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Abstract

MUMPs (Multi-User MEMS Process) based microchannels made of either glass or polysilicon have been successfully designed,
fabricated and tested. The fabrication process used timed wet-chemical etching to selectively etch sacrificial materials with the assistanc
of etch holes. The prototype glass and polysilicon microchannels have cross-section argasaf#@Am and 7Qum x 2 wm, respectively,
and both microchannels have been tested to transport and contain water by means of surface tension. A simplified surface tension analy:
shows that the height of the etch holes and the surface tension of the working liquid inside the microchannel dominates the pressur
difference that holds the liquid from leaking outside the microchannel via etch holes. Because these microchannels are fabricated usin
the foundry-based micromachining process, they present opportunities for economical prototyping and have great potential for integratiol
with other microfluidic devices for system-level applications, such as DNA chip and lab-on-a-chip.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction The standard surface-micromachining process, MUMPs
(Multi-User MEMS Process)7], has been widely used in
Microfluidic systems in combination with medical, elec- the MEMS community, including universities, industry and
trical, chemical, and DNA technologies are promising to research labs all over the world, to make polysilicon-based,
improve medical instruments, such as DNA chjp$ and moveable microstructurgs], such as mirror$9], or even
lab-on-a-chig2]. Microchannels are essential in these sys- power source$10,11] In this paper, MUMPs based, sur-
tems to carry liquid samples from one position to another face micromachined glass and polysilicon microchannels
and to protect sensitive micro reactions from contamina- are designed, fabricated and tested. These microchannels
tions by exposing to the environment. The majority of have the potential to be integrated with other microma-
microfluidic devices use bulk-micromachining technologies chined microfluidic systems, including DNA chip and
[3,4] to etch microchannels into substrates and wafer bond- lab-on-a-chip. As such, a new class of future applications in
ing processes, such as anodic bonding or fusion bonding,microfluidics that has not been conceived previously may
to seal and complete the top surface. As a result, the ma-be envisioned based on these foundry-based microchannels.
terial cost is increased because one extra wafer is needed
as the cap to encapsulate microfluidic systems. In contrast,
several surface-micromachined channfs®] have been 2. Microchannels
developed for microfluidics devices such as microneedles
[5] and they are interesting alternative solutions to construct Fig. 1(a) and (b)show the schematic diagram of the
microchannels. surface-micromachined glass and polysilicon microchan-
nels on a substrate. These surface-micromachined chan-
nels are designed to have hydrophilic interiors in order to
- , , carry water-based working liquids internally. In the case of
* A portion of this paper was presented at the 16th IEEE Micro Electro - . . . .
Mechanical Systems Conference, Kyoto, January 19-23, 2003. polysilicon microchannel dfig. 1(b) hydrophilic surface is

* Corresponding author. Tek:1-510-642-8983; fax:+-1-510-642-6163.  formed due to the native silicon dioxide layer grown on top
E-mail address: kblee@me.berkeley.edu (K.B. Lee). of the polysilicon surface. The placements of etch holes in
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Fig. 1. Schematic diagram of surface-micromachined channels based on

that commonly clog microchannels during the microfluidic
operations. These holes must be small such that surface
tension of liquid can hold the working liquid inside the mi-
crochannel. The standard surface-micromachining process,
MUMPs [7] with three polysilicon layers and two PSG
layers, is used to fabricate the surface-micromachined glass
and polysilicon microchannels such that they could be inte-
grated together with other surface-micromachined devices.

Fig. 2 shows the microfabrication process of the glass
channel using the cross-section, A-A, Big. 1(a) as the
illustration purpose. Experimentally, the top caps of mi-
crochannels are made of PSG and the anchors that hold
the top caps are made of polysilicon. fig. 2(a) a 2um
thick PSG1 layer is deposited as the first sacrificial layer and
patterned for polysilicon anchors. Apan thick polysilicon
layer (polyl) is deposited and patterned as the lower pro-
tective polysilicon layer to protect the structural cap glass
(PSG2). After these stepisig. 2(b)applies. Afterwards, the
0.75um thick PSG2 layer is deposited and patterned as the
top channel cap ifrig. 2(c) and a 1.5um thick poly2 layer
is deposited and patterned as the upper protective layer to
cover the PSG2 cap structure during the later release etching
process.

The whole wafer is put into HF solution to remove the

(a) glass and (b) polysilicon caps. The fabrication processes illustrating Sacrificial PSG1 layer as shownhig. 2(e)while the PSG2

the cross section areas A-A and B-B are describedrigs. 2 and 3

respectively.

microchannel layer is protected by the upper (poly2) and
lower (polyl) protective polysilicon layers. Afterwards, the
protective polyl and poly2 layers are removed in a timed,
wet silicon etchant as shown iRig. 2(f) to obtain glass

Fig. 1(a) and (bpre on the sidewall for the glass microchan- microchannels. The timed etching process keeps part of the

nel and on the top cap for the polysilicon microchannel, re- polysilicon anchor to remain on the substrate to support
spectively, in this paper. However, one can easily change themicrochannels as illustrated Fig. 2(f).

placement of etch holes based on the design principles de-

Fig. 3shows the fabrication process of the polysilicon mi-

rived in this work. These etch holes serve fqr two purposes: crochannels. IrFig. 3(a) the polyO layer is deposited and
(1) as the etching paths to remove sacrificial layers inside patterned to get higher channel height. The PSG1 sacrificial
the microchannels; and (2) as easy getaways for air bubblesayer is deposited and patterned for the microchannel body
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Fig. 2. Fabrication process for the glass microchannel: cross-section AFAginL(a)is shown.
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P27 Table 1
- KOH etching solution
substrate
" Temperature 80C
(a) poly 0 deposition (0.5um) on L

Sidon nrile and(patltlemmg Stirring - 600 rpm

Etch rate (for polysilicon) Lum/min

|:| KOH:DI water is 1:2 (w/w).

Substrate
substrate

layers of polysilicon are still in tact to protect the second

(b) PSG1 deposition (2pm) glass layer (PSG2) as the top layer of glass microchannel.

and patteming

Etch holes can be identified in this figure for the removal
of sacrificial PSGL1 layer under the lower protective polysil-
icon layer. The anchors, made of polyl and poly2 layers,
support a sandwich layer consisting of polyl, PSG2 and
poly2.
(¢) Poly1 deposition (2um) PSG The KOH solution as listed iffable 1is used to remove
and patterning . .
the two upper and lower protective polysilicon layers as
% Z&% shown inFig. 4 The temperature of KOH solution bath is
s S set at a constant 8@ and the bath is stirred at 600 rpm to
substrate improve the uniformity of the etching process. The etch rate
(@) PSG1 teminval is about J{J“rr.]/min anq the polysilicon Igy_ers are c_ompletely
etched within 90 sFig. 5 shows the finished microstruc-
Fig. _3. Eabricati_on process for the silicon microchannel: cross-section yre of a glass microchannel (PSG2) with a cross-section of
B-B in Fig. 1(b)is shown. 70pm in width and 4um in height after the removal of the
sacrificial polysilicon layers of polyl and poly2. Fig. 5,
as shown irFig. 3(b) Afterwards, a 2um thick polyl layer the glass channel made of PSG2 is supported by polysilicon
is deposited as the channel structure layer and patterned iranchors as shown iRig. 2(f). It is noted that the stacked
Fig. 3(c) After removing the sacrificial PSG1 layer in HF  polysilicon anchors shown iRig. 2(f) survived after the re-
solution via the etch holes on the top surface of the mi- moval of the upper and lower protective polysilicon layers.
crochannel, the process is completed by rinsing and drying. It has also been observed that if the final releasing etching
time period is too short, polysilicon residuals can be found
on the PSG2 microchannel. On the other hand, if the etch-
3. Results and discussions ing time period is too long, the polysilicon anchors could
disappear totally. Therefore, the release etching time is very
Fig. 4shows the SEM microphoto of the glass microchan- critical and must be carefully controlled. For examlig. 6
nel fabrication process @&fig. 2(e)after removing the PSG1  shows the optical microphoto of a glass microchannel when
layer in the HF solution. The two upper and lower protective the etching period is too short and some poly1 residuals can
be clearly observed.

