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STRETCHABLE AND FOLDABLE ELECTRONIC DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application claims benefit of U.S. Provisional Patent App. Nos. 61/033,886,

filed March 5, 2008 , 61/061 ,978 filed June 16, 2008, and 61/084,045 filed July 28,

2008, each of which are specifically incorporated by reference herein to the extent not

inconsistent with the present application.

STATEMENT REGARDING FEDERALLY SPONSORED

RESEARCH OR DEVELOPMENT

[002] This invention was made at least in part with U.S. government support under

DMI-0328162 and ECCS-08241 29 awarded by the National Science Foundation and

under DEFG02-91 ER45439, DEFG02-07ER46471 and DEFG02-07ER46453 awarded

by the Department of Energy. The U.S. government has certain rights in the invention.

BACKGROUND OF INVENTION

[003] Since the first demonstration of a printed, all polymer transistor in 1994, a great

deal of interest has been directed at a potential new class of electronic systems

comprising flexible integrated electronic devices on plastic substrates. [Gamier, F.,

Hajlaoui, R., Yassar, A . and Srivastava, P., Science, Vol. 265, pgs 1684 - 1686]

Recently, substantial research has been directed toward developing new solution

processable materials for conductors, dielectrics and semiconductors elements for

flexible plastic electronic devices. Progress in the field of flexible electronics, however,

is not only driven by the development of new solution processable materials but also by

new device component geometries, efficient device and device component processing

methods and high resolution patterning techniques applicable to flexible electronic

systems. It is expected that such materials, device configurations and fabrication

methods will play an essential role in the rapidly emerging new class of flexible

integrated electronic devices, systems and circuits.

[004] Interest in the field of flexible electronics arises out of several important

advantages provided by this technology. For example, the inherent flexibility of these

substrate materials allows them to be integrated into many shapes providing for a large

number of useful device configurations not possible with brittle conventional silicon

based electronic devices. In addition, the combination of solution processable

component materials and flexible substrates enables fabrication by continuous, high



speed, printing techniques capable of generating electronic devices over large substrate

areas at low cost.

[005] The design and fabrication of flexible electronic devices exhibiting good

electronic performance, however, present a number of significant challenges. First, the

well developed methods of making conventional silicon based electronic devices are

incompatible with most flexible materials. For example, traditional high quality inorganic

semiconductor components, such as single crystalline silicon or germanium

semiconductors, are typically processed by growing thin films at temperatures (> 1000

degrees Celsius) that significantly exceed the melting or decomposition temperatures of

most plastic substrates. In addition, most inorganic semiconductors are not intrinsically

soluble in convenient solvents that would allow for solution based processing and

delivery. Second, although many amorphous silicon, organic or hybrid organic-inorganic

semiconductors are compatible with incorporation into flexible substrates and can be

processed at relatively low temperatures, these materials do not have electronic

properties capable of providing integrated electronic devices capable of good electronic

performance. For example, thin film transistors having semiconductor elements made

of these materials exhibit field effect mobilities approximately three orders of magnitude

less than complementary single crystalline silicon based devices. As a result of these

limitations, flexible electronic devices are presently limited to specific applications not

requiring high performance, such as use in switching elements for active matrix flat

panel displays with non-emissive pixels and in light emitting diodes.

[006] Flexible electronic circuitry is an active area of research in a number of fields

including flexible displays, electro-active surfaces of arbitrary shapes such as electronic

textiles and electronic skin. These circuits often are unable to sufficiently conform to

their surroundings because of an inability of the conducting components to stretch in

response to conformation changes. Accordingly, those flexible circuits are prone to

damage, electronic degradation and can be unreliable under rigorous and/or repeated

conformation change. Flexible circuits require stretchable and bendable interconnects

that remain intact while cycling through stretching and relaxation.

[007] Conductors that are capable of both bending and elasticity are generally made

by embedding metal particles in an elastomer such as silicone. Those conductive

rubbers are both mechanically elastic and electrically conductive. The drawbacks of a

conductive rubber include high electrical resistivity and significant resistance changes



under stretching, thereby resulting in overall poor interconnect performance and

reliability.

[008] Gray et al. discuss constructing elastomeric electronics using microfabhcated

tortuous wires encased in a silicone elastomer capable of linear strains up to 54% while

maintaining conductivity. In that study, the wires are formed as a helical spring-shape.

In contrast to straight-line wires that fractured at low strains (e.g., 2.4%), tortuous wires

remained conductive at significantly higher strains (e.g., 27.2%). Such a wire geometry

relies on the ability of wires to elongate by bending rather than stretching. That system

suffers limitations in the ability to controllably and precisely pattern in different shapes

and in additional planes, thereby limiting the ability to tailor systems to different strain

and bending regimes.

[009] Studies suggest that elastically stretchable metal interconnects experience an

increase in resistance with mechanical strain. (Mandlik et al. 2006). Mandlik et al.

attempt to minimize this resistance change by depositing metal film on pyramidal

nanopatterned surfaces. That study, however, relies on the relief feature to generate

microcracks that impart stretchability to thin metal lines. The microcracks facilitate metal

elastic deformation by out of plane twisting and deformation. Those metal cracks,

however, are not compatible with thick metal films, and instead is compatible with a

rather narrow range of thin metal films (e.g., on the order of less than 30 nm) that are

deposited on top of patterned elastomer.

