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CHEMICAL SENSOR

CROSS REFERENCE TO RELATED PATENT APPLICATION

[0001] This is a continuation-in-part of a co-pending United States Patent
Application having serial no. 10/423063, a filing date of 4/24/03, and an
attorney’s docket number of 200300115-1, for SENSOR PRODUCED USING IMPRINT
LITHOGRAPHY of Stasiak, et al. This co-pending United States Patent
Application is commonly assigned herewith and is hereby incorporated herein

by reference for all that it discloses.

BACKGROUND

[0002] Prior art nano-scale sensors are used in a large number of applications,
and have been found particularly suited in the fields of chemical and/or
biological sensing and analysis. Such prior art nano-scale sensors are typically
produced individually by non-repetitive (and therefore inefficient) methods that .
do not use batch processing manufacturing techniques. Prior art nano-scale
sensors find application in such analysis techniques as gas chromatography,
ionically coupled plasma atomic analysis (ICPAA), wet chemical analysis, PCR
(polymerase chain reaction), mass spectroscopy via laser volatilization,

electrophoresis, and fluorescent tagging methods, to name a few.
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[0003] Chemical and/or biological sensing and analysis traditionally requires a
long time to obtain meaningful data, involves remote or cumbersome
equipment, requires large sample sizes, demands highly trained users, and
involves significant direct and indirect costs. Direct costs relate to the labor,
procedures, and equipment required for each type of analysis. Indirect costs
partially accrue from the delay time before actionable information can be
obtained, e.g., in medical analyses or in the monitoring of chemical processes.
Indirect costs of certain chemical or biological analyses can outweigh the direct
costs.

[0004] Certain embodiments of biological and/or chemical analysis equipment
use loose tubular wires or tubes whose electrical resistance is measured using
a two terminal configuration. The term “loose” indicates that the wire or tube is
not initially secured to the substrate and so must subsequently be affixed to it.
[0005] Advantages of the loose tube type of construction of sensors are
simplicity and ease of laboratory demonstration. Minute wires can also be
deposited directly on a substrate by a chemical vapor deposition (CVD)
process, which is also time consuming and expensive. However, it is difficult
and expensive to manufacture loose nano-scale wires or tubes in a sufficiently
reproducible way for useful sensing applications.

[0006] Some analytical techniques also require arrays of sensors to sense
some parameter over a two-dimensional or three-dimensional configuration. It
is difficult to fabricate loose tubes or wires into arrays in large quantities,
especially when the tubes or wires are in the nano-scale. Typically, each wire
or tube for sensor within the array is individually fabricated, which is time
consuming and expensive.

[0007] There is therefore a need for a technique for manufacturing nano-scale
wires and tubes in a less expensive, more reproducible, and more production-

friendly manner than permitted by present-day techniques.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The same numbers are used throughout the drawings to reference like
features and components:

Fig. 1 illustrates a top view of one embodiment of an imprint-fabricated
ribbon;

Fig. 2 illustrates a top view of another embodiment of the imprint-
fabricated ribbon;

Fig. 3 illustrates a perspective view of a silicon-on-insulator (SOI)
substrate that can be configured to have one or more imprint-fabricated ribbons
of the type illustrated in Figs. 1 and 2 fabricated thereupon;

Fig. 4 is a perspective view of an electric current formed from electrons
and/or holes passing through one of the imprint-fabricated ribbons as illustrated
in Figs. 1 and 2;

Figs. 5a, 5b, 5¢c, 5d, 5e, and 5f illustrate one embodiment of a technique
that can be used to fabricate one or more of the imprint-fabricated ribbons;

Fig. 6 illustrates one embodiment of an array of imprint-fabricated
ribbons;

Fig. 7 illustrates a flow chart of one embodiment of a process that can be
used to fabricate the imprint-fabricated ribbons such as illustrated in Figs. 5a,
Bb, 5¢, 5d, 5e, and 5f;

Fig. 8 shows a block diagram of one embodiment of a computer or
controller that can control the operation of the process illustrated in Fig. 7;

Fig. 9 shows another embodiment of imprint fabricated ribbon from that
shown in Fig. 2;

Fig. 10 illustrates top views of an embodiment of a plurality of exemplary
field-effect chemical sensors;

Fig. 11 illustrates a cross-sectional view of an exemplary channel of one
of the field-effect chemical sensors of Fig. 10; and

Fig. 12 illustrates a top view of multiple exemplary channels in electrical
communication with a source region and a drain region.
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DETAILED DESCRIPTION

[0009] The following describes different embodiments of an imprint-fabricated
sensor 100 that can be produced using an imprinting or stamping process
described herein which is referred as imprint lithography (IL). IL techniques can
fabricate imprint-fabricated sensors 100 in the nano-scale, the meso-scale, the
micro-scale, the macro-scale, other scales, and/or in combinations of these
scales. Certain embodiments of the imprint-fabricated sensor can be used as a
platform in a broad variety of chemical and/or biological sensing applications in
which detection can be monitored electrically.

[0010] One aspect of chemical and/or biological sensing applications for imprint-
fabricated sensors as described in this disclosure is associated with
functionalization. With functionalization, the surface of the imprint-fabricated
sensor 100 is treated, coated, contoured, roughened, or otherwise configured
so that certain species are attracted, repelled, and/or affixed to the surface of
the imprint fabricated sensor once the surface of the imprint-fabricated sensor is
exposed to an analyte. As such, functionalization can result in the surface of
the imprint-fabricated sensor being engineered to promote or Lin'hibit the
adsorption of certain species. One embodiment of functionalization involves
the chemical and/or biochemical coating of a functionalizing agent over the
imprint-fabricated sensor, such as by a molecular-scale layer of probe
substances. The probe substance promotes the surface adsorption or reaction
of specific target molecules in preference to other species. As a result of the
target molecule being reacted with the probe substance, the electronic or
magnetic properties of the imprint fabricated sensor 100 are altered when in the
presence or absence of the target species. This altering of the electronic or
magnetic properties can be sensed by electronic sensing equipment (often
computer-based) whose operation and structure is generally known. In one
embodiment, the functionalization is by fabrication of a dielectric layer such as
silicon oxide or nitride that can be readily protonated or deprotonated to provide
for the detection of protons in solution.
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[0011] Certain embodiments of the imprint-fabricated sensors 100 (especially
those formed in the nano-scale) can provide extremely high sensitivity. Imprint
fabricated sensors fabricated in the nano-scale, for example, are sensitive
enough to detect the effects of even single molecules. Such imprint-fabricated
sensors 100 (e.g., those used in such biological or chemical fields as for
functionalization) can provide more rapid time-to-data, more meaningful
information from smaller sample sizes, simplified usage, and/or lower total cost.
The biological or chemical imprint-fabricated sensor 100 appears to have
particular applicability in high-sensitivity applications as a result of the high
surface-area-to-volume ratio involved. However, applications demanding lesser
sensitivity may also be well served using imprint-fabricated sensors 100
produced using the associated IL technologies. An attribute of imprint-
fabricated sensors is the ability to co-fabricate nano-scale and much larger
devices simultaneously so that, in the ensemble, the resulting devices have
similar properties and sensitivities and can be compared effectively.

[0012]IL can provide distinct or patterned lines onto the surface of a substrate
using an imprinting process. Such distinct or patterned lines can be imprinted
in nano-scale, micro-scale, macro-scale, or a combination of these. In this
disclosure, the term “imprinted” or “stamped” lines pertain to lines that are
fabricated using an IL process. Subsequent processing is usually performed on
the a substrate that has been imprinted or stamped to produce imprinted lines.
Such imprinted lines can also be used as electrical transducers for chemical
absorption. An example of an improved chemical and/or biological sensor is
described that transduces chemical surface adsorption to an electrical response
such as resistance.

[0013] This disclosure describes different embodiments of imprint-fabricated
ribbons 101 that exploit the high sensitivity, selectivity, and resolution of
unattached "free" nanowire sensing techniques. A systematic method for
patterning and organizing the arrays of the imprint-fabricated ribbons 101 using
IL is provided. Furthermore, the method described provides a technique to
tailor and tune the electrical and chemical properties of the imprint-fabricated
ribbons 101, thereby improving their performance and permitting a more
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controllable and manufacturing-friendly process. The advantages provided by
many embodiments of the imprint-fabricated sensor 100 lead to useful,
manufacturable imprint-fabricated ribbon arrays.

[0014] Electrical-based elements, including imprint-fabricated ribbons 101, can
be physically contoured to specifically attract functionalizing agents to a
particular area or surface. Suitable functionalizing agents include, but are not
limited to, chemical/biological groups of interest, such as thiols, amines,
silanols, alcohols, sugars, Lewis acids and bases, dipoles, nucleic acids,
peptides, etc. (perhaps in various combinations). Imprint-fabricated ribbons 101
are particularly suitable for chemical and/or biological functionalization by
attracting a target species to an exposed exterior surface having a
functionalizing agent.

[0015]The imprint-fabricated ribbons 101 can be patterned to provide
functionalization. One description of functionalization is described in U.S.
Patent Application US 2002/0117659, filed August 29, 2002 by Lieber et al.
(incorporated herein by reference). Chemical and/or biological changes
associated with the imprint fabricated ribbons 101 (that are enhanced or
retarded based on the configuration of the imprint fabricated ribbons) can be
used to modulate electric current passing through the imprint fabricated ribbons
101. Presence of the analyte can change the electrical properties of the imprint
fabricated ribbons 101 through electrocoupling with a functionalizing agent over
the imprint-fabricated ribbons 101. The imprint fabricated ribbons 101 can be
coated with a functionalizing agent (e.g. a specific reaction entity), chosen for its
chemical or biological specificity to a particular analyte. In one embodiment, the
imprint fabricated ribbons 101 are coated with a binding agent that binds to the
surface of the ribbons 101 and to which a functionalizing agent can also bind.
Positioning the functionalizing agent (e.g., reaction entity) at a relative distance
(preferably within the nanometer or low tens of nanometers) relative to an
external surface of the imprint-fabricated ribbons 101 causes a detectable
change in the imprint fabricated ribbons.

[0016] Two embodiments of the imprint-fabricated sensor 100 are shown in
Figs. 1 and 2. This disclosure describes a variety of associated techniques to
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fabricate an imprint-fabricated ribbon 101 that can be used in the imprint-
fabricated sensor 100. As such, a method of making high-sensitivity biological,
chemical, or bio-chemical sensors in large quantities using IL as described in
this disclosure, can be used to produce many embodiments of the imprint-
fabricated ribbon 101.

[0017] This disclosure applies to imprint-fabricated ribbons 101 having a variety
of configurations. An imprint-fabricated ribbon 101 can be considered a ribbon-
shaped strip having any desired cross-sectional aspect ratio in one or two
substantially orthogonal dimensions, and which is formed from a semiconductor
material, a conductor material, or a composite material. The imprint-fabricated
ribbon can be elongated in a third orthogonal direction (e.g., an elongate
dimension) to provide the path of the ribbon. A rectangular cross-section
imprint-fabricated ribbon can be designed that has a greater thickness
dimension than its width, if desired. The aspect ratio of a ribbon is the height
divided by the width of the ribbon. However, other configurations are feasible,
and are considered as part of this disclosure.

[0018] The embodiments of imprint-fabricated ribbon shown in Figs. 1 and 2 are
substantially rectangular in cross-sectional configuration, as implied by the use
of the term “ribbon”. This substantially rectangular configuration compares to
the circular or oval cross-section of many prior-art configurations of sensors.
The substantially rectangular configuration of the imprint-fabricated ribbon may
be recognized more generally as trapezoidal where the lateral walls are actually
angled inward or outward from being perpendicular to the base. Such angling
can occur as a result of fabricating the imprint-fabricated ribbon, especially in
the nano-scale. As such, the imprint-fabricated ribbon thereby can deviate from
a strict rectangular cross-sectional shape. It is also understood that the
bounding surfaces have, to some extent, irregularities and even defects such as
roughness, occlusions, inclusions, ridges, faceting, etc. Such deviations of the
imprint-fabricated ribbon from the substantially rectangular cross-sectional
configuration are understood to be dependent on details of the process and
materials employed. Being substantially rectangular, an imprint-fabricated
ribbon 101 that is wider than its thickness dimension (has a lower aspect ratio)
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provides more surface area with which the analyte can react than does the
imprint-fabricated ribbon that is substantially square in cross-section (having an
aspect ratio of approximately one). An imprint-fabricated ribbon 101 is
particularly adaptable to certain applications. For certain applications such as
imprint-fabricated sensors, imprint-fabricated ribbons provide an important
degree of independent control of the ribbon height, width, and length as well as
an ability to co-fabricate ribbons of varying width, height, length, surface
feature, and/or other ways. Alternatively, the geometrical form and aspects of
the ribbon material composition itself can be varied by altering the dopant
species and dopant concentration, to name a few. Such control and flexibility in
design is desirable and is afforded by certain concepts of the present
disclosure.

[0019] This disclosure describes different embodiments of imprint-fabricated
sensors and/or features that can be fabricated within the nano-scale, micro-
scale, macro-scale, meso-scale, or other dimensional ranges. Such
dimensional terms as “nano-scale”, “micro-scale”, “macro-scale” and “meso-
scale” are applied to electronic circuits and electronic devices in which at least
one electronic device has at least one dimension that is in the respective “nano-
scale”, “micro-scale”, “macro-scale”, or “meso-scale” range. However, all
portions of electrical circuits do not have to be configured within the same scale.
For example, the sensor structure itself may be fabricated in the nano-scale
range, while the electrical supply circuitry may be fabricated in some larger
range.

[0020] Imprint-fabricated sensors 100 can be fabricated with a variety of cross-
sectional aspect ratios using IL, which is important since altering the aspect
ratio of the imprint-fabricated ribbon changes its sensing characteristics. For
instance, an imprint-fabricated ribbon 101 with increased surface area allows
more electrons and/or holes to flow through the ribbon during an analysis.
Altering the aspect ratio of imprint-fabricated sensors can also alter the surface
area exposed to the analyte during a sensing operation. The surface area of
the imprint-fabricated ribbons 101 that contacts the analyte controls the areas of
chemical reaction, and therefore largely determines the functionalization



WO 2007/018571 PCT/US2005/039671

operation. The relationship between the size of the analyte and the dimension
of the imprint-fabricated ribbon 101 therefore is quite important.

[0021]In certain embodiments, the imprint-fabricated sensor 100 detects
charged particles that are proximate to the sensing surface, and which can be
absorbed onto that surface. The charged particles are attracted to the surface
of the imprint-fabricated ribbon 101 by virtue of an electronic charge or dipole,
or a change in charge. By accurately sensing the charged particle, the imprint-
fabricated sensor 100 can provide a precise indication of the particles within
any chemical or biological analyte or sample, whether the analyte or sample is
a gas, a liquid, oris dry.

[0022]Figs. 1 and 2 illustrate two embodiments of the imprint-fabricated ribbon
101 that are biased to sense proximate charged particles. An electrical circuit
115 that biases the imprint-fabricated ribbon 101 in a four-point resistance
measurement or a two-point resistance measurement is shown in Figs. 1 and 2.
[0023]Fig. 1 illustrates a four-point resistance measurement across an imprint-
fabricated ribbon 101 in which the output from a voltage or current source 102
existing across two outer electrical contacts 104, 106 is measured across two
inner electrical contacts 108, 110. The voltage or current source 102 could be
either AC or DC biased across the outer two electrical contact points 104, 106.
An electric potential meter such as a voltmeter 107 is applied across two inner
electrical contacts 108, 110.

[0024] As such, the imprint-fabricated sensor 100 can be viewed as the imprint-
fabricated ribbon 101 having the current source 102 at two outer electrical
contacts 104, 106 that force a current through the imprint-fabricated ribbon 101.
The two inner electrical contacts 108, 110 are located somewhere between the
outer two electrical contacts 104 and 106. Leads 112, 114 of the voltmeter 107
are separated by a known distance L on the imprint-fabricated ribbon 101, as
determined by the distance between the two inner electrical contacts 108, 110.
The voltmeter 107 detects the voltage or current at the two inner contacts
during the sensing event.

[0025]By knowing the current and the measured voltage of the imprint-
fabricated ribbon 101, its resistance can be precisely extracted using Ohm'’s
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law. By ensuring that the current is constant between the two outer electrical
contacts 104, 106, Ohm’s law can calculate the resistance between the two
inner contacts. In one embodiment, each one of the two inner electrical
contacts 108, 110 is in quite close proximity to respective ones of the two outer
electrical contacts 104, 106.

[0026]By biasing imprint-fabricated ribbons 101 with a known low frequency
alternating current, a lockin detection can also be performed where the effects
of electronic noise are removed from the overall measurements. As such, the
effects of noise can be extracted from the total received signal for the sensing
event. Reducing the effects of noise improves the accuracy of the analysis.
[0027] Another embodiment of the electrical circuit of the imprint-fabricated
sensor 100 is illustrated in Fig. 2, and includes two electrical contacts 120, 122.
The Fig. 2 embodiment is a two-point resistance measurement in which a
forced current across a pair of electric contacts 120, 122 is sensed at a
voltmeter 107 connected across the same pair of electric contacts 120, 122.
Inner electrical contact 108 and outer electrical contact 104 in the Fig. 1
embodiment can be structurally made to be, and functionally considered as, a
unitary electrical contact 120 of Fig. 2. Additionally, inner electrical contact 110
and outer electrical contact 106 in the Fig. 1 embodiment can be viewed as
forming a unitary electrical contact 122 of Fig. 2. With the two-point resistance
measurement as shown in Fig. 2, there is some resistance due to the junction
between the electrical contacts and the imprint-fabricated ribbons 101
themselves. This contact resistance is included in the total signal, and makes
isolating the sensed signal from the noise more challenging. Using the four-
point resistance technique as shown in Fig. 1 tends to decrease the effects of
the contact resistances.

[0028] The configurations displayed in Figs. 1 and 2 include only one single
imprint-fabricated ribbon 101. However, more sophisticated or complex arrays
of imprint-fabricated ribbons 101 are within the intended scope of the present
disclosure as described relative to Fig. 6.

[0029] The imprint-fabricated ribbons 101 of the imprint-fabricated sensors 100
include an electrically conductive material. Such electrically conductive

10
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materials include one or more metals such as platinum, beryllium, aluminum,
palladium; metallic alloys; a ceramic such as indium tin oxide, vanadium oxide,
or yttrium barium copper oxide; an electrically semiconductive material such as
silicon, diamond, germanium, gallium arsenide, cadmium telluride, zinc oxide,
silicon carbide, tin oxide, indium tin oxide; and/or other elemental, binary, and
multi-component materials. As such, virtually any electrically conductive
material that can be formed to the imprint-fabricated ribbons are within the
intended scope of the imprint-fabricated sensors 100.

[0030] When the imprint-fabricated ribbon 101 is electrically biased (either using
a voltage or current potential gradient), a charge imbalance is produced when
any charged particle is brought close to the surface of the imprint-fabricated
ribbon 101. This charge imbalance then modifies the current flowing through
the imprint-fabricated ribbon 101, and this modification is used to detect the
presence of, proximity of, and/or quantity of charged particles during the
sensing event.

[0031] Each imprint-fabricated ribbon 101 in different embodiments of an array
can have similar or different cross-sectional dimensions in order to better detect
different chemical and/or biological species. In one embodiment, an array of
imprint-fabricated ribbons 101 will include different widths, thicknesses, etc.
The array of imprint-fabricated ribbons can have different dimensions to
differentiate one species from another similar species that may be contributing
to background noise signals. Alternatively, multiple imprint-fabricated ribbons
can be fabricated to have the same cross-sectional configuration as, for
example, an array as illustrated in Fig. 6. Certain ones of the individual imprint-
fabricated ribbons might be provided with different dopants, surface
preparations, or functionalization techniques.

[0032] The imprint-fabricated ribbons 101 may be formed, preferably having at
least one cross-sectional nano-scale dimension, compared to picoscale or to
some other larger dimension. This provides more precise sensing in that the
effects of a single charged particle can be more accurately sensed. Although
not having a nano-scale dimension does not preclude the utility of this method
of manufacture or its application to imprint-fabricated sensors. Additionally, a

11
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large surface area to volume ratio can be provided even with relatively small
imprint-fabricated ribbons 101, which further enhances the sensitivity of single
charged particles. By using an imprint-fabricated ribbon 101 of at least one
nanometer dimension, unprecedented selectivity and sensitivity can be
achieved compared to imprint-fabricated ribbons having larger dimensions.
[0033] The imprint-fabricated ribbon 101 concepts can produce a large number
of practical devices and arrays. In general, integrated circuit technology
concepts have historically produced a large humber of very small-dimensioned
devices. Certain techniques developed for integrated circuit fabrication (such
as IL substrate stamping techniques and the use of Silicon-On-Insulator (SOI)
substrates) can also be utilized during the fabrication of the imprint-fabricated
sensors 100. Alternatively, solid semiconductor substrates can be used in
certain embodiments of the present disclosure.

[0034]IL is a relatively recently developed lithography process that is included
within the area of soft lithography. In the last few years, people have looked at
IL’s ability to create nano-scale features. IL is a stamping or imprinting process
by which a pattern in a mold or template is stamped on to a material (e.g., a
polymer) that had been deposited on a substrate. In this manner, the desired
shape or topographical features are rapidly formed in the deposited material.
Materials such as a metal are deposited onto the substrate 306 to form an
electrically conductive circuit. Forming such electrically conductive circuits
using IL is desirable since it creates and/or replicates these nano-scale
structures in semiconductor or conductor materials by repetitive stamping.
Such stamping or imprinting can result in the full-scale, production quantity,
fabrication of imprint-fabricated sensors that have high resolution, sensitivity,
and selectivity. IL of sensors can be easily applied to certain substrates within
an integrated-circuit configuration.

[0035] While other technologies can be used to create nano-scale features (e.qg.
using electron-beam, etc), such technologies are untenable as a high-volume
production manufacturing technique because they are time consuming and the
equipment is expensive. IL technology allows smali features to be replicated
and produced. SOI technology provides for sufficiently thin semiconductor

12
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active layers to be fabricated to allow relatively thin devices to be placed on the
substrate 306 as illustrated in Fig. 3.

[0036]IL of one, a plurality of, or an array of imprint-fabricated ribbons 101
includes depositing an extremely thin conductor or semiconductor active layer
302 on to a substrate 306, using a technology such as SOI. In an alternate
embodiment (not shown), the substrate 306 is a solid semiconductor substrate.
An electrical insulator layer 304 is interspaced between the conductor or
semiconductor active layer 302 and the substrate 306. The relative thickness of
302, 304, and 306 are not drawn to scale in Fig. 3. The conductor or
semiconductor active layer 302 can be a deposited in a wide variety of
thickness that are extensible down to one or a few atoms thick. In one
illustrative embodiment, the semiconductor active layer 302 is 50 nanometers
(nm) thick or less and the electrical insulator layer 304 is 350 nm thick. During
fabrication, a plurality of layers may be deposited on top of the substrate.
Following the deposition of the layers on the substrate, the substrate is cut (or
sawed) into a plurality of chips as is generally known in the semiconductor
industry. In this disclosure, the term “substrate” applies to the original
substrate, or each one of those chips cut from the substrate.

[0037]The conductor or semiconductor active layer 302 is patterned (by
suitable imprinting/stamping, deposition, and/or etching) to form the imprint-
fabricated ribbons 101 in to the desired configuration. One or more of the
deposited layers are then etched to pattern the desired shapes of the imprint-
fabricated ribbon 101. In SOI substrates 306, the handle 317 (i.e., thick silicon
layer) forming the base of the substrate. The handle 317 acts to support the
insulator and the active silicon layer. The substrate of SOI wafers includes both
an oxide insulator layer (also known as the buried oxide layer) and a very thin
silicon layer deposited on top of the insulator.

[0038] While the conductor or semiconductor active layer 302 is illustrated in
Fig. 3 as being continuous, certain portions of the conductor or semiconductor
active layer 302 can be removed during the patterning process. In one
embodiment, the only portions of the conductor or semiconductor active layer
302 that remain following fabrication (as described relative to Figs. 5a, 5b, 5c¢,

13
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5d, 5e, and 5f) are those portions that are associated with the imprint-fabricated
ribbons 101.

[0039] The conductor or semiconductor active layer 302 can be fabricated to a
thickness of a single, or a few, atoms or crystals. Therefore, the deposited
thickness of the upper silicon layer on top of the substrate can determine the
nano-scale thickness of the imprint-fabricated ribbons 101. The nano-scale
width of the imprint-fabricated ribbons 101 can be produced using IL technology
as described below relative to Figs. 5a, 5b, 5¢, 5d, 5e, and 5f. As such, IL can
be used to control the width of the traces. Consequently, imprint-fabricated
ribbons 101 can be produced that are nano-scale in two dimensions (thickness
and width).

[0040] The semiconductor or conductor layer deposited on the substrate can be
as thin as desired. By using a substrate coated with the semiconductor or
conductor layer (e.g., having a nano-scale thickness), the thickness of the
deposited semiconductor or conductor layer controls the final thickness of the
imprint-fabricated ribbon. The thickness (height) of the imprint-fabricated ribbon
101 can therefore be decreased to nano-scale by process or material selection.
As such, imprint-fabricated ribbons 101 can be fabricated in nano-scale in two
dimensions (thickness and width).

[0041] Another example of an effectively thin substrate would be a shallow-
implanted or shallow-doped substrate. The thin surface layer provides
substantially higher electrical conductance compared to the lightly doped
underlying material. Here the thickness of the dopant concentration provides
effective nano-scale thinness.

