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electronic devices, such as interconnects, sensors and actuators.
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PATTERNING METHODS FOR STRETCHABLE STRUCTURES

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of and priority to U.S. Application
11/331,131 filed on December 9, 2008, the disclosure of which is hereby
incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] This invention is in the field of microfabrication processing techniques. This
invention relates generally to patterning methods for fabrication of flexible and/or
stretchable electronic devices, interconnects and sensors. This invention relates to
fabrication of stretchable and/or flexible structures for the production of large-area
electronic products such as, micro-electro-mechanical systems (MEMS) sensor
arrays, flexible printed circuit boards, electronics packaging, and other systems that
require large-area structural patterning and a stretchable structure.

[0003] Photoablation describes the removal of materials using high photon energies
(i.e. short wavelengths, and not necessarily high intensities) and is a very effective
method of patterning polymers. Typically, ultraviolet (UV) light strikes the polymer at
moderate intensities such that the combination of photochemical and photothermal
effects dissociates the polymer chain into smaller, volatile molecules that are
removed with a debris removal system (DRS). In addition to the successful removal
of polymers such as polyimide, photoablation can be used to remove metals and
inorganic materials. However, the removal of these materials usually consists of a

photothermal process and therefore has a higher ablation threshold than polymers.

[0004] Photoablation can be a cost-effective patterning method since high-
resolution features can be patterned without photosensitive mediums, developers, or
etchants. Photoablation has been successfully used to pattern materials with a
resolution limit of less than 5 ym. The photoablation rate is a function of wavelength,
pulse width, and fluence, so the ablation rate can be precisely controlled.

[0005] Photoablation has been successfully demonstrated with excimer lasers,
which have become the staple of microlithography in the past two decades. Excimer
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lasers are the most powerful UV laser sources, and usually contain a rare-gas and a
halogen or halogen-bearing gas. Popular excimer laser gases are KrF (248nm), and
ArF (193nm). Unlike other lasers, the excimer laser produces speckle-free and
incoherent light, which is ideal for high-resolution lithography. Because excimer
lasers emit light efficiently in the UV spectrum, have a large beam size, and are
readily available for microlithography, they are ideally suited for photoablation.

[0006] Projection photoablation, depicted in Figure 1, is the most common
photoablation method; in this process, the UV energy from an excimer laser 101 is
directed by a mask 102, and focused on the substrate 103 via a projection lens 104.
When the focused optical patterns strike the substrate, the polymer absorbs the
energy, which causes bond breaking of the long polymer chains. These volatile
chains 105 are ejected from the substrate with the aid of the DRS 106. At the
conclusion of the ablation process, the pattern on the mask has been successfully
transferred to the substrate. Figure 2 provides data showing the measured ablation

rate of polyimide as a function of the fluence of the ablation radiation.

[0007] Many commercial products are manufactured using photoablation. Inkjet
nozzles are typically made of polymers and they are often patterned using
photoablation. Polymers are also typically used as dielectric layers for multi-chip-
modules (MCMs), where photoablation is used to patterns these dielectric layers for
the fabrication of vias between two metal layers. Photoablation has also been used
for patterning and fabrication of various types of MEMS structures such as

microfluidic channels.
SUMMARY OF THE INVENTION

[0008] Described herein are methods of making electronic devices. For example,
methods are disclosed for making stretchable and/or flexible electrical interconnects
and capacitive actuators. Also described herein are methods for making stretchable
and/or flexible sensors, such as capacitive sensors and comb sensors. In another
aspect, described herein are stretchable and/or flexible electronic devices and

SENSOors.

[0009] In one aspect, a method for making an electronic devices comprises the

steps of: providing a flexible substrate; depositing a first metal layer on the flexible
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substrate; patterning the first metal layer, thereby generating a first patterned metal
layer that exposes one or more regions of exposed flexible substrate; and exposing
the first patterned metal layer and the exposed flexible substrate to ablation radiation
to ablate at least a portion of the flexible substrate, wherein the first patterned metal
layer functions as an in situ ablation mask and provides a structural component of

the electronic device.

[0010] A specific method of this aspect further comprises the steps of: providing a
dielectric layer on at least a portion of the first patterned metal layer and the exposed
flexible substrate; depositing a second metal layer on the dielectric layer; patterning
the second metal layer, thereby generating a second patterned metal layer that
exposes regions of exposed dielectric; and wherein the exposing step includes
exposing the exposed dielectric to ablation radiation to ablate at least a portion of the
dielectric layer, wherein both the first and the second patterned metal layer, together,
function as an in situ ablation mask and provide structural components of the

electronic device.

[0011] In another aspect, provided herein are methods useful for making sensors.
A method of this aspect for making a capacitive sensor comprises the steps of:
providing a polymer substrate; depositing a first metal layer on the polymer
substrate; patterning the first metal layer, thereby generating a first patterned metal
layer that exposes one or more regions of exposed polymer substrate; providing a
sacrificial layer on at least a portion of the first patterned metal layer and at least a
portion of the exposed polymer substrate; providing a dielectric layer on at least a
portion of the sacrificial layer, the first patterned metal layer and the exposed
polymer substrate; depositing a second metal layer on the dielectric layer; patterning
the second metal layer, thereby generating a second patterned metal layer that
exposes one or more regions of exposed dielectric layer; exposing the second
patterned metal layer, the regions of exposed dielectric layer, the first patterned
metal layer and the exposed polymer substrate to ablation radiation to ablate at least
a portion of the dielectric layer and at least a portion of the polymer substrate,
wherein the first patterned metal layer and the second patterned metal layer function
as in situ ablation masks and provide structural components of the capacitive sensor;

and removing the sacrificial layer.
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[0012] Another method of this aspect for making a sensor comprises the steps of:
providing a polymer substrate; providing a sacrificial layer on the polymer substrate;
providing a dielectric layer on the sacrificial layer; depositing a metal layer on the
dielectric layer; patterning the metal layer, thereby generating a patterned metal
layer that exposes one or more regions of the dielectric layer; exposing the patterned
metal layer and the regions of exposed dielectric layer to ablation radiation to ablate
at least a portion of the dielectric layer and to open vias to the sacrificial layer,
wherein the patterned metal layer functions as an in situ ablation mask and provides
a structural component of the sensor; and removing the sacrificial layer. A specific
method of this aspect further comprises the step of depositing a second metal layer
over the patterned metal layer and the ablated dielectric layer. Another specific
method of this aspect further comprises the step of patterning the sacrificial layer
before providing the dielectric layer over the sacrificial layer. Another specific
method of this aspect further comprises the step of providing the sensor over a

second sensor to form a capacitive comb sensor.

[0013] In another aspect, provided herein are methods for making capacitive
actuators. A method of this aspect comprises the steps of: providing a polymer
substrate; depositing a first metal layer on the polymer substrate; patterning the first
metal layer, thereby generating a first patterned metal layer that exposes one or
more regions of exposed polymer substrate; and providing a sacrificial layer on at
least a portion of the first patterned metal layer; providing a dielectric layer on at
least a portion of the sacrificial layer, the first patterned metal layer and the polymer
substrate; depositing a second metal layer on the dielectric layer; patterning the
second metal layer, thereby generating a second patterned metal layer that exposes
one or more regions of exposed dielectric layer; exposing the second patterned
metal layer and the regions of exposed dielectric layer to ablation radiation to ablate
at least a portion of the dielectric layer, wherein the first patterned metal layer and
the second patterned metal layer function as in situ ablation masks and provide

structural components of the capacitive sensor; and removing the sacrificial layer.

[0014] In specific embodiments, the flexible substrate is a polymer substrate. For
example, the flexible substrate may be an elastomer substrate. Useful polymer
substrates comprise a material selected from the group consisting of:
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polymethylmethacrylate (PMMA), polyimide, polyethylene terephathalate (PET),
polystyrene, polycarbonate, polyvinyl alcohol (PVA), polybenzimidazole,
tetrafluoroethylene, SU-8, parylene, polyester, poly-dimethyl-siloxane (PDMS) and
any combination of these. Useful polymer substrates include polymer substrates
having a thickness selected over the range of 10 um to 1000 um.

[0015] Useful metal layers include those layers comprising a metal selected from
the group consisting of aluminum, copper, chromium, nickel, titanium, tungsten, gold,
tin, zinc, molybdenum, silver, lead, indium, iron, platinum, any metal alloy, any
patternable metal and any combination of these. Useful metal layers include those
having a thickness selected over the range of 100 nm to 5 um. In a specific
embodiment, a metal layer is replaced by an inorganic dielectric, for example silicon
dioxide, silicon nitride and/or aluminum oxide. In another embodiment, a metal layer
is replaced by a semiconductor, for example Silicon, Germanium, Gallium Arsenide
and/or Indium Phosphide

[0016] Useful dielectric layers include those layers comprising a material selected
from the group consisting of spin-on polymers, polyimide, SU-8 and any combination
of these. In an embodiment, the dielectric layer comprises spin-on polymimide,
photodefinable polyimide or spin-on SU-8. For specific embodiments, the dielectric
layer has a thickness selected over the range of 100 nm to 50 ym, for example a
thickness selected over the range of 100 nm to 10 pm.

[0017] Useful sacrificial layers include those layers comprising a material selected
from the group consisting of: photoresist, polymer, metal oxide and dielectric, and
any combination of these. Useful sacrificial layers also include layers comprising a
material which can be removed without damaging other structural or functional layers
(e.g., a polymer substrate, patterned metal layers, or dielectric layers). In
embodiments, a sacrificial layer is patterned after it is deposited. For specific
embodiments, the sacrificial layer has a thickness selected over the range of 100 nm
to 50 um, for example a thickness selected over the range of 100 nm to 10 um. In
embodiments, the sacrificial layer is removed by dissolution or other methods known
in the art. For example, the sacrificial may be removed by exposure to a fluid
selected from the group consisting of: a solvent, an acid solution and an alkaline

solution.
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[0018] In a specific embodiment, the exposing steps are carried out using a fluence
of ablation radiation selected over the range of 30 mJ/cm? to 500 mJ/cm? and/or
using ablation radiation having wavelengths selected over the range of 100 nm to
400 nm. In specific embodiments, the ablation radiation is excimer laser radiation,
such as radiation from a F,, ArF, KrF, XeCl or XeF excimer laser; ion laser radiation,
such as from an Ar, Kr, or Cd ion laser; or frequency-multiplied solid state laser
radiation, such as from a Nd:YAG or Nd:Glass laser. In a specific embodiment, the
ablation radiation does not ablate or does not significantly ablate the patterned metal
layers during the exposing step; that is, the patterned metal layers remain intact or
substantially intact after and during the exposure to the ablation radiation. In a
specific embodiment, the ablation radiation does not damage or does not
significantly damage the patterned metal layers during the exposing step.

[0019] For some embodiments, the exposing step ablates substantially all of the
regions of exposed flexible substrate. For some embodiments, the exposing step
ablates substantially all of the regions of the flexible or polymer substrate not
masked by a patterned metal layer. In embodiments, a patterned metal layer is a
self-aligned ablation mask for ablation patterning at least a portion of a flexible
substrate. In specific embodiments, the area of regions of the exposed flexible

substrate is selected over the range of 1 mm?to 1 m?.

[0020] For some embodiments, the exposing step ablates substantially all of the
regions of exposed dielectric layer. For some embodiments, the exposing step
ablates substantially all of the regions of the dielectric layer not masked by a
patterned metal layer. For some embodiments, the exposing step ablates
substantially all of the regions of the sacrificial layer not masked by a patterned metal
layer. In some embodiments a patterned metal layer is a self-aligned ablation mask
for ablation patterning at least a portion of a dielectric layer and/or at least a portion

of a flexible substrate and/or at least a portion of a sacrificial layer.

[0021] Without wishing to be bound by any particular theory, there can be
discussion herein of beliefs or understandings of underlying principles relating to the
invention. It is recognized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of the invention can
nonetheless be operative and useful.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0022] Figure 1 provides an overview of a projection photoablation process.

[0023] Figure 2 provides data showing the ablation rate of a polymer layer as a
function of the fluence of the ablation radiation.

[0024] Figure 3 provides data showing the ablation damage threshold of a metal
layer as a function of the metal layer thickness.

[0025] Figures 4A, 4B and 4C provide flow diagrams of fabrication process

embodiments.

[0026] Figure 5 provides an overview of a wet-etch (A-E) and lift-off (F-I) processes
for metal layer patterning.

[0027] Figure 6A provides an overview of a laser ablation patterning method.

[0028] Figure 6B shows scanning electron microscope (SEM) images of laser
ablation patterned substrates with metal layers patterned using lift off.

[0029] Figure 6C shows SEM images of laser ablation patterned substrates with

metal layers patterned using wet-etching.

[0030] Figure 7A provides an overview of a laser ablation patterning method for
making a flexible device with multiple metal layers.

[0031] Figure 7B shows SEM images of laser ablation patterned substrates with

multiple metal layers.

[0032] Figure 8A provides an overview of a laser ablation patterning method for
making a flexible device with multiple metal layers and an air gap.

[0033] Figure 8B shows SEM images of laser ablation patterned substrates with

multiple metal layers and an air gap.

[0034] Figures 9A and 9B provide a comparison of methods for making a flexible

electrical interconnect.
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[0035] Figure 10 illustrates a self-aligned metal layer and a misaligned metal layer
on a polymer substrate.

[0036] Figure 11A illustrates an array of sensors and electrical interconnects on a
polymer substrate.

[0037] Figure 11B provides a flow diagram and overview of a process for making

overlapping electrical interconnects.
[0038] Figure 12 shows various rectilinear and stretchable interconnect designs.

[0039] Figure 13 provides data showing the maximum stretchability of the various
stretchable interconnect designs of Figure 12.

[0040] Figure 14 shows SEM images of various laser ablation patterned rectilinear

and stretchable interconnect designs.

[0041] Figure 15 provides a flow diagram and overview of a process for making a

capacitive sensor.

[0042] Figure 16 shows SEM images of various laser ablation patterned capacitive

sensor designs.

[0043] Figures 17A, 17B and 17C provide analytical modeling results for
capacitance values for various capacitive sensor designs as a function of applied

pressure.

[0044] Figure 18A provides a flow diagram and overview of a process for making a

capacitive actuator.

[0045] Figure 18B shows SEM images of a laser ablation patterned capacitive

actuator.
[0046] Figure 19 illustrates a capacitive comb sensor.

[0047] Figure 20 provides a flow diagram and overview of a process for making a

Sensor.



WO 2010/068695 PCT/US2009/067381

[0048] Figure 21 shows SEM images of various laser ablation patterned rectilinear

and stretchable interconnect designs.

[0049] Figure 22 provides data showing the normalized resistance of two

interconnects as a function of uniaxial stretching.

[0050] Figure 23 shows a comparison of SEM images of an unstretched and

stretched interconnect.
DETAILED DESCRIPTION OF THE INVENTION

[0051] In general the terms and phrases used herein have their art-recognized
meaning, which can be found by reference to standard texts, journal references and
contexts known to those skilled in the art. The following definitions are provided to

clarify their specific use in the context of the invention.

[0052] “Flexible” refers to the ability of a material, structure, device or device
component to be deformed into a curved and/or non-planar shape without
undergoing a transformation that introduces significant strain, such as strain
characterizing the failure point of a material, structure, device or device component.
In an exemplary embodiment, a flexible material, structure, device or device
component may be deformed into a curved shape without introducing strain larger
than or equal to about 5%, preferably for some applications larger than or equal to
about 1%, and more preferably for some applications larger than or equal to about
0.5%.

[0053] “Stretchable” refers to the ability of a material, structure, device or device
component to be stretched, compressed and/or elongated in at least one dimension
without undergoing a transformation that introduces significant strain, such as strain
characterizing the failure point of a material, structure, device or device component.
In an exemplary embodiment, a stretchable material, structure, device or device
component may undergo stretching in at least one dimension without introducing
strain larger than or equal to about 5%, preferably for some applications larger than
or equal to about 1%, and more preferably for some applications larger than or equal
to about 0.5%. In an exemplary embodiment, a stretchable material, structure,
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device or device component may be stretched in at least one dimension by about 1%

or more, 10% or more, 50% or more, 100% or more, or 200% or more.

[0054] “Ablation”, “photoablation” and “laser ablation” are used herein
synonymously and refer to a process wherein material is removed upon exposure to
a sufficient energy flux (e.g., greater than 10 mJ/cmz) of electromagnetic radiation.
In some photoablation processing methods, a large number of incident photons are
delivered to a localized region of a layer of material over a very short time frame
initiating a complex and rapid series of physical and chemical processes, including
bond breaking and phase change processes. These processes may cause a highly
localized and unsustainable increase in volume and pressure resulting in ablation

wherein material is release from the layer, for example in an ablation plume.

[0055] “Ablation threshold” refers to an electromagnetic radiation energy flux above
which ablation of a material will occur. “Ablation damage threshold” refers to an
electromagnetic radiation energy flux above which damage to a material will occur.
Figure 3 provides data showing the ablation damage threshold to an aluminum layer
as a function of the thickness of the layer.

[0056] “Ablation radiation” refers to electromagnetic radiation having an energy flux
capable of ablating a target material. For some embodiments, ablation radiation is
capable of ablating one target material while leaving another material substantially
intact. For example, if the ablation thresholds of two materials are different, ablation
radiation having an energy flux between the ablation thresholds of the two materials
will ablate the material with the lower ablation threshold while not ablating the
material having the higher ablation threshold. Photoablation removal of target
material can be achieved using electromagnetic radiation in the ultraviolet, visible
and near infrared regions of the electromagnetic spectrum. In an embodiment, the
ablation radiation has a wavelength selected over the range 100nm to 1500nm.
Photoablation removal of target material can be achieved using pulsed or continuous
exposure to electromagnetic radiation having wavelengths and energies (e.g.
fluence) above an ablation threshold. Photoablation provides a very high degree of
control over the physical dimensions and spatial orientations of removed regions of
the layer of target material, thus enabling making high resolution patterns. A range

of optical sources can be used for generation of ablation radiation including diode

10
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lasers, HeNe lasers, rare-gas ion lasers (Ar-ion laser, Kr-ion laser), Metal vapor
lasers (HeCd laser, Copper-vapor laser, Gold-vapor laser), Carbon dioxide laser,
Carbon monoxide laser, Excimer lasers (F2 lasers, ArF lasers, KrCl lasers, KrF
lasers, XeCl lasers, XeF lasers), nitrogen lasers, solid state lasers and chemical

lasers.

[0057] “Structural component” refers to a layer or portion of an electronic device
which is not removed during or after the fabrication of the electronic device. For
some embodiments, structural components of an electronic device have specific
functionality within the electronic device, such as behavior as an interconnect, a

sensor, an actuator, an electrode, a semiconductor channel and/or a dielectric layer.

[0058] “Sacrificial layer” refers to a layer or portion of an electronic device which is
removed during or after the fabrication of the electronic device, for example by
dissolution, etching, or other removal methods. Useful sacrificial layers include
those layers comprising a material selected from the group consisting of:
photoresist, polymer, metal oxide and dielectric, and any combination of these.
Useful sacrificial layers also include layers comprising a material which can be

removed without damaging other structural or functional layers.

[0059] “Dielectric” refers to a non-conducting or insulating material. In specific
embodiments, a dielectric comprises a material selected from the group consisting
of: spin-on polymers, polyimide, SU-8 and any combination of these. In an
embodiment, the dielectric layer comprises spin-on polymimide, photodefinable

polyimide or spin-on SU-8.

[0060] “Polymer” refers to refers to a molecule comprising a plurality of repeating
chemical groups, typically referred to as monomers. Useful polymers include
organic polymers or inorganic polymers and may be in amorphous, semi-amorphous,
crystalline or partially crystalline states. Polymers may comprise monomers having
the same chemical composition or may comprise a plurality of monomers having
different chemical compositions, such as a copolymer. Cross linked polymers having
linked monomer chains are particularly useful for some aspects of the present
invention. Useful polymers include, but are not limited to, plastics, elastomers,

thermoplastic elastomers, elastoplastics, thermostats, thermoplastics and acrylates.

11
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Exemplary polymers include, but are not limited to, SU-8, polyester, poly-dimethyl-
siloxane (PDMS), acetal polymers, biodegradable polymers, cellulosic polymers,
fluoropolymers, nylons, polyacrylonitrile polymers, polyamideimide polymers,
polyimides, polyarylates, polybenzimidazole, polybutylene, polycarbonate,
polyetherimide, polyethylene, polyethylene copolymers and modified polyethylenes,
polyketones, poly(methyl methacrylate), polymethylpentene, polyphenylene oxides
and polyphenylene sulfides, polyphthalamide, polypropylene, polyurethanes, styrenic
resins, sulphone based resins, vinyl-based resins or any combinations of these.

[0061] “Elastomer” refers to refers to a polymeric material which can be stretched or
deformed and return to its original shape without substantial permanent deformation.
Elastomers commonly undergo substantially elastic deformations. Exemplary
elastomers useful in the present invention may comprise polymers, copolymers,
composite materials or mixtures of polymers and copolymers. Elastomeric layer
refers to a layer comprising at least one elastomer. Elastomeric layers may also
include dopants and other non-elastomeric materials. Elastomers useful in the
present invention may include, but are not limited to, thermoplastic elastomers,
styrenic materials, olefenic materials, polyolefin, polyurethane thermoplastic
elastomers, polyamides, synthetic rubbers, PDMS, polybutadiene, polyisobutylene,

poly(styrene-butadiene-styrene), polyurethanes, polychloroprene and silicones.

[0062] “Ablation mask” refers to a material, opaque to ablation radiation, having
holes or transparencies which allow for transmission of ablation radiation to an
underlying structure in a defined pattern. “Self-aligned ablation mask” refers to an
ablation mask which is present on the surface of a device or structure exposed to
ablation radiation and is therefore necessarily aligned with the ablated pattern
created thereby. “In situ ablation mask” refers to an ablation mask which is a
structural component of the device or structure exposed to ablation radiation. In a
specific embodiment, a patterned metal layer functions as a self-aligned and/or in

situ ablation mask for an underlying polymer substrate.

[0063] Described herein are processing techniques for fabrication of stretchable
and/or flexible electronic devices using laser ablation patterning methods. The laser
ablation patterning methods utilized herein allow for efficient manufacture of large
area (e.g.,upto1 mm? or greater or 1 m? or greater) stretchable and/or flexible

12
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electronic devices, for example manufacturing methods permitting a reduced number
of steps. The techniques described herein further provide for improved
heterogeneous integration of components within an electronic device, for example
components having improved alignment and/or relative positioning within an
electronic device. Also described herein are flexible and/or stretchable electronic

devices, such as interconnects, sensors and actuators.

[0064] Figure 4A summarizes a first embodiment for creating a stretchable and/or
flexible electronic device. First, a metal is patterned onto a stretchable and/or
flexible substrate in a metal patterning process. Finally, the device is exposed to
ablation radiation in a laser ablation process, where at least a portion of the
stretchable and/or flexible substrate is ablated. In one embodiment, this method is
useful for creation of stretchable electrical interconnects.

[0065] Figure 4B summarizes another embodiment for creating a stretchable and/or
flexible electronic device. First, a metal is patterned onto a stretchable and/or
flexible substrate in a metal patterning process. Following the metal patterning
process, a layer of a dielectric is disposed over the patterned metal and substrate in
a dielectric deposition process. A second metal is patterned onto the dielectric in a
second metal patterning process. If desired, additional layers of dielectric and
patterned metal can be added in a similar fashion. Finally, the device is exposed to
ablation radiation in a laser ablation process, where at least a portion of the dielectric
layer(s) and stretchable and/or flexible substrate is ablated. This method allows for
an arbitrary number of alternating metal and dielectric layers on a stretchable and/or

flexible substrate.

[0066] Figure 4C summarizes a further embodiment for creating a stretchable
and/or flexible electronic device. First, a metal is patterned onto a stretchable and/or
flexible substrate in a metal patterning process. Following the metal patterning
process, a sacrificial layer is disposed and patterned over the patterned metal and
substrate in a sacrificial layer patterning process. Following the sacrificial layer
patterning process, a layer of a dielectric is disposed over the patterned metal,
sacrificial layer and substrate in a dielectric deposition process. A second metal is
then patterned onto the dielectric in a second metal patterning process. If desired,
additional dielectric, sacrificial and patterned metal layers can be added in a similar

13
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fashion. Next, the device is exposed to ablation radiation in a laser ablation process,
where at least a portion of the dielectric layer(s) and stretchable and/or flexible
substrate is ablated. Depending upon the specific metal patterns of the device, a
portion of the sacrificial layer(s) may also be ablated. Finally, a sacrificial layer

removal process removes the sacrificial layer(s).

[0067] Figure 5 illustrates two exemplary metal patterning processes. Figures 5A-
5E illustrate a wet-etch patterning process. A flexible substrate 501 is first deposited
with a metal layer 502. A layer of photoresist 503 is deposited on the metal layer,
patterned using photolithography and developed. The metal layer is then etched
using the photoresist as an etching mask. Finally, the photoresist is stripped,

exposing the patterned metal layer 504.

[0068] Figures 5F-5I illustrate a lift-off patterning process. A layer of photoresist
503 is deposited on a flexible substrate 501, patterned using photolithography and
developed. A metal layer 502 is then deposited, for example using sputtering or
evaporation deposition. Finally, the photoresist 503 is stripped from substrate 501,
leaving a patterned metal layer 504.

[0069] Figure 6A illustrates an embodiment for making an electronic device
comprising a flexible substrate 601 having a patterned metal layer 602 disposed
thereon. Ablation radiation 603 ablates portions of the flexible substrate 601 with
patterned metal layer 602 acting as an in situ ablation mask. For example, ablation
radiation 603 may have an energy flux greater than the ablation threshold of flexible
substrate 601, but lower than the ablation threshold of patterned metal layer 602.

[0070] Several photoablation patterned electronic device embodiments were
fabricated using the above methods. For example, Figure 6B shows SEM images of
a photoablation patterned substrate with a gold in-situ mask patterned using lift-off
and Figure 6C shows SEM images of a photoablation patterned substrate with an

aluminum in-situ mask patterned using wet-etching.

