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(112) result in closure of a flow channel (102)
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the wire. In one embodiment of a valve
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positioned on the opposite side of the flow
channel (102) serving as an electrode (112). In
an alternative embodiment (400), application
of an actuation force between the first (418)
and second (428) patterned strips closes the
control channel (422) and an associated flow
channel (406) underlying the control channel
(422).
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ELECTROSTATIC VALVES FOR MICROFLUIDIC DEVICES

CROSS-REFERENCE TO RELATED APPLICATION

This nonprovisional patent application claims priority from provisional
patent application no. 60/246,469, filed November 6, 2000. The text of this provisional

patent application is hereby incorporated by reference.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

Work described herein has been supported, in part, by Air Force Research
Organization grant DAAD 19-00-1-0392. The United States Government may therefore

have certain rights in the invention.

BACKGROUND OF THE INVENTION

Pumps and valves for transporting and manipulating liquids in
microfluidic devices are essential for developing lab on a chip technology. Various
approaches to designing micro-fluidic pumps and valves have been attempted. However,
each of these conventional approaches suffers from its own limitations.

The two most common methods of producing microelectromechanical
(MEMS) structures such as pumps and valves are silicon-based bulk micro-machining
(which is a subtractive fabrication method whereby single crystal silicon is
lithographically patterned and then etched to form three-dimensional structures), and
surface micro-machining (which is an additive method where layers of semiconductor-
type materials such as polysilicon, silicon nitride, silicon dioxide, and varibus metals are
sequentially added and patterned to make three-dimensional structures).

A limitation of the first approach of silicon-based micro-machining is that
the stiffness of the semiconductor materials used may necessitate high actuation forces,
which in turn result in large and complex designs. In fact, both bulk and surface micro-

machining methods are limited by the stiffness of the materials used. In addition,
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adhesion between various layers of the fabricated device is also a problem. For example,
in bulk micro-machining, wafer bonding techniques must be employed to create
multilayer structures. On the other hand, when surface micro-machining, thermal stresses
between the various layers of the device limits the total device thickness, often to
approximately 20 pm. Using either of the above methods, clean room fabrication and
careful quality control are required.

Pressure driven valves for devices made out of soft polymers (e.g. PDMS)
are described in United States Nonprovisional Patent Application No. 09/605,520,
incorporated herein by reference for all purposes herein.

From the above, it is seen that utilization of structures and methods for

efficient and effective movement of fluids are highly desired.

SUMMARY OF THE INVENTION

Embodiments of the present invention relate to electrostatically actuated
valve structures formed in elastomeric material. Specifically, a flow channel present in
an elastomer block may be opened or closed by the application of a potential difference.
In one embodiment of a valve structure in accordance with the present invention, a
flexible conductive wire structure is patterned by lithography and etching of a
copper/polyimide laminate. The patterned copper wire is positioned on top of elastomer
material making up a ceiling of an underlying flow channel. A gold electrode forms the
floor of the flow channel. Application of a potential difference between the wire and the
underlying gold electrode drives the flexible wire and the elastomef ceiling of the flow
channel down into the flow channel, obstructing the flow channel. Removal of the
potential difference causes the wire/elastomer structure to relax back into its initial
position out of the flow channel, opening the valve.

In an alternative valve structure in accordance with the present invention,
flexible patterns of aluminum wire are formed from strips of aluminum/l\@ylar laminate
layers that are cut out from a larger sheet of laminate and then positioned on 6pposite
sides of a control channel, the control channel overlying and connected to the flow
channel. Application of a potential difference drives the wires together, closes the control
channel, and also brings together the walls of the underlying flow channel to close the

valve.
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These and other embodiments of the present invention, as well as its
advantages and features are described in more detail in conjunction with the text below

and the attached Figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A shows a simplified cross-sectional view of one embodiment of
an electrostatically-actuated valve structure in accordance with the present invention.
Figure 1B shows a simplified plan view of the electrostatically actuated valve structure of
Figure 1A.

Figure 2A shows a microscope plan view of a valve structure in an
nonactuated state having a channel with of 100 pum underlying an orthogonally-positioned
copper wire having a width of 200 um. Figure 2B shows a microscope plan view of the
valve structure of Figure 2A in an actuated state.