[0042]IL also provides for fabrication of an imprint-fabricated ribbon 101 on
such traditional semiconductor substrates as silicon, gallium arsenide, silicon-
on-insulator, etc. that are typically structurally rigid. Alternatively, another
embodiment of the substrate includes a non-semiconductor based substrate
that is selected based on the specific properties of the substrate material (e.g.,
flexibility, dimension, cost, durability, etc.). The substrates supporting the
semiconductor devices can include a wide variety of flexible and/or conformal
substrates wherein the substrate could be bent to adapt to the specific
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application. Examples of flexible substrates 306 include certain plastics, metal
foil, paper, and fabric. Examples of rigid substrates include certain plastics,
glass, metals, etc. As such, a wide variety of substrates is considered to be
within the scope of the present disclosure. .

[0043]Devices and circuits can be deposited on flexible substrates to be made
to, for instance, precisely shape a device, circuit, or array around such complex
geometries as a human skull, other body portion, or other irregularly shaped
object. By fabricating such devices on flexible substrates, it becomes possible
to more precisely shape, for example, dense sensor arrays in such unusual
positions and shapes as around a patient's head, arm, mouth, or other body
parts to provide a more thorough and sensitive detection.

[0044] Patterning the imprint-fabricated ribbons 101 using IL provides a
systematic, precise, and predefined approach that allows imprint-fabricated
ribbons 101 of precisely controllable cross-sectional dimensions to be produced
with a number of materials.

[0045]Improved sensitivity, selectivity, resolution, and response can result
using the imprint-fabricated ribbons 101 of the desired dimensions, electrical
characteristics and material. For instance, different embodiments of electric
sensors can be used to sense electric resistance, electric capacitance, or
electric impedance.

[0046] The narrow line width of the imprint-fabricated ribbon 101 provides a high
surface-to-volume ratio, which is useful for rapid, sensitive transducer action
together with small device size and low power consumption. The high surface-
to-volume ratio enhances the sensitivity of a sensor incorporating the imprint-
fabricated ribbon, especially when the imprint-fabricated ribbon is fabricated to
nano-scale dimensions. By using IL, lines of sub-optical width can be produced
in a manufacturable manner down to a cross-sectional dimension of 20 nm
(nanometers) or smaller. Other readily manufacturable techniques can not
produce a chemical sensor architecture having these small dimensions.

[0047] The length and the cross section of the imprint-fabricated ribbon 101 is a
factor in the imprint-fabricated ribbon’s electrical resistance. The imprint-
fabricated ribbon’s 101 resistance is related to its ability to carry a current.
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[0048] For instance, as illustrated in Fig. 4, as one or both of the cross-sectional
dimensions of the imprint-fabricated ribbon 101 are scaled down, the imprint-
fabricated ribbon dimensions approach the dimension of individual atoms. The
electrons and/or holes 402 are then constrained to pass through the imprint-
fabricated ribbon 101 in series (each electron and/or hole following the prior
charged particle in lock-step fashion) in a direction indicated by the arrow 410.
When an external electrical field associated with the charged particle 404 is
brought close to this series flow of electrons and/or holes 402, one electron
and/or hole can become perturbed or localized (stuck at one location). This
single perturbed electron and/or hole 402 can effect (i.e., block) the entire
series flow of electrons and/or holes 402 flowing in a direction 410 through the
imprint-fabricated ribbon 101.  This configuration therefore provides an
extremely sensitive technique for adjusting the resistance of the imprint-
fabricated ribbon 101 as a function of small perturbations in the charged
particles 404 contained within the surrounding sample.

[0049] The cross-section of one or both dimensions of the imprint-fabricated
ribbon 101 can also be scaled up from the dimensions shown in Fig. 4. In this
case, a very small number of electrons and/or holes (instead of one in series)
pass through the imprint-fabricated ribbon 101 both in series and in parallel.
The concept that imprint-fabricated ribbons 101 provide for improved sensitivity
however remains similar in that perturbations to even a small number of
electrons and/or holes can magnify the effect on the total electron flow and/or
hole flow within the ribbons.

[0050] The imprint-fabricated sensor 100 can be used to sense a variety of
liquids, air particulates, or gasses, all by using a single imprint-fabricated ribbon
101. There are some detailed relationships between the size of the charged
particle to be detected and the charge on that charged particle.

[0051]0On a substrate surface, an imprint-fabricated ribbon 101 can be
fabricated having a minimum width of approximately 10nm. 500,000nm may be
the practical upper limit for the width of the imprint-fabricated ribbon. The final

nano-scale line-width structure is particularly applicable to transducer elements

16



WO 2007/018571 PCT/US2005/039671

that have to be fabricated in a variety of configurations for slightly different
applications, such as in biological or chemical sensors.

[0052] One embodiment of a process flow for IL is now described relative to
Figs. 5a, 5b, 5¢, 5d, 5e, and 5f. Fig. 5a illustrates a typical substrate 306 (such
as the SOl substrate 306), on which active layer 302 and insulator fayer 304 are
deposited as described relative to Fig. 3. The conductor or semiconductor
active layer 302, in actuality, can be extremely thin since the depth of the layer
determines the final thickness of the imprint-fabricated ribbon 101. The
substrate 306 provides support for the fragile layers 302 and 304. Though 302,
304, and 306 are illustrated in the SOI configuration, any other configuration
that provides suitable support for the conductor or semiconductor active layer
302 formed from an electrical semiconductor or an electrical conductor may be
used.

[0053]In Fig. 5b, an imprint layer 502 is added above the conductor or
semiconductor active layer 302. In one embodiment, the imprint layer is a
polymer. The imprint layer 502 is then imprinted (or stamped) using IL
techniques to form desired grooves 507 within the imprint layer 502. Using IL
techniques, the imprint layer 502 is imprinted or stamped using an imprint
template or mold 305 (as shown in Fig. 5b). The contour of the imprint template
or mold is replicated into the imprint layer. The pattern contour 507 closely
follows the patterns of the electric circuitry required by the configuration of the
imprint-fabricated sensor 100. As such, the regions of the imprint layer 502 that
are stamped correspond to the regions of the conductor or semiconductor
active layer 302 that eventually form the imprint-fabricated ribbons 101 and the
associated electronic circuitry.

[0054] Two embodiments of imprint lithography techniques are within the
intended scope of imprint lithography as described in the present disclosure,
and are “thermal imprint lithography” and “step and flash imprint lithography”. In
“step and flash” imprint lithography, the imprint layer 502 is selected to have
photochemical properties (e.g., include a photoresist), and the imprint template
is optically transparent so light can be applied to the imprint layer. The inverse
topographical pattern (i.e., grooves or trenches 507 that can have a width in the
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nanoscale range) can be formed in the imprint layer at substantially lower
temperatures and/or pressures with “step and flash” imprint lithography than
with “thermal imprint” lithography by exploiting the photochemical conversion
and curing of the imprint layer 502 that occur at relatively low temperatures.
[0055] Thermal imprint lithography and step and flash imprint lithography rely on
different mechanisms to form the topographical patterns 507 in the imprint layer
502 which, in turn, are based on the topographical patterns 507 formed in the
imprint template 305. Any type of IL described in this disclosure can use
thermal IL or step and flash IL.

[0056] Thermal IL relies primarily on: a) heat applied to the imprint layer 502,
and b) pressure applied from the imprint template 305 into the imprint layer 502.
To provide the imprinting process, the imprint template 305 (having the inverse
pattern of grooves or trenches 507 from those required in the final article) is
forced into, and forms corresponding patterns in, imprint layer 502. The imprint
template 305 can be formed using e-beam lithographic techniques that are
applied only once for each master- imprint template. For imprinting, the imprint
template 305 is typically pressed into the imprint layer 502 at some pressure
and at temperatures moderately higher than room temperature.

[0057] Step and flash IL relies on light (e.g., ultraviolet light) transmitted through
the imprint template 305 into the imprint layer as the imprint template 305
contacts the imprint layer 502. Applying light into such imprint layer materials as
a polymer hardens or cures the polymer into its desired configuration. In step
and flash IL, sufficient pressure is applied from the imprint template 305 to
shape the material of the imprint layer prior to the application of the light. The
light that is transmitted through the imprint template 305 into the imprint layer
502 is at a frequency (e.g., ultraviolet for certain imprint layer materials) that can
modify the photoresist polymer materials forming the imprint layer (e.g., by
cross-linking). ‘

[0058] The imprint template 305 used in step and flash IL is thus light-
transparent so light can be directed through the imprint template 305 into the
material forming the imprint layer 502. In one embodiment, the imprint template
305 used in step and flash IL is made from quartz that can be etched using, for
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example, e-beam lithography. There is no requirement that the imprint template
in thermal IL be light transparent.

[0059][n thermal IL, the imprint template 305 is able to withstand the elevated
temperatures required to soften the material forming the imprint layer 502. They
may be, for example, made from a semiconductor such as silicon. There is no
requirement in step and flash IL that the imprint template 305 be able to
withstand such elevated temperatures since raised temperatures are not used.
Performing step and flash IL at non-elevated temperatures can be useful for
fabrication of multi-layered structures because raising the temperature of an
upper-most layer to a temperature where it becomes deformable may also have
the effect of causing underlying layers to reach a temperature where they are
either deformable, or are close to being deformable. If the lower layers are at a
temperature at or near where they are deformable, then the pressures applied
by the stamping or imprinting actions of imprint lithography on the upper layer
(to form the grooves and trenches of the inverse topographical patterns) may
act to deform features on the buried lower layers.

[0060]As such, during thermal 1L, the temperatures of the substrate and the
imprint layers must be closely monitored. With step and flash IL, the lower
layers, following curing, are maintained at a relatively low temperature so that
the multiple deposited layers will continue to be solid. In addition, step and flash
IL does not require the time to heat up, and then cool, the imprint layer during
each cycle. Therefore, taller structures often can be built using step and flash IL
as compared with structures built using certain other lithographic techniques
(since the previously deposited layers are not raised to temperatures sufficient
to cause distortion in the previously deposited layers).

[0061] The temperature of the imprint layer 502 during thermal IL is sufficiently
high to make the material of the imprint layer 502 somewhat deformable and
conform to the shapes and patterns formed in the imprint template 305. The
amount of force necessary to drive the topographical patterns 512 of the imprint
template into the material of the imprint layer 502 varies depending on the
selected material (i.e., polymer or non-polymer) in the imprint layers and the

configurations in the imprint template. For thermal imprint IL, the imprint layer is
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cooled to a temperature that it no longer has deformable characteristics once
the imprint template 305 has been driven downward into the material of the
imprint layer to form the grooves or trenches. For step and flash IL, light is
directed through the imprint template 305 until the imprint layer 502 is cured.
[0062]In Fig. 5¢c, one or more metal layers 504 are deposited on the upper
surface (including both the imprinted and non-imprinted portions) of the imprint
layer 502 and/or the conductor or semiconductor active layer 302 following the
imprinting shown in Fig. 5b. In one embodiment, the metal layer 504 includes a
plurality of layers (e.g., 5nm Ti, and 10 nm Al). In Fig. 5d, the remaining imprint
layer 502 and the portions of the metal layer 504 above the imprint layer 502
are “lifted off’ o be separated from the conductor or semiconductor active layer
302.

[0063] Following lift-off, the portions of the active layer 302 under the lifted-off
portions of the imprint layer 502 in Fig. 5¢ are exposed as shown in Fig. 5d.
Those portions of the metal layer 504 that are directly in contact with the
conductor or semiconductor active layer 302 following Fig. 5¢ remain in contact
with the conductor or semiconductor active layer 302 following Fig. 5d.

[0064]In Fig. 5e, the substrate undergoes reactive ion etching (RIE). Those
portions of the conductor or semiconductor active layer 302 that are under the
remaining portions of the metal layer 504 remain in place following the RIE.
Those portions of the conductor or semiconductor active layer 302 that are
exposed (i.e. not under the metal layer) are etched away following the RIE. The
RIE does not etch an appreciable thickness (depth) of the insulator layer 304.
Other known etching techniques (such as wet chemical etching) may be used,
and are within the scope of the present disclosure.

[0065]in Fig. 5f, the substrate undergoes chemical etching to remove the
remaining portions of the metal layer 504. This etching therefore leaves the
conductor or semiconductor active layer 302 exposed. Those portions of the
conductor or semiconductor active layer 302 that remain following Fig. 5f form
the imprint-fabricated ribbons 101 (and the associated conductor or
semiconductor portions) following IL.
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[0066]Using IL as illustrated in Figs. 5a, 5b, 5c, 5d, 5e, and 5f offers several
advantages, including the ability to define and produce an array of imprint-
fabricated ribbons 101. IL can produce nanostructures, microstructures,
macrostructures, and even macrostructures that are orders of magnitude larger,
simultaneously. IL can perform the integration between imprint-fabricated
ribbons 101 having different sizes effectively and efficiently. Another important
advantage of the simultaneous fabrication of nano-structures, micro-structures,
and macro-structures is that the technical performance of the part may vary with
size; such that the optimal size might vary between applications. The usage of
IL renders a two-dimensional pattern of features, either one of which is
extensible down to the nano-scale. The third dimension can be as large as
desired since that dimension is the “length” of the imprint-fabricated ribbons
101.

[0067] One technique to fabricate an imprinted sensor (such as may be used as
a chemical and/or biological sensor) on a SOl substrate 306 by using IL with
other processing methods follows. The top conductor or semiconductor active
layer 302 may also include dopants (e.g., applied using ion implantation).

[0068] The substrate 306 is covered with the imprint layer 502 including a thin
resist such as, e.g., a polymer. During IL, impressions 507 are stamped in the
imprint layer 502 as shown in Fig. 5b. The pattern of impressions in the metal
layer 504 correspond to the final pattern in the conductor or semiconductor
active layer 302 forming the elongated imprint-fabricated ribbon 101 as shown
in Fig. 5f. The final pattern imprint-fabricated ribbon ideally includes the contact
points 104, 106, 108, 110, 120, and 122 as described.

[0069]In Fig. 5¢c, the metal layer 504 such a tin or aluminum is deposited on the
thin imprint layer 502. The metal layer is deposited in the impression portion of
the imprint layer that followed the stamping/ imprinting process shown in Fig.
5b. Following a procedure called "lift-off" (of the remaining portions of the thin
imprint layer 502), the thin imprint layer 502 is removed with the attached metal
layers. The deposited material that remains within the stamped/ imprinted layer
502 shown following the lift-off shown in Fig. 5d acts as a hardmask material to
resist etching of material under the hardmask material. Reactive ion etching
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(RIE), or other types of dry etching, is performed as shown in Fig. 5e, which
thins the substrate 306 by etching away the conductor or semiconductor active
fayer 302 at those locations that correspond to where the hard mask of the
metal layer 504 has been removed following lift-off. The prior pattern of
impressions 507 (caused by stamping of the thin imprint layer 502 as shown in
Fig. 5b) result in protrusions arranged as the final pattern in the conductor or
semiconductor active layer 302 that is formed on the upper surface of the
substrate 306 as shown in Fig. 5f.

[0070] The thickness of the dry-etch (i.e., resulting from the RIE as shown in
Fig. 5e) corresponds to the vertical thickness of the protrusions forming the
conductor or semiconductor active layer 302 as shown in Fig. 5f. By selecting
the thickness of the imprint-fabricated ribbons 101 to match the thickness of the
original active silicon (e.g., silicon or SOI) layer, the imprint-fabricated ribbon
101 is fabricated whose line height is pre-determined. Such thickness
determination results primarily from the deposited thickness of the conductor or
semiconductor active layer 302 on the wafer or substrate 306. In one
embodiment, the imprint-fabricated ribbon 101 forms a transducer element. To
be most useful in transducer embodiments, the upper surface of the imprint-
fabricated ribbon 101 is designed or engineered to provide for enhanced
chemical sensitivity.

[0071] The insulator layer 304 is formed, for example, as a thin surface layer of
silicon dioxide. In some cases, the silicon dioxide provides a surface for
chemical and/or biological functionalization. The silicon dioxide layer may also
provide passivation against chemical attack. Such surface functionalization can
be performed via inorganic or organic species, including biochemicals or
antigens, for example. Chemical and/or biological absorption perturbs the
electrical conductance of the imprint-fabricated ribbons 101, and can be sensed
by resistance measurements. To facilitate electrical measurement, the imprint-
fabricated ribbons have conducting electrical contact points at either end, which
can be arranged in a two-point resistance measurement configuration or a four-

point resistance measurement configuration.

22



WO 2007/018571 PCT/US2005/039671

[0072] The operational mode of measurement may also include a front gate (not
shown) and a back-gate. The back-gate biases the substrate 306 via another
terminal 308 (e.g., on the bottom of the substrate 306 as shown in Fig. 3). Such
biasing of the back-gate has the effect of modifying the electron density that is
available in the ribbon, which often behaves much like modifying a field effect in
a MOS transistor. The usage of imprint lithography to fabricate imprint-
fabricated ribbons can also accommodate the co-fabrication of non-ribbon-like
imprint-fabricated structures, which is desirable to provide additional
functionality, such as the backgate contact.

