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Abstract. We discuss laser fabrication of microstructures in photoetch-
able glass ceramics called Foturan (Schott Company, Elmsford, NY). A
KrF excimer laser (l5248 nm, t525 ns) is used for surface microma-
chining, and a femtosecond laser (l5800 nm, t580 fs) is used for fab-
ricating 3-D structures. Important aspects of the machining, such as
depth of machining resulting from different laser processing parameters
and threshold laser fluences, are presented. A detailed analysis of the
absorption process of both lasers in photoetchable glass ceramics is
provided. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1759330]
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1 Introduction

Photoetchable glass ceramics are very promising mate
for fabricating a variety of microstructures and system
These materials have high Young’s Modulus, transpare
in visible wavelengths, and good thermal and electrical
sulation properties. In addition, their chemical stability, b
compatibility, and high melting temperatures enable
fabricated microdevices to be used in corrosive and hi
temperature environments for a variety of biological a
chemical applications.1 For example, photoetchabe gla
ceramics have been used for making high aspect ratio s
ers in field emission displays~FED!, gas electron multipli-
ers as detectors, and microreactors.2–4

To effectively machine microstructures in glass cera
ics, it is desirable to find alternative methods that ha
distinctive advantages compared with conventional lith
graphic techniques. Laser-based fabrication in photoe
able glass ceramics has been studied for making minia
satellites and other microdevices.5–7 Photons from the lase
beam are used to change material properties locally,
lowed by a material removal process accomplished
chemical etching. Therefore, the laser-based method c
bines the advantages of two processes: fast and local
terning using laser beams, and efficient material remo
using wet etching. Another advantage is 3-D machining
photoetchable glass ceramics by focusing a laser beam
side the material. This 3-D machining eliminates many d
ficult assembly steps in microdevice fabrication and pa
aging. Femtosecond lasers are very useful for making
structures on glass ceramics due to their low absorptivit
the laser wavelength (l5800 nm) except at the focal poin
where the laser intensity is high enough to cause multip
ton absorption. Embedded 3-D structures such as Y-
H-shaped channels have been produced with femtose
lasers.8–11
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A detailed study on laser-based micromachining of ph
toetchable glass ceramics is presented. The intention
understand the micromachining process using two differ
types of lasers, a UV excimer laser and a femtosecond
ser. Due to high absorptivity at the excimer laser wav
length (l5248 nm) and the large laser beam size, the
cimer laser is mainly used for fabricating comple
structures on surfaces. Machining characteristics using
ferent processing parameters are studied. Results obta
from the two lasers are compared. In Sec. 2, the princip
of micromachining in photoetchable glass ceramics are
viewed. In Sec. 3, experimental results from this study
presented and analyzed.

2 Principles

The photoetchable glass ceramics used for our study, F
ran, are manufactured by Schott Company. The basic
behind laser processing of photoetchable glass cerami
to create a way to induce anisotropic chemical etchi
Glass is an amorphous material, meaning there are no
cific directions within its structure to create directional
specific etching. However, by locally modifying this amo
phous structure using irradiation such as a laser beam
becomes possible to change its etching characteristics
therefore to create designed structures.5,12 In Foturan, this is
achieved by creating a local crystalline phase that etc
about 20 times faster than the amorphous one. Proces
of Foturan requires three main steps, namely photosen
zation, heat treatment, and etching.

2.1 Photosensitization

Photosensitization is the first step in structuring Fotur
where the structure to be created is written and/or projec
onto the material with a suitable light source. During ill
© 2004 Society of Photo-Optical Instrumentation Engineers
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mination, local temperature rise induces formation of Ce31

ions. These ions are stabilized by Sb2O3 and other reducing
agents:13

2Ce411Sb31↔2Ce311Sb51. ~1!

The unstable Ce31 ion in turn absorbs enough photo
energy from a laser beam, giving away one electron go
into the stable Ce41 form.

Ce311hn→Ce411e2. ~2!

The created electrons are then absorbed by the s
ions, which are reduced to silver atoms.

Ag11e2→Ag. ~3!

