage (Sigmatech
o., FS-1050). The position of the sample was controlled with
resolution of ±0.2 �m. Because of the limited depth-of-focus

DOF) of the projection lens, in the case of deep microetching,

he silica plate was moved away from the lens after irradiation
f a certain number of laser pulses in order that the etch front,
.e., the interface between the silica surface and the solution,
emained within the DOF of the projection lens (Fig. 1).

t
i
n
r
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For a more precise study of the effect of an out of focus beam
n the etch depth and quality, we fabricated trenches where the
istance between the silica plate and the projection lens differed
y 22.5 �m for each trench. This was done by oblique incidence
f the laser beam on the substrate. The beam was applied at an
ngle of 13◦ with respect to the normal to the solid–liquid inter-
ace. A photomask designed to produce microtrenches 10 �m
ide and 1 mm in length, and with an interval of 100 �m between

hem was used. The irradiation was done using a KrF excimer
aser beam delivering 3000 pulses at F = 1.5 J cm−2 at a repeti-
ion rate of 20 Hz. A saturated pyrene/acetone solution was used
s a laser-absorbing liquid, and the focal point was fixed while
tching proceeded.

After deep etching, the samples were rinsed, cut perpendicu-
ar to the trench, and the cross-sectional structures were observed
y scanning electron microscopy (SEM, Keyence VE-7800).

In addition, in order to examine the quality of the sidewalls,
e fabricated a polymer replica by injection molding and made
bservations using an SEM. A microtrench array was fabricated
n the silica glass with the following conditions: a photomask
esigned to produce an array of trenches of, width = 10 �m,
ength = 1 mm, and interval of 100 �m was used in the process;
rF excimer laser irradiation delivering 12,000 pulses at a flu-

nce of F = 0.7 J cm−2 and repetition rate of 50 Hz was carried
ut; a saturated pyrene/acetone solution was used for the dye
olution; the silica plate was moved further away from the pro-
ection lens five times in 8 �m steps for each 1000 pulses and
even times in 10 �m steps for each subsequent 1000 pulses. A
eplica of the deep microtrench array was prepared using a resin
Struers, Repliset F-5). The pre-polymer was mixed with a cur-
ng agent, placed immediately on the microtrench array, and set
nside a vacuum chamber. The chamber was quickly pumped for
ess than 1 min and then returned to atmospheric pressure. The
ample was kept for several tens of minutes at room temperature
o cure the resin. The peeled off replica was observed using a
EM.

. Results and discussion

.1. Results of deep microtrenches on silica glass

Basically, a width of a trench is determined by a slit width, and
n etch rate is affected by a fluence in the LIBWE method. Using
saturated pyrene/acetone solution for the laser-absorbing liq-
id, 80 �m deep and 10 �m wide trenches with a duty ratio of
0 were etched in silica glass using a KrF excimer laser deliv-
ring 12,000 pulses at a fluence of 0.7 J cm−2 and repetition
ate of 50 Hz. The etched trenches are shown in Fig. 2(a). A
ross-sectional SEM image of the structure shows good qual-
ty microtrenches with straight and parallel sidewalls, and the
mage of the polymer replica (Fig. 2(b)) shows the quality of the
idewalls to be reasonable.

The results of microtrench fabrication on silica glass using

he LIBWE method were strongly (Fig. 3) dependent on the laser
rradiation conditions. Fig. 3(a) shows the etch depth versus the
umber of laser pulses for microtrenches of 9 �m × 1 mm fab-
icated under different stage control conditions: condition (1),
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Fig. 2. (a) Cross-sectional SEM image of an array of deep trenches on a silica
surface. The widths are 10 �m, depths 80 �m, and the duty ratio is 10. The trench
array was fabricated using 12,000 pulses of KrF excimer laser irradiation at a
fluence F = 0.7 J cm−2 and repetition rate of 50 Hz. The absorbing medium was
a saturated pyrene/acetone solution, and the silica plate was moved away from
the lens five times by 8 �m for each 1000 pulses followed by seven times by
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0 �m for each of the next 1000 pulses, (b) SEM image of a replica of the deep
rench array on a polymer surface.

tage moved 10 �m for every 1000 pulses; condition (2), stage
oved 10 �m for every 2000 pulses. Under condition (1), the

tch depth increased with increasing pulse number even beyond
0,000 pulses, while for condition (2), the etch depth almost
aturated at around 10,000 pulses. The movement of the stage
n case (2) corresponds to 5 nm pulse−1. With this slow rate of

ovement, the etch front progressively became further out of
ocus. On the other hand, in case (1), the etch depth increased at
progressively faster rate than the movement of the stage: for

xample, 48 �m for a stage movement of 40 �m and irradiation
f 4000 pulses, 133 �m for a stage movement of 100 �m and
rradiation of 10,000 pulses, and as much as 300 �m for a stage

ovement of only 200 �m and irradiation of 20,000 pulses. The
nitial etch rate was estimated to be 12 nm pulse−1 by the data
oints obtained under irradiation of up to 8000 pulses, while
he etch rate observed between 16,000 and 20,000 pulses was
6 nm pulse−1. It shows that the etch rate increases with pulse

umber, maybe due to a confinement effect by the deep side-
alls, and that the margin for the out of focus condition is very

arge in deep microetching. Fig. 3(b) is a cross-sectional SEM
mage of a microtrench fabricated under condition (1) and irra-

L

p

hotobiology A: Chemistry 182 (2006) 319–324 321

iated with 20,000 pulses, and Fig. 3(c) shows one fabricated
nder condition (2) and irradiated with 10,000 pulses. Although
he sidewalls of the trench in Fig. 3(c) was less straight than that
n Fig. 3(b), the deep trenches were, nevertheless, acceptable for
nes fabricated in such an out of focus process.

To observe the effect of an out of focus laser beam on
icroetching using the LIBWE method, the silica plate was

rradiated with the laser beam at an oblique angle of incidence
uch that the distance between the projection lens and each adja-
ent trench on the plate differed by 22.5 �m. The trenches were
abricated simultaneously using a photomask designed to pro-
uce 10 �m wide trenches at intervals of 100 �m. The plate
as irradiated with a KrF excimer laser beam delivering 3000
ulses at F = 1.5 J cm−2 and a repetition rate of 20 Hz at an
ngle of 13◦ with respect to the normal to the solid–liquid inter-
ace. A saturated pyrene/acetone solution was used as the laser-
bsorbing liquid, and the focal point was fixed while etching
roceeded. In this condition, the distance between the projec-
ion lens and each adjacent trench on the silica plate differed by
2.5 �m (100 �m × sin 13◦ = 22.5 �m.). Fig. 4(a and b) show
ross-sectional SEM images of the trenches at different magni-
cations. As can clearly be seen in Fig. 4(a), there were nine
tched trenches. The difference in distance from the lens to
he trenches at each end was 180 �m (= 22.5 �m × 8 intervals),
lthough the etch depth was at its maximum for the central trench
nd decreased for trenches moving progressively away from the
enter in both directions. This means that the LIBWE method
orks even when the position of the sample is about 40–50 �m

way from the focal point of the present projection lens, enabling
uccessful deep microetching. A magnified view of the deepest
icrotrench is shown in Fig. 4(c). The microtrench was fabri-

ated satisfactorily with a depth of about 70 �m after irradiation
f 3000 pulses, in spite of the oblique angle of incidence.

Following the above results, a good quality 7 �m wide and
20 �m deep trench was successfully fabricated. This is shown
n Fig. 5 and plotted by a solid circle in Fig. 3(a): the sample
as moved 15 �m for every 1000 pulses of irradiation, corre-

ponding to a rate of 15 nm pulse−1 and 25,000 pulses were
elivered at 80 Hz. To our knowledge, such deep microtrenches
annot be fabricated using other methods, because other etching
ethods are based on the difference in etch rates between the

esist and the substrate; at present there are no resists that can
ithstand the etch times required for such deep etching. The etch
epth, 420 �m, was again much greater than the distance the sil-
ca plate was moved during irradiation of 25,000 pulses, which
as 375 �m. A large DOF of about ±50 �m widens the process
argin and favors fabrication of deep microtrenches of several

undreds of micrometers in depth in the LIBWE method, though
ccurate tracking of the center of the imaging area is difficult and
he process parameters should be carefully checked beforehand
n order to etch deep microtrenches to accurate depths.

.2. Mechanism of deep microetching on silica glass by the

IBWE method

Based on the molar absorption coefficient of a dilute
yrene solution, the optical penetration depth is estimated
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Fig. 3. (a) Dependence of the etch depth on the pulse number for silica glass microtrenches under KrF excimer laser irradiation at a fluence F = 1.0 J cm−2 using a
saturated pyrene/acetone solution with three different conditions: (1) slit width ≈ 9 �m on the sample, repetition rate = 10 Hz, and the silica plate was moved away
from the lens by 10 �m for every 1000 pulses; (2) slit width ≈ 9 �m on the sample, repetition rate = 10 Hz, and the silica plate was moved away from the lens by
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0 �m for every 2000 pulses; (3) slit width ≈ 7 �m on the sample, repetition r
000 pulses, corresponding to the trench shown in Fig. 5. (b) Cross-sectional SE
1) in ’a’. (c) Cross-sectional SEM image of a deep trench fabricated by irradia

o be D = 0.7 �m for acetone solution containing pyrene at

.4 mol dm−3. This means that most of the laser energy is
eposited in the solution less than 1 �m away from the surface
f the silica. The thinness of the laser-induced photo-activated
egion of the organic solution contributes to the fabrication of the

s
b
a
O

ig. 4. (a) Cross-sectional SEM images of trenches on silica glass fabricated by the
nd the projection lens differed by 22.5 �m due to the oblique incidence of the laser
ith widths of 10 �m, lengths of 1 mm, and intervals of 100 �m between them. A K

ate of 20 Hz was used at an angle of 13◦ with respect to the normal of the solid–liqu
iquid. The focal point was fixed while etching proceeded. (b) Magnified view of ’a’.
80 Hz, and the silica plate was moved away from the lens by 15 �m for every
age of a deep trench fabricated by irradiation of 20,000 pulses under condition
f 10,000 pulses under condition (2) in ’a’.

eep microtrenches by preventing damage to the already etched

idewalls. In addition, as the laser beam is incident from the
ack surface through the transparent glass substrate, the photo-
ctivated process occurs effectively at the etch front of the trench.
n the other hand, a laser incident from the front surface of the

LIBWE method where the distance between each adjacent trench on the plate
beam. The photomask used during etching was designed to produce trenches
rF excimer laser beam delivering 3000 pulses at F = 1.5 J cm−2 and repetition
id interface. A saturated pyrene/acetone solution was used as a laser-absorbing
(c) Magnified view of the deepest oblique trench in ’a’, about 70 �m in depth.



Y. Kawaguchi et al. / Journal of Photochemistry and Photobiology A: Chemistry 182 (2006) 319–324 323

Fig. 5. Cross-sectional SEM image of a deep trench, 420 �m in depth and 7 �m
in width, fabricated using 25,000 pulses of KrF excimer laser irradiation at a
fluence F = 1.0 J cm−2 and repetition rate of 80 Hz, with saturated pyrene/acetone
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olution as the laser-absorbing medium. The silica plate was moved away from
he lens by 15 �m for every 1000 pulses, condition (3) in Fig. 3 (a).

aterial can easily result in the formation of tapered trenches
39], reflecting the track of the focused laser beam.

Furthermore, Ishii and co-workers reported time-resolved
hadowgraph images of a pyrene/acetone (0.4 mol dm−3) solu-
ion under KrF excimer laser irradiation with 300 �m in beam
iameter and F = 0.5 J cm−2 [40,41]. According to their report,
he bubble expanded hemispherically with a maximum radius
f about 700 �m (the maximum volume Vmax ≈ 7.2 × 108 �m3

ith 300 �m in beam diameter) at a delay time of 70 �s. We
ssume that the maximum volume of the bubble is propor-
ional to the deposited laser energy, i.e., irradiated area times
aser fluence. Then, the corresponding volume of vapor bub-
le is estimated to be 1.4 × 108 �m3 at F = 1.0 J cm−2 on the
tching area of 7 �m × 1 mm. This corresponding volume of
apor bubble is more than one order larger than the volume of
he deepest trench in the silica glass (V = 7 �m width × 1 mm
ength × 420 �m depth = 2.9 × 106 �m3). This means that the
aximum size of the vapor bubble would be expanded above

he trench volume.
From above discussions, the following model is proposed for

xplaining the successful fabrication of deep microetching by
he LIBWE method, as depicted in Scheme 1.

(i) Laser irradiation from the back surface, and very thin laser-
induced photo-activated region of the organic solution.

(ii) Bubble formation in the trench by laser-induced vaporiza-
tion of the solution.

iii) Inflow of a fresh solution into the trench.
iv) Regeneration of fresh solid–liquid interface at the etch

front.

That is, the irradiated laser-energy is confined to a very thin

hoto-activated region at the etch front for every pulse of the
aser beam, causing etching of typically around 10 nm pulse−1.
he local etching will prevent damage to the already etched
idewalls (Scheme 1(a)).

(
P
S

cheme 1. (a–d) Proposed possible mechanism for fabrication of deep
icrotrenches by the LIBWE method.

Photo-absorption of the organic solution follows vaporiza-
ion and formation of a bubble for every irradiation of the laser
ulse. The bubble expands large enough to expel etched frag-
ents and photo-activated solutions outside the etched trench

Scheme 1(b)). This also works effectively to prevent deposi-
ion of the fragments onto the sidewalls.

After expansion, the bubble collapses by cooling within a
everal tens of �s. Inflow of a fresh solution into the trench
akes place (Scheme 1(c)). Regeneration of the fresh solid–liquid
nterface is performed by a recoil pressure [42] at the etch front
t the bottom of the trench (Scheme 1(c)). The fresh solution
t the etch front is excited by the next pulse of laser irradiation
Scheme 1(d)). Thus, deep trench structures are fabricated in
ilica glass by multiple irradiation of the laser beam.

. Conclusion

We have described surface-microstructuring of silica glass by
he LIBWE method with short irradiation times, which opens up
he possibility of the rapid prototyping of microstructures on sil-
ca glass. Especially, the peculiar characteristics of the LIBWE

ethod enable fabrication of very deep microtrenches on sil-
ca glass, more than 100 �m deep, which with other methods
re too difficult to fabricate. With the combination of high hor-
zontal resolution, the LIBWE method can be applied to the
abrication of three-dimensional microstructured devices made
f silica glass. The microtrench structures fabricated using the
IBWE method can also be very effectively used for the for-
ation of replicas in polymers, making this a useful tool in the

abrication of polymer microdevices.
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