[0073]In one embodiment, the imprint-fabricated ribbons 101 are in intimate
contact with the substrate and their cross-section is predominantly square,
rectangular or trapezoidal. The cross sectional configuration depends on such
factors as the width of the imprint-fabricated ribbons 101, the thickness of the
conductor or semiconductor active layer 302, and even certain aspects of the
dry (RIE) etch process which may render vertical or slanted side walls of the
conductor or semiconductor active layer 302. The longer dimension of
rectangular imprint-fabricated ribbons 101 can be arranged to extend either
horizontally or vertically, depending on the fabrication configuration and
process. It is unlikely that the conductor or semiconductor active layer 302
forming the imprint-fabricated ribbons 101 will have a circular or oval cross-
section (such as certain prior-art loose tubular wires for example), since such a
cross-sectional configuration is not a likely shape to be produced using IL.
Providing substantially rectangular and/or trapezoidal imprint-fabricated ribbons
101 allows for relatively easy calculation of the dimensions and the electrical
resistance of the imprint-fabricated ribbons. Even though oval, circular, or other
configurations are difficult to provide using IL techniques, it is possible to
provide a variety of non-rectangular or trapezoidal configurations. Any of the
substantially rectangular, trapezoidal, or other configurations are within the
intended scope of the imprint-fabricated ribbons of the present disclosure, as
long as IL is being used to fabricate the imprint-fabricated ribbons.

[0074] There are variations of the IL process that are used to form the imprint-
fabricated ribbons 101. One embodiment of IL process would be to fill the IL
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impressions in the resist imprint layer 502 with another material that is itself an
electrical transducer of chemical adsorption. Examples of materials that can be
used to form the imprint-fabricated ribbons 101 include palladium, that may be
used to detect hydrogen; amorphous or polycrystalline silicon, that could be
used as field-effect devices similar to the above SOI silicon example; and
metal-oxides such as tin-oxide, titanium-oxide, or vanadium-oxide. The metal-
oxide imprint-fabricated ribbons 101 can function as chemical sensor elements
using the above fabrication techniques.

[0075] There are many application opportunities afforded by imprint-fabricated
ribbons. For example, Fig. 6 illustrates the creation of an array 600 of sensor
structures for serial or parallel usage depending on how they are functionalized.
The array 600 further comprises a pitch 602 of the ribbons 101. Pitch is a
distance between centers of adjacent structures, in this case the centers of the
ribbons 101. This pitch 602 can be less than about 200 nanometers. In the
ongoing embodiment, the pitch 602 is less than or about 100 nanometers. The
array 600 of the imprint-fabricated ribbons 101 that form the imprint-fabricated
sensors 100 can be interconnected. There are, in fact, a variety of
embodiments of interconnected arrayed sensors known in applications involving
the control and sensing of electric potential supplies.

[0076]An imprint-fabricated sensor configured with imprint-fabricated ribbons
can be beneficially used in many applications that require highly sensitive
analysis of a non-solid material or sample. In this disclosure, imprint-fabricated
ribbons are described that exploit the technical advantages of previous nano-
scale wire methods (high sensitivity, selectivity, and resolution) but provide a
systematic method for patterning and organizing the arrays of imprint—fabricafed
ribbons 101 using IL. Furthermore, the methods that are described herein
provide a technique to tailor or tfune the electrical and chemical properties of the
imprint-fabricated ribbon 101 thereby optimizing it's performance and making a
more "manufacturable" article. The advantages provided by this invention can
lead to useful, manufacturable arrays of imprint-fabricated ribbons 101 as
illustrated in Fig. 6. It is emphasized that electronic control circuitry that is
applied to such electronic devices as arrays of sensors, multiplexers,
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demultiplexers, etc. is generally known and is within the intended scope of the
present disclosure.

[0077]Fig. 7 illustrates one embodiment of process 700 that is used to form the
imprint-fabricated ribbons 101 as shown in Figs. 5a, 5b, 5c, 5d, 5e, and 5f. The
process 700 includes 702 in which a semiconductor active layer having a
prescribed thickness is located as provided in Fig. 5a. Typically the
semiconductor active layer is provided by depositing the semiconductor active
layer onto a substrate. The process in 704 deposits an imprint layer 502 on the
semiconductor active layer (as illustrated in Fig. 5b). In 706, the imprint layer
502 is imprinted or stamped to yield both imprinted, and non-imprinted, portions
of the imprint layer 502 (as also shown in Fig. 5b). In 708, a protective layer
(i.e., a metal layer) is deposited on both the imprinted, and the non-imprinted,
portions of the imprint layer 502 as shown in Fig. 5¢. The protective layer forms
a hard mask that protects the material under the hard mask from further
etching. The non-imprinted portions of the imprint layer 502 (including those
portions of the protective layer deposited on the non-imprinted portions of the
imprint layer) are lifted-off in 710 as shown in Fig. 5d. The semiconductor
active layer is etched in 712 as shown in Fig. 5e, wherein those portions of the
semiconductor active layer that are below the remaining protective layer
following lift-off are not etched, while those portions that are not below are
etched. In 714, the remaining portions of the protective layer (e.g., metal layer)
following the lifting-off that is deposited in 708 is etched, yielding the imprint-
fabricated ribbons 101 as shown in Fig. 5f.

[0078]Fig. 9 illustrates an altered embodiment of imprint-fabricated ribbon 101
from that illustrated in Fig. 1. The Fig. 9 embodiment of the imprint-fabricated
ribbon 101 includes a step-down region 902 is narrower than the remainder of
the imprint-fabricated ribbon. [n certain embodiments, the step-down region
can be in the range of nanometers or tens of nanometers. Using the step-down
region 902 can result in a significantly increased electrical resistance compared
to that of an imprint-fabricated ribbon 101 without the step-down region. The
remainder of the ribbon, in fact, is so much larger than the step-down region
902 that it may be considered as having negligible electrical resistance as
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compared to the step-down region. The use of a step-down region 902 allows
for a relatively small portion of the imprint-fabricated region 101 to be
configured to provide the desired electrical characteristics of the overall part.
As such, the imprint fabricated ribbons can be produced and used in a large
variety of configurations and applications that can be readily, accurately, and
cost effectively produced.

[0079]Fig. 8 illustrates one embodiment of a controller or a computer 800 that
can perform method 700 to create the imprint-fabricated ribbons 101 on the
substrate 306 illustrated in Fig. 3, using the technique illustrated in Figs. 5a, 5b,
5c, 5d, 5e, and 5f. A process portion or “fab” is illustrated as 802. The process
portion 802 may include a variety of process chambers 811 between which the
substrate 306 is translated, often using a robot mechanism 812. The particulars
of the processing varies with the depth of materials that are deposited and then
etched, the pattern being imprinted and then etched using IL and, often, even
varies between different suppliers. Such processes as chemical vapor
deposition, physical vapor deposition, electro-chemical deposition, and reactive
ion etching (RIE) are known for depositing and/or etching specific materials
within the process portion 802.

[0080] The controller or the computer 800 comprises a central processing unit
(CPU) 852, a memory 858, support circuits 856 and input/output (1/O) circuits
854. The CPU 852 is a general purpose computer which when programmed by
executing software 859 contained in memory 858 becomes a specific purpose
computer for controlling the hardware components of the processing portion
802. The memory 858 may comprise read only memory, random access
memory, removable storage, a hard disk drive, or any form of digital memory
device. The /O circuits comprise well known displays for the output of
information and keyboard, mouse, track ball, or input of information that can
allow for programming of the controller or computer 800 to determine the
processes performed by the process portion 802 (including the associated robot
action included in the process portion). The support circuits 856 are well known
in the art and include circuits such as cache, clocks, power supplies, and the
like. ‘
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[0081] The memory 858 contains control software that, when executed by the
CPU 852, enables the controller or the computer 800 to digitally control the
various components of the process portion 802. A detailed description of the
process that is implemented by the control software is described with respect to
FiG. 6, as illustrated with respect to Figs. 5a, 5b, 5¢, 5d, 5e, and 5f. In another
embodiment, the computer or controller 800 can be analog. For instance,
application specific integrated circuits are capable of controlling processes such
as occur within the process portion 802.

[0082] Referring to Figure 10, a plurality 1000 of exemplary field-effect chemical
sensors 1002 are formed with IL techniques described in part above and/or
other suitable technique(s). In one embodiment, the chemical sensors 1002
comprise chemical field-effect transistors (ChemFETS).

[0083] The plurality 1000 can comprise a particular structure, such as an array
or periodic array. In the ongoing embodiment, the plurality 1000 comprises a
periodic array of the sensors 1002 having a pitch 1004 and spacing 1006 (see
out-of-scale expanded view of two of the channels 1008). The pitch 1004 is the
sum of the spacing 1006 between outside dimensions of the channels 1008 of
the sensors 1002 and a width 1010 of the channel 1008. In the ongoing
embodiment the sensors’ 1002 pitch 1004 is less than about 100 nanometers,
spacing 1006 is less than about 80 nanometers, and width 1010 is about ten to
twenty nanometers.

