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(57) Abstract: A method for etching an ultra-shallow
channel includes using an etch process that is selective
for one material to etch a different material in order to
achieve a very precise channel depth in the different
material. Channels as shallow as 10nm can be fabri-
cated in silicon with precisions of Snm or better using
the method. Stepped channels can be fabricated where
each segment is a different depth, with the segments be-
ing between 10nm and 1000nm in depth. The method
is applied to creat a fluidic channel which includes a
channel substrate to which is bonded a lid substrate to
confine fluids to the fluidic channels so fabricated.
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FABRICATION OF ULTRA-SHALLOW CHANNELS FOR MICROFLUIDIC
DEVICES AND SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application claims priority under 35 U.S.C. §119(e) based on U.S.
Provisional Application Ser. No. 60/356,493 filed 2/12/02 and entitled
FABRICATION OF SHALLOW AND ULTRA-SHALLOW CHANNELS FOR
MICROFLUIDIC DEVICES AND SYSTEMS, incorporated herein by reference in
its entirety.

FIELD OF THE INVENTION
[002] This invention relates generally to the field of design, development and
manufacturing of miniaturized chemical and biochemical analysis devices and
systems using microelectromechanical systems (MEMS) technology, and more
particularly to process sequences for fabricating MEMS and microfluidic devices and
systems having fluid transport systems with any or all of the following attributes: (1)
ultra-shallow depths; (2) well-controlled vériations in channel depth; and (3)

structures in the channels of sub-micrometer size.

BACKGROUND OF THE INVENTION
[003] The creation of channels in a substrate at a microminiaturized scale has many
potential applications. When suitably enclosed so as to confine the motion of a fluid
to the channel, these structures may be used to provide a well-defined flow path for
liquids or gases. Microchannels serve a wide variety of purposes, ranging from mere
routing of fluid flow from a source to a destination or partitioning of a source volume
into multiple streams; to mixing of two or more fluids for purposes of dilution, multi-
phase extraction, or reaction; to chemico-physical interaction of the channeled fluid
with physical structures created in the channel, e.g., for chromatographic separation;
to analysis of fluid components by means of optical probing and other detection

techniques.

SUBSTITUTE SHEET (RULE 26)



WO 03/068672 PCT/US03/04228

[004] Academic and commercial efforts to develop and manufacture fluidic channel
devices and systems have utilized a variety of materials. The choice of materials has
been dictated by performance requirements of the finished devices, by available
processing equipment, and by individually established experience and familiarity with
certain materials. A large body of published research details work on silicon, quartz,

glass and plastic substrates.

[005] Much early work was done with glass substrates or slides, generally for
reasons of familiarity and compatibility with extant detection systems, or of ability to
electrically insulate voltages ranging up to 10 kV in electrokinetically-driven

separations.

[006] Quartz substrates have also been used for fabrication of microchannel-based
devices and systems, despite difficulties in processing due to the material's hardness

and relative inertness.

[007] Due to economically attractive materials costs, a variety of plastics have been
considered and evaluated as substrate materials for microchannels. Although
incompatibility with fluidic constituents can limit choice of specific materials due to
possible contamination of transported fluids, the relatively inexpensive cost of plastics

vis-3-vis glass or silicon substrates has driven continued work for certain applications.

[008] Silicon has been regarded as a potentially valuable substrate for a wide variety
of microelectromechanical applications for several decades. The relatively recent
growth of interest in silicon as a substrate for microfluidic devices and systems is, in
part, attributable to the emergence of process equipment that is suitable for fabricating
structures with better-defined architectures and high aspect ratios.

[009] Shallow channels may be formed from any of these materials. Shallow
channels typically may be fabricated having dimensions from 1 to 100 pm in width, 1

to 100 pm in depth, and 10 pm to 10 mm in length. These dimensions correspond to

2-
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a cross-sectional area of 1 to 10* pm? and total contained fluid quantities of 10’ to

10% pm®, or 10 fL to 100 nL.

[010] These dimensions offer the advantages of reduced fluid volume over macro
systems. Very small quantit/ies of fluids are needed to fill microchannels and,
conversely, very small quantities of effluent fluid are produced. This constitutes a

principal attraction of these structures.

[011] Shallow channels also offer performance advantages: undesired dead volume
originating from separate component interconnection can be significantly reduced or
eliminated; operation time can be greatly lessened due to shortened fluid flow path
lengths; more effective separations can be done due to increased surface-to-volume
ratios; and greatly reduced quantities of solvents and reagents are required (with

concomitant reduction of effluent volumes), as discussed previously.

[012] Fabrication methods and equipment developed for the creation of standard
semiconductor industry products like microprocessors, memory, and logic, and later
used for the manufacturing of microelectromechanical systems (MEMS), are
particularly well-suited for use in the creation of microfluidic channels in silicon. The
art of creating intricate, multi-layer patterns in silicon and compatible materials
through deposition, lithographic, and etching processes is extremely well developed
and reproducible in those industries. ‘

[013] Dry etching of sili(con, whether primarily physical in nature (ion-milling) or
primarily chemical (plasma etching), is a highly evolved part of the overall MEMS
fabrication process. Reactive-ion etching (RIE) is a method of etching that is a
combination of physical and chemical mechanisms, and is the most commonly
practiced embodiment of dry etching. RIE, through judicious selection and
optimization of reactant gases, pressure, temperature, and power sources, can attain
both a high degree of anisotropy as well as good selectivity (differentiation among
unlike materials). A particular class of silicon etch processes has been considered

specifically for high-aspect-ratio etching of silicon in MEMS applications.

-3-
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[014] Confinement of fluids to channels is an indispensable requirement for
controlled operation of microfluidic devices and systems. Although three of the
required four sides in a channel of rectangular cross-section may be formed as a
natural consequence of the etching processes, the remaining side must be provided
through additional process steps. There are a variety of methods by which a lid
substrate may be attached to a channel substrate, including anodic bonding, fusion
bonding, frit bonding, and attachment through the use of "glue" layers, generally
organic in nature. Anodic bonding, when suitable for a given device and application,

provides a strong, hermetic bond between a silicon substrate and a glass lid substrate.

[015] Simple microfluidic systems may be enhanced by defining additional
functionality in the fluidic device. The functionality defined may include
electrospray jonization (ESI), liquid chromatography (LC), and integrated LC/ESI
.devices and systems. The additional functionality may be as simple as electrical
contacts for purposes of effecting electrokinetic flow and separation in the channels.
On the other hand, the incremental functionality may take the form of additional
microstructures, such as nozzles for purposes of electrospray to transport fluids off-
chip. Creation of the desired functionality can be commonly achieved by integration
of appropriate additional patterns in design and layout as well as additional process
operations. This offers a significant advantage over a system built by macroscopic

assembly of individual components.

[016] Other researchers have similarly considered microfluidic systems in which the
basic functionality of microfluidic channels was enhanced through the creation of

intra-channel structures.

[017] Although device design for microfluidic applications entails consideration of
often-challenging constraints that go beyond the basic creation of the microfluidic
channels themselves, the fabrication of channels with dimensions of a micron or more

as discussed above is generally straightforward.
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[018] Many applications have been identified and more are anticipated for channels
that have been etched into a substrate such as silicon, glass, quartz, or fused silica
with depth of channels typically ranging from 10 to 100 pm in depth. Such channels
can be fabricated using known techniques. New applications are emerging, however,
for channels that are 1/10 — 1/1000 of those depths, i.e., depths ranging from
approximately 10 to 1000 nm (“‘ultra-shallow channels™). Applications for ultra-
shallow channels often require more precise tolerances than standard devices, thus

increasing the fabrication challenge.

[019] The typical etch processes described above are not capable of producing
devices to such specification. RIE, for example, etches at rates that make sub-micron
control difficult in any dimension. Also, whereas lateral dimensions are more easily
varied (at least for critical dimensions greater than 1 pm) through layout in CAD,
vertical differentiation of features (e.g., controllably varied channel depths) can be
very difficult to achieve in currently-practiced processing schemes, and cannot be

controlled at all reliably with sub-micron precision.

[020] Fabrication of ultra-shallow channels is difficult to achieve with sufficient
control for reproducibility in manufacturing. Standard etch processes and equipment
are generally designed to maximize etch rate while maintaining at least a minimal
level of other performance parameters li,ke selectivity to masking materials. In the
case of ultra-shallow channels, however, low etch rates are needed so as to afford an
acceptable degree of precision. That is, in the absence of a detectable and definitive
endpoint, etch depth is determined by etch time, given an established etch rate. For
example, with a typical RIE etch rate of several micrometers per minute, a 50 nm
channel would nominally require an etch time of only 1-2 seconds. Since there are
transient plasma conditions after ignition that last several seconds during which etch
rates and uniformities are not characteristic of the stabilized etch process,
reproducibility of an etch of a few seconds duration is unachievable, and etch

durations of less than two seconds produce inherently unreliable results.
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[021] There is a need for devices having ultra-shallow channels. Ultra-shallow
channel devices meet some of the following requirements: minimizing fluid volume;
maximizing interaction with channel surfaces (high surface-to-volume ratio);
controlling the flow of a transported fluid in the laminar or molecular flow regime;
acting as a filter for particles of greater dimension than the channel depth; and
increasing the signal-to-noise (S/N) ratio for optical probing techniques by limiting
the required depth of field in optical detection systems and other factors. Current
state of the art processes cannot produce devices incorporating ultra-shallow channels

reliably or repeatably.

SUMMARY OF THE INVENTION

[21A] The present invention addresses the aforementioned drawbacks by providing a

method for producing devices having ultra-shallow channels.

[022] We herein disclose a method whereby ultra-shallow channels may be
fabricated with required precision and reproducibility. Any given etch process, to be
effective, preferentially etches one material at a relatively fast rate, and is less
effective in etching a second material that is simultaneously presented for etching. In
such an example, the etch process is said to be selective for the first material, and
selective to the second. The degree of selectivity is expressed as the ratio of the etch
rate of the intended material to the etch rate of the unintended material. Standard
fabrication processes utilize etch methods selective for the substrate sought to be
etched in order to increase the efficiency of the process, controlling the etch of the
substrate with a relatively non-reactive masking material patterned on the wafer. We
achieve the required control necessary to create ultra-shallow channels in the substrate
by reversing this process altogether, using an etch that is selective for the mask and to
the substrate. This permits much more fine control of the rate of etch of the substrate.
The disclosed method has been shown to have a précision of 5 nm or better, and can

be used to reproducibly fabricate channels as shallow as 10 nm or less.
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[023] This method is compatible with either resist-masked etching or etching
without resist mask. In one embodiment of the invention, silicon oxide is patterned as
a mask over a silicon substrate, and an etch me/:thod selective for silicon oxide is
employed on the patterned silicon wafer. The silicon oxide will be consumed at a
much faster rate than the silicon according to well-established sélectivity ratios. In
this manner, by regulating the thickness of the silicon oxide mask, the exposed silicon

can be etched with great precision.

[024] In another alternative embodiment, a process designed to etch silicon
preferentially to silicon oxide may be used to etch ultra-shallow channels in silicon
oxide. Masking in this case would be done using lithographically pattemed

photoresist, for example.

[025] In yetanother embodiment, the method is used to etch structures other than
fluidic channels to ultra-shallow depths. Any pattern that can be defined by
lithographic means can be transferred to the desired depth using the disclosed method.
For example, damascene (inlaid) structures may be fabricated using the disclosed
method. Potential applications for this embodiment include, but are not limited to, the
following: (1) Creation of metal or metal-like wires for conduction of electrical
and/or thermal signals on the device, while preserving a planar top surface of the
substraté so as not to impede bonding to another substrate. (2) Creation of an island
of heterogeneousiy doped silicon/polysilicon (as compared to surrounding substrate
material), with the additional refinement possible of electrically isolating the so-
created island from the surrounding substrate by means of a thermally grown or
deposited insulating material like silicon oxide between the substrate and the island.
The island could serve as an etch stop for a dopant-dependent etch, for example. (3)
Creation of structures that can subsequently, through additional process steps, be
released from the surrounding substrate, thereby having suspended structures that are
free to move except at designed anchor points. (4) Creation of features that can
subsequently, through an embossing process, be transferred in relief to a removable

material like a thermally-deformable plastic.
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[026] Fluidic channels or other features that have been fabricated by the disclosed
method can be passivated if desired by subsequent thermal growth of silicon oxide or
by conformal deposition of silicon oxide or silicon nitride. The ultra-shallow fluidic
channels or structures so formed — whether passivated or unpassivated — are
compatible with a variety of bonding methods for purposes of providing a necessary
containing surface for the channels.

[027] A method is also disclosed whereby stepped fluidic channels may be
fabricated. Stepped fluidic channels are channels having two or more different
discrete depths. Each channel segment corresponds to a separate masking and etching
sequence. Any or all of the channel segments may be etched to ultra-shallow depths
using the method previously disclosed. Any or all of the stepped channel segments
may be ultra-shallow in depth. We also disclose means by which relatively deep
channel segments may be produced contiguous to ultra-shallow segments. By thus
combining normal etching with ultra-shallow etching, extreme variations in channel
depth can be produced — e.g., 100 pm in combination with 10 nm segments, a 10*
depth ratio. Such a structure could function as a kind of pressure relief, or

OVerpressure, valve.

[028] As in the case of channels and/or structures of ultra-shallow depth, the
surfaces of stepped channels may be passivated by thermal growth of silicon oxide or
by the deposition of a passivating film like silicon oxide or silicon nitride. The ultra-
shallow fluidic channels or structures so formed are compatible with a variety of
bonding methods for purposes of providing a necessary containing surface for the

N

channels. p;

[029] In a third aspect of the present invention, structures such as posts, weirs, flow
steering/mixing barriers, etc., can be patterned within defined channel(s), and are
formed at the same time as the channel walls when the channel is etched. Formation
of such structures is entirely compatible with the former two aspects of the present
invention. The structures may be formed in ultra-shallow channels, as well as any or

all levels of a multi-stepped channel.
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[030] The tops of the structures can be made to be co-planar with the field region
(the preferred embodiment) so as to facilitate and ensure sealing to a bonded surface
and to prevent formation of a fluidic "sneak path". Alternatively, the structures can be
fabricated such that their tops can be at the level of the shallower channel in a stepped
channel. This is accomplished by appropriate segregation of the structure patterns

between masks corresponding to the separate channel segments.

[031] As in the case of channels and/or structures of ultra-shallow depth(s), the
surfaces of structures formed in the-channels may be passivated by thermal growth of
silicon oxide or by the deposition of a passivating film like silicon oxide or silicon
nitride. The ultra-shallow fluidic channels or structures so formed are compatible with
a variety of bonding methods for purposes of providing a necessary containing

surface for the channels.

[032] A microfluidic channel system is also disclosed, comprising a channel
substrate (silicon, in gne embodiment), to which is bonded a second substrate so as to
provide a containing surface for the fluid. The second substrate can be passive, in the
sense that it merely bounds the fluidic channel(s) in the channel substrate. Ingress
and egress to/from the fluidic channel would functionally be a part of the channel
substrate in this case. The second substrate may also provide access for optical
probing techniques if suitably transmissive to the wavelengths of the probing
electromagnetic light source. Alternatively, the second substrate can be active, in the
sense that it provides access to the fluidic channels in the channel substrate in addition

to its primary function of bounding the fluid channel(s).

[033] In another embodiment, the fluidic channels can be continuous to the edge of
the finished and diced device so as to provide means of fluidic ingress and/or egress

to/from the fluidic channels.

[034] Briefly stated, a method for etching an ultra-shallow channel includes using an

etch process selective for one material on a different material that is selective to that

-9-
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same process in order to achieve a very precise channel depth in the different
material. Channels as shallow as 10 nm can be fabricated in silicon with precision of
5 nm or better using the method. Stepped channels can be fabricated where each
segment is a different depth, with the segments being between 10 nm and 1000 nm in
depth. The method is applied to create a fluidic channel, which includes a channel
substrate to which is bonded a lid substrate to confine fluids to the fluidic channels so
fabricated.

[035] According to an embodiment of the invention, a method for etching an ultra-
shallow channel includes the steps of providing a substrate of a first material;
forming a layer of a second material on at least part of said first material; selectively
removing a portion of said second material such that said second material is
completely removed in at least one area to expose at least one area of said first
material and is at least partially persistent in areas adjacent to said at least one
exposed area of said first material so as to provide direct etchant communication with
said first material within said at least one exposed area and to prevent etchant
communication with said first material in areas where said second material has not
been completely removed, and such that said act of removing said portion of said
second material does not significantly remove any of said first material; providing an
etch process that is selective for said second material and selective to said first
material, wherein said etch process preferentially etches said second material at a rate
that is significantly greater than that at which said etch process would etch said first
material; and applying said etch process to etch said first material to a desired depth

of said ultra-shallow channel.

[036] According to an embodiment of the invention, a method for etching an ultra-
shallow channel includes the steps of providing a substrate of a first material; forming
a masking layer of a second material on at least part of said first material; coating said
masking layer with a photoresist layer; defining a pattern in said photoresist layer;
transferring said pattern into said masking layer using a dry etching process selective
for said second material at a first etch rate until said first material is exposed; and

etching said exposed first material using said dry etching process at a rate less than

-10-
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said first etch rate until a desired depth of said ultra-shallow channel is achieved in

said first material.

[037] According to an embodiment of the invention, 2 method for etching an ultra-
shallow channel includes the steps of providing a substrate of a first material; forming
a masking layer of a known depth of a second material on at least part of said first
material; determining a first etch rate of a dry etching process in said first material
where said dry etching process is selective for said second material; determining a
second etch rate of said dry etching process in said second material; coating said
masking layer with a photoresist layer; defining a pattern in said photoresist layer;
transferring said pattern into said masking layer using said dry etching process; and
continuing etching said first niaterial using said dry etching process until a desired
depth of said channel is achieved in said first material, where a total time for etching
said first and second materials is determined by dividing said desired depth in said
first material by said first etch rate to obtain a first time, dividing said known depth of
said masking layer by said second etch rate to obtain a second time, and adding said

first and second times together to obtain said total time.

[038] According to an embodiment of the invention, a method for etching an ultra-
shallow channel includes the steps of providing a substrate of a first material; coating
said first material with a photoresist layer; defining a pattern in said photoresist layer;
transferring said pattern into said first material using a dry etching process selective
for a material other than said first material until a desired depth of said channel is

achieved in said first material.

[039] According to an embodiment of the invention, a method for etching an ultra-
shallow channel in a workpiece includes the steps of providing a substrate of a first
material; forming a layer of a second material on at least part of said first material;
coating said layer with a photoresist; defining a pattern in said photoresist; and
transferring said pattern into said layer using a dry etching process selective for said

first material until a desired depth of said channel is achieved in said second material.
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[040] According to an embodiment of the invention, a method for creating a
structure that is attached to a substrate only at designated anchor points, thus
permitting free movement of said structure except at said anchor points, includes the
steps of providing a workpiece initially consisting of a substrate of a first material;
forming a layer of a second material on at least part of said first material; coating said
layer with a photoresist; defining a pattern for said anchor points in said photoresist;
transferring said pattern into said layer using a dry etching process selective for said
first material until a depth of said pattern in said second material extends to said
substrate; depositing said first material in said pattern, thereby filling said pattern;
smoothing said first material until a top side of said first material is coplanar with a
top side of said second material; depositing said first material on said workpiece
followed by patterning said first material; and etching, using a wet etch, to remove
said second material, thereby leaving said patterned first material and said substrate

connected only by non-patterned regions of said workpiece.

[041] According to an embodiment of the invention, a method for etching a channel
includes the steps of providing a substrate of a first material; forming a masking layer
of a second material on at least part of said first material; coating said masking layer
with a first photoresist layer; defining a first pattern for a first segment of said channel
in said first photoresist layer; transferring said first pattern into said masking layer
using a dry etching process selective for said second ;naterial at a first etch rate until
said first material is exposed; etching, at a second etch rate, said exposed first material
using said dry etching process until a desired depth of said first segment of said
channel is achieved in said first material; removing said first photoresist layer from
said masking layer; coating said masking layer and said first segment with a second
photoresist layer; defining a second pattern for a second segment of said channel in
said second photoresist layer; transferring said second pattern into said masking layer
using said dry etching process selective for said second material until said first
material is exposed; etching said exposed first material using said dry etching process
until a desired depth of said second segment of said channel is achieved in said first
material, wherein said first and second segments have different depths; and removing

said second photoresist layer from said masking layer and said first segment.

-12-
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[042] According to an embodiment of the invention, a method for etching a channel
in a workpiece includes the steps of providing a substrate of a first material as an
initial form of said workpiece; forming a masking layer of a second material on at
least part of said first material; coating said workpiece with a first photoresist layer;
defining a first pattern for a first segment of said channel in said first photoresist
layer; transferring said first pattern into said masking layer using a dry etching
process selective for said second material until said first material is exposed;
removing said first photoresist layer from said workpiece; coating a second
photoresist layer on said workpiece; defining a second pattern for a second segment of
said channel on said second photoresist layer, wherein said second pattern includes
said first pattern as a subset; dry etching, after the step of defining said second pattern,
said first pattern into said first material for a first period of time; transferring said
second pattern into said masking layer using dry etching; and dry etching
simultaneously, using said dry etching process and after the step of transferring said
second pattern, said first and second patterns for a second period of time, such that the
planar dimensions of said first pattern and said second pattern are reproduced in said

substrate.

[043] According to an embodiment of the invention, a method for etching a channel
in a workpiece includes the steps of providing a substrate of a first material as an
initial form of said workpiece; forming a masking layer of a $econd material on said
workpiece; coating a first photoresist layer on said masking layer; defining a first
pattern for first and second segments of said channel on said first photoresist layer;
transferring said first pattern into said masking layer to a depth of an interface
between said first material and said second material using dry etching; removing said
first photoresist layer from said workpiece; coating a second photoresist layer on said
workpiece; defining a second pattern on said workpiece, wherein said second pattern
corresponds to said first segment of said channel; dry etching, after the step of
defining said second pattern, said second pattern into said first material for a first
period of time; removing said second photoresist layer from said workpiece; dry

etching simultaneously, using said dry etching process and after the step of dry
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etching said second pattern, said first and second segments for a second period of
time, such that the planar dimensions of said first segment and said second segment

are reproduced in said substrate.

[044] According to an embodiment of the invention, a method for making a plurality
of posts in an ultra-shallow channel in a workpiece includes the steps of providing a
substrate of a first material; forming a layer of a second material on at least part of
said first material; coating said layer with a photoresist; defining a pattern for said
plurality of posts in said photoresist such that said plurality of posts are masked from
etching; and transferring said pattern into said layer using a dry etching process
selective for said first material until a desired depth of said channel is achieved in said

second material.

[045] According to an embodiment of the invention, a method for etching a channel
includes the steps of providing a substrate of a first material; forming a masking layer
of a second material on at least part of said first material; coating said masking layer
with a first photoresist layer; defining a first pattern for a first segment angl a second
segment of said channel in said first photoresist layer; transferring said first pattern
into said masking layer using a dry etching process selective for said second material
at a first etch rate until said first material is exposed; etching, at a second etch rate,
said exposed first material using said dry etching process until a desired depth of said
first and second segments of said channel is achieved in said first material; removing
said first photoresist layer from said masking layer; coating said masking layer and
said first and second segments with a second photoresist layer; defining a second
pattern for a third segment of said channel in said second photoresist layer;
transferring said second pattern into said masking layer using said dry etching process
selective for said second material until said first material is exposed; etching said
exposed first material-using said dry etching process until a desired depth of said third
segment of said channel is achieved in said first material, wherein said third segment
is a different depth from said desired depth of said first and second segments; and
removing said second photoresist layer from said masking layer and said first and

second segments.

-14-

SUBSTITUTE SHEET (RULE 26)



WO 03/068672 PCT/US03/04228

[046] According to an embodiment of the invention, an integrated fluidic channel
system includes a fluidic channel silicon substrate having a first surface and a second
surface; said channel substrate defining a channel origination portion, a channel
terminus portion, and a shallow or ultra-shallow channel extending between said
channel origination portion and said channel terminus portion on at least said first
surface, wherein said shallow or ultra-shallow channel includes at least a first segment
that is between 10-1000 nm in depth; at least one of said channel origination portion,
said channel terminus portion, and said channel being formed at least in part by
reactive-ion etching; and a lid substrate having a first surface and a second surface,
wherein said second surface of said lid substrate is attached to said first surface of
said channel substrate to enclose said channel origination portion, said channel

terminus portion, and said channel.

[47] Additional features and advantages of the invention will be set forth in the
detailed description which follows, and in part will be readily apparent to those
skilled in the art from that description or recognized by practicing the invention as
described herein, including the detailed description which follows, the claims, as well

as the appended drawings.

[48] It is to be understood that both the foregoing general description and the
following detailed description are merely exemplary of the invention, and are
intended to provide an overview or framework for understanding the nature and
character of the invention as it is claimed. The accompanying drawings are included
to provide a further understanding of the invention, and are incorporated in and
constitute a part of this specification. The drawings illustrate various embodiments of
the invention, and together with the description serve to explain the principles and

operation of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[049] Figs. 1A — 1E show cross-sectional views of a process sequence that was
followed to produce ultra-shallow channels according to an embodiment of the
invention;

Figs. 2A-2D show cross-sectional views of a process sequence that was
followed to produce ultra-shallow channels according to an embodiment of the
invention;

Figs. 3A-3C show cross-sectional views of a process sequence that was
followed to produce ultra-shallow channels according to an embodiment of the
invention;

Fig. 4 shows an optional step in the process sequence according to the
embodiment of Figs. 3A-3C;

Fig. 5 shows an optional step in the process sequence according to the
embodiment of Figs. 3A-3C;

Fig. 6 shows a cross-sectional view of a channel that has been passivated by
growth or deposition of a passivating film;

Figs. 7A — 7D show a series of cross-sectional views of a process sequence of
yet another alternative embodiment;

Figs. 8A — 8C show a progression of cross-sectional views leading to the
creation of damascene structures using the disclosed etch method of shallow-ultra-
shallow channel formation taught herein to etch structures other than fluidic channels;

Fig. 9 shows an example of how inlaid material is determined by the depth of
the ultra-shallow etch;

’ Figs. 10A — 10D show a channel with cross-sectional profiles desired for
various applications;

Fig. 11A shows a two-segment channel with two ultra-shallow segments
formed according to the first principal aspect of the invention;

Fig. 11B shows a two-segment channel with a segment of conventional depth
and a ultra-shallow segment formed according to the first principal aspect of the

invention;
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Figs. 12A — 12F show the process sequence for fabrication of a stepped fluidic
channel which has two ultra-shallow segments;

Fig. 13 shows an alternative to the channel shown in Figs. 12A-12F, in which
the second ultra-shallow segment is etched to a shallower depth than the first ultra-
shallow segment;

Fig. 14 shows an exaggerated cross-sectional view of an etch trough at the
connection point of two channel segments;

Figs. 15A — 15H show a progression of cross-sectional views of the
fabrication of a two-segment channel according to an embodiment of the invention
using SMILE methodology;

Figs. 16A — 16G show cross-sectional views of a process sequence that
follows latent masking methodology;

Fig. 17A shows a plan view of a fluidic channel with three segments of
varying lateral dimensions formed by an embodiment of the present invention;

Fig. 17B shows a cross-sectional view of the fluidic channel of Fig. 17A;

Fig. 18A shows a cross-sectional view of a channel as etched into a silicon
substrate after removal of masking oxide;

Fig. 18B shows the resulting channel from Fig. 18A after conformal growth or
deposition of a passivating film;

Fig. 19A shows a plan view of a channel that is populated with posts;

Fig. 19B shows a cross-sectional view of the channel of Fig. 19A after etching
is completed;

Fig. 19C shows a plan view of a channel that is populated with a weir
structure;

Fig. 19D shows a cross-sectional view of the channel of Fig. 19C after etching
is completed;

Fig. 19E depicts a plan view of a multi-channel device;

Fig. 19F shows a cross-sectional view of the multi-channel device shown in
Fig. 19E taken through line A-A’;

Fig. 20 shows a containing surface attached to the channel substrate of Figs.
19A and 19C;
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Fig. 21A shows a plan.view of a lithographically defined pattern with two
open areas surrounded by remaining photoresist;

Fig. 21B shows a cross-sectional view taken through section A-A’ of the
silicon substrate depicted in Figure 21A;

Fig. 21C shows the result of etching through the open areas of Fig. 21A
through the underlying oxide layer and into the silicon substrate, followed by removal
of any remaining photoresist;

Fig. 21D shows the result of coating a second layer of photoresist followed by
lithographic patterning to create additional open areas;

Fig. 21E shows the result of etching through the additional open areas through
the underlying oxide layer and into the silicon substrate, followed by removal of any
remaining photoresist;

Fig. 21F shows a lid substrate bonded to the channel substrate in order to seal
the channel segments;

Fig. 22 shows a cross-sectional view of a stepped channel containing a
structure in one segment that has been passivated by growth or depositim\l ofa
passivating film;

Fig. 23 shows an embodiment of a fluidic channel system, with a ultra-shallow
and/or stepped fluidic channel substrate to which a second fluid-confining substrate is
attached;

Fig. 24A shows a fluidic channel system produced according to an
embodiment of the invention with a channel substrate and a lid substrate, with a ultra-
shallow channel etched into the channel substrate;

Fig. 24B shows a fluidic channel system produced according to an
embodiment of the invention with a channel substrate and a lid substrate, with a ultra-
shallow channel etched into the channel substrate; '

Fig. 24C shows a fluidic channel system produced according to an
embodiment of the invention which is similar to the system of Fig. 24B, differing
only in the assigned roles of ingress and egress channels;

Fig. 24D shows a fluidic channel system produced according to an

embodiment of the invention with a channel substrate and a lid substrate, with a ultra-
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shallow channel etched into the channel substrate and extending to the edge of the
channel substrate in the finished/diced form of the system; and

Fig. 25 shows two bonding surfaces brought into intimate contact, with
pattern-pattern alignment as necessary, along with the application of heat and

electrical potential, to complete anodic bonding.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
[50] Reference will now be made in detail to the present exemplary embodiments of
the invention, examples of which are illustrated in the accompanying drawings.
Wherever possible, the same reference numbers will be used throughout the drawings

to refer to the same or like parts.

[051] The first principal aspect of the present invention addresses the formation of
shallow and ultra-shallow fluid transport channels. "Shallow" as used herein mcans'
depths ranging from 1 pm to 10 pm. "Ultra-shallow" as used herein means depths
below a micron ranging from 10 nm to 1000 nm (1 pm). "Standard" as used herein
means depths ranging from 10 pm-~100 pm, while "deep" means depths greater than
100 pm. One micron is chosen as the dividing line between shallow and ultra-
shallow because conventional methods of fabrication do not work reliably below one

P

micron.

[052] Methods of fabrication are disclosed whereby sub-micrometer channel depths
can be reproducibly created using standard semiconductor processing equipment.

Channel depths as little as 10 nm are readily achieved using the disclosed methods.

[053] A second principal aspect of the invention addresses the formation of stepped
fluid transport channels — i.e., channels of purposefully varying depth along well-
defined segments of the channel. Methods of fabrication are disclosed whereby
channel depths ranging from 10 nm to hundreds of micrometers may be produced,

with sharp, well-defined transition between contiguous channel segments.
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[054] Inaddition to the two principal aspects of the present invention, an alternative
embodiment is disclosed wherein microstructures may be created within the ultra-
shallow channels, whether they are of a single uniform depth or comprising more than
one segment with discretely varying channel depths. The aforementioned
microstructures may be used to effect a variety of purposes, including mixing and

chromatographic separation.

[055] Lastly, an alternative embodiment is disclosed wherein ultra-shallow channels
with or without stepped depths and with or without microstructures in the channel(s)
are combined with a second substrate so as to comprise a microfluidic channel
system. The system provides for the preservation of the performance advantages
obtained by the creation of the aforementioned channels, ensuring that designed
volumes and cross-sectional profiles are retained in a practical, working microfluidic
channel device and/or system, preventing dead volume creation and-out-of-channel

fluidic leakage.
[056] Ultra-shallow fluidic channels — methods of fabrication

[057] The formation of fluidic channels having depths less than 1-2 pwm presents
serious issues of process control and reproducibility. In commonly available reactive-
ion etch (RIE) tools and processes, silicon etch rate ranges from 1—7 pm per minute.
Indeed, tool and process desiéns would generally have the goal of maximizing silicon
etch rate while preserving at least certain levels of selectivity to masking materials
like silicon oxide or photoresist. Further, the nature of the Bosch etch is cyclical —
i.e., a short series of 2—5 second steps (a "loop") is repeated for a user-chosen number
of iterations, with each loop lasting about 12 seconds. This implies a best-case etch
depth resolution of 0.2 pm, or 200 nm, with depths of 0.2, 0.4, 0.6 pum, ... thus being
available, but nothing between (or below 0.2 pm).

[058] For precise control of cross-sectional dimensions, fluid volume and volumetric

flow rates, it is generally necessary to have a fabrication process that would achieve
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etch-depth tolerances of less than £ 5% and, for critical applications, less than + 1%.
The etch depth resolution delivered by the standard etch process is therefore far too

coarse to achieve targeted etch depths below 1-2 pm with precision.

[059] Whereas established silicon etch tools and processes are developed to
-generally maximize silicon etch rate, they are simultaneously designed to minimize
etch rates of common masking materials like silicon oxide or photoresist.
Equivalently, the silicon etch rate is maximized while maintaining good selectivity to
silicon oxide and photoresist, where selectivity is the ratio of silicon etch rate to mask
etch rate. Common selectivity values range from 80:1-160:1 for oxide, 40:1-80:1 for
photoresist. Conversely, equipment and etch processes that are designed to etch
silicon oxide will have selectivity to silicon — that is, the etch rate of silicon oxide is

high relative to that of silicon.

[60] It will be appreciated that the present invention can be employed in the context
of a semiconductor processing system for fabricating MEMS devices. Such a
processing system might include, for example, a dry etcher configured to apply a dry
etchant to at least one substrate (using a process such as reactive ion etching (RIE))
and a process controller coupled to the etcher. The process controller can be
programmed to select a dry etchant having a predetermined etch rate relative to any
particular substrate. While no one particular etchant is specifically preferred, it
should be noted that the dry etchant can be a gas, such as CHF3. The process
controller also can direct the etcher to apply the selected etchant to at least a portion
of the substrate for a predetermined period of etching time, so that the dry etcher
etches in the substrate to a predetermined submicron etch depth for a predetermined

period of etching time.
[61] The etch depth, etching rate, and etching time, singly or in combination, may be

adjusted to form desired submicron microstructures in the substrate. For example, the
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etch rate associated with advantageous operation of such a semiconductor processing
system might have a lower boundary of approximately 1.5 nm per second. Further,
the predetermined period might have a lower boundary of approximately three

seconds.