The resulting silver atoms act as nucleation sites, aro
which lithium metasilicate in Foturan can be crystalliz
during the heat treatment step. Cheng et al. suggest
silver atoms are created at the heat treatment step, indu
a precise high spatial resolution of the crystallized regi
but the exact mechanism is still subject to investigation14

2.2 Heat Treatment

Following photosensitization, Foturan is heat treated
lithium metasilicate to crystallize around the silver nuc
ation cites. During this step, it is desirable to obtain
small a crystal size as possible to reduce surface rough
after the etching step. This is quite important for creat
microstructures, since uncontrolled crystal sizes rang
from 1 to 10mm are possible. Also, it is believed that th
crystal sizes can affect the etch ratio between the crysta
phase and the amorphous phase. Although there is no e
recipe for the heat treatment process, several proced
have been proposed in the literature.15 Accordingly, in our
work, Foturan is first heated up to 500 °C at a rate of 5
per minute. During this portion of the heat treatment, silv
atoms diffuse to form silver clusters in the exposed regio
After staying at this temperature for about an hour,
temperature is ramped up to 605 °C at a rate of 3 °C
second. At this temperature, crystallization is most effici
and the Foturan is held at this temperature for about
hour. Finally, the sample is cooled to room temperature
ambient. Fuqua et al.15 also mentioned that the forme
crystals would have a lower density, so internal stresses
surface roughness would show up to a degree, depen
on the size of the structures. Note that the temperature u
in this heat-treating process is much higher than the t
perature caused in the laser processing step, therefore,
tallization does not occur during laser processing.

2.3 Etching

The final step in the structuring of Foturan is wet etchin
In this step, the crystalline regions are etched away us
hydrofluoric acid~HF!.

Li 2SiO318HF→2LiF1H2SiF613H2O. ~4!

In the literature, there are several different concen
tions and schemes suggested for etching. Dietrich e
used a solution of 10% HF in an ultrasonic bath or sp
r

t
g

s
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s

d
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d
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etcher at room temperature.13 Fuqua et al. suggested usin
5% HF at 40 °C.15 Both sources quote an etch ratio of 20
1 between the exposed and unexposed region. It is foun
our experiments that the aspect ratio and the etch rate
around 10 and 0.5mm/min, respectively, which are compa
rable to the reported values.16 The etch rate decreases as t
dimensions of the structure gets smaller, since HF can
reach in as effectively. This is one of the biggest proble
for creating high aspect ratio and embedded structures,
can become quite difficult to get the etchant to every par
the structure without broadening the easily accessible
tions.

3 Experiments and Results

The lasers used are a KrF excimer laser (pulsewi
525 ns, wavelength5248 nm) and a Ti:sapphire amplifie
femtosecond laser (pulsewidth580 fs, wavelength
5780 nm). For creating 2-D surface structures using
excimer laser, the image of a mask is projected onto
Foturan surface. In this case, the minimum feature siz
limited by the crystallized grain size after the heat tre
ment, which is around a few microns. In our work, a we
defined pattern can be obtained using a single pulse w
the smallest feature size is above 10mm. Another method
to create a pattern is to scan a beam with a primitive sha
such as a circle along a predetermined path. This la
method is used in both excimer and femtosecond laser
cessing. Various features can be printed on or inside
material~for the femtosecond laser only! with a proper fo-
cusing lens and computer-controlled high precision mot
stages. The depths of focus for the excimer laser and th
laser focusing lenses are 24.3 and 1.6mm, respectively.

Figure 1 shows the transmissivity of a 0.2-mm-thick F
turan sample with respect to the wavelength measured
ing a spectral photometer. At the wavelength of the K
excimer laser, 248 nm, the transmissivity is 2.6%, indic
ing that most energy at this wavelength is absorbed in
material in the near surface region. Because of the very
transmissivity at this wavelength, it is rather difficult t
focus the laser beam using the focusing lens set into
material for creating embedded structures, and avoid p

Fig. 1 Spectral transmissivity of Foturan. The thickness of the
sample is 0.2 mm.
479J. Microlith., Microfab., Microsyst., Vol. 3 No. 3, July 2004
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tosensitizing the surface region. A high numerical apert
objective lens could be used so that only the region un
the surface is irradiated with a fluence above the thresh
for photosensitization. However, the depth of the photos
sitized region using the high numerical aperture object
lens would be shallow, around tens of micrometers, me
ing the embedded structure, if it can be made, will not
deeper than tens of micrometers. The femtosecond las
the wavelength of 780 nm has a high transmissiv
~.90%!, and the loss is due to surface reflection. When
femtosecond pulses are focused to a tight spot, multipho
absorption allows effective absorption, causing the reac
shown in Eq.~2!. The effective volume where this reactio
can take place depends on the depth of focus and the in
sity of the focused laser beam. In general, only a sm
volume of material can be photosensitized by a sin
pulse, therefore, scanning is needed to create a pattern

3.1 Excimer Laser for 2-D Machining

The excimer laser fluences used in this work are in
range from 0.1 to 3.0 J/cm2. A mask with a pattern of a
cross in a circle is used for demonstrating projection m
chining. The laser beam passed through the mask is
densed ten times with a lens set and imaged on the sp
men. Different numbers of laser pulses and fluences
applied to evaluate their effects. The irradiated specim
are heat treated and then developed in a 5% HF solution
1 to 20 min, depending on the crystallized depth of t
structure.

The specimen after heat treatment and etching is sh
in Fig. 2. The dark areas in Fig. 2~a! are the crystallized
region after the heat treatment. More pulses or higher
ence produce a darker region and the depth of crystall
tion region grows. However, the increase of the depth is
linear.

Figure 3 shows SEM pictures of the etched specim
The wall surface has many craters where crystallites
formed. Their diameters are on the order of a few micro
which dictate the roughness and the minimum feature
of the structure. The surface of the crystallized region
smoother than that of the noncrystallized region, as sho
in Fig. 3~b!. It is expected that a smoother surface can
obtained when a higher fluence is used for photosensit
tion, or other heat treatment parameters are applied, w
are shown later in Sec. 3.2.

The depth of the structure after etching is related to
level of crystallization and the etching time. To obtain
expected structure, it is desirable to control the depth of
crystallization region and to etch away the crystallized
gion only. The crystallization depth with respect to fluen
is shown in Fig. 4. One pulse is fired at each fluence.
expected, it is seen that the higher the laser fluence,
deeper the crystallization region. This would allow fabric
tion of a structure with different depths. The relationsh
between fluence and crystallization depth follows t
simple Beer’s law of radiation absorption as:

I

I 0
5exp~2a•x!, ~5!

where I is the fluence inside the material at a distancex
from the surface,I 0 is the incident fluence, anda is the
480 J. Microlith., Microfab., Microsyst., Vol. 3 No. 3, July 2004
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absorption coefficient. Using a curve fit of the measur
data, the threshold fluence (I th) and absorption coefficien
~a! are found to be 0.011 J/cm2 and 0.0225mm21, respec-
tively.

The crystallization depth with respect to the number
laser pulses is shown in Fig. 5. The laser fluences are 0
and 1.5 J/cm2. An increase of the crystallization depth wit
respect to the number of pulses is observed. One possib
is that photosensitization by previous pulses changes
absorption coefficient of the material. However, it is fou
that the absorptivity increases after irradiation. At a la
fluence of about 0.3 J/cm2, the absorptivity increases abou
40% after 100 pulses. A more likely explanation is th
photosensitization also depends on the total doses~number
of photons!. This will be confirmed when the results ob
tained using the femtosecond laser are analyzed. As
number of pulses increases, the crystallization depth le
off. It should be noted that the increase of the depth w
the number of pulses is slow. This offers an advanta
when the scanning method is used to create a pattern: o
lapping of laser pulses that occurs during scanning will
significantly change the depth of photosensitization.

3.2 Femtosecond Laser for 3-D Machining

Multiphoton absorption is one of the forms of nonline
absorption where two, three, or more photons are abso
in a stepwise manner or simultaneously by atoms or m
ecules. In this way, instead of absorbing a single photon

Fig. 2 Surface images (a) after heat treatment and (b) after etching
process. Full length of the scale is 400 mm (the diameter of the circle
is about 200 mm) and the excimer laser fluence is 0.1 J/cm2.



, a
any
eri-
ent

-
e

ting

Kim, Berberoglu, and Xu: Fabrication of microstructures . . .
Fig. 3 SEM images of the etched specimen. The laser fluence is
1.5 J/cm2.
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To investigate the multiphoton absorption process
simple experiment was designed to determine how m
photons are actually involved in the process. In this exp
ment, it is assumed that absorption is related to the incid
intensity I as:

dI

dx
52aI n, ~6!

whereI is the incident intensity in W/cm2, a is the nonlin-
ear absorption coefficient,n is the number of photons ab
sorbed, andx is the distance from the surface to which th
laser is incident on, measured in centimeters. Integra
this expression over the sample lengthL gives Eq. ~7!,
which can be utilized together with the data to determinn
anda.

I ~12n!2I o
~12n!5~n21!aL. ~7!

The schematic of the experimental setup is shown
Fig. 6. In this setup, the sample is slightly tilted so that t
reflected portion of the intensity could be detected eas
The detector used in the experiment is a power meter.
same detector is used at three different locations, nam
Det 1, Det 2, and Det 3, to measure the input power,
transmitted power, and the reflected power, respectiv
The lens used has a 200-mm focal length, which give
spot size of 78mm diam. Using this lens, the Rayleig
length is about 6.3 mm, which provides a weak focus

Fig. 5 Crystallization depth as a function of the number of laser
pulses. (h: 0.33 J/cm2 and s: 1.5 J/cm2.)
high energy, similar chemical reactions can occur by
sorbing a number of photons of lower energy. This is e
actly the case in Foturan irradiated by femtosecond la
pulses. Instead of absorbing high-energy UV photons, s
chemical reactions can be brought about by absorbing m
tiple near-IR photons.

Fig. 4 Crystallization depth as a function of laser fluence (single
pulse).
 Fig. 6 Schematic of the multiphoton absorption experiment.
481J. Microlith., Microfab., Microsyst., Vol. 3 No. 3, July 2004
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Fig. 7 Transmitted fluence versus input fluence.
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the absorption region according to Fig. 1. On the oth
hand, the energy of two photons is not high enough to
absorbed.

Characterization experiments are needed to unders
how the crystallization depth and width change with las
intensity and scanning speeds, and how different heat tr
ment conditions affect the crystal structure. The first expe
ment was designed to obtain the cross sectional width
depth of the crystallized region with respect to laser pow
and write speed. During this experiment, a Mitutoyo
Plan Apo 2203microscope objective lens~Kawaski,
Kanagawa, Japan! is utilized, which gives a theoretical di
ameter of 4mm. The laser fluences are calculated from th
theoretical value. However, it is believed that the act
diameter of the laser spot on the sample could be a
times larger due to the rather poor beam quality. Therefo
the laser fluences indicated next are used only for find
relative fluences and the trend of machining results. Af
photosensitization, the sample is heat treated with the p
cedure described earlier. Then, the sample is visually
spected to determine the crystallized region and the res
tive dimensions. Lines with five different fluence levels a
four different speeds are obtained and analyzed.

The results of the experiment are presented in Figs
and 10. Some error could have been introduced in the

Fig. 9 Line width as a function of laser fluence and write speed.
condition for the 0.3 mm Foturan sample. In this expe
ment, transmission measurements up to surface abla
which took place for input fluences greater than 4 J/c2,
were conducted. The obtained transmitted power versus
put power is shown in Fig. 7. From this figure, it can
seen that there is a regime change at about 1 J/cm2. This
regime change is due to the optical damage, distinct fr
the ablative damage occurring. A similar trend change
also be observed in Fig. 8, which shows the plot of tra
missivity versus the input fluence.

From Fig. 8, it can be seen that the first three data po
correspond to a transmittance of about 1, which indica
that there is no absorption.~Contribution of surface reflec
tivity has been deducted from the results.! Therefore, the
data for input fluence between 0.6 and 1 J/cm2 were utilized
in investigating the multiphoton absorption process. A co
was written to perform a nonlinear fit to the data and
estimate the value ofn and a. This method estimated th
value of n to be 3.09 and the value ofa to be 6.22
31027 cm3 W22. This result clearly signifies that the mu
tiphoton absorption process in Foturan is a three pho
process, which is reasonable, since the combined energ
three photons is 4.6 eV (l5260 nm), which is well into
Fig. 10 Line width as a function of fluence when the speed is fixed
at 50 mm/s.
Fig. 8 Transmissivity versus input fluence.
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Fig. 11 Progression of line thickness and depth.
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Fig. 13 Nomarski pictures of surface quality (a) before and (b) after
second baking taken with 403 objective. The length of the scale bar
is 24 mm.
i.e.,
ame
etch
e to
pth.
in-
nce

ig.
width measurements at lower fluence levels and high w
speeds, for which the resolution of the measuring techni
was not sufficient to determine the occurring changes
actly. From these figures, it is seen that the line width
dependent on fluence. However, for different speeds
fixed fluence, this relation changes in a power form. Th
results suggest that for a given laser fluence, the line th
ness increases to an ultimate value with an increasing n
ber of pulses. In Fig. 11, the progression of the crystalli
tion depth with increasing number of pulses is illustrate
As discussed before, the femtosecond pulses are abso
via multiphoton absorption. As the number of pulses
creases, more regions receive enough photons to c
nucleation. Hence, the volume where nucleation can t
place increases. The crystallization volume eventually l
els off, where the energy density of pulses decreases
level at which nonlinear absorption can no longer ta
place.

The second experiment investigated the etch depth
function of laser fluence and write speed. Results of
experiment are presented in Fig. 12. During the experim
the samples are etched for 20 min and the profiles are m
sured using a profilometer. From these results, it can
seen that the etch depth decreases with decreasing flu
and increasing write speed. The trend for the write sp
ness
ur-
as to
he
our
fter

s not
by
n be
This
ro-
that

oes
evel-

m-
fter
ond
de-
a

a

,
-

ce

suggests that the longer a particular area is irradiated,
more pulses per area, the deeper it etches. This is the s
as observed in the excimer laser experiment, where the
depth also increases with the number of laser pulses du
the accumulation of the photons received at a certain de
Also similar to the excimer laser experiment, a higher
tensity causes deeper etching. Therefore, using high flue
would allow higher aspect ratio features to be created.

The surface quality after etching can be seen in F
13~a!. Same as excimer laser processing, surface rough
is developed after etching. To obtain smoother etch s
faces, a second heat treatment was tested. The idea w
melt the surface slightly without warping the structure. T
samples were heated in an oven to 650 °C for half an h
and cooled to room temperature. Images of samples a
the second heating process are shown in Fig. 13~b!. It can
be seen that the surface roughness is much reduced. It i
known if optical or mechanical properties are affected
the second heat treating, since no visible changes ca
identified except the decrease of surface roughness.
procedure can also be applied to the excimer laser p
cessed sample to reduce roughness. It should be noted
heating the sample to 650 °C in the first heat treatment d
not reduce the roughness, because the roughness is d
oped during the etching process.

3-D microstructuring using femtosecond pulses is de
onstrated by creating a U-shaped channel in Foturan. A
obtaining some basic parameters involved in femtosec
laser structuring of Foturan, a U-shaped channel was
Fig. 12 Etch depth comparison for different fluences and write
speeds.
483J. Microlith., Microfab., Microsyst., Vol. 3 No. 3, July 2004
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Fig. 14 (a) Design of the U-shaped channel. (b), (c), and (d) Left: Nomarski pictures (top view) of the etch progress of the U-shaped channel.
The illustrations at right are side views showing the progress of the etching.
of

m
he

as

g o
ig.

. In
as
otu

ce
-IR
ers
xci

ery
i-
m,
at-
ery
o-
e it
an-
ay,
er

hold
tion
m fs
ab-

z-
-
ing
val
signed to demonstrate 3-D machining. The dimensions
the design are given in Fig. 14~a!. The channel was written
in Foturan with 3.18 J/cm2 at a speed of 50mm/sec. These
correspond to a line width of 5mm and a line depth of 16.5
mm. Layer-by-layer scanning is performed from the botto
to the top layer by adjusting the laser focusing depth. T
etching is performed in 5% hydrofluoric acid~HF! solution
for about 45 min. The progress of etching is observed
presented in Figs. 14~b!, 14~c!, and 14~d!. In Fig. 14~b!, the
arms of the U-shaped channel are etched and the etchin
the connecting bottom layer has not started yet. In F
14~c!, the etching of the connecting layer is progressing
Fig. 14~d!, the etching of the bottom connecting layer h
been completed, creating a 3-D U-shaped channel in F
ran.

4 Conclusions

We investigate laser processing of photoetchable glass
ramic, Foturan, using a UV excimer laser and a near
femtosecond laser. The different wavelengths of the las
demonstrate different processing characteristics. The e
484 J. Microlith., Microfab., Microsyst., Vol. 3 No. 3, July 2004
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mer laser irradiation at a wavelength of 248 nm has a v
low transmissivity in Foturan; hence, it is useful for fabr
cating structures on the surface. The spatially unifor
large excimer laser beam allows machining of a large p
tern using only one laser pulse. On the other hand, v
high transmissivity and multiphoton absorption of femt
second laser irradiation at a wavelength of 800 nm mak
possible to produce a 3-D structure by focusing and sc
ning the laser pulses inside the specimen. Along the w
parameters required for processing Foturan with excim
and femtosecond laser pulses are studied. The thres
fluence and relations between fluence and crystalliza
dimensions are obtained. Interaction between the 800-n
pulse and Foturan is determined to be a three-photon
sorption process.
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