[0071] Figure 7A illustrates an embodiment for making an electronic device
comprising a flexible substrate 701 having a first patterned metal layer 702 disposed
thereon. A dielectric layer 703 is disposed over the flexible substrate 701 and first

patterned metal layer 702, and a second patterned metal layer 704 is disposed on
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dielectric layer 703. Ablation radiation 705 ablates portions of the flexible substrate
701 and dielectric layer 703 with first patterned metal layer 702 and second

patterned metal layer 704 acting as in situ ablation masks.

[0072] Several photoablation patterned electronic device embodiments were
fabricated using the above methods. For example, Figure 7B shows SEM images of
a photoablation patterned substrate with two aluminum layers functioning as in-situ

masks.

[0073] Figure 8A illustrates an embodiment for making a sensor. A polymer
substrate 801 has a first patterned metal layer 802 disposed thereon. A sacrificial
layer 803 is deposited over first patterned metal layer 802 and polymer substrate
801. Sacrificial layer 803 is patterned and a dielectric layer 804 is disposed thereon.
A second patterned metal layer 805 is disposed over dielectric layer 804. Ablation
radiation 806 ablates portions of the dielectric layer 804 and polymer substrate 801
with second patterned metal layer 805 and portions of the first patterned metal layer
802 acting as an in situ ablation mask. Finally, sacrificial layer 803 is removed,
leaving an air gap 807.

[0074] Several photoablation patterned sensor embodiments were fabricated using
the above methods. For example, Figure 8B shows SEM images of a photoablation
patterned substrate using in-situ masking and a sacrificial layer. The top images
show a diaphragm and channel having an air gap, and the bottom images show

cantilever beams having an air gap.

[0075] Figure 9A illustrates a process flow for a conventional method of making an
electronic device on a flexible substrate. In a conventional fabrication process,
photoresist is deposited, exposed, and patterned before the polymer is etched using
Reactive lon Etching (RIE) with O, plasma. In-situ masking can eliminate processing
steps for RIE, but since RIE is not entirely anisotropic, the undercutting of the
polymer would weaken the mechanical stability of the interconnect metals and make
this fabrication method impractical. An alternative uses photodefinable spin-on
polymers; however, photodefinable polymers have inferior mechanical and chemical
properties and increase processing costs. Even with photodefinable polymers, the

fabrication process flow still involves soft-baking and developing, which further
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increases processing complexity and costs. Figure 9B contrasts the conventional
method, showing a photoablation process flow for making an electronic device on a
flexible substrate according to methods described herein. The number of processing

steps, complexity and costs are reduced in using these methods.

[0076] Figure 10 illustrates an advantage to the methods described herein. The in
situ metal masking process is self aligned, which means the patterned polymer
substrate is automatically aligned to the metal layers above it. In a conventional
fabrication process, the polymer layer would need to be precisely aligned with one or
more metal layers because misalignment will result in metal overhangs that would
result in device failure. Precise alignment is difficult, particularly with large
substrates because of differences in coefficient of thermal expansion between the
substrate and the mask material. In the in situ masking processes describe herein,
the metal structures also act as a mask for substrate patterning; therefore, there is
no alignment necessary and this process is not limited by temperature and logistical

problems associated with conventional fabrication processes.

[0077] The invention may be further understood by the following non-limiting

examples.
EXAMPLE 1: Applications of and processes for creating stretchable structures

[0078] Stretchable, large-area, sensor arrays provide multimodal sensory
information about the environment, such as temperature, pressure, strain, and
chemical composition. These sensor arrays find applications in aerospace and
infrastructure structural health monitoring, tactile sensors for robotics and electronic
textiles for patient, soldier, and athlete physical health monitoring. Furthermore, the
new fabrication methods described herein for large-area sensors focus on low-cost
and reliability, and therefore permit the development of new low-cost sensors for

consumer applications.

[0079] Stretchable structures may be used for flexible electronics, display
applications, and electronics packaging applications. These applications usually
contain multiple layer of interconnects that interface between different chip
packages. In these applications, there is a need for robust and conformable

electronics for the various applications.
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[0080] Stretchable electronics utilize organic polymers such as polyimide as an
insulating and substrate material. They may contain metal layers for interconnects,
and semiconductor layers for active devices. There are several approaches to
constructing stretchable electronics, ranging from direct fabrication on polymer
substrates to selective removal of silicon for added stretchability. A number of
fabrication methods have been previously utilized, several of which are described

briefly:

[0081] Deep Reactive lon Etching (DRIE) for Stretchable Sensor Arrays: Silicon
can be selectively etched for “spring-like” stretchable structures for stretchable

sensor arrays. This technique takes advantage of DRIE; by using low-pressure
plasmas containing chlorinated or fluorinated precursors, and alternating between
etching and passivation of sidewalls, DRIE of silicon produces very high aspect ratio
structures. Using this technique, alternating layers of metal and dielectric first
patterned on the silicon-on-insulator (SOI) substrate to make interconnects and
sensors. Next, DRIE is used for bulk etching of silicon to fabricate stretchable
structures. The oxide layer of the SOI substrate is etched to release the structures
from the silicon substrate, forming stretchable, free-standing structures. The sensor
array can be attached to a polymer substrate for stability. This method is reliable,
because it uses established silicon technology to develop a stretchable sensor.
Also, the structures can be stretched to form large area sensor arrays that are not
limited by the size of the silicon substrate.

[0082] Transferring Technigues for Stretchable Sensor Arrays: Transferring is a

technique of processing structures on a silicon wafer and then transferring them as a
decal to a flexible substrate. Because the processing of sensors and active devices
is performed on a rigid substrate, there are fewer fabrication issues. There are
several techniques that use the transferring process.

[0083] Flexible sensor arrays may be fabricated by fabricating active devices and
sensors silicon islands and then transferring these devices to a flexible layer which
contains interconnects to interface with the silicon islands. Due to the small size of
the silicon islands as compared to the overall sensor array, the resulting structure is
relatively flexible. The fabrication process is as follows: after the active layer and
MEMS device is formed on the silicon substrate, a layer of polymer is deposited on
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the top of the silicon substrate. DRIE selectively removes silicon until small islands
remain. Selective areas of the flexible polymer layer are then etched away to
interface the sensor with the environment. The resulting sensor array is not only
flexible, but it can be also interwoven into textiles for added robustness and for the
fabrication of sensor clothing.

[0084] The transferring concept can be further extended by using an elastomer and
stretching the elastomer before bonding with the silicon elements. After release,
silicon “ribbons” on flexible, elastomeric substrates provide structural strain relief for
the fabrication of stretchable sensor arrays. In this fabrication process, silicon lines
are first etched on a SOI substrate. A sheet of elastomeric material, PDMS, is then
pre-stretched and attached onto the SOI substrate. The oxide layer is etched away,
so the silicon lines are removed from the mother substrate. By releasing the strain
on the PDMS, the PDMS shrinks to its original size, and the silicon lines form
ribbons. Using this method, sensors and active devices can be fabricated on the
silicon layer using a traditional and established silicon fabrication technology. The
resulting substrate, containing PDMS and silicon ribbons, can be stretched without
damage to the silicon layer.

[0085] It is also important to consider the fabrication of stretchable interconnects for
the robustness of sensor arrays. Stretchable interconnects may be fabricated in a
similar fashion to that of silicon ribbons mentioned above. First, an elastomeric
substrate such as PDMS is cured and pre-stretched. While keeping the substrate
stretched in a special holder, the metal is then deposited and patterned to form the
interconnects. Afterwards, PDMS is released from its holder and allowed to shrink
back to its original size. When this happens, the metal forms wavy ribbon patterns
on the PDMS substrate. These wavy patterns act as a strain relief, such that the
substrate can stretched without electrical failure, and increase the sensor robustness

accordingly.

[0086] Spin-coat Polymers and Silicon Handle Wafer for Stretchable Sensor Arrays:

In the transferring method mentioned previously, devices are fabricated on the
silicon layer and afterwards transferred onto the flexible substrate. This approach
uses silicon as a “handle wafer”, meaning that the silicon is used merely for

structural rigidity, as all devices are fabricated on the flexible membrane. Because
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silicon is not used as the final structure, the flexibility is not limited by the material
properties of silicon. The fabrication process is as follows: First, a thin layer of Lift-
Off Resist (LOR) is spin-coated on the silicon. Next, several structural layers are
made. (These structural layers may be metal patterns for interconnects or dielectric
layers for passivation.) After the structural layers are fabricated, LOR is dissolved
such that the layer is released from the silicon handle wafer. The final sensor is
assembled by aligning and bonding each layer together. In this process, the silicon
handle wafer allows for the processing, spin-coating, and curing of the flexible
material while using conventional microfabrication equipment and processes.
Furthermore, by fabricating several layers separately and assembling each layer
during the final step, MEMS structures can be easily fabricated without the use of
sacrificial materials, but at the cost of a complex assembly process.

[0087] Direct Fabrication on Flexible Substrates for Stretchable Sensor Arrays:

Direct fabrication of sensors on flexible substrates eliminates the need for a silicon
handle wafer. Researchers have demonstrated the fabrication of a flexible, tactile
sensor array on 50 ym Kapton polyimide substrate. A thin-layer of Aluminum is first
deposited on the front side, to act as an etch stop to remove the diaphragm layer
using back-side etching. Afterwards, alternating layers of metal and thin-film spin-on
polyimide are added to the substrate to form the metal electrodes and the tactile
bump. Polyimide is then bulk etched from the backside to form a diaphragm for the
pressure sensor. Sensor skins have also been fabricated on other flexible
substrates such as stainless steel and PDMS. Using flexible substrates without the
temporary silicon handle wafer is advantageous in that it reduces fabrication process
complexity, and eliminates size constraints, allowing for the fabrication of large-area
sensors. However, flexible substrates are more difficult to handle in the clean room
from a logistical standpoint, because most clean room equipment is designed for

rigid substrates.

[0088] Flexible substrates still have a limited amount of stretchability because of the
mechanical characteristics of the flexible substrate. One approach to increase
stretchability is to remove selective areas of the flexible substrate. At the cost of
structural integrity and processing, removing selective areas increases the

stretchability of the sensor array by allowing more degrees of freedom for
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mechanical movement. The fabrication of a stretchable pressure and thermal sensor
array patterned on a Parylene substrate has been achieved. Devices on this sensor
array are contained in the regions where interconnects intersect. The flexible
substrate in between the interconnect regions then becomes insignificant towards
the sensor function, and is removed with a CO; laser or through mechanical
processing. The resulting sensing array mesh has the stretchability to be attached to

many uniquely-shaped objects.
EXAMPLE 2: Stretchable and Flexible Interconnects

[0089] Interconnects relay the signal from a sensor output to the external
environment. For sensor skins, because of the large number of elements, it is
important to have multiple layers of interconnects. In one embodiment, shown in
Figure 11A, at least two layers of interconnects are present. These layers of
interconnects may be perpendicular to each other; one interconnect layer 1101
probes the bottom electrodes of a number capacitive sensors 1102 while the other
interconnect layer 1103 probes the top electrodes. The interconnects are arranged
in a row/column fashion such that a unique sensor or actuator can be probed by
selecting a row and column. It is advantageous to have a high electrical-conductivity
interconnect to minimize the time delay between probes and to maximize the sensor
throughput; therefore, aluminum is utilized as the interconnect material. High-
conductivity metals such as aluminum, gold, and copper are commercially used for
interconnects, any of which may be employed here. In addition, this fabrication
process allows for stretchable interconnects, which increase robustness and

conformability.

[0090] The fabrication process, shown in Figure 11B, is as follows: a first metal
layer 1101 is deposited and patterned on substrate 1104. Next, a dielectric layer
1105 is spin-coat on the substrate and first patterned metal layer. After this, a
second metal layer 1103 is deposited and patterned. Finally, in a laser ablation
process, ablation radiation 1106 selectively removes polymer from the areas not
protected by the in-situ metal masks, forming stretchable interconnects. Figure 11B
also shows cross sectional views of the embodiment shown in Figure 11A along A-A’
and B-B’ cuts.
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[0091] A number of interconnect designs have been contemplated. Figure 12
shows a variety of designs of a flexible and/or stretchable interconnect. The
maximum stretchability of the interconnect designs of Figure 12 was considered; the
increase in percent area of the various interconnects is shown in Figure 13. The
interconnect design shown in Figure 12B displayed the larges maximum
stretchability of the designs considered. Several designs were fabricated using the
methods described herein. SEM images of several fabricated interconnect designs
are shown in Figure 14.

EXAMPLE 3: Capacitive Sensors

[0092] Described in this example is a fabrication process embodiment for the
fabrication of capacitive sensors. Capacitive sensors have two metal electrodes
which can act as in-situ metal masks this fabrication process. Capacitive sensors
rely on an environmental factor to change the sensed capacitance. Capacitance is a
function of area of the capacitive plates, the distance between the plates, and the
dielectric constant of the material between the two plates, so a change of any of
these parameters will change the sensed capacitance.

[0093] Several common capacitive sensors are pressure sensors, accelerometers,
and temperature/humidity sensors. Pressure sensors work as follows: a force from
an applied pressure imparts a stress on the polymer, distorts the diaphragm, and
decreases the distance between two capacitive plates which increases the sensed
capacitance correspondingly. Likewise, capacitive accelerometers transduce a
change in force through a change in the capacitive area or the distance between the
plates, causing a change in the sensed capacitance. Certain polymers exhibit
changes in electrical properties with thermal and humidity changes. The change of
electrical properties usually produces a change in dielectric constant, which
correspondingly causes a change in sensed capacitance. Thus, these polymers can

be dielectrics for capacitive temperature and humidity sensors.

[0094] A fabrication process embodiment, shown in Figure 15 is as follows: a first
metal layer 1501 is deposited and patterned over a polymer substrate 1502, forming
the bottom sensor electrodes. Next, a sacrificial layer 1503 is deposited and

patterned using lithography. Afterwards, spin-on polymer layer 1504 is deposited,
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forming an isolation layer between two metal layers and forming the material for the
structural layers for the sensor. A second metal layer 1505 is then deposited using
similar methods as the first metal layer. In a laser ablation process, ablation
radiation 1506 selectively patterns the spin-on polymer, the substrate and the
sacrificial layer, forming sensor structures and opening up holes to the sacrificial
layer. Lastly, the sacrificial layer is removed using solvent to form an air gap 1507,

forming a capacitive MEMS sensor.

[0095] A number of capacitive sensor designs have been contemplated and
fabricated. Figure 16 shows SEM images of a variety of designs of capacitive
sensors. Figures 16A and 16D show capacitive sensors having cantilever beams
with different beam lengths. Analytical models were developed for the capacitive
beam sensors. The results of the model are shown in Figure 17A showing the
capacitance of two sensors having different beam dimensions as a function of the

applied pressure.

[0096] Figure 16B shows a multi-beam capacitive sensor. Again, analytical models
were developed for such sensors. The results of the model are shown in Figure 17B
showing the capacitance of two sensors with different beam dimensions as a
function of the applied pressure.

[0097] Figure 16C shows a capacitive diaphragm sensor. As above, analytical
models were developed for such sensors. The results of the model are shown in
Figure 17C showing the capacitance of two sensors with diaphragm dimensions as a
function of the applied pressure.

EXAMPLE 4: Capacitive Actuators

[0098] Capacitive actuators have been used for a multitude of purposes in MEMS
applications such as Digital Multimirror Devices (DMDs) and valves. Capacitive
actuators are capable of providing high speed and reliable actuation for these
applications. Capacitive actuators can be used to supplement capacitive sensors in
the design of smart skin. In applications such as structural health monitoring (SHM),
it is advantageous to use an actuator to generate an acoustic or physical signal,
which can be recorded by a sensor a certain distance away; structural damages can
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be detected by changes in the propagation characteristics from the actuator to the

surrounding sensors.

[0099] Capacitive actuators operate in the following way: when a voltage is applied
across the electrodes, it induces a force and changes the distance between the two
electrodes, thereby "tilting" the actuator in some direction. If enough voltage is
applied, the actuator approaches a "pull-in" voltage, where the applied
electromagnetic force is greater than the mechanical restoring force, forcing the

actuator to deflect to its maximum displacement.

[0100] A fabrication process embodiment is shown in Figure 18A: a first metal layer
1801 is deposited and patterned on a polymer substrate 1802, forming the bottom
sensor electrodes. Next, a sacrificial layer 1803 is deposited and patterned using
lithography. Afterwards, spin-on polymer layer 1804 is deposited, forming an
isolation layer between two metal layers and forming the material for the structural
layers for the sensor. A second metal layer 1805 is then deposited using similar
methods as the first metal layer. In a laser ablation process, ablation radiation 1806
selectively patterns the spin-on polymer and the substrate, forming sensor structures
and opening up holes to the sacrificial layer. Lastly, the sacrificial layer is removed
using solvent and leaving an air gap 1807, forming a capacitive MEMS actuator.
Several capacitive actuators were fabricated using the above methods. Figure 18B

shows SEM images of two views of such a capacitive actuator.
EXAMPLE 5: Comb Sensors

[0101] Comb sensors are another class of capacitive sensors. An example of a
comb sensor is illustrated in Figure 19. The many “fingers” of a comb capacitive
sensor increase the effective capacitive area, and thus, they have a higher sensitivity
than their planar counterparts. Due to their high sensitivity, comb sensors decrease
the overall sensor area, and increase the sensitivity for applications such as

accelerometers.

[0102] The fabrication process of a comb capacitor, illustrated in Figure 20, is as
follows: First, a sacrificial layer 2001 is deposited and patterned on the substrate
2002. Next, a polymer structural layer 2003 is deposited. This is followed by a metal

layer 2004 patterning process and then a photoablation process, where ablation

23



WO 2010/068695 PCT/US2009/067381

radiation 2005 selectively patterns the sensor structure and opens up holes for
sacrificial layer removal, which is the next step, leaving an air gap 2006. Lastly, a
flood metal 2007 deposition process is performed for electrical conductivity with all of
the fingers.

EXAMPLE 6: Design and Fabrication of Stretchable, Multilayer, Self-aligned
Interconnects for Flexible Electronics and Large-area Sensor Arrays Using Excimer

Laser Photoablation

[0103] Stretchable interconnects are fabricated on polymer substrates using metal
patterns both as functional interconnect layers and as in-situ masks for excimer laser
photoablation. Single-layer and multilayer interconnects of various designs
(rectilinear and “meandering”) have been fabricated, and certain “meandering”
interconnect designs can be stretched up to 50% uniaxially while maintaining good
electrical conductivity and structural integrity. This approach eliminates masks and
microfabrication processing steps as compared to traditional fabrication approaches;
furthermore, this technology is scalable for large-area sensor arrays and electronic
circuits, adaptable for a variety of materials and interconnects designs, and
compatible with MEMS-based capacitive sensor technology.

[0104] Stretchable interconnects are essential to large-area flexible circuits and
large-area sensor array systems, and they play an important role towards the
realization of the realm of systems which include wearable electronics, sensor arrays
for structural health monitoring, and sensor skins for tactile feedback. These
interconnects must be reliable and robust for viability, and must be flexible,
stretchable, and conformable to non-planar surfaces. This example describes a
unique fabrication process for stretchable interconnects on polymer substrates
where metal patterns are used both as functional interconnect layers and as in-situ
masks for excimer laser photoablation. This new process overcomes the limitations
of current methods and has potential to become a cost effective, reliable fabrication
method for stretchable interconnects.

[0105] First, a suitable metal is deposited and patterned on a polymer substrate
using standard microfabrication techniques. A high-thermally-conductive metal of

sufficient thickness is chosen to minimize the damage to the metal from the excimer
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laser illumination; also, a polymer is chosen that has a low threshold fluence for
photoablation. If the applied fluence is greater than the threshold fluence of the
polymer, but lower than the threshold fluence for metal damage, the polymer will be
effectively patterned via photoablation while the metal layer remains undamaged.
Therefore, areas of the substrate that are not beneath the interconnects are
strategically removed by excimer laser photoablation using the metal patterns as in-
situ masks to increase substrate stretchability while maintaining structural rigidity.
‘Meandering’ interconnects can also be fabricated and patterned to maximize
stretchability.

[0106] Patterning of both single-layer and multi-layer interconnects with line-widths
of 10 um and 20 ym have been demonstrated. In the one-layer interconnect design
(see, e.g., Figure 6A), a 1 ym-thick aluminum film is sputtered on a Kapton polyimide
substrate of 25 um (1 mil) thickness, and wet-etched for patterning. Polyimide is
impervious to most acids, bases, and solvents, so it is not damaged by the metal
patterning process. The sample is then subjected to a flood exposure of 50 mJ/cm?
to 100 mJ/cm? radiation from a 248 nm KrF excimer laser (exposure area of 5 mm x
5 mm) for approximately 1000 pulses. Two-layer interconnects are fabricated using a
similar technique (see, e.g., Figure 7A), using a 5 um layer of spin-on polyimide (HD
Microsystems PI-2611) to separate the two metal layers. This concept can also be
extended to three or more metal interconnect layers by first alternating between
depositing metal layers and spin-on polymer layers, and then following up with
photoablation to pattern the substrate.

[0107] Fabricated single-layer and double-layer interconnects are examined using a
scanning electron microscope (SEM). Fig 21 shows SEM micrographs of double-
layer interconnects: (A) Rectilinear interconnect design with a 20 um line-width; (B)
Meandering interconnect design with 10 ym line-width; (C) Meandering interconnect
design with 20 ym line-width; (D) Meandering interconnect designs with 20pum line-
width. SEM images reveal that the side-walls of the ablated features are clean and
well defined. Sidewalls have a slope of approximately 70 degrees from the substrate
surface due to low-fluence photoablation, but it is found that the sloped sidewalls do
not limit the stretchability of the substrates in the designs described herein. The
SEM results (Figure 21C) also reveal the presence of a few conical defects
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(identified by circles) in the fabricated structures due to low-fluence ablation, as
observed in previous studies. The presence of too many conical defects may limit
the stretchability and functionality of interconnects because the “meandering”
interconnects may be fused together. A more effective debris removal system will
reduce such defects. SEM images and electrical resistivity tests before and after
photoablation indicate that aluminum is not damaged by photoablation.

[0108] For stretchability testing, single and double layer interconnect structures are
mounted using conductive epoxy and attached to a micrometer stage for precise
movement. The micrometer stage is moved in 50 ym increments, and interconnects
are monitored with an optical camera for structural damage and an onmmeter for
changes in electrical resistivity. Figure 22 shows the normalized resistance (R/Ro)
as a function of uniaxial stretching (AL/L). The resistivity of the rectilinear
interconnect structure fails at 7% stretchability (AL/L), while one “meandering”
interconnect sample retains good electrical performance (AR/Rq £ 5%) even when
stretched by more than 50% uniaxially. For comparison, these interconnects were
modeled using ANSYS Finite Element Analysis (FEA). Figure 23 shows a
comparison of SEM images of an unstretched and stretched “meandering”
interconnect. The maximum stretchability is determined by applying a uniaxial
displacement and determining the displacement value that generates a stress larger
than the material yield stress. According to the FEA, rectilinear interconnects have a
stretchability of 7%, while “meandering interconnects” have a stretchability of 39%.
The experimental results exceed the predicted stretchability of FEA because most
interconnects remain electrically functional even after partial cracking of the polymer

structure.

[0109] Figure 22. Comparison between electrical resistivity of rectilinear and
“meandering” interconnects. Rectilinear interconnects fail at AL/L = 7%, while
“meandering” interconnects remain robust up to AL/L = 50%. The non-linear
increase in resistivity during the conductive regime may be attributed to the

combination of strain and micro-cracking of the thin-film aluminum when stretched.

[0110] This fabrication concept is versatile in that it can accommodate a variety of
materials, designs, and structures, as described above. The ultimate stretchability is
dependent on ‘meandering’ interconnect structure and is not limited by the materials
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and fabrication processes. Interconnect line-widths can also be scaled; however,
smaller line-widths have a higher resistance, become more fragile, and thus become

impractical for large-area electronics.

[0111] There are several other merits to fabricating stretchable interconnects using
excimer laser photoablation and in-situ masking. This fabrication process is cost-
effective because at least one mask step and the associated process steps are
eliminated by using the metal layer both as a functional layer and as a masking layer
for the polymer patterning. Furthermore, the in-situ masking technique eliminates
several alignment processes and reduces defects due to misalignment. The polymer
layer is patterned with excimer laser photoablation instead of traditional techniques,
thus increasing throughput and reducing the use of costly chemicals and processing
steps. Finally, large-area seamless-scanning lithography and etching techniques
allows for the efficient adaptation of this process to large-area stretchable sensor

arrays and electronics.

[0112] This example described a fabrication process using excimer laser
photoablation and in-situ masking for the development of stretchable interconnects.
Various single-layer and double-layer interconnect designs have been modeled,
fabricated, and tested. ‘Meandering’ interconnects are observed to have a maximum
stretchability (AL/L) of greater than 50% with a change in resistivity (AR/R) of less
than 5%. The process offers a low-cost, reliable, robust, and large-area solution for
fabricating stretchable interconnects for sensor arrays and flexible electronics.
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STATEMENTS REGARDING INCORPORATION BY REFERENCE AND
VARIATIONS

[0134] All references throughout this application, for example patent documents
including issued or granted patents or equivalents; patent application publications;
and non-patent literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though individually
incorporated by reference, to the extent each reference is at least partially not
inconsistent with the disclosure in this application (for example, a reference that is

29



WO 2010/068695 PCT/US2009/067381

partially inconsistent is incorporated by reference except for the partially inconsistent
portion of the reference).

[0135] All patents and publications mentioned in the specification are indicative of
the levels of skill of those skilled in the art to which the invention pertains.
References cited herein are incorporated by reference herein in their entirety to
indicate the state of the art, in some cases as of their filing date, and it is intended
that this information can be employed herein, if needed, to exclude (for example, to
disclaim) specific embodiments that are in the prior art. For example, when a
compound is claimed, it should be understood that compounds known in the prior
art, including certain compounds disclosed in the references disclosed herein
(particularly in referenced patent documents), are not intended to be included in the

claim.

[0136] When a group of substituents is disclosed herein, it is understood that all
individual members of those groups and all subgroups and classes that can be
formed using the substituents are disclosed separately. When a Markush group or
other grouping is used herein, all individual members of the group and all
combinations and subcombinations possible of the group are intended to be
individually included in the disclosure.

[0137] Every formulation or combination of components described or exemplified
can be used to practice the invention, unless otherwise stated. Specific names of
materials are intended to be exemplary, as it is known that one of ordinary skill in the
art can name the same material differently. One of ordinary skill in the art will
appreciate that methods, device elements, starting materials, and synthetic methods
other than those specifically exemplified can be employed in the practice of the
invention without resort to undue experimentation. All art-known functional
equivalents, of any such methods, device elements, starting materials, and synthetic
methods are intended to be included in this invention. Whenever a range is given in
the specification, for example, a temperature range, a time range, or a composition
range, all intermediate ranges and subranges, as well as all individual values

included in the ranges given are intended to be included in the disclosure.
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[0138] As used herein, “comprising” is synonymous with "including," "containing," or
"characterized by," and is inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, "consisting of" excludes any
element, step, or ingredient not specified in the claim element. As used herein,
"consisting essentially of" does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. Any recitation herein of the
term “comprising”, particularly in a description of components of a composition or in
a description of elements of a device, is understood to encompass those
compositions and methods consisting essentially of and consisting of the recited
components or elements. The invention illustratively described herein suitably may
be practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.

[0139] The terms and expressions which have been employed are used as terms of
description and not of limitation, and there is no intention in the use of such terms
and expressions of excluding any equivalents of the features shown and described
or portions thereof, but it is recognized that various modifications are possible within
the scope of the invention claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred embodiments and
optional features, modification and variation of the concepts herein disclosed may be
resorted to by those skilled in the art, and that such modifications and variations are
considered to be within the scope of this invention as defined by the appended

claims.
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CLAIMS
We claim:
1. A method of making an electronic device, the method comprising the steps of:
providing a flexible substrate;
depositing a first metal layer on the flexible substrate;

patterning the first metal layer, thereby generating a first patterned metal

layer that exposes one or more regions of exposed flexible substrate; and

exposing the first patterned metal layer and the exposed flexible substrate
to ablation radiation to ablate at least a portion of the flexible substrate,
wherein the first patterned metal layer functions as an in situ ablation mask

and provides a structural component of the electronic device.

2. The method of claim 1, wherein the ablation radiation does not significantly
ablate the first patterned metal layer during the exposing step.

3. The method of claim 1, wherein the ablation radiation does not significantly

damage the first patterned metal layer during the exposing step.

4. The method of claim 1, wherein the exposing step ablates substantially all of
the regions of exposed flexible substrate.

5. The method of claim 1, wherein the first patterned metal layer is a self-aligned
ablation mask for ablation patterning at least a portion of the flexible
substrate.

6. The method of claim 1, further comprising the steps of:

providing a dielectric layer on at least a portion of the first patterned metal

layer and at least a portion of the exposed flexible substrate;

depositing a second metal layer on the dielectric layer; and
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patterning the second metal layer, thereby generating a second patterned
metal layer that exposes regions of exposed dielectric;

wherein the exposing step includes exposing the exposed dielectric to
ablation radiation to ablate at least a portion of the dielectric layer, wherein the
first and second patterned metal layers function as an in situ ablation mask

and provide structural components of the electronic device.

7. The method of claim 6, further comprising repeating one or more times the
steps of:

providing an additional dielectric layer on at least a portion of the topmost
patterned metal layer and at least a portion of the exposed dielectric layer;

depositing an additional metal layer on the additional dielectric layer; and

patterning the additional metal layer, thereby generating an additional
patterned metal layer that exposes regions of exposed dielectric;

wherein the exposing step includes exposing the exposed dielectric to
ablation radiation to ablate at least a portion of the dielectric layer, and
wherein the patterned metal layers function as in situ ablation masks and

provide structural components of the electronic device.

8. The method of claim 6, wherein the ablation radiation does not significantly

ablate the first and second patterned metal layers during the exposing step.

9. The method of claim 6, wherein the ablation radiation does not significantly

damage the first and second patterned metal layers during the exposing step.

10.The method of claim 6, wherein the first and second second patterned metal
layers are self-aligned ablation masks for ablation patterning at least a portion
of the dielectric layer.

11.The method of claim 6, wherein the first and second patterned metal layers
are self-aligned ablation masks for ablation patterning at least a portion of the
flexible substrate.
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12.The method of claim 6, wherein the exposing step ablates substantially all of
the regions of exposed dielectric layer.

13.The method of claim 6, wherein the exposing step ablates substantially all of
the regions of exposed flexible substrate.

14.The method of claim 1, wherein the flexible substrate is a polymer substrate.

15.The method of claim 14, wherein the flexible substrate is an elastomer

substrate.

16.The method of claim 14, wherein the polymer substrate comprises a material
selected from the group consisting of polymethylmethacrylate (PMMA),
polyimide, polyethylene terephathalate (PET), polystyrene, polycarbonate,
polyvinyl alcohol (PVA), polybenzimidazole, tetrafluoroethylene, SU-8,
parylene, polyester, poly-dimethyl-siloxane (PDMS) and any combination of
these.

17.The method of claim 14, wherein the polymer substrate has a thickness

selected over the range of 5 um to 1000 um.

18.The method of claim 1, wherein regions of the exposed flexible substrate have

areas selected over the range of 1 mm?to 1 m?.

19.The method of claim 1, wherein the first metal layer comprises a metal
selected from the group consisting of aluminum, copper, chromium, nickel,
titanium, tungsten, gold, tin, zinc, molybdenum, silver, lead, indium, iron,

platinum, and any metal alloy.

20.The method of claim 1, wherein the first metal layer has a thickness selected

over the range of 100 nm to 5 um.

21.The method of claim 1, wherein at least one metal layer is replaced by a layer

comprising an inorganic dielectric.

22.The method of claim 21, wherein the inorganic dielectric is selected from the

group consisting of silicon dioxide, silicon nitride and aluminum oxide.
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23.The method of claim 1, wherein at least one metal layer is replaced by a layer

comprising a semiconductor.

24.The method of claim 23, wherein the semiconductor is selected from the
group consisting of Silicon, Germanium, Gallium Arsenide and Indium
Phosphide.

25.The method of claim 6, wherein the dielectric layer comprises a material
selected from the group consisting of spin-on polymers, polyimide, SU-8 and
any combination of these.

26.The method of claim 1, wherein the dielectric layer has a thickness selected
over the range of 100 nm to 10 um.

27. The method of claim 1, wherein the exposing step is carried out using a
fluence of the ablation radiation selected over the range of 30 mJ/cm? to 500

mJ/cm?.

28.The method of claim 1, wherein the exposing step is carried out using the
ablation radiation having wavelengths selected over the range of 100 nm to
400 nm.

29.The method of claim 1, wherein the ablation radiation is excimer laser
radiation, ion laser radiation, or frequency-multiplied solid state laser radiation.

30.A method of making a capacitive sensor, the method comprising the steps of:
providing a polymer substrate;
depositing a first metal layer one the polymer substrate;

patterning the first metal layer, thereby generating a first patterned metal

layer that exposes one or more regions of exposed polymer substrate; and

providing a sacrificial layer on at least a portion of the first patterned metal
layer and at least a portion of the exposed polymer substrate;

patterning the sacrificial layer;
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providing a dielectric layer on at least a portion of the sacrificial layer, the

first patterned metal layer and the exposed polymer substrate;
depositing a second metal layer on the dielectric layer;

patterning the second metal layer, thereby generating a second patterned

metal layer that exposes one or more regions of exposed dielectric layer;

exposing the second patterned metal layer, the regions of exposed
dielectric layer, the sacrificial layer, the first patterned metal layer and the
exposed polymer substrate to ablation radiation to ablate at least a portion
of the dielectric layer and at least a portion of the polymer substrate; and
wherein the first patterned metal layer and the second patterned metal
layer function as in situ ablation masks and provide structural components

of the capacitive sensor; and
removing the sacrificial layer.

31.The method of claim 30, wherein the ablation radiation does not significantly
ablate the first patterned metal layer or the second patterned metal layer

during the exposing step.

32.The method of claim 30, wherein the ablation radiation does not significantly
damage the first patterned metal layer or the second patterned metal layer

during the exposing step.

33. The method of claim 30, wherein the exposing step ablates substantially all of
the regions of exposed polymer substrate and substantially all the regions of

exposed dielectric layer.

34.The method of claim 30, wherein the first patterned metal layer and the

second patterned metal layer are self-aligned ablation masks.

35.The method of claim 30, wherein the sacrificial layer has a thickness selected

over the range of 100 nm to 50 um.
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36. The method of claim 30, wherein the sacrificial layer comprises a material
selected from the group consisting of photoresist, polymer, metal oxide and
dielectric.

37.The method of claim 30, wherein the sacrificial layer comprises a material
which can be removed without damaging the polymer substrate, the patterned
metal layers, or the dielectric layers.

38.The method of claim 30, wherein the sacrificial layer is removed by
dissolution.

39.The method of claim 30, wherein the sacrificial layer is removed by exposure
to a fluid selected from the group consisting of: a solvent, an acid solution

and an alkaline solution.

40.The method of claim 30, wherein the first metal layer has a thickness selected
over the range of 100 nm to 5 um, the second metal layer has a thickness
selected over the range of 100 nm to 5 um and the dielectric layer has a

thickness selected over the range of 100 nm to 50 pm.

41.The method of claim 30, wherein the polymer substrate comprises a material
selected from the group consisting of polymethylmethacrylate (PMMA),
polyimide, polyethylene terephathalate (PET), polystyrene, polycarbonate,
polyvinyl alcohol (PVA), polybenzimidazole, tetrafluoroethylene, SU-8,
parylene, polyester, poly-dimethyl-siloxane (PDMS) and any combination of
these.

42.The method of claim 30, wherein the polymer substrate has a thickness

selected over the range of 10 um to 1000 um.

43.The method of claim 30, further comprising repeating one or more times the
steps of:

providing an additional dielectric layer on at least a portion of the topmost

layer;

depositing an additional metal layer on the additional dielectric layer; and
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patterning the additional metal layer, thereby generating an additional

patterned metal exposing regions of the additional dielectric layer;

wherein the exposing step includes exposing the exposed dielectric to
ablation radiation to ablate at least a portion of the dielectric layer, and
wherein the patterned metal layers function as in situ ablation masks and

provide structural components of the electronic device.

44.The method of claim 30, wherein at least one metal layer is replaced by a

layer comprising an inorganic dielectric.

45.The method of claim 44, wherein the inorganic dielectric is selected from the

group consisting of silicon dioxide, silicon nitride and aluminum oxide.

46.The method of claim 30, wherein at least one metal layer is replaced by a

layer comprising a semiconductor.

47.The method of claim 46, wherein the semiconductor is selected from the
group consisting of Silicon, Germanium, Gallium Arsenide and Indium
Phosphide.

48.A method of making a sensor, the method comprising the steps of:
providing a polymer substrate;
providing a sacrificial layer on the polymer substrate;
providing a dielectric layer on the sacrificial layer;
depositing a metal layer on the dielectric layer;

patterning the metal layer, thereby generating a patterned metal layer that
exposes one or more regions of the dielectric layer;

exposing the patterned metal layer and the regions of exposed dielectric
layer to ablation radiation to ablate at least a portion of the dielectric layer,
wherein the patterned metal layer functions as an in situ ablation mask

and provides a structural component of the sensor; and

38



WO 2010/068695 PCT/US2009/067381
removing the sacrificial layer.

49.The method of claim 48, wherein the ablation radiation does not significantly

ablate the patterned metal layer during the exposing step.

50. The method of claim 48, wherein the ablation radiation does not significantly
damage the patterned metal layer during the exposing step.

51.The method of claim 48, wherein the exposing step ablates substantially all of

the regions of exposed dielectric layer.

52.The method of claim 48, wherein the patterned metal layer is a self-aligned
ablation mask for ablation patterning at least a portion of the dielectric layer.

53.The method of claim 48, further comprising the step of depositing a second

metal layer over the patterned metal layer and the ablated dielectric layer.

54.The method of claim 48, further comprising the step of patterning the

sacrificial layer before providing the dielectric layer over the sacrificial layer.

55.The method of claim 48, further comprising the step of providing the sensor

over a second sensor to form a capacitive comb sensor.

56.The method of claim 48, wherein, during the exposing step, the patterned
metal layer act as an ablation mask for at least a portion of the dielectric layer,
at least a portion of the sacrificial layer and at least a portion of the polymer

substrate.

57.The method of claim 48, wherein the polymer substrate comprises a material
selected from the group consisting of polymethylmethacrylate (PMMA),
polyimide, polyethylene terephathalate (PET), polystyrene, polycarbonate,
polyvinyl alcohol (PVA), polybenzimidazole, tetrafluoroethylene, SU-8,
parylene, polyester, poly-dimethyl-siloxane (PDMS) and any combination of
these.

58. The method of claim 48, wherein the polymer substrate has a thickness

selected over the range of 10 um to 1000 um.
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59.The method of claim 48, further comprising repeating one or more times the
steps of:

providing an additional dielectric layer on at least a portion of the topmost
layer;

depositing an additional metal layer on the additional dielectric layer; and

patterning the additional metal layer, thereby generating an additional

patterned metal exposing regions of the additional dielectric layer;

wherein the exposing step includes exposing the exposed dielectric to
ablation radiation to ablate at least a portion of the dielectric layer, and
wherein the patterned metal layers function as in situ ablation masks and

provide structural components of the electronic device.

60. The method of claim 48, wherein at least one metal layer is replaced by a

layer comprising an inorganic dielectric.

61.The method of claim 60, wherein the inorganic dielectric is selected from the

group consisting of silicon dioxide, silicon nitride and aluminum oxide.

62.The method of claim 48, wherein at least one metal layer is replaced by a

layer comprising a semiconductor.

63. The method of claim 62, wherein the semiconductor is selected from the
group consisting of Silicon, Germanium, Gallium Arsenide and Indium
Phosphide.

64.A method of making a capacitive actuator, the method comprising the steps
of:

providing a polymer substrate;
depositing a first metal layer on the polymer substrate;

patterning the first metal layer, thereby generating a first patterned metal

layer that exposes one or more regions of exposed polymer substrate; and
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providing a sacrificial layer on at least a portion of the first patterned metal

layer;

providing a dielectric layer on at least a portion of the sacrificial layer, the
first patterned metal layer and the polymer substrate;

depositing a second metal layer on the dielectric layer;

patterning the second metal layer, thereby generating a second patterned

metal layer that exposes one or more regions of exposed dielectric layer;

exposing the second patterned metal layer and the regions of exposed
dielectric layer to ablation radiation to ablate at least a portion of the
dielectric layer, wherein the first patterned metal layer and the second
patterned metal layer function as in situ ablation masks and provide

structural components of the capacitive sensor; and
dissolving the sacrificial layer.

65. The method of claim 64, wherein the ablation radiation does not significantly
ablate the first patterned metal layer or the second patterned metal layer

during the exposing step.

66. The method of claim 64, wherein the ablation radiation does not significantly
damage the first patterned metal layer or the second patterned metal layer

during the exposing step.

67. The method of claim 64, wherein the exposing step ablates substantially all of
the regions of exposed polymer substrate and substantially all the exposed
regions of the dielectric layer.

68. The method of claim 64, wherein the first patterned metal layer and the

second patterned metal layer are self-aligned ablation masks.

69. The method of claim 64, wherein the sacrificial layer has a thickness selected

over the range of 100 nm to 50 um.
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70.The method of claim 64, wherein the sacrificial layer comprises a material
selected from the group consisting of photoresist, polymer, metal oxide and

dielectric.

71.The method of claim 64, wherein the sacrificial layer comprises a material
which can be removed without damaging the polymer substrate, the patterned

metal layers, or the dielectric layers.

72.The method of claim 64, wherein the sacrificial layer is removed by

dissolution.

73.The method of claim 64, wherein the sacrificial layer is removed by exposure
to a fluid selected from the group consisting of: a solvent, an acid solution

and an alkaline solution.

74.The method of claim 64, wherein the first metal layer has a thickness selected
over the range of 100 nm to 5 um, the second metal layer has a thickness
selected over the range of 100 nm to 5 um; and the dielectric layer has a

thickness selected over the range of 100 nm to 50 pm.

75.The method of claim 64, wherein the polymer substrate comprises a material
selected from the group consisting of polymethylmethacrylate (PMMA),
polyimide, polyethylene terephathalate (PET), polystyrene, polycarbonate,
polyvinyl alcohol (PVA), polybenzimidazole, tetrafluoroethylene, SU-8,
parylene, polyester, poly-dimethyl-siloxane (PDMS) and any combination of
these.

76.The method of claim 64, wherein the polymer substrate has a thickness

selected over the range of 10 um to 1000 um.

77.The method of claim 64, further comprising repeating one or more times the

steps of:

providing an additional dielectric layer on at least a portion of the topmost

layer;

depositing an additional metal layer on the additional dielectric layer; and
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patterning the additional metal layer, thereby generating an additional
patterned metal exposing regions of the additional dielectric layer;

wherein the exposing step includes exposing the exposed dielectric to
ablation radiation to ablate at least a portion of the dielectric layer, and
wherein the patterned metal layers function as in situ ablation masks and

provide structural components of the electronic device.

78.The method of claim 64, wherein at least one metal layer is replaced by a

layer comprising an inorganic dielectric.

79.The method of claim 78, wherein the inorganic dielectric is selected from the

group consisting of silicon dioxide, silicon nitride and aluminum oxide.

80.The method of claim 64, wherein at least one metal layer is replaced by a

layer comprising a semiconductor.

81.The method of claim 80, wherein the semiconductor is selected from the
group consisting of Silicon, Germanium, Gallium Arsenide and Indium
Phosphide.
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