substrate

Anchor
(Polysilicon)
Protective
Polysilicon

2 Gl A
 Channel

Entrance of
Channel _~
1oy

Fig. 4. A SEM microphoto showing the glass microchannel fabrication —

process at the end &fg. 2(e)before the removal of protective polysilicon Fig. 5. A SEM microphoto showing a fabricated glass microchannel.
layers. Two protective polysilicon layers are still in tact to protect the The top glass (PSG2) layer is 0.75mm thick. The cross-section of the
second glass layer (PSG2) while the first glass layer (PSG1) is etched. microchannel is 7@.m wide and 4.m high.
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effect. The two driving forces come from the surface tension
effect and may be represented aghAvhereo is the surface
tension andb is the width of the microchannel. From the
simple diagram ofig. 9(b) the governing equations of the
water in the microchannel are obtained as folldds]:

ou 1dp pd%u

Etch hole  Anchor (polysilicon)

End of Momentum eq: i —; i + ) W (1)
channel
dp 20
o) _r__— 2
ressure eq & = LO) (2)

wherep, U, p, X, Y, 4, h, L, t ando are the density of the
water, the velocity of water, the pressure in the channel, the
_ _ ) _ _ coordinates in the horizontal and vertical directions, the vis-
Fig. 6. Optical microphoto showing the glass microchannel when the cosity of water, the height of the channel, the displacement
polysilicon etching period is short of completion: some polysilicon (poly1) of the water meniscus. time. the surface tension as a driv-
remains in the center of the glass microchannel. ) : ! ! .
ing force, respectivelyb andt are the channel width and
) ) ) the shear stress on the channel wall. It is note&ds. (1)

Fig. 7 shows the optical microphoto of a complete glass gng (2)that the surface tension generates pressure and the
microchannel after water is supplied from the designed reser-\yater in the channel is transported by the pressure ixthe
voir entrance. Because glass is transparent, reactions insidgjirection while the viscous force drags the water. et b

microchannels may be observed but it is difficult to tell the > micro second, the displacement of the water meniscus
differences between the clean water and the transparent miis gptained as follow§L5]:

crochannel with respect to the background substrate. It is
also noted that surface tension force, due to hydrophilic sur- L= |12+ ﬂ ; 3)
faces of the top glass layer and the bottom silicon nitride Yo 2u)’

layer, provides the preferable condition to allow water en- whereLy is the initial displacement at= 0. FromEq. (3)

tering the microchannekFig. 8 is a close-up view of the ) : : ;
s . the displacement,, is proportional to square-root of time.
marker “C” in Fig. 7to examine further the area around the ; . .
L . Co Fig. 10illustrates the condition around the etch holes after
etch hole, which is 4Q.m wide and 4.m high in this case. - : i .
. . filling up the microchannel. The liquid meniscus generated
Figs. 7 and &how that the surface tension of water plays ; . .
; o . at the interface between water and external air provide a
two important roles at the same time: (1) to drive external . .
pressure difference to hold the water from leaking and the

water into the microchannel, and (2) to prevent water inside : .
: ; magnitude of the pressure caused by surface tension can be
the microchannel from leaking out. i
expressed as followd.2]:

Figs. 9 and 1(Qorovide some theoretical explanations of
the surface tension effectsig. 9is a schematic showing  ,, — 24 (E + 1) , (4)
a simplified, one-dimensional model for the surface tension h o w

_Anchor

= Water
Glass channel Etch hole Reservoir

Fig. 7. An optical microphoto of the glass microchannel showing that water is transported by surface tension after a droplet of water is placed on the
water reservoir.
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Fig. 8. Close-up view of marker “C” irig. 7 showing that water front is formed around the etch hole and surface tension prevents the leaking of water.

