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Silicon has been a primary material for fabrication of microelectromechanical systems~microfluidic
devices in MEMS! for several decades. This is due to the fact that the MEMS techniques were
derived from those used for microfabrication in the semiconductor industry. These techniques are
well developed, and can be readily applied for silicon based MEMS fabrication. Nowadays,
alternative manufacturing materials and techniques are needed for reducing costs and meeting new
requirements. Polymers have many advantages because of their low costs and applications in
microfluidics. This article describes processes for fabricating polymer-based MEMS, including
machining and bonding techniques. Microfluidic parts are machined on polymers with a KrF
excimer laser (l5248 nm). Mask patterning and direct laser writing techniques are used. A
silicon-on-glass process and an infrared laser bonding process are applied to assemble the machined
parts with transparent cover glasses or plastics. As an example, a polymer micropump is fabricated
and tested. It is shown that with the use of polymer materials, the performance of the pump is greatly
improved. © 2003 Laser Institute of America.
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I. INTRODUCTION

The development of microelectromechanical syste
~MEMS! has been driven by the need for miniaturization a
lowering the overall manufacturing cost. Lasers have b
widely used as a versatile manufacturing tool for deca
and recently, research has been carried out on laser b
MEMS fabrication.1 The laser fabrication technique is fas
clean, safe, and convenient compared with chemical etc
or deposition processes. Many traditional MEMS techno
gies are based on batch processes stemmed from the m
electronic industry. However, one of its disadvantages is
slow response to changing designs.2 On the other hand, it is
relatively easy to change laser processing conditions for
ferent requirements; thus the laser technique is also a sui
tool for rapid prototyping.3

Miniaturized bio-MEMS devices have many applic
tions cultivated by the developments of MEMS technolo
in fields such as clinical diagnostics and drug developme4

The laser ablation technique can be applied to fabricate
MEMS components such as reservoirs and complex conn
ing channels on polymers, which can be used in DNA
quencing and enzyme assays. Properly desig
microchannels provide efficient mixing of enzyme and su
strate for these processes.5 Diagnostic devices also make us
of microfluidic channels and microfilter arrays for perform
ing bioprocessing functions. Heet al. developed a micro-
chromatography system with the functions of traditional c
umns packed with particles.6 Microfabricated column
structures were used as microfilters: microchannels with
mensions from less than 1mm to tens of microns can bloc
specific types of substances for bioseparation application7

a!Author to whom correspondence should be addressed; electronic
xxu@ecn.purdue.edu
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This article addresses ultraviolet~UV! excimer laser ab-
lation of polymers for fabrication of microstructures used
microfluidic devices. Since the demonstration of UV las
ablation of polymers some 20 yr ago,8 much research ha
been conducted to investigate the process of laser ablatio
polymers. The photochemical bond-breaking theory9–11 and
the thermal reaction theory12,13 have been introduced to ex
plain the ablation mechanism. The former proposes that
irradiation produces radicals at the polymer surface wh
can react with molecules from the original polymer surfa
or surrounding molecules and generate volatile molecu
such as CO and CO2, causing ablation on the surface.14,15

The latter states that the intensive local heating induces
explosive pyrolysis which leads to the material ablati
process.16 A generally accepted theory involves both phot
chemical and thermal processes.17

Several approaches of applying the UV laser ablat
technique for direct or indirect fabrication of microstructur
have been attempted and reported.18–20 In this article, we
will demonstrate UV laser ablation and bonding techniqu
of polymers for fabrications of microfluidic devices. Mas
patterning and direct laser writing techniques are used
making various types of fluidic channels and reservoirs. T
spin-on glass~SOG! process and the infrared~IR! laser
bonding process are tested for assembly operations. A
example, a polymer micropump is fabricated and tested.

II. LASER ABLATION

A KrF excimer laser (l5248 nm) is used as a lase
source to ablate polymers. An optical imaging system, Lig
Bench ~Resonetics, Inc.! with a three-element processin
lens (f 588.4 mm) forms 5–103 demagnified images on th
polymer surface. Laser fluences of 0.1–3.0 J/cm2 and repeti-
il:
© 2003 Laser Institute of America
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tion rates of 1–8 Hz are used. Various masks, including a
of 220mm wide and pin holes of diameters 200 and 600mm
are employed. Polyethyleneterephthalate~PET! and polyim-
ide ~Kapton! films with a thickness of 100mm and acrylic
with a thickness of 3 mm are used as base materials.
motion stages have a 0.1mm resolution, and their moving
speed varies between 1 and 10mm/s. A charge coupled de
vice camera is installed on the LightBench to monitor t
ablation process.

Ablation depths of the target materials as a function
laser fluence are measured. Figure 1 shows the abl
depths of Kapton and PET. These values are obtained us
single laser pulse. It is seen that the results obtained in
work are close to those reported in the literature.21,22 Abla-
tion per laser pulse from multiple pulses or overlappi
pulses can be different since the fluence at the mach
surface can be changed due to the divergence of the
beam. From the Beer’s Law and data of the ablation dept
the low laser fluence range, the threshold fluences for Kap

FIG. 1. Ablation depth per pulse vs fluence:~a! Kapton and~b! PET. Ref-
erence data are taken from Refs. 21 and 22, respectively.
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and PET ablation are found to be around 0.07 and 0.1 J/c2,
respectively. These values are higher than those from
literature16,23and the discrepancies are thought to come fr
less data points at low fluences~,1 J/cm2!. The experimental
data are in good agreement with the Beer’s absorption law
the fluence range between 0.2 and 1.0 J/cm2. However, in the
range of high fluences~above 1.8 J/cm2!, the measured abla
tion rate begins to level off. This is due to the strong shie
ing effect of the laser ejected plume at high laser fluence21

The side walls of the excimer laser ablated polym
structures are usually tapered and the angle varies with
laser pulse parameters and material properties. The main
son is that, as the ablation depth increases, the wave fron
different intensity distribution. Moreover, the tapered w
structure leads to significant attenuation of the fluence.24 Us-
ing a proper laser fluence~usually high fluence! can reduce
the angle of taper.25 In order to predict the shape of the wal
of the micromachined structures, a model based on a lo
distribution of a beam in the developing structure has b
described.26 In this work, high laser fluences are used f
fabricating channels with straight walls.

A. Mask patterning

Mask patterning is very similar to lithography. A lase
beam passes through a mask with a prefabricated pattern
irradiates on the polymer surface by an imaging lens set
our system, the ablated patterns are reduced images
demagnification of around ten. Results of mask pattern
such as a rectangular channel and a circle with a cros
PET, are shown in Fig. 2. Figure 2~a! shows microcolumns
whose side is less than 20mm. A slit of 5 mm long and 200
mm wide was employed to produce a slot image, and arr
of slots were imaged in perpendicular directions to fabric
the column array. This array of columns can be used a
microfilter in a fluid separation device.

A cross-shaped wall in a circular hole is shown in F
2~b!. Nap type patterns on the bottom of PET are obtain
The nap structure formation on PET has been reported
several articles.27,28 This nap structure may assist mixing o
fluids in microfluidic devices. However, it is not preferable
most applications. Moving the target during laser ablat
can reduce these patterns drastically. It is also suggested
a well defined pattern can be obtained if a stopping la
such as a Ti film is applied on the back side of the polyme29

The characteristics of the mask projection method can
summarized as:~1! complex patterns can be machined wi

FIG. 2. Scanning electron microscope~SEM! photographs of:~a! microcol-
umns and~b! a cross-shape wall in a circle.
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the use of a mask and~2! batch production is possible wit
an array of the same patterns on the mask.

B. Direct laser writing

The other technique for fabricating microstructures is
rect laser writing—patterns are created by moving the ta
using computer controlled stages. In this work, the image
the target surface has a rectangular shape with a dimen
of 20340mm, a square shape of 20320mm, or a circular
shape with a diameter of 20–60mm. The computer con-
trolled stages follow predesigned paths to produce vari
types of patterns on the polymer surfaces. The removal
can be precisely controlled from the number of laser puls
However, to make a smooth pattern, a high pulse repeti
rate and a low scanning velocity are usually necessary.
like mechanical machining, making a blank channel w
moving stages generates tapered geometries at the two
of the channel because those places are not irradiated b
same number of laser pulses compared with the middle
of the channel as the stage moves.

Figure 3 shows a through channel in PET with smo
walls and clean edges. It has been observed that at a
fluence, the wall taper angle is around 3°–10°. Howeve
high fluences, a reversed taper~undercut! can be produced.26

In order to make a straight wall, the fluence has to be c
trolled within a proper level. In the case of the through cha
nel shown in Fig. 3, a fluence of 3 J/cm2 was used which is
higher than the normal fluence level for the polymer ablat
process~typically ,0.5 J/cm2!. Figure 4~a! is a simple but
typical microfluidic device: a single microchannel with re
ervoirs. The channel was ablated by scanning a 20mm by 20
mm square image and the reservoirs were ablated using m
patterning. Figure 4~b! shows a cross-shaped microchann
with two reservoirs, which is a structure typical of chrom
tography used for enzyme assays performed by combin
chemicals at the cross junction and allowing them to dif
sively mix in a reaction channel.5

FIG. 3. SEM photograph of an excimer laser machined microchanne
PET.
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III. BONDING TECHNIQUES

The laser machined polymers need to be bonded w
another film or plate such as glass or polymer to be used
microfluidic device. Transparent covers are often useful
optical measurements. If a heating procedure is neces
during the bonding process, the operating temperature m
not exceed the softening or melting temperature of the po
mers. As such, some traditional bonding techniques
MEMS fabrication are not applicable to polymers due to t
high operation temperatures. In addition, there are sev
other requirements for bonding microstructures. The bond
adhesive layer, if it is used, must be very thin. This is b
cause the ablated depth of the microstructures can b
small as a few microns, so it is possible to fill up the micr
structures when a thick layer of adhesive is applied. The
fore, the viscosity of adhesive materials must be very l
~less than 200 cps!. Two bonding techniques, SOG and I
laser bonding, are applied in this work and are described
follows.

A. Spin-on glass bonding

The SOG process was originally developed in the mic
electronics industry for deposition of silicon oxide durin
planarization processes and fabrication of silicon-o
insulator structures due to good crystallinity on the silic
surface.30,31 Yamadaet al. reported using SOG for bondin
silicon wafer and silicon nitride.32 Much research has bee
carried out to apply SOG as an adhesive substance for sil
wafers.33 The procedure of SOG bonding used in this work
as follows. First, the cover such as a glass slide is clea
with acetone or methanol. Second, the SOG layer was s
on the glass slide at 2000 rpm for 40 s. The thickness of
spin coated SOG layer at 2000 rpm was in the range
490–500 nm. The machined polymer plate or film is th
placed on top of the glass and both parts are cured for
min at 200 °C. Kapton films can be used in SOG bond
since the melting temperature of Kapton is 230 °C. Figur

in

FIG. 4. ~a! Fluidic channel of 20mm wide with two reservoirs and~b!
cross-shape channel and reservoirs.
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shows the top view of a bonded sample, which is used
microscale heat exchanger. The Kapton film is complet
bonded to the glass substrate.

B. IR laser bonding

The bonding processes using adhesives may not be
plicable when high optical transmission in the bonding zo
is needed or the melting temperature of the polymer is be
200 °C. Also, release vapors in the hardened adhesives c
be difficult to control in the joining zone.34 Laser techniques
have been recently developed to bond polymers.35,36 The
schematic diagram of this process is shown in Fig. 6. T
parts to be bonded consist of a transparent polymer an
opaque one. The laser beam passes through the transp
part and is absorbed by the opaque part. Heat is condu
into the transparent part and the bonding process occu
the interface due to melting and resolidification. The expe
mental setup used in this work consists of a laser source
aperture, a lens, and a target holder. A cw fiber laserl
51100 nm) is focused on the bonding area with the use
lens which has a 200 mm focal length. An aperture is u
for reducing the laser energy to a proper level. Materials
acrylics: one being clear and the other being opaque.
processing parameters are summarized in Table I.

Too low laser power can lead to a failure of adhesion a
too high power will cause generation of bubbles at the in
face or even burning of the materials. The quality of la
bonding can be evaluated with several aspects such as
strength of the joining part, optical properties at the interfa
and the presence of air bubbles, which are determined by
transient temperature distribution at the bonding zone.

FIG. 5. SOG bonding sample~Kapton film on a glass substrate!.

FIG. 6. Schematic diagram of laser bonding.
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temperature distribution is related to the amount of radiat
energy absorbed at the opaque surface and the condu
process in the materials, and can be calculated using a
mal model. Assuming a perfect contact between the pla
~no air gap!, the temperature distribution in the material c
be obtained from solving the following one-dimensional he
conduction equation

rcp

]T

]t
5

]

]x S k
]T

]x D , ~1!

wherer is the density,cp is the specific heat,k is the con-
ductivity, andT is the temperature. The laser intensity inp
can be considered as a boundary condition at the interfac

2k1•
]T1

]x
52k2•

]T2

]x
1q9, at x50. ~2!

q is the laser power density absorbed at the interface wh
can be evaluated quantitatively with absorptivity, transm
sivity, and reflectivity measurements.T1 andT2 are tempera-
tures in two polymer layers. The refractive index of th
transparent plate was found to be 1.452 i 1.5131026, and
the reflective index of opaque one is 1.452 i 1.8831021.
Using these values, it is found that 87.52% of incident la
beam energy is absorbed at the interface.

The solution to the heat conduction equations, Eqs.~1!
and ~2!, can be expressed as37

T~x,t !2Ti5
q9~at/p!1/2

k
expS 2x2

4at D2
q9x

2k
erfcS x

2Aat
D ,

~3!

wherea is the thermal diffusivity andTi is the initial tem-
perature. The calculated transient temperature profile at v
ous locations is shown in Fig. 7. The laser power intensity
0.42 W/mm2. In Fig. 7, the data above 110 °C have no s
nificant meaning because the latent heat of phase chan
not considered in the calculation and the material proper
such as reflectivity, transmissivity, and diffusivity are signi
cantly different from the values of the solid.

Figure 8~a! shows a laser bonded sample, where 3 s of
exposure time was used and high quality bonding w
achieved. As shown in Fig. 7, it can be deduced that
calculated temperature of the interface at this time is aro
100 °C, which is near the melting temperature~105 °C!.
Therefore, the results with 3 s of theexposure time are in
agreement with the calculated ones, and it can be conclu
that high quality bonding can be obtained around the melt
temperature. In the experiments, the level of deformation

TABLE I. Parameters of IR laser bonding.

Power 29.5 mW
Focused laser beam diameter 0.3 mm

Power intensity 0.42 W/mm2

Aperture diameter up to 4 mm
Focal length of the lens 200 mm

Target position from the lens 240 mm
Exposure time 1–60 s
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creases as the heating time increases. When the laser he
time exceeds 60 s, bubbles at the interface can be obse

The bonded spot size changes with parameters suc
the laser beam diameter, the exposure time, and the
intensity. If the sample is moved on a stage during la
irradiation, the laser bonded area can have a line shap
more complex shapes. Figure 8~b! shows a bonded sampl
which is rotated along a circle with a diameter of 5 m
during bonding. The bonded area has a width of 4 mm an
shown as the dark ring in the figure.

Comparing SOG bonding versus IR laser bonding, S
bonding showed stronger adhesion at the interface comp
with IR bonding, however the rate of successful bonding
the experiments was low: around 25%. This is due to the
that the very thin bonding layer applied to very smooth s
faces such as wafers can be disturbed by the relatively ro
surface of polymer materials. On the other hand, it is te
nically hard to apply a thin layer on patterned surfaces w
the spin coating process. In this case, the bonding layer is
uniform and there is also the possibility of filling up th
laser-fabricated patterns with the bonding material, wh
usually leads to blockage of the microchannels. In contr
IR bonding has a potential in local bonding. However, t
parameters must be chosen carefully to avoid deformatio
the interface and to improve the bonding strength. Extens

FIG. 7. Temperature profile on the opaque side at a laser power intens
0.42 W/mm2.

FIG. 8. Photograph of laser bonded samples:~a! a top view of a bonded spo
and ~b! circular bonding.
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experimental tests, with the aid of the heat transfer mo
described above, are necessary to further improve the
bonding technique.

IV. EXAMPLE OF A LASER-MACHINED
MICROSYSTEM: A DIFFUSION MICROPUMP

Fabrication of microscale diffusion pumps has been
ported in the literature,38,39using silicon as the base materia
and employing standard lithography techniques. The sc
matic diagram of a diffusion micropump is shown in Fi
9~a!. It has an inlet diffuser, an outlet diffuser, and a di
phragm. As the diaphragm of the chamber is deform
downward by an actuator, more fluid flows out through t
outlet nozzle and as it is deformed upward, more fluid ent
through the inlet diffuser. Due to the different flow rates,
net flow from the inlet diffuser to the outlet diffuser can b
induced. This type of diffusion pump has many advantag
For example, the valveless operation makes it simple
reliable.

In this work, Kapton is used as the base material and
machined by excimer laser ablation. It is expected that
polymer will allow a larger displacement of the diaphrag
resulting in higher efficiency. As shown in Fig. 9~b!, the inlet
channel, the outlet channel, and the chamber are mach
by laser ablation. The neck of the diffuser channel and
diffuser length are around 45 and 2450mm, respectively. The
diameter of the chamber, which is covered with another K
ton layer, is 4.5 mm. Bonding with sufficient strength is ne
essary because the assembled system is subjected to
pressure liquid. Since SOG bonding shows a stronger b
compared with IR bonding, it is used here for bonding
glass substrate with a machined polymer film. The assem
system is shown in Fig. 9~c!. For the purpose of testing,
pneumatic system is used to actuate the micropump. T
system uses pulsations of high pressure air to actuate
diaphragm. The observed flow rate at a frequency of 15 H
around 11.5 mm3/min. It is also expected that higher flow
rates can be obtained if the diaphragm is actuated at hig
frequencies using a different actuation method such as e
trostatic actuation.

of

FIG. 9. ~a! Schematic of the pump in a top view,~b! the laser fabricated
diffuser of the pump, and~c! the assembled pump.
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V. CONCLUSIONS

Laser techniques for fabricating microfluidic devices u
ing polymer as the base material were presented. The m
patterning method is simple and rapid to fabricate repea
microstructures. Thus, it has advantages for batch produc
and fast patterning. On the other hand, direct laser writ
with computer controlled moving stages can provide ra
changes of patterns. The combination of these two te
niques can be used as a versatile tool for fabricating var
microdevices on polymers. Techniques for bonding polym
were also studied. The SOG process led to a tight bondin
glass and polymer, and IR laser bonding can be used
microbonding on local areas of MEMS devices. A diffus
micropump was fabricated as a demonstration of laser fa
cation of polymer based microsystems.
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