[0084] The plurality 1000 can also be oriented in a device having a structure for
guiding flow of a fluid over the sensors 1002. In the ongoing embodiment, the
plurality 1000 is oriented in a device capable of directing fluid to flow from the
right to the left and over the sensors 1002. By so doing, the sensors 1002 can
be used to measure various chemical species present in the fluid.

[0085] In some cases, some of the channels 1008 follow a non-linear path. In
the ongoing embodiment, the channels 1008 follow a non-linear path occupying
a total width 1012 and total height 1014 of an area 1016. Here a sensor pitch
1018 is shown and is the sum of the spacing 1006 and the total width 1012.
[0086] The channels 1008 are formed or positioned in electrical communication
with source regions 1020 and drain regions 1022. In one embodiment, the
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channels 1008 and each of their source regions 1020 and drain regions 1022
are formed together as a one-piece, integral unit. This one-piece structure
makes for a structurally strong and durable plurality 1000 of the chemical
sensors 1002. The channels 1008 and the source and drain regions 1020 and
1022 can also be formed substantially of a same material. If, for instance, they
are formed of SOI or epitaxial silicon, the source and drain regions 1020 and
1022 can be doped to a higher degree than the channel 1008, such that the
channel 1008 is semiconducting and the source and drain regions 1022 are
more highly conducting. Further, the source region 1020 and/or the drain
region 1022 can be wider, thicker, and/or have a larger cross-section than the
channel 1008. The source regions 1020 and the drain regions 1022 can be
built at a much larger scale than the channel 1008, thereby providing a durable
embodiment of the chemical sensor 1002.

[0087] The source and drain regions 1020 and 1022 communicate with the
channels 1008 at communication points 1024 and 1026, respectively. The
source and drain regions 1020 and 1022 can communicate with or be part of
the circuit 115 set forth above, devices set forth above, or with other devices
capable of measuring, calibrating, and/or interacting with the sensors 1002
and/or with the analyte fluid.

[0088] In the ongoing embodiment, the chemical sensors 1002 comprise parts
of an example of the imprint-fabricated sensors 100. The chemical sensors
1002 can communicate with the voltmeter 107 through the electrical contacts
120 and 122 on the source regions 1020 and the drain regions 1022,
respectively.

[0089] The channels 1008 of the chemical sensors 1002 comprise a material or
materials capable of having its conductance altered through the presence of an
electric field. These materials are discussed in greater detail above as part of
the discussion of the ribbons 101 and the imprint-fabricated sensors 100.

[0090] An elongate dimension 1028 of the channel 1008 can be linear or non-
linear. In cases where it is non-linear, it can follow a non-linear path that
occupies the area 1016. This path can be comprised of switch-backs 1032,
zigzags, and curves, for example. In some embodiments, the area 1016 has a
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width and height that are highly disproportional. @ However, in some
embodiments the area 1016 is about equiaxial (i.e., square). An equiaxial or
moderately proportional area can aid in processing the plurality 1000 or the
chemical sensors 1002 by being a geometry over which it can be easier to
apply a functionalizing agent and/or binding agent. In the ongoing embodiment,
the area 1016 is rectangular, with the total width 1012 being about one sixth as
large as the height 1014.

[0091] Also, in cases where the elongate dimension 1028 is non-linear, it has
an effective length longer than a distance 1034 between the communication
points 1024 and 1026. By so doing, a small footprint (e.g., the area 1016) can
be used while permitting a large surface area of the channel 1008 to be
exposed to chemical species of a fluid. In the ongoing embodiment, the
effective length of the channel 1008’'s elongate dimension 1028 is about five
times greater than the distance 1034. In other embodiments, such as those
with additional switch backs 1032 (e.g., ten or more), the effective length of the
elongate dimension 1028 can be ten or more times greater that the distance
1034. Similarly, a square root of the area 1016 occupied by the channel 1008
can also be less or substantially less than the effective length.

[0092] Referring to Figure 11, a cross-section across the elongate dimension
1028 is shown. Here one of the channels 1008 is shown with the width 1010
and a thickness 1102 (the elongate dimension 1028 going into and out of the
page). The elongate dimension 1028 can have a varying cross section, such as
that set forth in Figure 9 with the step-down region 902. In the ongoing
embodiment, however, the channel 1008 has a predominately consistent cross-
section along the elongate dimension 1028. This cross-section is shown in
Figure 11 with two layers overlaying the channel 1008, which will be described
below.

[0093] The cross-section also shows one embodiment of the channel 1008, in
this case having four walls and being rectangular in shape. Each of the four
walls can be substantially planar and from about 10 nanometers in cross-
section to many hundreds or more nanometers. Here a left wall 1104, a top
wall 1106, a right wall 1108, and a bottom wall 1110 are shown. The left wall
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1104, the top wall 1006, and the right wall 1108 form a surface area along the
elongate dimension 1028 of the channel 1008. The bottom wall 1110 can be in
intimate and continuous contact or be integral with a substrate (such as the
substrate 306) along substantially all of the elongate dimension 1028. In these
cases, the bottom wall 1110 does not form a substantial part of the surface area
of the elongate dimension 1028.

[0094] In some embodiments, a cross-section of the elongate dimension 1028
has a trapezoidal or other non-rectangular shape. This cross section can have
walls obtuse or acute relative to the bottom wall 1110 or a substrate over which
the channel is oriented.

[0095] The walls of the channel 1008 can comprise chemical planes, which can
be useful in production and use of the sensor 1002. If the channel 1008 is
predominately silicon, one or more of the walls can comprises a 1-1-1 silicon
plane.

[0096] The field-effect chemical sensors 1002 of the plurality 1000 are formed
capable of selectively detecting one or more chemical species in a fluid (e.g., a
liquid or gas). They can be formed capable of detecting chemical species by
application of functionalizing agents, such as those described above. These
functionalizing agents can be applied over the channels 1008, either directly or
with aid of a binding agent. Binding agents used can comprise those set forth
above or others known in the art, such as silicon-containing organic compounds
that are known to bind well o silicon dioxide surfaces. Functionalizing agents
can comprise those described above. Each of the channels 1008 of the
plurality 1000 can be functionalized to sense identically, similarly, or differently
than the other channels 1008.

[0097] Referring again to Figure 11, an external surface of the channel 1008 is
functionalized. Here the cross-section across the elongate dimension 1028
shows a binding layer 1112 and a functionalizing layer 1114. In this
embodiment, the channel 1008 has the binding layer overlaying all of the
external surface area (e.g., the left wall 1104, the top wall 1106, and the right
wall 1108). Over this layer the functionalizing layer 1114 is overlaid.
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[0098] The channel's 1008 conductance can be altered by an electric field. If
the functionalizing agent layer 1114 attracts a particular chemical species, for
instance, the conductance of a portion along the elongate dimension 1028 of
the channel 1008 can be altered. This portion is bounded by one or more of the
walls. In Figure 11, for instance, the functionalizing layer 1114 is layered over
three of the walls. In this case, the portion is bounded by these three walls
(1104, 1106, and 1108). It can also be bounded by an inversion layer. In cases
where the functionalizing layer is over just the top wall 1106, for instance, the
portion is likely bounded by an inversion layer that extends from the top wall
1106 to a lower extremity, which is typically several nanometers below the top
wall and still above the bottom wall 1110. Thus, in this example the portion is
bounded by the top wall 1106 and the inversion layer. The channel can
accordingly be operated in the inversion mode of operation, as well as the
depletion and accumulation modes of operation that are all well known to those
practiced in the art of ChemFETSs or electronic field-effect transistors.

[0099] In one embodiment, one of the channels 1008 of the plurality 1000 of
chemical sensors 1002 is functionalized with a functionalizing agent capable of
sensing a chemical species and an interfering species. In this embodiment,
another channel 1008 is functionalized with another functionalizing agent
capable of sensing the interfering species. For illustrative purposes the
chemical species is called “X” and the interfering species is called “Y”. By so
doing, a measurement of the channel 1008 functionalized to sense “X" can be
calibrated (e.g., with one of the devices mentioned above) to adjust for the
interfering chemical species “Y”. Also by so doing, the other channel 1008
sensing “Y” may also reduce a concentration of “Y” at the other channel 1008
by attracting the chemical species “Y”, especially if it is positioned near the
channel 1008 functionalized to sense “X”’. By positioning the channels 1008
near each other, such as within 600 nanometers, the channel 1008 that is
functionalized to sense “Y” can reduce the interference of “Y” on the channel
1008 that is functionalized to sense “X”.