whereo, h and w are the surface tension of the working
liquid, the channel height and the width of the etch hole,
respectively. Foh « w, Eq. (4)is simplified top = 20/ h.
Therefore, the pressure difference strongly depends on the
surface tension of working liquid and the channel height. It
implies that the width of the etch hole plays a secondary

role in holding the working liquid as long as the dimen- - A
sion of width is much larger than the thickness. The calcu-
lated pressure difference caused by surface tensign=s (a) (b)

7.36x 10._6(1/4X 10—6+1/70X 10—6) = 19x10* Pazin the Fig. 10. Surface tension around the etch hole: (a) etch hole after applying
case OFIg. 8(h = 4p‘m' w=70pm,o = 7‘36X 10__ N/m water, (b) cross section of plane D of (a); the meniscus is generated due
for water at 20C). Fig. 11 shows the optical microphoto {5 surface tension of liquid/air interface.
showing a possible extension of using the glass microchan-
nel to bioMEMS applications. In this case, a droplet of blood
is placed in the right entrance of the channel. Ultraviolet or
visible light detector can be used to detect biochemical re-
action through the transparent glass channel.

Fig. 12 shows the SEM microphoto of a fabricated
polysilicon microchannel with etch holes of g x 20 um
on the top cap. The cross-section of the microchannel is

Glass channel

Ly

Water surface

Meniscus

L)

ThL
- —

Ty X

(b) TBL Blood under the channel

Fig. 9. Schematic for showing surface tension driving: surface tension Fig. 11. Optical microphoto showing blood is flowing under the transparent
drives water into the channel while viscous forces drag the water. (a) glass microchannel after a droplet of blood is placed in front of the
two-dimension model, (b) forces on the water in the channel. entrance of the channel.
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through the etch holes. Moreover, although only two types
of MUMPs-based, surface-micromachined microchannels
are presented in this work, there are many other possible
designs and procedures that one may apply to the MUMPs
process to make surface-micromachined microchannels.
Alternatively, one can easily fabricate other types of mi-
crochannels without following MUMPs either by bulk- or
surface-micromachining processes in clean room.

Etch hole

Polysilicon
channel

Electrode 4, Conclusions

Heater) MUMPs (Multi-User MEMS Process) based microchan-

nels made of glass or have been successfully designed,
fabricated and tested. The fabrication process utilized the
Fig. 12. A SEM microphoto showing a fabricated polysilicon microchan- design rules set by the foundry service and used timed re-
nel: Electrodes (heater) made of poly0 are laid for possible sensing or |a55e etching processes to selectively etch sacrificial layers
actuation applications. . . .

with the assistance of etch holes. As a result, either glass or

polysilicon microchannels can be fabricated. The prototype
70wm wide and Zum high. A microelectrode (heater) made 9glass microchannel has a cross section ofu#0x 4 pm
of polysilicon (poly0) is laid as shown for further sensing and the polysilicon microchannel has a cross section of
and actuation applications in microfluidic systems. Based 70pm x 2pum. A simplified surface tension analysis shows
on Eq (4)‘ the pressure generated by surface tension of that the h6|ght of the etch holes and the surface tension
water will be 38 x 10% Pa. Fig. 13 shows an optical mi-  of the working liquid inside the microchannel determines
crophoto after water is applied to a polysilicon microchan- the pressure difference that holds the liquid from leaking
nel. It is found that surface tension force due to hydrophilic outside the microchannel via the etch holes. These mi-
native oxide on the polysilicon surface of the microchan- crochannels have the potential to be integrated with other
nel, assists the water to flow inside the microchannel and micromachined microfluidic systems for device applica-
prevents water from leaking out. On possible feature to tions, including DNA chip and lab-on-a-chip.
transfer working liquid in these surface-micromachined
microchannels is to assure that the applied pumping pres-
sure is less than % 10°Pa [13,14] to prevent leakage
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