Figure 3 shows a cross-sectional view of an embodiment of a device
containing multiple addressable valves in accordance with the present invention.

Figure 4A shows a simplified cross-sectional view of a valve structure in
accordance with a second alternative embodiment of the present invention, in a non-
actuated state. Figure 4B shows a simplified cross-sectional view of the valve structure
of Figure 4A in an actuated state. Figure 4C shows a plan view of the valve structure of
Figures 4A and 4B.

DESCRIPTION OF THE SPECIFIC EMBODIM]%NTS

The subject matter of the present application is related to U.S.
nonprovisional patent application number 09/605,520, filed June 27, 2000. The content
of this nonprovisional patent application is incorporated by reference herein.

As described above, it is desirable to find alternative valve structures and
methods of their activation for use in various microfluidic applications, fér example
implementable high density microfluidic devices. Embodiments of the present invention
therefore relate to methods and structures for closing channels in elastomeric materials by
electrostatic action utilizing flexible conductive materials (e.g. copper/polyimide or

aluminum/Mylar laminates) that can readily be patterned for a variety of applications.
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1. First Embodiment of a Valve Structure in Accordance with the Present Invention
A. Sources of Materials
RTV 615 polydimethylsulfoxide (PDMS) was obtained from General
Electric. Pyralux LF 9110 copper/polyimide laminate was obtained from DuPont.
Photoresist 5740 and Developer CD 20 were obtained from Shipley Microelectronics.
Trimethylchlorosilane (TMCS) and FeCl3 were obtained from Sigma.

Hexamethyldisilazine (HMDS) was obtained from ShinEtsuMicrosi of Phoenix, Arizona.

B. Fabrication of mold

A silicon wafer was exposed to HMDS, and then Photoresist 5740 was
spun upon a silicon wafer at 2000 rpm for 60 sec. The photoresist/wafer combination was
then baked at 95°C for 60 min. The coated wafer was exposed to UV light through a
mask for 2.3 min. to create exposed photoresist regions having widths varying between
30-250 um. Development of the photoresist with 20% CD20 resulted in removal of
unexposed photoresist. The wafer and patterned exposed photoresist features formed
thereon were hard baked at 130°C for 30 min. on a hot plate, causing reflow of the

photoresist and resulting in rounding of the raised photoresist features.

C. Fabrication of flow channel-containing structure from the mold

The silicon wafer bearing the raised, rounded photoresist features was next
utilized as a mold to fabricate the elastomeric channel-containing structure. The raised
photoresist features were treated with TMCS in the gas phase. RTV 615 PDMS was
mixed at 30:1 (component A : component B) and then spun onto the mold at 2000 rpm for
45 sec., resulting in formation of a PDMS layer having a thickness of around 20 pm over
the mold. This PDMS layer was then hardened by baking for 90 min. at 85°C.

D. Fabrication of flexible electrically-conductive wires

A sheet of Pyralux LF9110 laminate having a copper side and a polyimide
side was treated with HMDS, and afterwérds Photoresist 5740 was spun on to the copper
side at 2000 rpm for 60 sec.

After baking at 95°C for 60 min, the photoresist on the copper side of the

Pyralux laminate was exposed to light through a mask bearing the control wire pattern.
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After developing for 60 sec. with 20% CD20 to remove the unexposed photoresist, the
copper of the laminate exposed during development was etched with FeCls solution
having a concentration of 1.4 g/ml. Residual developed photoresist overlying the
remaining copper wires was removed using acetone to leave the patterned copper control

lines lying on top of the polyimide layer of the laminate.

E. Fabrication of valve structure from channel-containing structure and
flexible electrically conductive wires

The electrically conducting copper control lines were cut out from the
larger laminate sheet, turned over, and then placed flat, copper side down, over the 30:1
PDMS channel-containing structure, such that at crossover points the copper wires were
positioned orthogonal to the underlying flow channels. Portions of the bare polyimide
layer from which copper had previously been removed were flexible and conformed over
the copper wires to directly contact the surface of the 30:1 PDMS, such that few if any
voids between the polyimide and 30:1 PDMS were created.

Next, 3:1 (component A : component B) PDMS was poured on top of the
polyimide layer of the laminate, and the entire combined device was baked for additional

90 min. to bind the 3:1 PDMS elastomer to the polyimide. The purpose of the additional

“(3:1) PDMS layer was to passivate the underlying flow channel/wire structure.

The entire device was then removed from the mold and transferred to a
glass slide bearing a patterned gold layer having a thickness of 5000 A.

Figure 1A shows a simplified cross-sectional view of the resulting
electrostatically-actuated valve structure. Figure 1B shows a simplified plan view of the
electrostatically actuated valve structure.

Valve structure 100 includes flow channel 102 having walls 104 and
arched ceiling 106 formed from 30:1 PDMS elastomer material 108. Arched ceiling 106
reflects the rounded profile of the raised features on the mold created by reflowing the
photoresist material, as described above under section LB.

Floor 110 of flow channel 102 is formed from electrode 112 that is part of
gold layer 114 patterned on glass slide 116. Copper wire 118 overlies ceiling portion 106

of elastomer layer 108 and polyimide layer 120 overlies copper wire 118.
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During operation of valve structure 100, a voltage is applied to copper
wire 118. This voltage creates an attraction between copper wire 118 and underlying
gold electrode 112, such that copper wire 118 and arched ceiling portion 106 of 30:1
PDMS elastomer 108 are driven downward into flow channel 102, closing valve structure
100. Upon cessation of application of voltage to copper wire 118, the attractive force
between copper wire 118 and underlying gold electrode 112 is no longer present, and
copper wire 118 and arched membrane portion 106 of 30:1 PDMS elastomer 108 relax
upward out of flow channel 102, opening valve structure 100.

The response time for closing of the valve structure shown in Figures 1A-
1B having a flow channel of width 100 pm was less than 100 ms. The time for relaxation
and opening of the valve structure of Figures 1A-1B was around 3 seconds following the
cessation of the applied voltage. The substantially longer time required for the valve to
open following actuation may be due to actuation of valves having empty air-filled flow
channels. No change in the performance of the valve structure of Figures 1A-1B was
observed after 100 close/open cycles.

Figure 2A shows a microscope plan view of a nonactuated valve structure
having a width of flow channel 102 of width 100 pm underlying an orthogonally-
positioned copper wire 118 having a width of 200 um. Figure 2B shows a microscope
plan view of the valve structure of Figure 2A that is actuated by applying a voltage of
1200V to copper wire 118. Figure 2B clearly shows deformation (closing) at crossover
portion 102a of flow channel 102 resulting from application of a potential difference of
1200V between copper wire 118 and underlying gold electrode 112.

The valve structures in accordance with embodiments of the present
invention offer a number of advantages. One advantage is the poséibility of utilizing
optics to determine the state of the valve. Specifically, a laser beam can be aimed at the
elastomer surface at the location of the wire/channel cross-over point. By measuring the
deflection of the laser beam, flexion of the copper wire and the underlying elastomer
channel forming the roof of the flow channel, and hence the degree of openness of the
valve structure, can be determined.

In addition to utilizing optics to detect valve position, flexion of the copper
wire and underlying elastomer material as described above could also be employed to

create a micromachined switching mirror. Specifically, the wire/channel cross-over point
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could be formed as a reflective, micro-mirror surface that serves as a target for a light
source such as a laser beam. Actuation of the valve would alter the orientation of the
micro-mirror surface and change the angle of reflection of a beam aimed at the micro-
mirror. Such a switching mirror would have potential applications in a variety of optical
display and networking applications.

Another advantage of embodiments of valve structures in accordance with
the present invention is their low price and ready integration with existing technology.
Specifically, elastomer materials in which the flow channels are formed are readily
available in bulk quantities. Moreover, the photoresist and photoresist development
chemicals utilized to create the mold and to pattern the copper wire from the laminate
sheet are widely used in conventional semiconductor processing.

Yet another important advantage of embodiments of the present invention
is the ability to form operational multi-valve structures in which the electrically
conducting control wires cross over one another. This is illustrated below in conjunction
with Figure 3, which shows a cross-sectional view of an embodiment of a device
containing multiple addressable valves in accordance with the present invention.

Multiple valve device 300 includes flow channel 302 having walls (not
shown in Figure 3 cross-section) and ceiling 304 formed from 30:1 PDMS elastomer
material 306. Floor 308 of flow channel 302 is formed from electrode 310 that is part of
gold layer 312 patterned over glass slide 314. First copper wire 316 of the first laminate
overlies flow channel 302 at first valve location 318, and first polyimide layer 320
overlies first copper wire 316. )

Second copper wire 322 of the second laminate overlies first polyimide
layer 320 and overlies 30:1 PDMS elastomer material 306 at second valve location 324.
Second polyimide layer 326 overlies second copper wire 322 of the second laminate. 3:1
RTV PDMS 328 overlies second polyimide layer 326.

Because of the highly insulating properties of first polyimi-.de layer 320, a
voltage applied to second copper wire 322 will not affect the application <;f voltage to
underlying first copper wire 316, and vice versa. In this manner, a multilayer structure of
overlapping electrical wires may be fabricated utilizing successive layers of patterned
laminate material, analogous to formation of multilayer interconnect metallization

structures of integrated circuits.
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II. Second Embodiment of a Valve Structure in Accordance with the Present
Invention

While embodiments of valve structures described above in connection
with Figures 1A-3 utilize flexible electrical control wires fabricated from
copper/polyimide laminate layers overlying the flow channel, the present invention is not
limited to this particular structure. Other structures and/or materials could be utilized to
control the flow liquid and gaseous materials, and still remain within the scope of the
present invention.

For example, in both embodiments described above in conjunction with
Figures 1A-3, an electric field is applied across the flow channe] during actuation of the
valve structure. However, in an electric field ions present in the flow channel may
migrate to a side of the flow channel proximate to one of the charged poles (wire or
electrode). This possible migration of charged species could affect the magnitude of the
electrostatic force applied to the valve.

In addition, substances in the flow channel that are susceptible to
electrochemical reaction (e.g. electrolysis) may undergo electrolysis during actuation due
to contact with the electrode and the potential within the flow channel.

Therefore, in accordance with an alternative embodiment of the present
invention, the flow channel of a valve structure is closed by application of an electrostatic
force across a control channel overlying the flow channel, rather than across the flow
channel itself. Closing the upper control channel in turn forces the flow channel to close.
Operation and fabrication of this alternative valve structure is illustrated in detail in

conjunction with Figures 4A-4C below.

A. Sources of materials

RTV 615 PDMS was obtained from General Electric. Aluminum/Mylar
laminate (10 pm, 12 Ohm/in® was obtained from Steinerfilm, Inc. of Willlamstown, Mass.
Photoresist 5740 and Developer CD 20 were obtained from Shipley Microelectronics.
Trimethylchlorosilane (TMCS) was obtained from Sigma. HMDS was obtained from
ShinEtsuMicrosi of Phoenix, Arizona. Silver Epoxy was obtained from Chemtronics of

Kennesaw, Georgia.
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B. Fabrication of first mold for flow channel-containing portion

A silicium wafer was treated with HMDS in the gas phase for 1 min.
Photoresist 5740 was spun on the wafer at 2000 rpm for 60 sec. and baked for 60 min. at
90°C. After exposing with UV through a mask containing the desired pattern for 2.3 min.
the Photoresist was developed using 20% Developer CD-30 to produce raised line
structures of between 30 and 250 pwm in width. In order to round these photoresist

features, the mold was then heated for 30 min. at 130°C on a hot plate.

C. Fabrication of flow channel-containing portion

30:1(component A: component B) RTV 615 was spun at 2000 rpm for
45 sec. on the first mold fabricated above after treatment with TMCS in the gas phase.
The wafer was then baked for 60 minutes at 80°C.

2 mm wide strips of Mylar/Aluminum laminate were cut out by hand from
a larger laminate sheet and then placed, Aluminum side up, on top of the 30:1 elastomer,
orthogonal to the underlying flow channel. A second thin layer of 30:1 (component A:
component B) RTV 615 was spun at 4000 rpm for 30 sec. over the Aluminum, and the

wafer was baked again for 60 min. at 80°C.

D. Fabrication of control channel-containing portion

3:1 (component A: component B) RTV 615 was spun at 2000 rpm for
45 sec. on a second mold bearing a pattern of raised lines of photon;sist having a width of
100 pm. These raised lines are formed by lithography in the same manner as described
above for formation of the first mold, and the raised lines occupy the space that will later
serve as the control channels of the device.

The second wafer was then baked for 60 min. at 80° C. A second set of 2
mm wide strips of Mylar/Aluminum laminate were cut out by hand from-gl larger laminate
sheet and placed, Aluminum side down, over the control channels. A second 3:1
(component A: component B) RTV 615 material was then poured on top of the second

wafer (ca. 5 mm) and the second wafer baked again for 60 min. at 80°C.
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E. Assembly of valve structure

The valve structure in accordance with an alternative embodiment of the
present invention was assembled by peeling the control channel-containing portion off of
the second wafer, and placing the control channel-containing portion over the flow
cﬁannel-contqining portion. During this step, the control channels and flow channels
were oriented orthogonal to one another.

The combined structure was then baked for 1 hour at 80°C to bind the top
30:1 RTV 615 elastomer layer of the flow channel-containing portion to the first 3:1 RTV
615 elastomer material of the control channel-containing portion. The complete device
was then peeled carefully from the first wafer and placed against a glass slide to enclose
the flow channel. Contacts to the aluminum control strips were created utilizing silver
€poxy.

Figure 4A shows a simplified cross-sectional view of a valve structure in
accordance with a second alternative embodiment of the present invention, in a non-
actuated state. Figure 4B shows a simplified cross-sectional view of the valve structure
of Figure 4A in an actuated state. Figure 4C shows a plan view of the valve structure of
Figures 4A and 4B.

Valve structure 400 includes control channel-containing portion 402 on
top of flow channel-containing portion 404.

Flow channel-containing portion 404 includes flow channel 406 having
walls 408 and arched ceiling 410 formed from first 30:1 RTV 615 material layer 412 that
was poured over the first mold. Arched ceiling 410 reflects the rourlded profile of the
raised features on the first mold that were created by reflowing the photoresist material,
as described above under section II.B. Floor 411 of flow channel 406 is formed from
underlying glass plate 413.

First Mylar strip 414 of first laminate 416 overlies RTV 615 layer 412, and
first Aluminum strip 418 overlies first Mylar strip 414. Second RTV 615:materia1 layer
420 overlies first Aluminum strip 418.

Control channel-containing portion 402 includes control channel 422
having walls and ceiling formed from first 3:1 RTV 615 elastomer layer 424, and floor
426 made up of second 30:1 RTV 615 material layer 420 of flow channel-containing
portion 404. Second aluminum strip 428 of second laminate 430 overlies 3:1 RTV 615

material layer 424, and second Mylar strip 432 of second laminate 430 overlies second

10
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Aluminum strip 428. Second 3:1 RTV 615 material layer 434 overlies second Mylar strip
432.

During actuation of valve 400, a potential difference is applied across first
Aluminum strip 418 and second Aluminum strip 428. The electric field generated by this
potential difference creates an attractive actuation force between Aluminum strips 418
and 428. As a result, Aluminum strips 418 and 428 are drawn toward one another due to
flexibility of the elastomer and the freedom of movement imparted by the intervening
control channel 422.

Upward movement of first Aluminum strip 418 forces walls 408 of flow
channel 406 to move together, closing flow channel 406.

Upon cessation of application of the potential difference across Aluminum
strips 418 and 428, the attractive force between strips 418 and 428 vanishes. Strips 418
and 428 relax back to their initial positions, such that control channel 422 and flow
channel 406 open.

By applying 1600V over the control channel, the inventors have
discovered that the flow channel is significantly compressed (closed). Times for closing
and opening of this alternative valve structure are currently being further investigated.

Given the variety of embodiments of the present invention just described,
the above description and illustrations should not be taken as limiting the scope of the

present invention which is defined by the appended claims.

11
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WHAT IS CLAIMED iS:

1. A valve structure comprising:
an elastomeric layer defining a flow channel having walls and a ceiling;
a first electrode positioned on top of the elastomeric layer over the ceiling
of the flow channel; and
~ asecond electrode positioned beneath the flow chaanel, such that
application of a potential difference between the first electrode and the second electrode

drives the first electrode and the ceiling of the flow channel into the flow channel.

2. The valve of claim 1 further comprising a reflective micromirror
surface positioned over the ceiling of the flow channel, a physical orientation of the
reflective micromirror surface altered when the ceiling of the flow'channel is driven into

the flow channel.

3. A valve structure comprising:

a first elastomeric layer defining a flow channel having walls and a ceiling;

a first electrode positioned on top of the first elastomeric layer over the
ceiling of the flow channel; .

a second elastomeric layer positioned over the first electrode;

a third elastomeric layer positioned over the second elastomeric layer, the
third elastomeric layer defining a control channel having walls and ;1 ceiling, the second
elastomeric layer forming a floor of the control channel; and

a second electrode positioned on top of the third elastomeric layer over the
contro] channel, such that application of a potential difference between the first electrode
and the second electrode drives the first electrode and the second electrode together,
causing the walls of the control channel and of the underlyitig flow chann__gel to be driven

together.

4. The valve of claim 3 further comprising a reflective micromirror
surface positioned over the ceiling of the flow channel, a physical orientation of the
reflective micromirror surface altered when the ceiling of the flow channel is driven into

the flow channel.

12
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5. A method of fabricating an electrostatically actuated elastomeric valve
structure comprising:

patterning a raised photoresist line on a semiconductor substrate;

forming an elastomer material over the raised line;

lithographically etching a conductor layer of a conductor/insulator
laminate material to form a conductive line;

placing the conductive line on top of the elastomer material over the raised
line; and

removing the elastomer material from the raised line and placing the
elastomer material against an electrode, such that a space in the elastomer formerly

occupied by the raised line comprises a flow channel.

6. The method of claim 5 further comprising forming a reflective

micromirror surface over the flow channel.

7. A method of fabricating an electrostatically actuated elastomeric valve
structure comprising:
forming a flow channel-containing portion by,
patterning a first raised photoresist line on a first semiconductor substrate,
forming a first elastomer material over the first raised line,
patterning a conductor layer of a first conductor/insﬁlator laminate
material to form a first conductive line,
placing the conductive line on top of the first elastomer material over the
raised line, and
forming a second elastomer layer over the conductive line;
forming a control channel-containing portion by, -
patterning a second raised photoresist line on a second semiconductor
substrate,
forming a third elastomer material over the second raised line,

patterning a conductor layer of a second conductor/insulator laminate

material to form a second conductive line, and

13
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placing the second conductive line on top of the third elastomer material
and over the raised line; and
combining the control channel-containing portion to the flow channel-containing portion
to form the valve by,
removing the third elastomer material from the second raised photoresist
line, and
placing the third elastomer material on top of the second elastomer
material, such that the first conductive line overlies the second conductive line
separated by a control channel in a space in the third elastomer layer formerly

occupied by the second raised line.

8. The method of claim 7 further comprising forming a micromirror

surface over the control channel.

9. A method of electrostatically actuating an elastomeric valve structure

comprising:

positioning a first electrode as a floor of a flow channel in an elastomer
layer;

positioning a flexible conductive wire over a ceiling portion of the flow
channel; and

applying a potential difference between the first electrode and the flexible
conductive wire, such that the flexible wire and the ceiling portion of the flow channel are

driven into the flow channel.

10. A method of electrostatically actuating an elastomeric valve structure
comprising: _

positioning a first flexible conductive wire over a ceiling éortion of a flow
channel formed in a first elastomeric layer;

positioning a second flexible conductive wire over a ceiling portion of a
control channel formed in a second elastomeric layer integral with the first elastomeric
layer;

applying a potential difference between the first flexible conductive wire

and the second flexible conductive wire, such that the ceiling portion of the flow channel

14
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and the ceiling portion of the control channel are driven into the control channel, and

walls of the flow channel in the first elastomeric layer are brought together.

11. A method of changing a path of an optical beam comprising:

providing a reflective surface overlying a ceiling of a channel formed in an
elastomer material;

providing a first electrode overlying the ceiling of the channel formed in
the elastomer material,

applying an optical beam to the reflective surface;

creating an electrostatic force between the ceiling of the channel and a
second electrode underlying the first electrode, such that the ceiling of the channel and
the reflective surface are at least partially driven into the channel; and

again applying the optical beam to the reflective surface.
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