[0100] in another embodiment, one of the channels 1008 is functionalized with
a functionalizing agent capable of sensing a chemical species called, for
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illustrative purposes, “Z’ and another of the channels 1008 is functionalized also
to sense the species “Z" but with a different functionalizing agent. By so doing,
a more accurate account of the species “Z” can be obtained. Further, if either
of the first and second functionalizing agent are sensitive to an interfering
species (called “AA”), but the other is not, a more accurate accounting of the
species “Z” can be found by calibrating for the interference of “AA”. The various
devices capable of analysis and calibration mentioned above can be used or
integrated with the plurality 1000 to calculate this accounting with the
measurements of these two channels 1008. It can also be useful to position
these channels 1008 near each other, such as within 600 nanometers, if one of
the functionalizing agents can attract a chemical species that interferes with the
other channel’s 1008 measurement.

[0101] Referring to Figure 12, one chemical sensor 1002 comprises multiple
channels 1008. These channels 1008 can be formed in electrical
communication with the source region 1020 and the drain region 1022 of the
chemical sensor 1002. In this embodiment, three channels 1008 are each
connected to the source region 1020 and the drain region 1022, Use of multiple
channels 1008 can aid in providing a more robust measurement of a chemical
species for which the channels 1008 are functionalized. This multi-channel
sensor 1002 can be formed as a stand-alone sensor or as one of the sensors
1002 of the plurality 1000 (not shown).

[0102] Although the invention is described in language specific to structural
features and methodological steps, it is to be understood that the invention
defined in the appended claims is not necessarily limited to the specific features
or steps described. Rather, the specific features and steps disclosed represent
preferred forms of implementing the claimed invention.

What is Claimed is:
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CLAIMS

1. An apparatus comprising:
a first field-effect chemical sensor 1002 having a first channel 1008 with a

width 1010 of less than about 100 nanometers and functionalized to sense a
first chemical; and

a second field-effect chemical sensor 1002 having a second channel
1008 with a width 1010 of less than about 100 nanometers and functionalized to
sense differently than the first field-effect chemical sensor 1002,

wherein the first channel 1008 and the second channel 1008 are

positioned within about 100 nanometers.

2. The apparatus of claim 1, wherein the first channel 1008 or the second
channel 1008 comprises an effective length in electrical communication with a
source region 1020 and a drain region 1022 at communication points 1024 and
1026, the effective length being substantially greater than a linear distance 1034

between the communication points.

3. The apparatus of claim 1, wherein the first channel 1008 or the second

channel 1008 comprises substantially planar walls 1104 and 1108 oriented

along an elongate dimension 1028 of that channel 1008.
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4. The apparatus of claim 1, wherein the first channel 1008 or the second
channel 1008 is physically attached to a substrate 306 along substantially all of

an elongate dimension 1028 of that channel 1008.

5. The apparatus of claim 1, wherein the first channel 1008 or the second
channel 1008 comprises a step-down region 902 having a conductance

substantially lower than other regions of that channel 1008.

6. The apparatus of claim 1, wherein the first or the second field-effect

chemical sensor 1002 comprises a chemical field-effect transistor.

7. A field-effect chemical sensor 1002 comprising:

a channel 1008 functionalized to sense one or more chemicals by
alteration of the channel 1008’'s conductance, having a width 1010 or thickness
1102 of less than about 100 nanometers, and an effective length having two
ends; and

source and drain regions 1020 and 1022 in electrical communication with
the ends at communication points 1024 and 1026,

wherein a linear distance 1034 between the communication points 1024

and 1026 is substantially less than the effective length.

8. The sensor of claim 7, wherein the channel 1008 follows a path

comprising a right or acute angle.
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9. The sensor of claim 7, wherein the channel 1008 follows a pattern having
switch-backs 1032 between the communication points 1024 and 1026 along the

effective length.

10. The sensor of claim 7, wherein the channel 1008 follows a curved pattern

between the communication points 1024 and 1026 along the effective length.

11.  The sensor of claim 7, wherein the channel 1008 resides on a surface of
a substrate 306, the surface on which the channel 1008 resides having an area
1016 bounded by a path along the effective length, a square root of the area

1016 being substantially less than the effective length.

12.  The sensor of claim 7, wherein the channel 1008, the source region

1020, and the drain region 1022 are physically integral.

13. The sensor of claim 7, wherein the channel 1008 comprises varying
cross-sections along the effective length, one of the varying cross-sections

having a significantly lower conductance than the other cross-sections.

14. The sensor of claim 7, wherein the channel 1008 is physically attached to

a substrate 306 along substantially all of the effective length.

15. The sensor of claim 7, wherein the channel 1008 comprises a
substantially planar wall 1104, 1106, 1108, or 1110 along part of the effective

length.

35



WO 2007/018571 PCT/US2005/039671
1/9




WO 2007/018571 PCT/US2005/039671
2/9

404

7~

Charged

Particly




WO 2007/018571 PCT/US2005/039671
3/9

302
304

B R R R R R R R R R R R R B R Ry
T o s o et g g s g et o L et e e et et Dt e et oot etotedetotototototetotete e dodetotetoteds
R R R R R R R R R A R ISR R IR IILRHRRK

2020200002000 0002020200000 0 0 0 N N S L SN CL L LLS L OO EG SO LAN DL EL L EO 000,09, 99,4,

0t e s o s 4 R S I A 2
v o 5 D A S 1 A 2 O

B R T T T R R A O R R A RSN
R T R T O T O T R e R B R R st
R R S S S RSO S S R R
[ROCICRRHHXHXIIRI K I XX RHI NI XRHIIHK XXX H XN XN XN XK KKAHKIK K KA AE8250600060

i

504 ~—— 507
R R 502~ B NN,
7

i ///<\\ i ie
\\ \ 504 \\\

SITIESSSIINAS AR IR SRS
RN IAKIIRL

CXKRKKK
00NN H0RHRRS
XXX Pededede

306

502

302
304

306

502

302
304

ARTILMATII LA SATITTTRR LTV RTINS

7377

R R R R R A R R R A AR AR AL AN XX ANAAAAARAAAAAAARANAAANAAAANAAAN]
s
20X XEHXHRIHXIRRHHXXIORIIRRIIIRRII IR RIXXH I XXX I XX X XXX NN NI INIKIHNIRRRAR

Fo>

306



WO 2007/018571 PCT/US2005/039671
4/9

f OO SN SIS SN, e P e R A S 5 5 5 30 SN X SN I I I S X I
R R UEIAINAR R SRR
o KRR NN

R R A I KR KR NNXNK,
oo et e e e A Tt a ot at e totatatatotatatetotatatotototetatatotolotote; PeSodel
e L S e ottt ettt tatebotatatatatelatelelatetalaleleledotololor

KK

X2
0'0

101 302

ATNIMNSMAR LAY

55 ST
TR IL LK LI TSI TLITILIITTRRRXHRK XXX RKXRIXX XXX LI RRRRZ LR XXX RRXRIRIRRIR KRR KRR
R R R R R e R X K R R OSSR KRES
R R R IO I AR IR R KR R R K KRN K KK KLK KKK % %
RN I RALRU LKA H A A A IR LN K I KKK KKK

252585¢58585R%RRK
0atotetettetatetetotolodotoletels!

9. 5%



WO 2007/018571 PCT/US2005/039671
5/9

—
J 0o
(@]
I)

[ 1

NN

IRIEIRIRINININNIN
T I LI LT
INIEEEE N




WO 2007/018571 PCT/US2005/039671
6/9

~

702
SEMICONDUCTOR ACTIVE LAYER PROVIDED Y

( 704
POLYMER LAYER DEPOSITED ON SEMICONDUCTOR ACTIVE LAYERyi
POLYMER LAYER IMPRINTED OR STAMPED

708
PROTECTIVE LAYER DEPOSITED

l

710
NON-IMPRINTED PORTIONS OF POLYMER LAYER LIFTED-OFF )/_

712
SEMICONDUCTOR ACTIVE LAYER ETCHED )/‘

714
PROTECTIVE LAYER ETCHED

Fig.

Y (Y (Y (Y ()




WO 2007/018571 PCT/US2005/039671

7/9
COMPUTER / CONTROLLER
800
CENTRAL PROCESSING UNIT
(CPU) 852 PROCESS PORTION
802
MEMORY PROCESS CHAMBERS
858 811

INPUT / OUTPUT (1/O)

854 RoBOT (MOVES

WAFER) 812

SUPPORT CIRCUITS
856




WO 2007/018571 PCT/US2005/039671
8/9

FLUID FLOW

]
|
|
!
|
|
|
{
|
!
|
{
|
|
|
|
|
!
|
|
|




WO 2007/018571 PCT/US2005/039671
9/9

1114
1028 1008
1106
1112
0"0&:
0‘0‘?%5‘ 1—10—2
1104 1108




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings

