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Abstract

In this paper, we present a technology for the batch-fabrication of fluidic devices which combines polymer and metal layers. The
structures are fabricated by means of two-layer lithography and SU-8-based wafer bonding technique. The combination of SU-8 and metal
layers allows the fabrication of “2(1/2)"-dimensional fluidic structures. We realized different types of micromixers for the investigation of
chemical reactions by time resolved FTIR-spectroscopy, a flow-through-cell for IR-detection in capillary electrophoresis (CE) and a CE
device with integrated capillary.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction f. Hardbake: the remaining structures are completely
crosslinked. The resist gets its final mechanical strenght
During the last years the negative-working photoresist  and chemical stability.
SU-8 has become a widely used material for the fabrica-
tion of MEMS and miniaturized fluidic devicg4,2]. This
epoxy-based material offers very good properties, such as
high mechanical strenght, good adhesion on many different
substrate materials and superior chemical stability. It can be
processed with standard lithography equipment like spin- ; 4
coater and UV maskaligner. The achievable structure heightGIECtrOphoreSIS are not transparent to IR. Therefor_e, an in-
is in the range from<1 to 1000um. Structures with high as- frared transparent flow-through cell had to be designed in

pect ratio and high quality of the sidewalls can be produced. order to use FTIR-spectro_scopy as a detec'_[ion methoc_JI in
Processing of SU-8 includes the following steps: CE-systemg43]. An appropriate material for this purpose is
calcium fluoride (Caf). It shows high transmittance in the

2. Flow cell for infrared detection in capillary
electrophoresis (CE) systems

The fused silica capillaries normally used in capillary

a. Deposition of the resist by spin- or spraycoating. mid-IR-range[4].
b. Drying (softbake) at 95C, preferably on a hotplate with
a very flat surface. 2.1. Fabrication of the CE-cell
c. Exposure with a standard UV maskaligner.
d. Postexposure bake at9D: exposed resist is crosslinked. The cell consists of two plates of CaFeach 1 mm thick

e. Development: unexposed resist is dissolved by a suitable(seeFig. 1). On one of these plates there is a titanium layer
solvent (propylene glycol monomethyl ether acetate, PG- which acts as an optical aperture. This is necessary because
MEA) the given optical setup cannot provide a focus smaller than

the width of the flow channel. The 200 nm thick titanium
layer is deposited by evaporation and patterned by conven-

* Corresponding author. Tek+43-1-58801-36643; tional I|ft-off technique. This metal structure 'must be com-
fax: +43-1-58801-36699. pletely isolated from the flow channel, otherwise gas bubbles
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Fig. 1. Schematic drawing of the CE-cell. The size of the cell is
2mmx 5mmx 2mm. The IR-beam passes the flow channel in vertical
direction.
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The channel is formed by two lines of SU-8 on each £aF
plate, each 10am wide. The distance between these two
lines and consequently the width of the channel is 180
The height of the SU-8 lines is 7u8n, half of the de-
sired height of the cell. The CaRvafers (diameter 30 mm,
thickness 1 mm) are spin-coated with SU-8 and softbaked. After hardbake of the SU-8 the area outside the SU-8
After UV-exposure using a SUSS MJB3 maskaligner and lines (i.e. outside the flow channels) is filled with UV curing
an appropriate photomask, the resist is post-exposure-bake@poxy adhesive (DELO Katiobod4653) and finally the
(90°C for 10 min) and developed. The unexposed and there- waferstack is diced. We get 40 devices from one waferstack
fore not crosslinked areas are dissolved during the develop-with a diameter of 30 mm. The final dimension of the cell
ment process. The developer used is PGMEA. is 2mmx 5mmx 2mm.

Two wafers (one with and one without metal structure)
are superimposed, aligned and pressed against each othet.2. Connection between capillaries and the CE-cell
during the hardbake process. Consequently a bond is es-
tablished between corresponding SU-8 structures because To achieve a tight connection which is virtually free of
the hardbake temperature of 150—2@induces the com-  dead volume a special setup is used. A gasket is applied to
plete crosslinking of the SU-8. This hardbake is necessary tothe tip of each capillary (sefeig. 2). This gasket consists of
achieve the good mechanical and chemical properties of theUV curing epoxy-material (DELO Katiobofft#653) which
resist. Improvement of this simple wafer bonding method is is rather soft (shore D 54) after curing. Blockage of the
discussed later. capillaries is prevented by a stream of air which passes the

Fig. 2. Tip of a capillary with applied gasket. The soft epoxy material
allows a tight connection which is virtually free of dead volume.

capillaries CE-cell IR-focus

Fig. 3. CE-cell with attached capillaries. The capillaries are guided by bushes to ensure their correct position.
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capillaries during application and curing of the epoxy ma-
terial. The outer diameter of the capillaries is 368, the
inner diameter is 5Q.m. Two capillaries are coupled to the
CE-cell by means of a brass holder. The cell is glued to the
holder and the capillaries are pressed against the sidewalls
of the cell and held by clamps. Their correct position with
respect to the cell is ensured by two bushes which guide the
capillaries when they are inserted ($€g. 3). The two sur-
faces of each cell where the capillaries are coupled (inlet and
outlet of the flow channel) are polished with.& lapping

film to ensure a tight connection between the capillaries and§ 0
the cell.
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2.3. Results

To demonstrate that the CE-IR-cell does not influence Fig. 5. Result of the FTIR-de_tection in an MEKC-separation with simul-
the separation, experiments were carried out which indudedtanequs UV-an(_i FTIR-detection. The sgbstances are: (1) paracetamol, (2)
UV- and FTIR-detection in one setup The results of an caffeine, (3)p-nitrobenzylalcohol, (4)mnitrophenol, (5)p-nitrophenol.
MEKC (micellar electrokinetic chromatography) are shown
in Figs. 4 and 5

™~ that both detection and identification of the substances can
The conditions were as follows:

be performed simultaneously.
Capillary: 50um i.d., uncoated fused silica, 80 cm length Other results obtained from experiments that were car-
(40 cm Capi||ary/CE-FT|R-Ce||/20 cm Capi”ary/UV de- ried out with the help of the CE-FTIR-setup are presented

tector/20 cm capillary). elsewher¢2,4,5]
Buffer: 20 mM phosphate, 40mM SDS, pH7, adjusted
with NaOH.
Separation voltage: +20kV (18uA) at injection end. 3. Micromixer for time resolved FTIR-spectroscopy

UV detection: 210 nm.

Fig. 4 shows the result of the UV-detection. A very This m_ixing deyice is used for the investigation of chemi-
clear separation of five substances (paracetamol, Caf-C"’_‘I rgact.lons py time resolved FTIR-spectroscopy combined
feine, p-nitrobenzylalkohol,m-nitrophenol, p-nitrophenol)  With in situ mixing of two reactantf4,6,7]
has been obtained. This proves the suitability of the
CE-FTIR-cell which has been fabricated with SU-8 tech- 3.1. Working principle of the micromixer
nology.

The result of the FTIR-detection is shownHig. 5. The The device is Y-shaped (sé&&g. 6). The two liquids in-
plot shows a series of IR-spectra which illustrates clearly jected through the two inlet ports are separated by the sepa-

ration membrane until they meet inside the mixing chamber.
This membrane is aj2m thick silver membrane. Two thin

1600 sheets of liquid are superimposed inside the mixing cham-

1400 | ber and mixed by vertical diffusion. The mixer is operated in
the “stopped flow” mode, i.e. the two liquids are injected by
means of a double syringe pump. During the injection there
is hardly any premixing. Then the flow is stopped, the two
reactants are mixed by diffusion and the chemical reaction
takes place. This reaction is investigated by time resolved
FTIR-spectroskopy7]. The stop of the flow is the “trigger”
for the start of the reaction.

Because of the cross-section of the mixing chamber,
which is 1mm wide and 1@m high, the time needed for
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0 ] complete mixing is rather short. Fluid dynamic simulations
performed with FLUENT V5.5 showed as a result a mixing
0 5 10 15 20 time of 100 ms for agqueous solutions and based on a height
time [min] of the mixing chamber of 20m [4]. The height of the

Fig. 4. Result of the UV-detection in an MEKC-separation with simulta- latest devices is 1@m so one can assume a mixing time of
neous UV- and FTIR-detection. approx. 25ms.
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Fig. 6. Working principle of the micromixer.

The IR-beam directly passes the mixing chamber. The op- sensitive to light. Evaporation is done in a Balzers BAK 550
tical pathlength (the height of the mixing chamber) iqu10 evaporation system. The Ag layer is then covered by posi-
(seeFig. 6). This pathlength should not exceed 2t be- tive photoresist AZ 1512 HS. This photoresist is processed
cause of the strong absorption of water and organic solventsas usual and the Ag-layer is wet etched to form the structure
in the mid-IR region. A pathlength in excess of approxi- of the separation membrane. As an etchant an aqueous 45%
mately 20um would result in a poor signal-to-noise-ratio.  (WT) solution of Fe(NQ)z is used. This solution does not

attack the SU-8. The photomask for the Ag layer is com-
3.2. Fabrication of the micromixer pensated for the underetch of the Ag.
Finally the AZ photoresist is removed by undiluted devel-

The micromixer is fabricated by means of a two-layer oper AZ 400k and the SU-8 structure is developed with PG-
lithography, which combines SU-8 and metal, together with MEA. To dissolve unexposed St8 underneath the metal
a polymer-based wafer bonding technique. As mentioned structure takes quite some time (approx. 2 h for channels of
above, calcium fluoride is used as substrate material. Thel mm length). Wafer #1 now carrys the structures of inlet 1
wafers which are used have a diameter of 100 mm, a thick- and the separation membrane. The narrow SU-8-walls above
ness of 1 mm and are double side polished. pn thick and beneath the separation membrane are necessary to guide
layer of SU-8 is deposited by spin-coating onto both wafers. the flow and to keep the Ag-membrane in place See7).

To achieve this layer thickness, the SU-8-50, which has a On wafer #2 (the top wafer) the structure of inlet 2 is fabri-
rather high viscosity, has to be diluted 4:1 (v/v) with GBL cated as usual from a singlgun thick layer of SU-8. Sub-
(gamma-butyro-lactone). Spin coating is done at 5000 rpm. sequently the holes for two inlets and one outlet per mixer
After spin-coating the wafers are softbaked at°@0for (seeFig. 8) are drilled by means of a high speed spindle and
30 min. Exposure of wafer #1 is done by means of a SUSS diamond tools. So far the SU-8 structures on both wafers
MA 150 mask aligner. Wafer #1 is the bottom wafer. It car- are not hardbaked and therefore the polymer is still able to
ries the structures for inlet 1 and the separation membraneestablish a bond to other materials during hardbake.
(seeFig. 6). Exposure is followed by a post-exposure bake ~ To complete the production process of the micromixer
at 90°C for 10 min. A hotplate is used for all baking pro- both wafers need to be bonded together in order to form a
cesses except the wafer bonding process. closed fluidic structure.

To form the separation membrane ara thick metal layer
is deposited by evaporation on top of the exposed (but un-
developed) SU-8 layer. We choose Ag as a material for this 4. Adhesive wafer bonding with SU-8
layer for two reasons: evaporated Ag layers show no internal
stress, and therefore, they do not bend when released. Addi- It is reported that a bonding strenght 20 MPa can
tionally, it is possible to deposit thick Ag layers by thermal be achieved if SU-8 is used as intermediate layer for ad-
evaporation with relatively low power at a temperature of hesive wafer bonding8]. Wafer bonding with SU-8 can
the evaporation source well below 10GD. Consequently  be performed simply by applying contact force and heat
no UV light is generated, which would expose the wafer dur- to a stack of wafers which carry SU-8 structuf@k Both
ing the evaporation process, because the SU-8 layer is stillwafers are superimposed to form a sandwich-configuration,
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Fig. 9. Wafer bonding process without the use of unexposed SU-8.

bond is established between the SU-8 structure on the top
wafer and the SU-8-Ag structure on the bottom wafer (see
Fig. 9.

A drawback of this bonding method results from the fact
that the layer thickness uniformity of spin-coated SU-8 lay-
ers is limited. For a layer thickness of approximatejym
we were able to achieve thickness differences of Qud5
throughout the surface of a 4in. wafer. The thickness of the
layers was measured after development of the structures us-
ing a DEKTAK 8 stylus profiler. Due to these differences
the corresponding structures are not entirely in close con-
tact. Consequently some voids remain after bondixj,
which decreases the yield of the bonding process. Our bond-
Fig. 7. SEM-micrograph of the micromixer. The top wafer is partially cut INg €xperiments showed a yield of approximately 30%, i.e.
away to allow a look into the mixing chamber. 20 devices of 62 showed perfect bonding.

One way to overcome this problem is to increase the con-

. . . . tact force. SU-8-structures which are not hardbaked are plas-
and aligned. The bonding process is done in an EVG 501tic and can be deformed. Consequently some gaps or voids

\;V?;er:tgz??;:;(;rg? ;v(;:ggr; zrr? dptzeesastgg ?g?t'&;to?alcp oér;(_arwn%an be closed if a higher contact force is applied. The re-
cause of this high temperature the SU-8 is hardball<ed and aquired force depends on the contact area as well as on the

aspect ratio of the structures to be bonded. For this reason
this method is feasable for the CE-cell because here the size
of the wafers is only 30 mm and if there are some gaps af-
ter bonding, these gaps are sealed by the epoxy adhesive
(seeSection 2. On the other hand, if the structures are de-
formed too much, the desired shape and height of the fluidic
structures cannot be maintained and will vary throughout
the wafer area.

A new method to avoid insufficient bonding is to add some
soft “adhesive” which fills the gaps caused by non-uniform
layer thickness. Again the material of choice is SU-8, but this
time without UV exposure. Softbaked and unexposed SU-8
is thermoplastic, and at approx. Q0 it even flows and fills
gaps because of capillary forces. When heated to 1502200
Fig. 8. Micrograph of the mixing device. The size of the device is SU-8 is crosslinked, even without UV exposure. One can
6.2mm x 12.7mmx 2 mm. say that it behaves like thermally curing epoxy adhesive. A

bond is
formed
here

< 7
'SU-8 structure to
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Fig. 11. Stack plot of FTIR spectra obtained from a time resolved run of the reaction of methyl monochloroacetate and sodium hydroxide. Time delay
between subsequent spectra is 65ms.
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layer of unexposed SU-8 can be used as an adhesive layer
for waferbonding[10]. If SU-8 is used for building fluid
structures and—in unexposed form—for waferbonding, the
unexposed SU-8 has to be patterned. This method is applied
as follows (sed-ig. 10.

After exposure and PEB a metal layer is deposited on top
of the SU-8 layer by evaporation. This metal layefuh
AQ) is patterned by wet etching in the same way as described
in Section 3 Now the areas where unexposed SU-8 is de-
sired are surrounded by narrow walls of exposed SU-8 and
covered by metal. After development of the SU-8 structure
and removal of the metal layer the wafer is ready for bond-
ing. Alignment of the wafers is done using an EVG AL6
mask aligner. Subsequently two wafers are clamped to the
bondtool, but still separated. The bondtool is inserted into an
EVG 501 wafer bonder. The chamber of the wafer bonder
is evacuated and the wafers are brought into contact. Then
the temperature of the top and bottom heaters is ramped up
to 150°C with 3°C/min. This temperature is maintained for
1h and finally ramped down to room temperature. Because
of the high thermal expansion (17 ppm/K) and the very high
brittleness of calcium fluoride wafers, uniform heat distribu-
tion as well as slow temperature ramps are very important
to avoid breakage of wafers caused by stress.

4.1. Results

If this improved bonding method is used, it is not neces-
Fig. 10. Improved wafer bonding process. Steps (a—f) show the preparation sary to apply a very high contact force, because remaining
gaps are closed by the unexposed (soft) SU-8 and conse-
quently the bonding yield is increased to approximately
90%, which was investigated by optical inspection (see
Fig. 8).
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Fig. 12. Triple mixer with narrow mixing channel for measurements in the “continous-flow-mode”. The size of the deviceis616.3 mmx 2 mm.

As an exampleFig. 11 shows a three-dimensional plot meander-shaped (sddg. 12. This mixer has been used
of a series of IR-spectra obtained from an experiment usingin the “continuous-flow” mode. Two or three reactants are
the described device. The reaction is the saponification of continuously pumped through the device and the IR-spectra
methyl monochloroacetate with sodium hydroxide. No for- are measured at different locations along the mixing chan-
mation of the reaction products is observed during the flow nel. If the mixing time is short compared to the time which
on. After stopping of the flow the spectrum of the reaction is necessary for complete passage of the channel, different
products can be observed. Because of the fact that the mix-phases of the chemical reaction can be “seen” while the
ing time is in the range of only 25 ms (if the mixing channel IR-focus is moved along the channel. Another possibility is
is 10pnm high), one can monitor very clearly the progress to use a fixed measuring spot while the flow rate is varied.

of the chemical reaction as shownhig. 11 Additionally, By applying this “continuous-flow” mode one can avoid
very fast reactions can be used to test the performance ofthe problems with the fluidic setup for the “stopped-flow”
the mixer[4]. mode. For a reliable measurement, a very complicated setup

is required to achieve a highly synchronous and very well

defined stop of two liquids in the microfluidic system.
5. Triple mixer and integrated CE-device The integrated CE-device has three input ports for the in-

jection of buffer and sample, one output port and a linear

Recently developed devices are a triple mixer and an channel which is 15m wide and 1Qum high. The length

integrated CE-device. These devices are currently underof the channel is 40mm. The dimension of the device is
test. Both devices are intended to be used for time re- 441 mmx4.4 mmx2mm. For chemical reasons—the chan-
solved FTIR-spectroscopy as well, but in this case with nel should be surrounded by one kind of material only—a
an IR-microscope attached to a synchrotron source. Thethin (0.5um) layer of SU-8 was deposited on both wafers
advantage of this setup is the possibility to have a very prior to the fabrication of the structures. These thin layers
small measuring spot (approx. juén), and consequently —do not considerably decrease the IR-transmission.
the fluid channels can be made very narrow. Compared Because of the fact that the triple mixer and the CE-device
to the previously described mixer both devices are simple are fabricated using the same technology, both kinds of de-
structures—they consist of a single channel in one plane.vice are located on the same wafer. As for the micromixers
The triple mixer has three input ports and one output port. described in this paper, 1 mm thick, 4in. Gakafers are
Mixing occures by lateral diffusion. The mixing channel is used and the same improved wafer bonding method which
15pm wide, 10um high, approximately 50 mm long and Wwas described above, was applied.
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Fig. 13. Preliminary result of an experiment with the triple mixer. The spectrum of Acetic acid is replaced by the spectrum of Acetate when NaOH is added
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6. Conclusion
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