[062] The present invention discloses the use of an etch process that is designed and
optimized for etching silicon oxide (in preference to etching silicon) to etch silicon, so
as to dramatically lower the silicon etch rate for purposes of precision in etching
extremely shallow channels. This method has been demonstrated to achieve targeted

etch depths with precision (deviation from target) of less than 5 nm.

[063] The mechanism for silicon to silicon oxide selectivity is understood in terms
of a fluorine-to-carbon ratio (F/C). As the F/C ratio is lowered through choice of etch
gases, the tendency to etch silicon is reduced. Also as hydrogen is introduced to the
primary fluorine-supplying etch gas, F atoms are scavenged, thereby lowering the F/C
ratio, and contributing to the deposition of non-volatile etch residue on the silicon
surface, inhibiting silicon etching. In areas of silicon oxide, oxygen is supplied from
the oxide to scavenge carbon, increasing the F/C ratio locally and helping to maintain
oxide etch rate. With etching of silicon depressed (through the addition of hydrogen)
and the etching oxide sustained by oxygen (supplied from the oxide itself), selectivity

of silicon to oxide is achieved.

[064] The hydrogen needed to increase silicon:oxide selectivity can be supplied
explicitly in the form of hydrogen gas (H») in combination with a primary etchant gas
like CFg, typically in volumetric concentrations of hydrogen ranging up to 40%.
Alternatively, the hydrogen may be supplied by the primary etchant gas itself, as in
the case of CHF.

[065] In the oxide etch process used to fabricate shallow-ultra-shallow channels as
disclosed in the present invention, a single etch gas, CHF3, was used at a flow rate of

30 sccm and a pressure of 5 mT. Helium backside cooling at 3000 mT was used to
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maintain stable etch temperatures at the wafer surface and to thereby help conserve
masking photoresist. Dual electrodes were used to generate the etch plasma, with the

source electrode at 650 W and 15°C, and the substrate electrode at 85 W and 30°C.

[066] The foregoing etch process parameters resulted in an oxide etch rate of

200 nm/min and a silicon etch rate of 95 nm/min. By comparison, the silicon etch
rate in the standard Bosch silicon etch process is roughly 2000 nm/min or more, over
twenty times faster. With a silicon etch rate of roughly 1.5 nm/sec in the oxide etch
process, etch depth precision of 5 nm or better corresponds to a little over 3 seconds

of etch time, which is easily achieved under machine program control.

[67] With respect to machine program control, the présent invention can be executed,
and perhaps even enhanced, using the advantages associated with computer control of
manufactuﬁng processes. In the context of the present invention, well-known
computer readable media, such as random access memory (RAM), read only memory
(ROM, EROM E?ROM, etc.), CD/ROM, diskettes, optical media, magnetic.media,
electromagnetic media, wireline transmission media, wireless transmission media,
fiber optic transmission media, or the like, can be used to store computer-executable
instructions. The computer-executable instructions could then be executed by a
computer associated with a MEMS fabrication system. Bearing in mind the processes
described herein, the computer-executable instructions might include a method for
making a microstructure, including selecting a dry etchant having a predetermined
etch rate relative to a substrate, and directing an etcher to apply the selected etchant to
at least a portion of the substrate for a predetermined period of etching time. The
etchant is selected or formulated to etch in the substrate to a predetermined submicron
etch depth during tl‘le predetermined period of etching time to thereby form submicron

microstructures in the substrate.
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[068] Re-design of process tools can undoubtedly accomplish, at least to a degree,
the significant reduction in silicon etch rate that is needed for precise control of ultra-
shallow channel depths. This redesign would entail expenditure of significant non-

recurring engineering funds.

[069] Similarly, the existing etch process in extant etch equipment may be modified
so as to effect, at least in part, a reduction in silicon etch rate, although this will likely
come at the cost of increased maintenance due to excessively polymerizing etch
chemistry, and/or reduction of process uniformity. The salient advantage of the

present invention is its use of existing processes in existing etch equipment.

[070] Figs. 1A — 1E show cross-sectional views of a process sequence that was
followed to produce ultra-shallow channels. A silicon oxide film 105 is produced on
a silicon substrate 100, either by thermal oxidation or by deposition using any of
several standard methods (Fig. 1A). A film of photoresist 110 is then deposited on
top of the oxide film 105 (Fig. 1B). Standard lithographic patterning by exposure and
development then produces areas 115 in the photoresist film 110 that are open to the
underlying oxide film 105 (Fig. 1C).

[071] Fig. 1D shows the result of subsequent oxide etching using a process that is
designed for etching silicon oxide. Precise knowledge of the oxide film 105 thickness
is crucial so as to avoid appreciable etching into the underlying silicon substrate 100.
Lastly, (Fig. 1E), the desired etch depth 120 into the silicon substrate 100 is achieved
by performing an etch of the silicon using the oxide etch process for etch rate control.
The ultra-shallow channel 125 is thus formed in the silicon substrate 100. As with
virtually all etch processes, exact etch rates will commonly depend on percent area of
the substrate that is being etched. The rate should be established in advance by etch

experiments on similarly patterned substrates.

[072] In an alternative embodiment, as shown in Figs. 2A 2D, the two consecutive
etches using an oxide etch process may be combined into a single etch so long as

oxide and silicon etch rates are precisely known. Figs. 2A — 2C, respectively, show
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cross-sectional views of the silicon substrate 100 after growth/deposition of silicon
oxide 105, after deposition/coating of photoresist 110, and after patterning of the
photoresist to create an opening 115. Fig. 2D shows the result of the single etch
through oxide 105 and into silicon 100. The targeted etch depth 120 is achieved by
etching for a time given as:
Time = (target depth into silicon substrate 120) / (silicon etch rate in oxide etch)

+ (oxide film 105 thickness) / (oxide etch rate in oxide etch.)

[073] In an alternative embodiment (Figs. 3A — 3C) the photoresist 110 may be
patterned directly on the silicon substrate 100, thereby eliminating the need for an
oxide film. Figs. 3A — 3C, respectively, show cross-sectional views of the silicon
substrate 100 after coating of photoresist 110, after patterning of photoresist 110 to
create an opening 115, and after etching of the silicon substrate 100 to the desired
etch depth 120. This runs counter to standard photolithographic practice, however,
inasmuch as pattern definition of photoresist is generally more problematic when
done directly on silicon as compared to being done on an oxide film. Small,
micrometer-size features are particularly difficult to accurately define in this case

when using a g-line (436.5 nm) illumination light source.

[074] The preferred embodiment is preferable to the latter alternative embodiment
for several reasons. First, more precise patterning of small features is obtained on an
oxide film as opposed to a bare silicon substrate, as discussed previously. Secondly,
the amount of silicon etching is ultimately limited by the amount of available masking
material — silicon oxide, photoresist, or both.. The preferred embodiment would
permit more extensive etching of silicon if needed because the oxide mask would

persist through some additional etching after the photoresist mask was consumed.
[075] After formation of the shallow fluid channel 125 as described in Figs. 1A -
1E, the photoresist film 110 may be removed in an oxygen plasma (Fig. 4), and

subsequent processing steps can be followed to produce additional features and/or

enhance the device's functionality. For example, as shown in Fig. 5, the remaining
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oxide mask layer 105 from Fig. 4 can be removed in a hydrofluoric acid-based

solution, leaving the ultra-shallow channel 125 in the silicon substrate 100.

[076] Fluidic channels or other features that have been fabricated in silicon by the
disclosed method can be passivated if desired for purposes of electrical or chemical
isolation by subsequent thermal growth of silicon oxide or by conformal deposition of
silicon oxide or silicon nitride. These processes will preserve the depth of the channel
relative to the surrounding field region. Fig. 6 shows a cross-sectional view of a
channel 125 that has been passivated by growth or deposition of a passivating film
130 such as therrr;al oxide, LPCVD silicon oxide, LPCVD silicon nitride, PECVD

silicon oxide, or PECVD silicon nitride.

[077] Figs. 7A — 7D show a series of cross-sectional views of a process sequence of
yet another alternative embodiment relying on the same principle of using a highly
selective etch to etch the material to which the etch is selective at a low, reproducible
rate which can be used to form ultra-shallow channels in oxide. That is, a silicon etch
can be used to create extremely shallow channels in silicon oxide, using photoresist as
a mask. Given a silicon:oxide etch rate selectivity of 150:1, oxide etch rates of

10 nm/min are easily achieved, thereby allowing etch depth precision on the order

of 5 nm.

[078] Fig. 7A shows a silicon substrate 200 on which a silicon oxide film 205 has
been grown or deposited. Next, a film of photoresist 210 is coated on the oxide layer
265 (Fig. 7B) after which the photoresist layer 210 is patterned lithographically to
create openings 215 to the underlying oxide layer 205 (Fig. 7C). The exposed oxide

areas 215 are then etched using the silicon etch to create the required channel 225

(Fig. 7D).

[079] The ultra-shallow fluidic channels or structures so formed — whether
passivated or unpassivated — are compatible with a variety of bonding methods for

purposes of providing a necessary containing surface for the channels.
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[080] Figs. 8A — 8C show a progression of cross-sectional views leading to the
creation of damascene structures using the disclosed etch method of shallow-ultra-
shallow channel formation taught herein to etch structures other than fluidic channels,
Fig. 8A shows the silicon substrate 300 and oxide mask 305 after etching of the ultra-
shallow channel 325. Next, a material 330 may be deposited (Fig. 8B), followed by

- chemical-mechanical polishing (CMP) to finish with an inlaid island of material 330",
as shown in Fig. 8C. The top of the inlaid material 330" is coplanar with the top of the
remaining oxide layer 305, thereby facilitating subsequent patterning processes. Fig.
9 shows an example 335 of how the inlaid material 330" is determined by the depth of
the ultra-shallow etch. In this case, the oxide layer 305 of Fig. 8A would have been

removed prior to deposition of material 330",
[081] Stepped fluidic channels — methods of fabrication

[082] Fluidic channels having two or more segments with intentionally different
depths may be desired for a variety of purposes. Mixing of two or more fluids may be
aided by disruption of an otherwise smooth, continuous flow path. Filtering of
relatively large particles or precipitates may be effectively accomplished by
constricting the fluid flow path in a vertical (or horizontal) dimension. Resolution of
depth or volume-dependent analysis techniques directed at fluid in a channel can be
improved in terms of signal-to-noise ratio by reducing the depth of the fluid in a

detection/analysis region of the channel.

[083] For the foregoing application and others, then, a channel with cross-sectional
profiles like those shown in Figs. 10A — 10D, for example, is desired. Fig. 10A
shows a cross-sectional view of a two-segment channel 450, a first segment 455 being
etched to a greater depth than a second segment 460 in the substrate 400. Fig. 10B
shows a three-segment channel 465, in which the first 470 and third 475 segments are
etched to one depth and the second 480 segment is etched to a different, greater depth.
Fig. 10C shows a three-segment channel 465", in which the first 470" and third 475'
segments are etched to one depth and the second 480" segment is etched to a different,
lesser depth. Fig. 10D shows a multiple-segment channel 485, alternating between
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deeper 490 and shallower 495 etch depths. Discrete steps in channel depth cannot be
produced through a standard, single pattern-and-etch sequence. To first order, all

areas open to the etching plasma will etch to approximately the same depth.

[084] The present invention discloses process methods whereby stepped ultra-
shallow channels can be fabricated. These stepped channels can be combinations of
two or more different ultra-shallow depths or, alternatively, combinations of one or
more conventional channel depths with one or more ultra-shallow depths. Fig. 11A
shows a two-segment channel 420 comprising two ultra-shallow segments 425 and
430. Fig. 11B shows a two-segment channel 435 comprising a segment of
conventional depth 440 and a ultra-shallow segment 445. Formation of the ultra-
shallow segments 425, 430, and 445 relies on the first principal aspect of the present

invention, as discussed previously.

[085] The process sequence for fabrication of a stepped fluidic channel comprising
two ultra-éhal]ow segments is shown in Figs. 12A — 12F. Fig. 12A shows a cross-
sectional view of a silicon substrate 500 on which has been grown or deposited a
silicon oxide layer 505 and, additionally, on which has been coated a photoresist layer
510. InFig. 12B, the photoresist layer 510 has been lithographically patterned to
create an opening 515 to the underlying oxide layer 505. Fig. 12C shows the result
from subsequently practicing the etch method taught as the first principal aspect of the
present invention to create a ultra-shallow channel segment 520, foliowed by removal
of the photoresist la'yer. .In Fig. 12D, a second layer of photoresist 525 has been
coated. Fig. 12E shov;fs the result of lithographically patterning the photoresist layer
525 to create an opening 530 to the underlying oxide layer 505. Lastly, Fig. 12F
shows the result of practicing the etch method taught as the first principal aspect of
the present invention to create a second ultra-shallow channel segment 535, followed
by removal of the photoresist layer. In this example, the second ultra-shallow
segment 535 is etched to a greater depth than the first ultra-shallow segment 520.
Alternatively, as shown in Fig, 13, the second ultra-shallow segment 535' may be
etched to a shallower depth than the first ultra-shallow segment 520'.
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[086] Extension of the process method to fabrication of a fluidic channel with more
than two discrete depths will be obvious to skilled practitioners of the art, each

separate etch depth requiring its own lithographic patterning and etch.

[087] Mask-to-mask (mis)alignment will inevitably lead to small regions of overlap
between adjacent channel segments. In normal processing, this would mean that the
region of overlap would be etched to a depth representative of the summation of the
two adjacent segments, to first order. This may be acceptable for many applications,
and may, in fact, be desirable for mixing purposes, the trough thereby created causing
disordered flow (mixing). Fig. 14 shows an exaggerated cross-sectional view of such
an etch trough 540 at the connection point of two channel segments 520 and 535.
Alternatively, the etch trough in the region of pattern overlap between adjacent

channel segments may be avoided by several means.

[088] The use of the latent masking process methodology, as described below, will
prevent the creation of the etch trough because that methodology is inherently a self-
aligned patterning scheme. That is, there is no overlap of adjacent patterns because
one pattern (the one corresponding to the deeper channel segment) is a proper subset
of the entire channel pattern. The problematic overlap only arises when adjacent

segments are separately and distinctly patterned.

[089] As in the case of the first principal aspect of the present invention —
formation of a ultra-shallow fluidic channel having a single, uniform depth — the
depths of the shallow-ultra-shallow segments of a stepped channel are limited only by
persistence of masking material (photoresist). Typically, photoresist:oxide
selectivities are on the order of 1:1, placing a practical limit of roughly the smallest
feature size on etch depth (since coated photoresist thickness is generally held to less

than or approximately equal to the smallest feature's dimension).

[090] For channels other than those of ultra-shallow depth, the formation of stepped
channels may be problematic due to difficulties inherent in coating/spinning

photoresist over etched features having greater than approximately one-micrometer
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height or depth. Topographical discontinuities can cause coating defects,
compromising attempts to perform subsequent patterning steps with fidelity to the

intended design. There are several methods by which this obstacle may be overcome.

[091] U.S. Patent Application Ser. No. 09/334,408 (Moon et al.) describes improved
process methods for fabricating MEMS and microfluidic devices. In that application,
methods denoted as SMILE (for simultaneous multi-level etching) and latent masking
are disclosed as means for surmounting common constraints that inhibit or prevent
multi-level patterning of a surface due to interference of etched topography with
subsequent photoresist spinning. The inventions disclosed in the 09/334,408
application provide enhanced design flexibility and improved manufacturability for
MEMS and microfluidic devices. Reference is made to U.S. Patent No. Application
Ser. No. 09/334,408, which is incorporated herein by reference as though fully set
forth in its entirety, for a more detailed explanation of the SMILE process.

[092] The SMILE process methodology was developed specifically for the purpose
of overcoming patterning difficulties due to topographicéll discontinuities. In the
present context of microfluidic channels, Figs. 15A — 15H show a progression of
cross-sectional views of the fabrication of a two-segment channel. The salient
characteristic of SMILE processing is the creation of a first pattern (corresponding to
a first channel segment) in the silicon oxide mask, followed by re-coating of
photoresist and patterning of the photoresist with both the original pattern as well as a
second pattern (corresponding to a second channel segment). The first pattern, being
open to the silicon, may then be etched to a certain depth, followed by oxide mask
etching to open the second pattern, then etching both patterns to targeted depths. In
this case, the first pattern would be the segment with the greater (deeper) targeted
depth, and the amount of the initial etch would be offset from the final depth target by
the amount of the second targeted depth.

[093] Fig. 15A shows a cross-sectional view of a silicon substrate 500' on which has
been grown or deposited a silicon oxide layer 505' and, additionally, on which has

been coated a photoresist layer 510'. In Fig. 15B, the photoresist layer 510' has been
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lithographically patterned to create an opening 515' to the underlying oxide layer 505'.
Fig. 15C shows the resulting cross-sectional view after the oxide layer 505' has been
etched in opening 515' to reach the underlying silicon substrate 500" and the
photoresist has been removed. Next, a second photoresist layer 525' is coated
uniformly over the substrate 500' and overlying layers (Fig. 15D), after which the
photoresist layer 525' is lithographically patterned to create an opening 530' to the
underlying oxide layer 505' and the silicon substrate 500' (Fig. 15E). Using the oxide
505' and remaining photoresist layer 525' as a mask, an etch of the exposed silicon
substrate area 515' is performed. This etch can be done using the method taught in
the first aspect of the present invention to form a ultra-shallow channel segment 545.
Alternatively, a normal silicon etch can be performed to form a deep channel. Fig.
15F shows the wafer after the first channel segment 545 has been etched. Fig. 15G
shows the result after next etching the oxide layer 505' to the underlying silicon
substrate 500' in the area 550 of the second channel segment. Fiﬁally, as shown in
Fig. 15H, the second channel segment 555 is etched and any remaining photoresist is
removed. The second channel segment 555 may be etched to either ultra-shallow
depth using the method taught in the first principal aspect of the present invention or
to conventional depth using a standard silicon etch process. It is evident that, in this
method, the first etched channel segment 545 will be deeper than the second etched
channel segment 533.

[094] Latent masking is conceptually similar to the SMILE methodology, essentially
reversing the order of pattern etching from the previous (SMILE) example. In this
case, an-initial patterning of both channel segments would be done and etched into the
underlying silicon oxide layer, stopping at the oxide/silicon interface. A second
patterning is then done, coating photoresist and patterning it so as to create openings
corresponding to a first channel segment. The first segment is etched into silicon to a
c;artain depth, after which the photoresist is removed. The remaining oxide mask is
then used to mask a second etch which is stopped when targeted etch depths are
achieved. As in the case of SMILE processing, the first segment would be the
segment with the greater depth target. The amount of the initial etch would be offset
from the final etch depth target by the amount of the second targeted depth.
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[095] Figs. 16A — 16G show cross-sectional views of a process sequence that
follows the latent masking methodology. Fig. 16A shows a cross-sectional view of a
silicon substrate 500" on which has been grown or deposited a silicon oxide layer
505" and, additionally, on which has been coated a photoresist layer 510". In Fig.
16B, the photoresist layer 510" has been lithographically patterned to create an
opening 560 to the underlying oxide layer 505", In this methodology, the opening
560 would correspond to the entire channel, rather than a single segment as in the
SMILE methodology. Fig. 16C shows the resulting cross-sectional view after the
oxide layer 505" has been etched in opening 560 to reach the underlying silicon
substrate 500" and the photoresist has been removed. Next, a second photoresist layer
525" is coated uniformly over the substrate 500" and overlying patterned oxide layer
505" (Fig. 16D), after which the photoresist layer 525" is lithographically patterned to
create an opening 565 to the underlying silicon substrate 500" corresponding to a first
channel segment (Fig. 16E). Using the photoresist layer 525" as a mask, an etch of
the exposed silicon substrate 500" is performed. This etch can be done using the
method taught in the first aspect of the present invention to form a ultra-shallow
channel segment 570. Alternatively, a normal silicon etch can be performed to form a
deep channel. Fig. 16F shows the wafer after the first channel segment 570 has been
etched into the silicon substrate 500" and any remaining photoresist has been
removed. Finally, as shown in Fig. 16G, the second channel segment 575 is etched
into the silicon substrate 500". The second channel segment 575 may be etched to
either ultra-shallow depth using the method taught in the first principal aspect of the
present invention or to conventional depth using a standard silicon etch process. It is
evident that the first etched channel segment 570 will again be deeper than the second
etched channel segment 575.

[096] In an alternative embodiment of the present invention, etch depth may be
varied continuously, rather than discretely, by taking advantage of the etch lag effect.
This effect, arising from steadily increasing difficulty in getting reactive species into
and etch by-products out of high-aspect-ratio features, is manifested as a

monotonically decreasing etch depth as the lateral dimension of the etch pattern is
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decreased. If the device's required functionality, then, is compatible with flexibility in
layout design, the depth’of the fluid channel can be increased (decreased) by
increasing (decreasing) the width of the channel as seen in plan and cross-sectional
views in Figs. 17A and 17B. It is further noted that this effect may be obtained, not
only in single-segment fluid channels, but in any or all parts of multi-segment

channels as well.

[097] Fig. 17A shows a plan view of a fluidic channel comprising three segments
580, 585, and 590. The salient characteristics of segments 580 and 590 are the
variations in designed lateral dimension, with segment 580 narrowing from left to
right and segment 590 broadening from left to right. The designed lateral dimension
of the middle segment 585 is constant and equal to the smallest lateral dimension in
segments 580 and 590. The effect of the intentionally varied lateral dimensions is
shown in cross-sectional view in Fig. 17B. Fig. 17B shows the resulting channel
segments 580, 585, and 590 after completion of etching into the silicon substraté
500™. It is to be noted that, where lateral dimensions decrease, the effect of etch lag
is to diminish the final etched depth of the channel. Specifically, the etched depth is
least in the relatively narrow middle segment 585, with etched depth in segments 580

and 590 decreasing as the corresponding lateral dimension decreases.

[098] As in the case of channels and/or structures of ultra-shallow depth, the
surfaces of stepped channels may be passivated by thermal growth of silicon oxide or
by the deposition of a passivating film like silicon oxide or silicon nitride. These
processes will preserve the depth of the channel relative to the surrounding field
region provided that any remaining masking oxide is removed prior to the growth or
deposition. Fig. 18A shows a cross-sectional view of a channel 537 as etched into
the silicon substrate 500 after removal of masking oxide. Fig. 18B shows the
resulting channel 537" after conformal growth or deposition of a passivating film 595
such as thermal oxide, LPCVD silicon oxide, LPCVD silicon nitride, PECVD silicon
oxide, or PECVD silicon nitride.
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[099] The stepped ultra-shallow fluidic channels or structures so formed —whether
passivated or unpassivated — are compatible with a variety of bonding methods for

purposes of providing a necessary containing surface for the channels.
[100] Structures in fluidic channels — methods of fabrication

[101] Both of the principal aspects of thg present invention — ultra-shallow
channels and stepped channels — may be used in alternative embodiments wherein
the fluid channels so fabricated may be populated by structures of various kinds,
including, but not limited to, posts, weirs, and sub-channel. Figs. 19A and 19B show
plan and cross-sectional views, respectively, of a channel populated with circular
posts. Figs. 19C and 19D show plan and cross-sectional views, respectively, of a
channel containing a weir. Figs. 19E and 19F show plan and cross-sectional views,
respectively, of a channel that splits, going from left to right, into two sub-channels,
The purpose of these additional structures would be to effect chromatographic
separation, to promote mixing, and to partition the fluid into separate channels, for

example,

[102] The creation of desired structures in the fluid channels can be accomplished
simultaneously with formation of the channels themselves. The lithographic mask —
or, in the case of stepped channels, the several masks — would define patterns
corresponding to the desired structure in addition to defining the extents of the
channels themselves. Fig. 19A depicts a plan view of a channel 600 that is populated
with posts 605. Fig. 19B shows a cross-sectional view of the resulting channel 600
after etching is completed. In one embodiment, the top surface 610 of the intra-
channel structures is co-planar with the major surface 615 surrounding the channel
600. This ensures that there will not be unintended fluid flow paths after a lid
substrate 620 is attached to the channel substrate 625 (Fig. 20). Fig. 19C depicts a
plan view of a channel 600" that is populated with a weir structure 630. Fig. 19D
shows a cross-sectional view of the resulting channel 600’ after etching is completed.
In this case the weir structure 630 has been etched into the silicon substrate 625' such

that the top is intentionally not coplanar with the surrounding field region 615'.
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[103] Referring to Fig. 19E, a plan view is shown of a multi-channel device 10.
Device 10 includes channel 600" comprising a first segment 635 that is split, in
moving from left to right, into two sub-channels 640 and 645. Fig. 19F shows a
cross-sectional view of the multi-segment channel 600" taken through section A-A'

as etched i\nto the silicon substrate 625".

[104] Referring to Figure 20, a cover substrate is shown attached to the channel
substrate of Figures 19A and 19C. The cover substrate hermetically seals the channel
substrate to prevent fluids from leaking. As mentioned above, the cover may be

bonded by anodic bonding, fusion bonding, frit bonding, and adhesion bonding.

[105] In the case of stepped channels, intra-channel features can be created, the tops
of which are, by design, not co-planar with the surrounding field region. Figs.21A —
21F show a progression of plan and cross-sectional views of a two-level channel
containing a structure 725 that extends only from the bottom of the shallower segment
730 to the bottom of the deeper segment 745. This type of structure may be desired
so as to constrict fluid flow as shown in Fig. 19D after a containing substrate 750 is
attached to the channel substrate 700. In the case of multiply-stepped channels,
structures may be created in any or all of the segments.

[106] Fig. 21A shows a plan view of a lithographically defined pattern comprising
two open areas 715 and 720, surrounded by remaining photoresist 710. Fig. 21B
shows a cross-sectional view taken through section A—A' shown in Fig. 21A. As
depicted, silicon oxide layer 705 is disposed on silicon substrate 700. Silicon oxide
layer 705 may have been grown or deposited on substrate 700. A photoresist layer
710 is also disposed on silicon oxide layer 705. Open areas 715 and 720 have been
lithographically defined. Fig. 21C shows the result of etching through open areas 715
and 720 through the underlying oxide layer 705 and into the silicon substrate 700,
followed by removal of any remaining photoresist. In this example, resulting pattern
730 constitutes a first channel segment and pattern 725 corresponds to a structure that

will ultimately be located within a second channel segment. Ultra-shallow etch
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depths may be attained through the method taught in the first aspect of the present
invention. Fig. 21D shows the result of coating a second layer of photoresist 735,
followed by lithographic patterning to create open areas 740. Note that areas 725 and
730, as defined by the lithographic patterning and etching processes shown in Figs.
21B and 21C, are protected by photoresist layer 735 in Fig. 21D. Fig. 21E shows the
result of etching through open areas 740 through the underlying oxide layer 705 and
into the silicon substrate 700, followed by removal of any remaining photoresist. In
this example, resulting pattern 745 constitutes a second channel segment, surrounding
an intra-channel structure 725. Finally, Fig. 21 F shows a lid substrate 750 bonded to
the channel substrate 700 in order to seal the channel substrate 700.

[107] As in the instances of channels and/or structures of ultra-shallow depth(s), the
surfaces of structures formed in the channels may be passivated by thermal growth of
silicon oxide or by the deposition of a passivating film like silicon oxide or silicon
nitride. These processes will preserve the depth of the channel relative to the
surrounding field region. Fig. 22 shows a cross-sectional view of a stepped channel
760 containing a structure 725 in one segment that has been passivated by growth or
deposition of a passivating film 755 such as thermal oxide, LPCVD silicon oxide,
LPCVD silicon nitride, PECVD silicon oxide, or PECVD silicon nitride.

[108] The ultra-shallow fluidic channels or structures so formed — whether
passivated or unpassivated — are compatible with a variety of bonding methods for

purposes of providing a necessary containing surface for the channels.
[109] Microfiuidic channel system

[110] We also disclose a fluidic channel system, comprising a ultra-shallow and/or
stepped fluidic channel substrate to which a second fluid-confining substrate is
attached. The purpose of the second substrate is to provide the otherwise missing
surface to form an enclosed channel. Fig. 23 shows one embodiment of such a system
800. Ingress 805 and egress 810 to/from a fluidic channel 815 in this case, for
example, are provided by through-substrate channels 820 and 825 in the channel
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substrate 830. Fluidic channel 815 is a ultra-shallow combination and/or a stepped
fluidic channel. Lid substrate 835 is shown bonded to the channel substrate 830,
providing the top surface 840 for the channel 815. Many alternative embodiments,
shown in Figs. 24A — 24D, for example, are possible, including all permutations of
ingress/egress (1) through the channel substrate, (2) through the lid substrate, and 3)
off-chip at the edge of the channel substrate.

[111] Fig. 24A shows a fluidic channel system 800' comprising a channel substrate
830" and a lid substrate 835", with a ultra-shallow channel 815' etched into the channel
substrate 830". Ingress and egress channels 820' and 825", respectively, are provided
in the lid substrate 835' so as to effect fluidic communication between the top 845'
and bottom 840" surfaces of the lid substrate 835' and to thereby provide a means of
delivering fluid to the ultra-shallow channel 815’ and a means of fluid removal from
the channel 815'. '

[112] Fig. 24B shows a fluidic channel system 800" comprising a channel substrate
830" and a lid substrate 835", with a ulira-shallow channel 815" etched into the
channel substrate 830". An ingress channel 820" is provided in the lid substrate 835"
so as to effect fluidic communication between the top 845" and bottom 840" surfaces
of the lid substrate 835" and to provide a means of delivering fluid to the ultra-
shallow channel 815". An egress channel 825" is provided in the channel substrate
830" so as to effect fluidic communication between the top 850" and bottom 855"
surfaces of the channel substrate 830" and to provide a means of removing fluid from
the channel 815".

[113] Fig. 24C shows a fluidic channel system 800" similar to that of Fig. 24B,
differing only in the assigned roles of ingress and egress channels, 820" and 825™,

respectively, but otherwise identical in form and method of fabrication.

[114] Fig. 24D shows a fluidic channel system 800"" comprising a channel substrate
830™ and a lid substrate 835"", with a ulira-shallow channel 815" etched into the
channel substrate 830" and extending to the edge 860"" of the channel substrate 830"
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in the finished/diced form of the system 800". In this example, fluid ingress 805™ is
by means of the channel opening at the system's edge 860" and fluid egress 810" is
by means of a channel 825" extending from the top 850" to the bottom 855" surface
of the channel substrate 830" such that the surfaces 850" and 855" are in fluidic

communication.

[115] The principal requirements of the attachment method are (1) preservation of
designed volume (i.e., minimization, preferably elimination, of offset between
channel substrate and lid substrate); (2) hermetic containment of fluid (i.e., no lateral
leakage out of the channel); (3) ability to withstand up to several hundred psi fluid
pressure without delamination/detachment; (4) prevention of the intrusion of any

bonding media into the channels or the channels' ingress and egress openings.

[116] Anodic bonding is the preferred embodiment of the system. Other attachment
methods may be used in alternative embodiments, including, but not limited to, fusion
bonding methodologies, frit bonding, and adhesion bonding, generally with less

complete satisfaction of the aforementioned system requirements.

[117] The anodic bonding process is practiced in the preferred embodiment as a
means of attaching the lid substrate 905 to the channel substrate 910 to form a fluid
channel system 900. A critical requirement for successful anodic bonding is that both
substrates must be essentially particle- and contamination-free on the bonding surface.
Standard cleaning methodologies will generally suffice to ensure a proper degree of
cleanliness. As shown in Fig. 25, the two bonding surfaces are brought into intimate
contact, with patter;l-pattem alignment as necessary. Fig. 25 also shows the
application of heat and electrical potential, typically 400°C and 700 V, respectively.
.Bonding time at these conditions is of the order of five minutes. After cool down, the

substrates are firmly attached.

[118] Fluidic channel systems are thus formed in which fluid flow is confined to
defined channels. Through the formation of ultra-shallow channels, extremely small

volumes of fluid may be directed from source to destination. The system so described
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is fully compatible with channels of a single depth, stepped channels, and with

unstepped or stepped channels containing intra-channel structures.

[119] According to the present invention, a microfluidic channel system which
includes at least one MEMS device is contemplated. The MEMS device might
include a first substrate that has at least one microstructure formed in the first
substrate. The at least one microstructure includes at least one channel structure of
submicron channel depth, such as in the range of between about 20nm and about

1,000 nm.

[120] As described herein, the microstructure typically includes a cover substrate
bonded (by, for example, anodic, fusion, frit, or adhesion bonding) to the first
substrate, the cover substrate being configured to enclose the at least one channel
structure and hermetically seal the MEMS device. The MEMS device also might
include a fluid ingress port disposed in either the first substrate or the cover substrate
(or both) in fluidic communication with the at least one channel structure, and a fluid
egress port disposed in either the first substrate or the; cover substrate (or both) in
fluidic commﬁnication with the fluid ingress port via the at least one channel

structure.

[121] Microﬂuidic channel systems according to the invention can have many
varieties, depending on, for example, the functionality one skilled in the art wishes to
impart to the systems. Thus, for example, the MEMS device could include multiple
substrates, multiple channel structures, or a single channel structure with one or more
sub-channels. Further, and in accordance with the present invention, preferentially

shaped structures, such as posts or weirs, could be disposed in any given channel.
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Each MEMS device used in the microfluidic channel system could also include other

microstructures, such as fluid reservoirs, or fluid reservoirs connected by channels.

[122] Microfluidic channel systems, and other systems according to the present
invention, are well-suited for use in the context of systems for carrying out industrial
processes, such as electrospray ionization (ESI) and liquid chromatography (LC), and
the like.

[123 ]; A system for performing such processes might include, by way of example,
one or more MEMS devices (as described herein), one or more application specific
integrated circuits (ASICS), and a computer. The ASIC(s) could be configured, for
example, to monitor and/or control the MEMS devices in accordance with

instructions stored on and/or executed by the computer.

[124] It will be apparent to those skilled in the art that various modifications and
variations can be made to the present invention without departing from the spirit and
scope of the invention. Thus, it is intended that the present invention cover the
modifications and variations of this invention provided they come within the scope of

the appended claims and their equivalents:
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What is claimed is:

1. A method for etching an ultra-shallow channel, comprising the steps of:

providing a substrate of a first material;

forming a layer of a second material on at least part of said first material;

selectively removing a portion of said second material such that said second
material is completely removed in at least one area to expose at least one area of said
first material and is at least partially persistent in areas adjacent to said at least one
exposed area of said first material so as to provide direct etchant communication with
said first material within said at least one exposed area and to prevent etchant

communication with said first material in areas where said second material has not

been completely removed, and
such that said act of removing said portion of said second material

does not significantly remove any of said first material;

providing an etch process that is selective for said second material and
selective to said first material, wherein said etch process preferentially etches said
second material at a rate that is siéﬁiﬁcantly greater than thaf at which said etch

process would etch said first material; and

applying said etch process to etch said first material to a desired depth of said

ultra—shallqw channel.

2. A method according to claim 1, wherein said desired depth is in a range from

10 nm to 1000 nm with a precision of approximately Snm.

" 3. A method according to claim 1, wherein said first material is silicon and said

second material is silicon oxide.

4. A method according to claim 1, wherein said first material is either silicon oxide,

quartz, glass, or silica, and said second material is polycrystalline silicon.
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. 5. A method according to claim 1, wherein said etch process is a reactive ion etch

process.

6. A method accordihg to claim 1, further comprising the steps of:

‘depositing a third matefial in said ultra-shallow channel thereby filling said -

channel; and

smoothing said third material until the exposed side of said third material is

coplanar with an exposed side of one of said first and second materials.

7. A method according to claim 1, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

8. A method for etching an ultra-shallow channel, comprising the steps of:

providing a substrate of a first material;

forming a masking layer of a second material on at least part of said first

material;
coaﬁng said masking layer with a phétoresist layer;
defining a pattern in said photoresist layer;
transferring said pattern into said masking layer using a dry etching process

selective for said second material at a first etch rate until said first material is exposed;

and A
etching said exposed first material using said dry etching process at a rate less

than said first etch rate until a desired depth of said ultra-shallow channel is achieved

in said first material.

9. A method according to claim 8, wherein said first material is silicon-and said

second material is silicon oxide.

10. A method according to claim 8, wherein said first material is silicon oxide, quartz,

glass, or silica and said second material is polycrystalline silicon.
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11. A method according to claim 8, wherein said desired depth isin a range from

—10-nm-te-1000-nm-

12. A method according to claim 8, wherein said dry etching process is reactive ion

etching.

13. A méthod according to claim 8, further comprising the steps of:

depositing a third material in said ultra-shallow channel thereby filling said
channel; and A

smoothing said third material until a the exposed side of said third material is

coplanar with an exposed side of one of said first and second materials.

14. A method according to claim 8, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

15. A method for etching an ultra-shallow channel, cémprising the steps of:

providing a substrate of a first material;

forming a masking layer of a known depth of a second material on at least part
of said first material; .

determining a first etch rate of a dry etching process in said first material
where said dry etching process is selective for said second material;

determining a second etch rate of said dry etching process in said second
material;

coating said masking layer with a photoresist layer;

defining a pattern in said photoresist layer;

' traﬁsferring said pattern into said masking layer using said dry etching

process; and | ‘

continuing etching said first material using said dry etching process until a

desired depth of said ultra-shallow channel is achieved in said first material, where a
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total time for.etéhing said first and second materials is determined by dividing said

desired depth in said first material by said first etch rate to obtain a first time, dividing

%ékﬂ%é%pﬁbdﬁﬁ%%@%bﬁﬂé%@@ﬂd—@&h{%@i@@b&iﬂ%@%ﬁé

time, and adding said first and second times together to obtain said total time.

16. A method according to claim 15, wherein said first material is silicon and said

second material is silicon oxide.

17. A method according to claim 15, wherein said first material is either silicon oxide,

quartz, glass, or silica, and said second material is polycrystalline silicon.

18. A method according to claim 15, wherein said desired depth is in a range from

10 nm to 1000 nm with a precision of Snm or greater.

19. A method according to claim 15, wherein said dry etching process is reactive ion

etching.

20. A method according to claim 15, further comprising the steps of:

depositing a third material in said ultra-shallow channel thereby filling said

channel; and
smoothing said third material until the exposed side of said third material is

coplanar with an exposed side of one of said first and second materials.

21. A method according to claim 15, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

22. A method for etching an ultra-shallow channel, comprising the steps of:
providing a substrate of a first material;
coating said first material with a photoresist layer;

defining a pattern in said photoresist layer;
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transferring said pattern into said first material using a dry etching process

selective for a material other than said first material until a desired depth of said ultra-

shallow channel is-achieved-in-said first material.-
23. A method according to claim 22, wherein said first material is silicon.

24. A method according to claim 22, wherein said desired depth is in a range from

10 nm to 1000 nm, with a precision of Snm or greater.

25. A method according to claim 22, wherein said dry etching process is reactive ion

etching.

26. A method according to claim 22, further comprising the steps of:

depositing a second material in said ultra-shallow channel thereby filling said

channel; and
vsmoothing said second material until the exposed side of said second material

is coplanar with an exposed side of said first material.

27. A method according to claim 22, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed-surfaces.

28. A method for etching an ultra-shallow channel in-a workpiece, comprising the

steps of:
providing a substrate of a first material;
forming a layer of a second material on at least part of said first material;
coating said layer with a photoresist;
defining a pattem in said photoresist; and
transferring said pattern into said layer using a dry etching process selective

for said first material until a desired depth of said ultra-shallow channel is achieved in

said second material.
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29. A method according to ¢laim 28, wherein said ultra-shallow channel includes a
_first reservoir-section, first and second-subchannels connected to-said firstreservoir —-
section, and second and third reservoir sections connected to said first and second
subchannels, respectively, wherein said first, second, and third reservoir sections and

said first and second subchannels are all at said desired depth.

30. A method according to claim 29, further comprising affixing a containing surface

to said layer.

31. A method according to claim 28, wherein said first material is silicon and said

second material is silicon oxide.

32. A method according to claim 28, wherein said first material is either silicon oxide,

quartz, glass, or silica, and said second material is polycrystalline silicon. .

33. A method according to claim 28, wherein said desired depth is in a range from

10 nm to 1000 nm, with a precision of 5nm or greater.

34. A method according to claim 28, wherein said dry etching process is reactive ion
etching.
35. A method according to claim 28, further comprising the steps of:

depositing a third material in said ultra-shallow channel etched in said layer of
said second material that is formed on said substrate, thereby filling said channel; ",

smoothing said third material until the exposed side of said third material is

coplanar with an exposed side of one of said first and second materials.

36. A method according to claim 35, ‘wherein said third material is metal.
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- 37. A-method according to claim 35, wherein said third material is electrically .

conductive.

38. A method according to claim 35, wherein said substrate is silicon that is doped -
with one conductivity and said third material is deposited silicon that is doped with

another conductivity.

39. A method according to claim 35, further comprising the step of forming an

insulating layer in said ultra-shallow channel over said substrate before said step of

depositing.

40. A method according to claim 28, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

41. A method for creating a structure that is attached to a substrate only at designated
anchor points, thus permitting free movement of said structure except at said anchor
points, com.prising the steps of: A

providing a workpiece initially consisting of a substrate of a first material;

forming a layer of a second material 'on at least part of said first material;

coating said layer with a photoresist;

defining a pattern for said anchor points in said photoresist;

transferring said pattern into said layer using a dry etching process selective
for said first material until a depth of said pattern in said second material extends to
said substrate;

depositing said first material in said pattern, thereby filling said pattern;

smoothing said first material until the exposed side of said first material is
coplanar with an ekposed,side of said second matefial;

depositing said first material on said workpiece followed by patterning said

first material; and
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. etching, using a wet etch, to remove said second material, thereby leaving said -

patterned first material and 3aid substrate connected only by non-patterned regions of

-said workpiece [
42. A method according to claim 41, wherein a depth of sdid pattern is ultra-shallow.

43. A method according to claim 41, wherein said first material is silicon and said

second material is silicon oxide.

44. A method according to'claim 41, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

45. A method for etching-a channel, comprising the steps of:
providing a substrate of a first material;
forming a masking layer of a second material on at least part of said first
" material;
| coaﬁng said masking layer with a ﬁrs.t photoresist layer;
defining a first pattern for a first segment of said channel in said first
photoresist layer; V 1
transferring said first pattern into said masking layer using a dry etching
process selective for said second material at a first etch rate until said first material is
exposed; |
etching, at a second etch rate, said exposed first material using said dry
etching process until a desired depth of said first segment of said channel is achieved
in said first material;
removing said first photoresist layer from said masking layer;
coating said masking layer and said first segment with a second photofesisf
layer; _ ‘ |
defining a second pattern for a second segment of said channel in said second

photoresist layer;
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. transferring said second pattern into said masking layer using said dry.etching

process selective for said second material until said first material is exposed; .

etching said-exposed first material using said dry etching an(‘PQS_]lTlﬁlﬁ
g

desired depth of said second segment of said channel is achieved in said first material,

wherein said first and second segments have different depths; and

removing said second photoresist layer from said masking layer and said first

segment.

46. A method according to claim 45, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

47.- A method according to claim 45, wherein at least one of said first and second

segments is ultra-shallow.

48. A method according to claim 47, wherein said first segment is a weir structure

" and said second segment is two channel structures separated by said weir structure.

49.- A method according to claim 48, further comprising affixing a containing surface

to said masking layer.

50. A method according to claim 45, wherein an ultra-shallow segment is adjacent a

segment of shallow depth.

51. A method according to claim 45, wherein an ultra-shallow segment is adjacent a

segment of standard depth.

'52. A method according to claim 45, wherein depths of two adjacent segments vary
by a ratio of 10%, ' '

53. A method according to claim 45, further comprising the steps of:
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. determining a number n representing n segments to be formed within said
channel; . |
_______coating said masking layer and said first through-(n-1)-segments-with-an-nth-
photoresist layer; .

deﬁﬁing an nth pattern for said nth segment of said channel in said nth

photoresist layer;
transferring said nth pattern into said masking layer using said dry etching

process selective for said second material until said first material is exposed;
etching said exposed first material using said dry etching process until a

desired depth of said nth segment of said channel is achieved in said first material,

wherein at least two of said first through nth segments have different depths; and

removing said nth photoresist layer from said masking layer and said first

through (n-1) segments.

54. A method according to claim 53, wherein at least one of said first through nth

segments is ultra-shallow.

55. A method according to claim 53, wherein an ultra-shallow segment is adjacent a

segment of shallow depth.

56. A method according to claim 53, wherein an ultra-shallow segment is adjacent a

segment of standard depth.

57. A method according to claim 53, wherein depths of two adjacent segments vary
by a ratio of 10°. A '

58. A method according to claim 53, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.
59. A method for etching a channel in a‘workpiece, comprising the steps of:
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. providing a substrate of a first material as an initial form of said workpiece;

forming a masking layer of a second material on at least part of said first

—material;

coating said workpiece with a first photoresist layer;

defining a first pattern for a first segment of said channel in said first
photoresist layer;

transferring said first pattern into said masking layer using a dry etching
process selective for said second material until said first material is exposed;

removing said first photoresist layer from said workpiece;

coating a second photoresist layer on said workpiece;

defining a second pattern for a second segment of said channel on said second
photoresist layer, wherein said second pattern includes said first pattern as a subset;

dry etching, after the step of defining said second pattern, said first pattern into
said first material for a first period of time;

transferring said second pattern into said masking layer using dry etching; and

dry etching simultaneously, using said dry etching process‘and after the step of
transfemng said second pattern, said first and second patterns for a second period of

time, such that the planar d1mens1ons of sald first pattern and said second pattern are

reproduced in said substrate.

60. A method according to claim 59, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

" 61. A method according to claim 59, wherein at least one of said first and second. 4

segments is ultra-shallow.

'62. A method according to claim 59, wherein an ultra-shallow segment is adj aceﬁt a

segment of shallow depth.
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. 63. A method according to claim 59, wherein an ultra-shallow segment is adjacent a

segment of standard depth.

64. A method according to claim 59, wherein depths of two adjacent segments vary -

by a ratio of 10%

65. A method for etching a channel in a workpiece, comprising the steps of:
providing a substrate of a first material as an initial form of said workpiece; -
forming a masking layer of a second material on said workpiece;
coating a first photoresist layer on said masking layer;
defining a first pattern for first and second ‘segments of said channel on said
first photoresist layer;
transferring said first pattern into said masking layer to a depth of an interface
between said first material and said second material using dry etching;

removing said first photoresist layer from said workpiece;

coating a second photoresist layer on said workpiece;

defining a second pattern on said workpiece, wherein said second pattern . -
corresponds to said first segment of said chaﬁnel; ‘

- dry etching, after thé step of defining said second pattern, said second pattern

into said first material for a first period of time;

removing said second photoresist layer from said workpiece;.

dry etching simultaneously, using said dry etching process and after the step of
dry etching éaid second pattern, said first and second segments for a'second period of
time, such that the planar dimensions of said first segment and said second segment

are reproduced in said substrate.

66. A method according to claim 65, further comprising the step of passivating all
exposed surfaces of said workpiece by thermally growing silicon oxide or depositing

a passivating film on all exposed surfaces.

67. A method according to claim 65, wherein at least one of said first and second
segments is ultra-shallow. '
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68. A method according to claim 65, wherein an ultra-shallow segment is adjacent a

‘sn’égment of shallow depth.

69. A method according to claim 65, wherein an ultra-shallow segment is adjacent a

segment of standard depth.

70. A method according to claim 65, wherein depths of two adjacent segments vary

by a ratio of 10%..

71. A method for making a plurality of posts in an ultra-shallow channel in a

workpiece, comprising the steps of:
providing a substrate of a first material;

forming a layer of a second material on at least part of said ﬁrst material;

coating said layer with a photoresist;

defining a pattern for said plurality of posts in said photoresist such that said.

plurality of posts are masked from etching; and A
transferring said pattern into said layer using a dry etching process selective

for said first material until a desired depth of said ultra-shallow channel is achieved in

said second material.

72. A method according to claim 71, wherein said first material is silicon and said

second material is silicon oxide,

73. A method according to claim 71, wherein said desired depth is in a range from 10

nm to 1000 nm.

74. 'A method according to claim 71, wherein said dry etching process is reactive ion

4 etching.

75. A method according to claim 71, further comprising the step of passivating all .
exposed surfaces by thermally growing silicon oxide or depositing a passivating film
on all exposed surfaces. ‘
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76. A method according to claim 71, further comprising affixing a containing surface

_to-said second-material.-

77. A method for etching a chiannel, comprising the steps of:

providing a substrate of a first material;

forming a masking layer of a second material on at least part of said first
material; .

coating said masking layer with a first photoresist layer;

defining a first pattern for a first segment and a second segment of said
channel in said first photoresist layer;

transferring said first pattern into said masking layer using a dry etching
process selective for said second material at a first etch rate until said first matetial is
exposed;

etching, at a second etch rate, said exposed first material using said dry
etching process until a desired depth of said first and secondisegments of said channel
is achieved in said first material; -

rerﬁoving said first photoresist layer from said masking layer;

coating said masking layer and said first and second segments with a second

photoresist layer;
defining a second pattern for a third segment of said channel in said second

photoresist layer; .
, tranéfcrring said second paﬁem into said masking layer using said dry etching

process selective for said second material until said first material is exposed;

etching said exposed first material using said dry etching process untila
desired depth of said third segment of said channel is achieved in said first material,
wherein said third segment is a different depth from said desired depth of said first
and second segments; and ' ’

removing said second photore'sist layer from said masking layer and said first

and second segments.
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78. A method according to claim 77, wherein said desired depth is in a range from 10

nm to 1000 nm.

79. A method according to claim 77, wherein said dry etching process is reactive ion

etching.

80. A method according to claim 77, further comprising the step of passivating all
exposed surfaces by thermally growing silicon oxide or depositing a passivating film

on all exposed surfaces.

81. A method according to claim 77, further comprising affixing a containing surface

to said second material.

82. An integrated fluidic channel system, comprising:

a fluidic channel silicon substrate having a first surface and a second surface;

said channel substrate defining a channel origination portion, a channel
terminus portion, and a shallow or-ultra-shallow channel extending between said
channel origination portion and said channel terminus portion on at least said first
surface, wherein said shallow or ultra-shallow channel includes at least a first segment
that is between 10-1000 nm in depth; ' '

at least one of said channel origination portion, said channel terminus portion,
and said channel being formed at least in part by reactive-ion etching; and .

a lid substrate having a ﬁrst. surface and a second surface, wherein said second
surface of said lid substrate is attached to said first surface of said channel substrate to

enclose said channel origination portion, said channel terminus portion, and said -

channel.

83. The system of claim 82, wherein said lid substrate is of silicon.

84. The system of claim 82, wherein said lid substrate is of borosilicate glass.
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.85. The system of claim 82, wherein at least one of said channel origination portion
and said channel terminus portion is at an edge of said channel substrate, and wherein

saudgemuhamdmmmmmm&wmmmmgmm
oblique angle to said first and said second surfaces of said channel substrate and that

‘extends between said first and second surfaces of said channel substrate.

86. The system of claim 82, further comprising an insulating layer-over exposed

surfaces of at least one of said channel origination portion, said channel terminus

portion, and said channel.
87. The system of claim 86, wherein said insulating layer is silicon oxide.

88. The system of claim 82, wherein said channel substrate includes:
(a) a-plurality of channel origination portions on at least said first surface;
(b) aplurality of channel terminus portions on at least said first surface; and
(c) a:plurality of shallow or ultra-shallow channels, each extending between
one of said plurality of channel origination portions and said corresponding one of

said pluralify of channel terminus portions.

89. The system of claim 82, wherein said channel substrate further includes:

(a) an entrance opening on said second surface of said channel substrate;

(b) an exit opening on said second surface of said channel substrate;

© al channel extending betWeen séi,d entrance opening and said channel
origination portion on said first surface of said channel substrate such that said
entrance opening is in fluid communication with said channel origination portion; and

(d) a second channel extending between said exit opening and said channel
terminus portion on said first surface of said channel substrate such that said exit

opening is in fluid communication with said channel terminus portion.

90. The system of claim 89, further comprising an insulating layer over exposed

surfaces of at least one of said channels.
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91." The system of claim 90, wherein said insulating layer is silicon oxide.

92. The system of claim 82, wherein said channel substrate further includes (a) an - -
entrance opening on said second surface of said channel substrate, and (b) a channel
extending between said entrance openihg and said channel origination portion on said
first surface of said channel substrate such that said entrance opening is in fluid
communication with said channel origination portion; and ’

wherein said lid substrate further includes (a) an exit opening on said first
surface of said lid substrate; and (b) a channel extending between said exit opening
and said channel terminus portion on said first surface of said channel substrate such

that said exit opening is in fluid communication with said channel terminus portion.
93. The system of claim 92, wherein said lid substrate is of silicon.
94. The system of claim 92, wherein said lid substrate is:of borosilicate glass.

95. The syétem of claim 92, further comprisfng an insulating layer over exposed

surfaces of at least one of said channels.

ty

96. The.system of claim 95, wherein said insulating layer is silicon oxide.

97. The sysfem of claim 82,’wherei‘n said channel substrate further includes: (2) an
exit opening on said second surface of said channel substrate, and (b) a channel
extending between said exit opening and said channel terminus portion on said first
surface of said channel substrate such that said exit opening is in fluid communication
with said channel terminus portion; and

wherein said lid subétrate further includes: (a) an entrance opening on said
first surface of said lid substrate; and (b) a channel exfending between said entrance

opening and said channel origination portion on said first surface of said channel
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substrate such that said entrance opening is in fluid communication with said channel

origination portion.
98. - The system of claim 97, wherein said lid substrate is of silicon.
99. The system of claim 97, wherein said lid substrate is of borosilicate glass.

100. The system of claim 97, further comprising an insulating layer over exposed

surfaces of at least one of said channels.
101. The system of claim 100, wherein said insulating layer is silicon oxide.

102. The system of claim 82, wherein said lid substrate further includes:

(2) an entrance opening on said first surface of said lid substrate;

(b) an exit opening on said-first surface of said lid substrate;

(c) a channel extending between said entrance opening and said channel
origination portion on said first surface of said channel substrate such that said
entrance opening is in fluid communication vﬁth said channel origination portion; and

(d) a channel extendihg between said exit opening and said channel terminus
portion on said first surface of said channel substrate such that said exit opening is in

fluid communication with said channel terminus portion.
103. The system of claim 102, wherein said lid substrate is of silicon..
104. The system of claim 102, wherein said lid substrate is of borosilicate glass.

105. The system of claim 102, further comprising an insulating layer over exposed

surfaces of at least one of said channels.

106. The system of claim 105, wherein said insulating layer is silicon oxide.
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.107. The system of claim 82, wherein said shallow or ultra-shallow channel includes .

at least a second segment, wherein said at least second segment is of a greater or

lesser depth than said at least first segment.

108. The system of claim 107, wherein said at least second segment is of a depth .

greater than 1000 nm.

109. The system of claim 82, wherein said shallow or ultra-shallow channel includes
at least a second segment, wherein said at least second segment is of a greater or

lesser width than said at least first segment.

110. The system of claim 109, wherein at least second segment is of a depth greater

than 1000-nm.

111. The system of claim 82, wherein said channel substrate further includes:
a;second channel origination portion, a second channel terminus portion, and a
second shallow or ultra-shallow channel extending between said second channel '

origination portion and said second channel terminus portion on said second surface

of said channel substrate; and

a third substrate having a firstand a second surface, wherein said second
surface of said third substrate is attached to said second surface of said channel
substrate to enclose said second channel origination portion, said second channel

terminus portion, and said second channel.

112. The system of claim 111, wherein said channel substrate further includes:
(a) a second plurality of channel originations on said second surface;
(b) a second plurality of channel terminus portions on said second surface; and
(c) a second pluraljfy of shallow or ultra-shallow channels, each extending
between one of said second plurality of channel origihation portions and said

corresponding one of said second plurality of channel terminus portions.
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113.,The system of claim 111, wherein said third substrate is of silicon.

114. The system of claim 111, wherein said lid substrate is of borosilicate-glass.-

115. The system of claim 111, wherein said channel substrate further includes: -
at least one channel extending between said channel origination poftioh or said
channel terminus portion on said first surface of said channel substrate and said

second channel origination portion or said second channel terminus portion on said

second surface of said channel substrate,

such that said shallow or ultra-shallow channel on said first surface is in fluid

communication with said second shallow or ultra-shallow channel on said second

surface.

116. The system of claim 112, wherein said channel substrate further includes:

a third plurality of channels, each extending-between one of said channel
origination portions or said chamlei terminus portions:on said first surface of said
channel substrate and a corresponding one of said second channel origination portions

or said second channel terminus portions on said second surface of said channel

substrate,
such that each said shallow or ultra-shallow channel on said first surface is ‘in

fluid communication with its corresponding one of said shallow or ultra-shallow

second channel on said second surface.

117. The system of claim 82, wherein said lid substrate is of a material that is

transmissive to at least a bandwidth of designated wavelengths of electromagnetic.

energy.

118. The system of claim 117, wherein said lid substrate provides optical access for

said electromagnetic energy to at least part of said shallow or ultra-shallow channel.
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119. The system of claim 118, wherein said lid substrate 1s etfective 10 permiting
flnid constituents residing-statically or transiently in said channel to be excited,

_W@ggjhrough absozpj@mﬂsaid_dﬁnﬁcmagnetic@ner’gyf

120. The system of claim 118, wherein said lid substrate is effective for permitting at
least a bandwidth of designated wavelengths of electromagnetic energy that are
reflected from or emitted by fluid constituents residing statically or transiently in said

channel to be detected, sensed, or measured by means integral or external to said

system.

121. The system of claim 118, further comprising at least one of:
generation means for generating designated wavelengths of electromagnetic

energy, said generation means being integral to at least one of said channel substrate

and said lid substrate; and

detection means for detecting, sensing, or measuring said designated
wavelengths of electromagnetic energy, said detection means being integral to at least

one of said channel substrate and said lid substrate.

122. The system of claim 82, wherein said lid substrate is anodically bonded to said

channel substrate.
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