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Biochips are miniaturised devices designed to camuy a

broad range of biotechnological processes and eativided

into two categories. The first are the microarrdgchips

which are typically two dimensional surfaces caomitag

defined regions of attached biomolecules for uradént

parallel chemical detection measurements on sp&smkin

these devices chemicals or chemical groups withie

specimen react with biomolecules in specific regiavithin

the biochip. The results of these reactions are suored,

typically using optical techniques, to quantify tamount of
each chemical within the specimen. Microarray bipshare
currently being exploited for carrying out many tioa

biological tests ranging from allergy, infectiondadrugs of
abuse detection, through to complete genome meaasuts
on a single chip. Microfluidic biochips form the cead

category. These devices are designed to move floids
particles through networks of channels where thegy m
undergo a range of reactions or measurements.isnwthy,

these biochips can be thought of as miniaturisetebhnology

laboratories on a chip.

A conceptual diagram of such a device is shownigaré 1.
Here a sample from anyone of a number of sourcdsrgnes
a series of preparation, analysis and detectioogsses within
the integrated chip. The output of the device mbination
of analytical data and reaction by-products. Thechip
illustrated in figure 1 represents a long term idghich has
yet to be reached. However, in the past decade thees been
substantial develop towards this goal from bothdaozia and
industry. The drivers in this development are tdgamtages
miniaturisation can offer biotechnological processd-or
instance, reactions occur in microfluidic channetssimilar
dimensions to a human hair and so sample volumes
typically measured in nanolitres which, in turnads to
reductions in reagent costs. Reactions also compietiess
time allowing large numbers of tests to be cargatiquickly.
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Figure 1. Schematic illustration of an ideal microfluidic
biochip

Pharmaceutical industries are looking to biochiphtmlogy to
enable over 1 million tests per day to be perfornmeddrug
discovery programmes. Miniaturisation also has athges in
process control since environmental parameters sash
temperature and pressure can easily be controllghinwan
integrated biochip. Additionally, as a result ofethsmall
dimensions involved, parallel processing for maltalyte
investigation is commonplace.

The challenge to the microengineer is to manufactoiochip
devices in an accurate, cost-effective and rapidmaa Unlike
conventional silicon MEMS, biochip devices oftenkmaise of a
broad range of materials within a single devicesués of
biocompatability necessarily take precedence ovase e of
manufacture. Typical materials for use in biochipdude glasses,
polymers such as polyimide, polycarbonate, PMMApeégs, thin
metal films, bulk metals and elastomers. Such ardi&/ range of
materials can be problematic for conventional plitbimgraphic-
based microfabrication but is well suited to lasécromachining.
While the creation of a complete biochip will udya¢mploy a
number of different fabrication processes, desdribere is the
use of excimer laser machining to create key comptnwithin
biochip devices.

Electrokinetic systems

Electrokinetic processes are becoming increasirmmulpo for the
electric field induced manipulation and interrogatiof particles
within biochips [1-3]. In such processes the dimtand speed of
particle movement is a function of the dielectriogerties of the
particles and its suspending medium as well asetéetric field
geometry. Particles can be trapped or corralledefined regions,
atransported around devices or analysed by usinderdiit
combinations of static and moving electric field3nce such
process is travelling wave dielectrophoresis wipangicles can be
transported and, if desired, fractionated on lonmgays of
microelectrodes of a width and spacing comparableize to the
particle being transported. The electrode arragnisrgised using
guadrature sinusoidal voltages to create a trangehiectric field.
To allow the fabrication of arbitrarily long arragsergised by a
just four electrical contacts a multilayered fahtion process
must be used involving bus-bars and electricalhakes. This is
conceptually illustrated in figure 2a with an exdenglectrode
array fabricated using 248nm excimer laser ablasbown in
figure 2b. The electrode array consists of mOwide electrodes

separated by 10n gaps fabricated on a glass substrate using

thermally evaporated 70nm gold films deposited withS5nm
chromium adhesion layer. Several methods can be taspattern
these electrodes including single pulse demetaisatowever, a
key issue in these devices is the smoothness ofelibetrode
edges. Due to the strong chrome adhesion layemasthanical
damage from the shock wave generated,

single pulse



demetalisation tends to result in electrodes wittigee

then completed by chemically removing the remairpotyimide

roughnesses of aroundh. Mechanical damping of the shock film. An added benefit of this process is that pladyimide coating

wave in the form of a thin polymer film spin coateder the
surface of the metal prior to demetalisation caprowe the

B

Figure 2. (a) Conceptual illustration of a multilayered
travelling wave dielectrophoresis electrode ar(ay Example
of multilayered array of 10n electrodes energised by 4 bus-
bars.

machining quality. In the case of figure 2b, afeposition of
the gold film the substrate was coated with anZhick layer
of polyimide (DuPont) prior to patterning the finertical
electrodes. The ablation characteristics of thistiqdar
polyimide are shown in figure 3. It can be seen thachining
at a fluence of less than 180 mJcailows the polyimide to be
removed without ablating the gold film. In practiteences of
around 100 mJcthare used to minimise any thermal transfe
to the gold film which can cause localised diffusioetween
the gold and chrome films which, in turn, can make film
difficult to etch if needed in later processing.eTélectrodes
are formed by first machining the polyimide to ralvéhe
unwanted gold film and then removing the gold vatlsingle
high fluence pulse (>200 mJ&n The electrode patterning is

151
70nm Gold film . .
ablation threshold : ‘..°'-
: o
£ o
=Pl i 2
= 1.0 i .".‘
£ H o
a : .
D H o
= =
5 :
B H o
=) : o
Z ost P
o
X
0.0 - — " " :
9 100 200 300 400 500

Eneray Density (mJfem)

Figure 3. Ablation vs fluence characteristics for polyimide
and 70nm gold film.

can also act as a debris shield so preventing eablatetal
recasting in the electrodes. Using this patternbeghnique
electrodes edge roughnesses of <100nm can be adhiev

Travelling wave dielectrophoresis electrodes neegrdduce high
field strengths in aqueous mediums with typical rgising

voltages between 4 and 12V. Therefore, the eleefoeed to be
capable of carrying a significant electrical cutrérhe reliability

of multilayer electrode arrays is largely goverrmdthe current
carrying capabilities of the electrical via holdstt connect the
field producing electrodes to the bus-bars. Viaekare formed
by machining a small aperture over every fourticteteles and
then depositing a second chrome gold film followdy

subsequent single pulse demetalisation. The atatitonnection
between the bus-bar and the electrodes is depeadéghe quality
of the metalisation of the machined aperture sigdlsw Since
physical vapour deposition processes such as thewaporation
are primarily line of sight coating processes, icattwalls tend to
receive poor quality coatings. To overcome thisithtion, and

improve the reliability of multilayer electrode ays, the via holes
of multlayered electrode arrays need to be contbtoeprovide a
shallow side wall angle. Such a task is difficatachieve using
conventional lithography but simple using laser gessing
techniques. Figure 4 shows electron micrographsvofexample
contoured via holes. In each case the vias have foemed in a
2 m thick polyimide film spin coated over a set cfda patterned
field producing electrodes and subsequently hedgnperized.

Contouring is achieved by moving the workpiece leetmv

Figure 4. Contoured electrical vias (a) 5 steps, (b) maapst

consecutive machining pulses or batches of pules.wall angle
measured as a deviation from the substrate is diyen

s
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wheres is the distance moved by the workpiece betweesesubr
batches of pulses amtlis the ablation depth per pulse or batch of
pulses. The horizontal length,of the via hole side wall is given

by
_ st

wheret is the thickness of the polyimide. Figure 4a shawsga
hole machined in 5 pulses with a displacement @40 between
175 mJcrif to give a wall angle of approximately 4&nd wall
length of approximately 2n. In this case the individual steps in
the wall are clearly visible. Figure 4b shows tffea of reducing
the machining fluence and hence increasing the eumbsteps in
the side wall. In this case the steps are no lonigédsle. However,



even though the workpiece displacement was reduoed
100nm, the wall horizontal length is significanilycreased.
Figure 4b shows a via hole created using a circajarture
with a linear displacement. The effect of this msalipsoidal
entrance (upper surface) and circular exit (bottsumface).
The image shows good metalisation of the side wallso
visible is the underlying field producing electrodenning
perpendicular to the upper bus bar.

Microfludics

The production of channels for transporting sampdesl
reagents is essential to the operation of micrditubiochips.
Laser micromachining offers a quick, often materi
independent, means of creating such channels amckhs a
valuable tool in the prototyping of biochip devic&hannel
system with cross-sectional dimensions typicallyasuged in
tens or hundreds on micrometers can be fabricdtyosimple
pattern transfer using serial writing or mask pectgn
techniques into a bulk material. Generally, sucthtéques
produce rectangular cross-section channels wheldequate
for most microfludic applications. However, fluitbdv within
microchannels is virtually always laminar in nataed so
possesses a parabolic velocity profile with zeroaity at the
walls of the channel and maximum velocity in thatoe of the
channel. There exist some applications where th@amgular
cross-section of channels provides unacceptably flow
velocities in the corners of the channel which ¢ead to
transport inefficiencies and possibly the loss afuable
reaction products. Serial writing of microfluidichannels
using non-rectangular beam profiles allow microctes with
a wide variety of cross-sections to be manufactusesl an
example, figure 5 shows an array of 2®wide microfluidic
channels with a semicircular cross section fabeitah 30 m
thick dry film polymer laminate. Circular cross-tea pipes
can be formed by bonding a second, identical, tedearray
onto the upper surface of the channels.

Whilst non-rectangular cross-section channels hiawited
applications in biochips, one area where accurdianmel
profiling is an advantage is in the manufacturen@nifold
systems to distribute or combine samples from ffe parts
of the biochip. In designing manifold systems calref
consideration has to be taken of the fluid velesithlong with
forward and back pressures created by the manifoften,
since mixing is commonly undertaken by diffusiorogesses
in biochips, manifold structures also have to ideluefined
transport sample times. Therefore, the abilityreate smooth
contoured manifold systems capable of maintainegihar

Figure 5. An array of 20m wide semicircular cross-section
fluidic channes fabricated in «ry film laminate.
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Figure 6. (a) An illustration of the principles of greyscalask-
based ablation. (b) An electron micrograph of a X8@vide
microfluidic manifold moulding tool produced in @g SU-8.

flow without vortex creation due to sharp cornergransitions in
channel profile is an advantage.

Whereas multiple mask based ablation has been stopoduce
high quality contoured structures such as larga anerolenses
[4], greyscale mask based ablation allows the prtido of
contoured features in a single exposure process]. 5,
Conventional 'binary’ masks consist of regions efozor 100%
transmittance and all exposed areas are illuminaiddthe same
fluence. This results in equal degrees of ablation all
illuminated regions and accurate pattern transBmeyscale or
halftone masks allow spatially varying transmissmm a single
mask as llustrated in figure 6a. When used forerdas
micromachining, greyscale masks can be used téafipatontrol
the workpiece fluence and hence ablation depth.alfmwing
contoured surfaces to be created in a single exposow-cost
greyscale machining can be achieved by creatingsgade masks
using conventional binary mask technology and lyindither
patterning techniques similar to those used intipignor computer
graphics applications. The dithering process camnsidhe mask
area as a bitmap which can be divided up into aixnaf n x n
pixel elements. By controlling the distribution fiffed pixels in
each element the average transmission of the eteg®n be
varied. At the same time, if the dimensions of thdividual
elements are below the maximum resolution of therbdelivery
optics, the pixel distribution within each elementll not be
transferred to the workpiece, rather the ablatieptid will be a
function of the average transmission of each méskent. Many
dithering algorithms are available for creatingyg@le images
from binary dot patterns. In many cases the priacgpplication
of these algorithms is an accurate conversion efitlege when
perceived with the human eye. Such algorithms ac¢ n
necessarily the best for laser micromachining. fedgtb shows a
two into one manifold structure machined (248nngimer) in a
cured layer of the epoxy-based photoresist SU-8guaigreyscale
mask created using the clustered dot ordered ditigerithm [7].
The channel structure is shown as a positive, daigeature
allowing it to be used as a mould tool. When embdsisito a
polymer such as polycarbonate the tool forms a hhaHnnel
which can be solvent bonded to a matching half ebhro
produce a full manifold structure.
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Figure 7. A thermo-pneumatic microfluidic value (a)
conceptual diagram, (b) contoured rubber membratte w
integrated channel, (c) complete view of the miatog

The ability of lasers to machine a broad range afemials can
be exploited in the creation of fluid ccontrol coongnts such

20 m beam at the workpiece. A beam fluence of 1 Jwras used
with the ablation depth controlled by varying thpeed of
workpiece motion and hence the number of pulseglént per
unit area. Figure 7b shows a close-up image ofitigic channel
machined in the top side of the rubber with thetcored floor
machined in the bottom side of the rubber. Figuesiiows the
complete device. The fluidic channel of the valveteads
horizontally across the image with the lower, flfilted, chamber
extending vertically down the image. Microelectrduesed
heaters are positioned outside the image to allmvpneumatic
fluid to be heated expand without heating the custeof the
channel.

Optical detection

Increasingly, biochip devices are being developethickv
incorporate a range of active measurement compsmerich can
be used to trigger subsequent sample processimgseva many
cases these devices employ optical interrogatimtgsses and
hence there is a requirement for the fabricatiowa¥e and light
guide structures along with microlenses. An exangilesuch a
device is a simple cell counter where cells passutth a light

as microvalves and pumps. Figure 7 shows a thermdseam causing absorbtion and scattering and so irefube

pneumatically activated microvalve that relies ba &bility to
accruately machine a thin rubber film. As can bens&om

figure 7a, the valve has an inlet and outlet cotetedy a
microfludic channel with side walls and floor fatated from a
flexible, easily deformable, material such as rublBeneath
the floor of the channel is a fluid filled chambeich can be
heated causing it to expand. By grading the thisknef the
fluidic channel floor it is possible to control ikeformation as
the heated fluid expands. Pressure from the loviamber
causes the rubber to deform into the channel uittil
completely blocks the fluidic channel and prevehtal flow.

To assist in providing a strong seal, the ceilifighe fluidic

channel can also be contoured to match the defaymaf the
channel floor. The use of flexible, deformable, eng@ls make
this form of microvalve especially suited to usehaparticle
suspensions such as biological cell cultures. B ékample
microvalve shown in figures 7b and 7c¢ the contaurirf the
channel has been achieved by machining concenitites
increasing the depth of machining with decreasinglec
radius. The channel was constructed from a bGhick

rubber film formulated to combine strength and ithdity.

Machining used a serial write process using annecilaser
with a wavelength fo 193nm. In this case a 2@0aperture
was projected through a 10x demagnification lengrtvide a

Figure 8. Optical cell counter fabricated in polydimethyl-
siloxane from a dry film laminate micromould. Thalis of
the horizontal fluidic channel and vertical holltight guides
have been trimmed using excimer laser micromacginin

measured intensity of the beam. Tracking tempoaaiations in
the beam intensity allows cells to be rapidly cedntvithin a
biochip. Figure 8 shows a simple example of excirtaser
ablation being employed in the prototyping of lighides to
couple light from an embedded laser diode intoa@idsed point
within a microfluidic channel and to couple tranted light from
the channel to an embedded photodiode. In this tasdight
guide is a hollow, air filled, structure, fabricdtedy casting
polydimethyl-siloxane against a photoresist micratdp where
light reflects off the walls of the guide. To foctlge light to a
point within the channel, the ends of the guidesdni® be shaped
to produce a cylindrical lens. In this case theslstiuctures have
been laser micromachined as an inverse structurethi
photoresist mould by serially writing a series @€ aising an
excimer laser at 248nm with a 208 circular apertured beam
projected through a 10x demagnification. Additidpathe side
wall of the channel has been trimmed to producéatastrface
perpendicular to the guide direction. In this ex&mphe
micromould was originally produced lithographicallysing
multiple layers of a 30m thick dry film laminate resist. Also
visible in figure 8 is the scattered light from tlaser machined
walls of the lightguide and fluidic channel. It std be noted that
the light enters from the top of the image andadsubsed to a
vertical line in the lower quarter of the fluidihannel. This is
confirmed by the broad scattering on the upper edfyghe
channel compared to the fine scatter point ondghet edge o fthe
channel. The advanatge of laser micromachining rimdycing
such structures is the abilit to modify the moutd $ubsequent
evolutions of the design. For instance, remachirireg radius of
the light guide lens may produce a more desirabbgeometry
through the fluidic channel. Such flexibility isfiitult to achieve
with lithographic-based fabrication processes.

Conclusions

Biochip devices employ a wide range of materialanynof which
are incompatible with conventional lithographic geeses. The
accuracy, flexibility and often material independenof laser
micromachining make it an attractive microfabrioatprocess for
the prototyping and production of laboratory-onképc and



biochip devices. Additionally, laser processing taes ability
to produce structures which would be difficult oypossible to
create cost effectively using lithographic procesgavances
in production scale laser machining and emergingerla
processing techniques such as two photon polyntienisalso
allow laser processing to be strong competitiofithmgraphic
mass production.
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