[010] One manner of imparting stretchability to metal interconnects is by prestraining

(e.g., 15%-25%) the substrate during conductor (e.g., metal) application, followed by

spontaneous relief of the prestain, thereby inducing a waviness to the metal conductor

interconnects (see, e.g., Lacour et al. (2003); (2005); (2004), Jones et al. (2004); Huck

et al. (2000); Bowden et al. ( 1998)). Lacour et al. (2003) report by initially compressing

gold stripes to generate spontaneously wrinkled gold stripes, electrical continuity is

maintained under strains of up to 22% (compared to fracture strains of gold films on

elastic substrates of a few per cent). That study, however, used comparatively thin

layers of metal films (e.g., about 105 nm) and is relatively limited in that the system

could potentially make electrical conductors that could be stretched by about 10%.

[01 1] From the forgoing, it is apparent there is a need for electronic devices such as

interconnects and other electronic components having improved stretchability, electrical

properties and related processes for rapid and reliable manufacture of stretchable



interconnects in a variety of different configurations. Progress in the field of flexible

electronics is expected to play a critical role in a number of important emerging and

established technologies. The success of these applications of flexible electronics

technology depends strongly, however, on the continued development of new materials,

device configurations and commercially feasible fabrication pathways for making

integrated electronic circuits and devices exhibiting good electronic, mechanical and

optical properties in flexed, deformed and bent conformations. Particularly, high

performance, mechanically extensible materials and device configurations are needed

exhibiting useful electronic and mechanical properties in folded, stretched and/or

contracted conformations.

SUMMARY OF THE INVENTION

[012] Highly bendable and stretchable electronic devices, and methods for making

such devices, are accessed by controlling the location of a neutral mechanical surface

to correspond to strain-sensitive layers or by selective use of strain isolation layers to

isolate strain-sensitive layers from applied stresses and strains. The processes and

devices are useful in a wide range of applications and devices such as electronic and

optoelectronic systems in curved systems and systems that undergo mechanical

deformation. The processes and devices combine high quality electronic materials,

such as aligned arrays of silicon nanoribbons and other inorganic nanomatehals, with

ultrathin and elastomehc substrates, in multilayer neutral mechanical plane designs and

with an optionally 'wavy' structural layout. Such approaches, guided by detailed

mechanics models, facilitate design and manufacture of diverse classes of integrated

circuits as well as highly integrated optoelectronics systems with well-developed

electronic materials, whose intrinsic brittle, fragile mechanical properties would

otherwise preclude their use in such applications The systems and processes are

capable of providing strain-independent electrical devices at a performance level

comparable to state-of-the-art devices built on brittle semiconductor wafers. For

example, systems provided herein minimize or eliminate the influence of mechanical

strain on device performance, thereby facilitating the use of such devices in a wide

range of applications and of any arbitrary geometry. In other aspects, the systems

provided herein access shape-conforming electronic devices that would otherwise

undergo strain-induced mechanical failure.

[013] Processes provided herein are optionally compatible with conventional

electronics manufacturing processes that are intrinsically planar in nature due to the



patterning, deposition, etching, materials growth and doping methods used in those

existing fabrication processes. Stretchable and compressible systems provided herein

avoid planar geometry limitations by facilitating a geometric transformation of

conventional planar geometry manufacturing systems to an arbitrarily curvilinear shape

for use in applications requiring non-linear geometry. Accordingly, processes provided

herein permit integration of planar device technologies onto surfaces of complex

curvilinear objects.

[014] Spatially inhomogenous layers and patterning of such layers provides the

capacity to position a neutral mechanical surface (NMS) as desired, such as proximate,

coincident or adjacent to a layer containing a strain-sensitive material, such as a

functional layer. In this aspect, "strain-sensitive" refers to a material that fractures or is

otherwise impaired in response to a relatively low level of strain. In an aspect, the NMS

is coincident or proximate to a functional layer. In an aspect the NMS is coincident to a

functional layer, referring to at least a portion of the NMS is located within the functional

layer that contains a strain-sensitive material for all lateral locations along the NMS. In

an aspect, the NMS is proximate to a functional layer, wherein although the NMS may

not be coincident with the functional layer, the position of the NMS provides a

mechanical benefit to the functional layer, such as substantially lowering the strain that

would otherwise be exerted on the functional layer but for the position of the NMS. For

example, the position of a proximate NMS is optionally defined as the distance from the

strain-sensitive material that provides an at least 10%, 20%, 50% or 75% reduction in

strain in the strain-sensitive material for a given folded configuration, such as a device

being folded so that the radius of curvature is on the order of the millimeter or centimeter

scale. In another aspect, the position of a proximate NMS can be defined in absolute

terms such as a distance from the strain-sensitive material, such as less than several

mm, less than 2 mm, less than 10 µm, less than 1 µm, or less than 100 nm. In another

aspect, the position of a proximate layer is defined relative to the layer that is adjacent to

the strain-sensitive material, such as within the 50%, 25% or 10% of the layer closest to

the strain-sensitive-containing layer. In an aspect, the proximate NMS is contained

within a layer that is adjacent to the functional layer.

[015] In addition, the geometry of devices in the functional layer is used in an aspect

to provide stretchability and compressibility. In an embodiment, the systems are

multilayer devices that exploit inorganic semiconductor nanomatehals configured into

structural shapes that can geometrically accommodate large mechanical deformations



without imparting significant strains in the materials themselves. For example,

interconnects that connect rigid device islands may be wavy or buckled as further

described in U.S. Pat. App. No. 11/851 , 1 82 (U.S. Pub. No. 2008/0157235), hereby

incorporated by reference. Similarly, the layer upon which the device component rests

may be wavy. