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Silicon has been a primary material for fabrication of microelectromechanical sy&taorsfluidic

devices in MEM$ 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 X=248 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.

I. INTRODUCTION This article addresses ultraviol@tVV) excimer laser ab-
lation of polymers for fabrication of microstructures used in
The development of microelectromechanical systemsnicrofluidic devices. Since the demonstration of UV laser
(MEMS) has been driven by the need for miniaturization andablation of polymers some 20 yr afanuch research has
lowering the overall manufacturing cost. Lasers have beeheen conducted to investigate the process of laser ablation of
widely used as a versatile manufacturing tool for decadegolymers. The photochemical bond-breaking th&otyand
and recently, research has been carried out on laser bastte thermal reaction theof§'* have been introduced to ex-
MEMS fabrication* The laser fabrication technique is fast, Plain the ablation mechanism. The former proposes that UV
clean, safe, and convenient compared with chemical etchintjradiation produces radicals at the polymer surface which
or deposition processes. Many traditional MEMS technoloc@n react with molecules from the original polymer surface
gies are based on batch processes stemmed from the micid- surrounding molecules and generate volatile molecules

; : 5
electronic industry. However, one of its disadvantages is it%f‘(:hlas CO and %Q c§u§|ng al?latlltnn ?nhthel sur.faéfel.
slow response to changing desigr®n the other hand, it is e latter states that the intensive local heating induces an

. : " explosive pyrolysis which leads to the material ablation
relativel hange laser pr in nditions for dif- .
elatively easy to change laser processing conditions for d rocess?® A generally accepted theory involves both photo-

ferent requirements; thus the laser technique is also a suita 1e emical and thermal procesdés.

tool fqr _rapl(_j proto_typm@. . . Several approaches of applying the UV laser ablation
) Mlnlafcurlzed bio-MEMS devices have many applica- technique for direct or indirect fabrication of microstructures
tions cultivated by the developments of MEMS technologyha\/e been attempted and reportdc® In this article, we

in fields such as clinical diagnostics and drug developrﬁent.wi” demonstrate UV laser ablation and bonding techniques
The laser ablation technique can be applied to fabricate bios¢ yolymers for fabrications of microfluidic devices. Mask
MEMS components such as reservoirs and complex connecltterning and direct laser writing techniques are used for
ing channels on polymers, which can be used in DNA semaking various types of fluidic channels and reservoirs. The
quencing and enzyme assays. Properly designegpin-on glass(SOG process and the infraredR) laser
microchannels provide efficient mixing of enzyme and sub+onding process are tested for assembly operations. As an
strate for these processeBiagnostic devices also make use example, a polymer micropump is fabricated and tested.

of microfluidic channels and microfilter arrays for perform-

ing bioprocessing functions. Het al. developed a micro-

chromatography system with the functions of traditional col-

umns packed with particlés. Microfabricated column Il. LASER ABLATION

structures were used as microfilters: microchannels with di-

mensions from less than Am to tens of microns can block A KrF excimer laser X=248 nm) is used as a laser
specific types of substances for bioseparation applicafions.source to ablate polymers. An optical imaging system, Light-
Bench (Resonetics, Ing.with a three-element processing
aAuthor to whom correspondence should be addressed; electronic mail€Ns (f=288.4 mm) forms 5-18 demagnified images on the
xxu@ecn.purdue.edu polymer surface. Laser fluences of 0.1-3.0 J/amd repeti-
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$ ©  Experiment FIG. 2. Scanning electron microscoff8EM) photographs ofa) microcol-

o . .
0z I Reference umns andb) a cross-shape wall in a circle.

Ablation depth per pulse [um]

o b and PET ablation are found to be around 0.07 and 0.13)/cm
0 1 2 3 4 5 6 7 respectively. These values are higher than those from the
Fluence [J/cm?] literaturé®?3and the discrepancies are thought to come from
() less data points at low fluences1 J/cnf). The experimental
data are in good agreement with the Beer’s absorption law in
3 the fluence range between 0.2 and 1.0 3/¢however, in the
range of high fluence@bove 1.8 J/cf), the measured abla-
12 | _ tion rate begins to level off. This is due to the strong shield-
% ing effect of the laser ejected plume at high laser flueRtes.
1+ %; 4 The side walls of the excimer laser ablated polymer

structures are usually tapered and the angle varies with the
08 | . laser pulse parameters and material properties. The main rea-
% son is that, as the ablation depth increases, the wave front has
06 % - different intensity distribution. Moreover, the tapered wall
(}; structure leads to significant attenuation of the fluéfdds-
04 ©  Experiment ing a proper laser fluenaaisually high fluencecan reduce
o O  Reference .
i the angle of tape® In order to predict the shape of the walls
% of the micromachined structures, a model based on a local
distribution of a beam in the developing structure has been

described® In this work, high laser fluences are used for
fabricating channels with straight walls.

0.2 -

Ablation depth per pulse [um]

0 b Ll L
0 1 2 3 4 5 6 7

Fluence [J/icm?]
(b) A. Mask patterning

Mask patterning is very similar to lithography. A laser
beam passes through a mask with a prefabricated pattern and
irradiates on the polymer surface by an imaging lens set. In
our system, the ablated patterns are reduced images with
tion rates of 1-8 Hz are used. Various masks, including a slidemagnification of around ten. Results of mask patterning,
of 220 um wide and pin holes of diameters 200 and @38  such as a rectangular channel and a circle with a cross in
are employed. Polyethyleneterephthald®&T) and polyim-  PET, are shown in Fig. 2. Figurd& shows microcolumns
ide (Kapton films with a thickness of 10um and acrylic  whose side is less than 2am. A slit of 5 mm long and 200
with a thickness of 3 mm are used as base materials. Them wide was employed to produce a slot image, and arrays
motion stages have a 04m resolution, and their moving of slots were imaged in perpendicular directions to fabricate
speed varies between 1 and Afh/s. A charge coupled de- the column array. This array of columns can be used as a
vice camera is installed on the LightBench to monitor themicrofilter in a fluid separation device.
ablation process. A cross-shaped wall in a circular hole is shown in Fig.

Ablation depths of the target materials as a function of2(b). Nap type patterns on the bottom of PET are obtained.
laser fluence are measured. Figure 1 shows the ablatélthe nap structure formation on PET has been reported in
depths of Kapton and PET. These values are obtained usingseveral article$’? This nap structure may assist mixing of
single laser pulse. It is seen that the results obtained in thiuids in microfluidic devices. However, it is not preferable in
work are close to those reported in the literattfré Abla-  most applications. Moving the target during laser ablation
tion per laser pulse from multiple pulses or overlappingcan reduce these patterns drastically. It is also suggested that
pulses can be different since the fluence at the machined well defined pattern can be obtained if a stopping layer
surface can be changed due to the divergence of the lassuch as a Ti film is applied on the back side of the polyffier.
beam. From the Beer’s Law and data of the ablation depth in  The characteristics of the mask projection method can be
the low laser fluence range, the threshold fluences for Kaptosummarized as(1) complex patterns can be machined with

FIG. 1. Ablation depth per pulse vs fluenda) Kapton and(b) PET. Ref-
erence data are taken from Refs. 21 and 22, respectively.
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FIG. 3. SEM photograph of an excimer laser machined microchannel in
PET.
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FIG. 4. (a) Fluidic channel of 20um wide with two reservoirs andb)

the use of a mask an@) batch production is possible with ¢"0SS-Shape channel and reservoirs.

an array of the same patterns on the mask.
IIl. BONDING TECHNIQUES

The laser machined polymers need to be bonded with
another film or plate such as glass or polymer to be used in a
microfluidic device. Transparent covers are often useful for

The other technique for fabricating microstructures is di-optical measurements. If a heating procedure is necessary
rect laser writing—patterns are created by moving the targediuring the bonding process, the operating temperature must
using computer controlled stages. In this work, the image omot exceed the softening or melting temperature of the poly-
the target surface has a rectangular shape with a dimensigners. As such, some traditional bonding techniques for
of 20x40 um, a square shape of 220 um, or a circular MEMS fabrication are not applicable to polymers due to the
shape with a diameter of 20—60m. The computer con- high operation temperatures. In addition, there are several
trolled stages follow predesigned paths to produce variousther requirements for bonding microstructures. The bonding
types of patterns on the polymer surfaces. The removal ratadhesive layer, if it is used, must be very thin. This is be-
can be precisely controlled from the number of laser pulsessause the ablated depth of the microstructures can be as
However, to make a smooth pattern, a high pulse repetitiosmall as a few microns, so it is possible to fill up the micro-
rate and a low scanning velocity are usually necessary. Urstructures when a thick layer of adhesive is applied. There-
like mechanical machining, making a blank channel withfore, the viscosity of adhesive materials must be very low
moving stages generates tapered geometries at the two engisss than 200 cpsTwo bonding techniques, SOG and IR
of the channel because those places are not irradiated by theser bonding, are applied in this work and are described as
same number of laser pulses compared with the middle pafbliows.
of the channel as the stage moves.

Figure 3 shows a through channel in PET with smoot
walls and clean edges. It has been observed that at a low The SOG process was originally developed in the micro-
fluence, the wall taper angle is around 3°-10°. However atlectronics industry for deposition of silicon oxide during
high fluences, a reversed tagandercut can be producetf  planarization processes and fabrication of silicon-on-
In order to make a straight wall, the fluence has to be coninsulator structures due to good crystallinity on the silicon
trolled within a proper level. In the case of the through chan-surface®>®! Yamadaet al. reported using SOG for bonding
nel shown in Fig. 3, a fluence of 3 J/@was used which is silicon wafer and silicon nitridé Much research has been
higher than the normal fluence level for the polymer ablationcarried out to apply SOG as an adhesive substance for silicon
process(typically <0.5 J/cnf). Figure 4a) is a simple but wafers® The procedure of SOG bonding used in this work is
typical microfluidic device: a single microchannel with res- as follows. First, the cover such as a glass slide is cleaned
ervoirs. The channel was ablated by scanning a20by 20  with acetone or methanol. Second, the SOG layer was spun
um square image and the reservoirs were ablated using mask the glass slide at 2000 rpm for 40 s. The thickness of the
patterning. Figure @) shows a cross-shaped microchannelspin coated SOG layer at 2000 rpm was in the range of
with two reservoirs, which is a structure typical of chroma-490-500 nm. The machined polymer plate or film is then
tography used for enzyme assays performed by combininglaced on top of the glass and both parts are cured for 120
chemicals at the cross junction and allowing them to diffu-min at 200 °C. Kapton films can be used in SOG bonding
sively mix in a reaction channél. since the melting temperature of Kapton is 230 °C. Figure 5

B. Direct laser writing

hA. Spin-on glass bonding
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TABLE |. Parameters of IR laser bonding.

Power 29.5 mw
Focused laser beam diameter 0.3 mm
Power intensity 0.42 W/mn
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

temperature distribution is related to the amount of radiation
energy absorbed at the opaque surface and the conduction
process in the materials, and can be calculated using a ther-
mal model. Assuming a perfect contact between the plates
shows the top view of a bonded sample, which is used in @no air gap, the temperature distribution in the material can
microscale heat exchanger. The Kapton film is completelype obtained from solving the following one-dimensional heat

FIG. 5. SOG bonding samplgapton film on a glass substrate

bonded to the glass substrate. conduction equation
B. IR laser bonding a_T_ i ﬂ
Perat = x| “ax)” @

The bonding processes using adhesives may not be ap-
plicable when high optical transmission in the bonding zonayherep is the densityc, is the specific heak is the con-
is needed or the melting temperature of the polymer is belowjuctivity, andT is the temperature. The laser intensity input
200 °C. Also, release vapors in the hardened adhesives couln be considered as a boundary condition at the interface as
be difficult to control in the joining zon#. Laser techniques
have been recently developed to bond polyniefé.The Tk ‘9_T1__k ‘9_T2+ " at x=0 @
schematic diagram of this process is shown in Fig. 6. The v -7 a, atx=u

X Ix
parts to be bonded consist of a transparent polymer and an. ) . .
opaque one. The laser beam passes through the transpar8H§ the laser power density absorbed at the interface which

part and is absorbed by the opaque part. Heat is conduct&@” be evaluated quantitatively with absorptivity, transmis-

into the transparent part and the bonding process occurs S gnd reflectivity measurements, andle are tempera-
.tures in two polymer layers. The refractive index of the

the interface due to melting and resolidification. The experi-
g P ansparent plate was found to be 1-451.51x 10 °, and

mental setup used in this work consists of a laser source, atr?1 . ;
P the reflective index of opaque one is 1-451.88<10 1.

aperture, a lens, and a target holder. A cw fiber laser ( =~ o L
— 1100 nm) is focused on the bonding area with the use of gsmg these values, it is found that 87.52% of incident laser

lens which has a 200 mm focal length. An aperture is use eam energy 1S absorbed at the mter'face. .
for reducing the laser energy to a proper level. Materials are The solution to the heat conduction equations, Efs.
acrylics: one being clear and the other being opaque. Thgnd (2), can be expressed‘és
processing parameters are summarized in Table . q(at/ m)Y2 —x2 q'x X

Too low laser power can lead to a failure of adhesion andr(x,t)—T;= xp{ ) — —erfc( —) ,
too high power will cause generation of bubbles at the inter- k 4at 2k 2\t
face or even burning of the materials. The quality of laser ©)

bonding can be evaluated with several aspects such as thgere « is the thermal diffusivity andr; is the initial tem-
strength of the joining part, optical properties at the interfaceperature. The calculated transient temperature profile at vari-
and the presence of air bubbles, which are determined by thgs |ocations is shown in Fig. 7. The laser power intensity is
transient temperature distribution at the bonding zone. Thg 42 \wW/mn?. In Fig. 7, the data above 110 °C have no sig-
nificant meaning because the latent heat of phase change is
not considered in the calculation and the material properties

aser such as reflectivity, transmissivity, and diffusivity are signifi-
cantly different from the values of the solid.
Air Bonded Area Figure 8a) shows a laser bonded sample, wh@&rs of
exposure time was used and high quality bonding was
Transparent achieved. As shown in Fig. 7, it can be deduced that the
ﬂ / & Acrylic calculated temperature of the interface at this time is around
<« Interface 100°C, which is near the melting temperatut05 °Q.
Therefore, the results wit3 s of theexposure time are in
b ggs,ﬂge agreement with the calculated ones, and it can be concluded

that high quality bonding can be obtained around the melting
FIG. 6. Schematic diagram of laser bonding. temperature. In the experiments, the level of deformation in-
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FIG. 7. Temperature profile on the opaque side at a laser power intensity of
0.42 W/mnt. ) ) _
experimental tests, with the aid of the heat transfer model

described above, are necessary to further improve the IR

o bonding technique.
creases as the heating time increases. When the laser heating

time exceeds 60 s, bubbles at the interface can be observed.

The bonded spot size changes with parameters such & EXAMPLE OF A LASER-MACHINED
the laser beam diameter, the exposure time, and the lasBHCROSYSTEM: A DIFFUSION MICROPUMP
intensity. If the sample is moved on a stage during laser S . e
irradiati)gn, the Iaserpbonded area can havega line s%ape or Faprlcatlo_n of m'%rggsc"".'e dlff.u3|on pumps has beerj re-
more complex shapes. Figuréb shows a bonded sample ported in thg literaturé® using silicon as the' base materials
which is rotated along a circle with a diameter of 5 mm and employing standard lithography techniques. The sche-

during bonding. The bonded area has a width of 4 mm and i atic diagram pf a di_ffusion micropump is shown in Fi_g.
shown as the dark ring in the figure. (a). It has an inlet diffuser, an outlet diffuser, and a dia-

Comparing SOG bonding versus IR laser bonding, Sod)hragm. As the diaphragm of the chamber is deformed

bonding showed stronger adhesion at the interface compart%? \tIIventV\rlwird Izya?\r(]j thfiio(;’eg?r;eegu'd ﬂ;‘f;s ;gtr(:r}{o'léggni?s
with IR bonding, however the rate of successful bonding in u 2z o upward, ul

the experiments was low: around 25%. This is due to the faCEhrough the inlet Qiffuse_r. Due to the differen_t flow rates, a
xpert W W . ° IS 1S au net flow from the inlet diffuser to the outlet diffuser can be

that the very thin bonding layer applied to very smooth sur-, duced. This type of diffusion pump has many advantages.

faces such as wafers can be disturbed by the relatively rou . L
or example, the valveless operation makes it simple and

surface of polymer materials. On the other hand, it is tech-r liabl
nically hard to apply a thin layer on patterned surfaces with S1aPe . . .
In this work, Kapton is used as the base material and is

the spin coating process. In this case, the bonding layeris not . . . .
uniform and there is also the possibility of filling up the machined by excimer laser ablation. It is expected that the

laser-fabricated patterns with the bonding material, Whidpolymer will allow a larger displacement of the diaphragm,

usually leads to blockage of the microchannels. In contras{;asumnlg ltr;]hlgh(talr ?mﬁ'encﬁ‘ As csjht?]wn Ik? F'%(b)’ the mIeth_ q
IR bonding has a potential in local bonding. However, the annel, the outiet channel, and the chamber are machine

parameters must be chosen carefully to avoid deformation ?y laser ablation. The neck of the diffuser channel and the

. . . . diffuser length are around 45 and 24af, respectively. The
the interface and to improve the bonding strength. Extens L .
! 'mprov s g X v iameter of the chamber, which is covered with another Kap-

ton layer, is 4.5 mm. Bonding with sufficient strength is nec-
essary because the assembled system is subjected to high
pressure liquid. Since SOG bonding shows a stronger bond
105 compared with IR bonding, it is used here for bonding a

: glass substrate with a machined polymer film. The assembled
system is shown in Fig.(8). For the purpose of testing, a
pneumatic system is used to actuate the micropump. This
system uses pulsations of high pressure air to actuate the
diaphragm. The observed flow rate at a frequency of 15 Hz is
around 11.5 mrimin. It is also expected that higher flow

@ ® rates can be obtained if the diaphragm is actuated at higher

FIG. 8. Photograph of laser bonded samplepa top view of a bonded spot freque_nCieS Us?ng a different actuation method such as elec-
and (b) circular bonding. trostatic actuation.
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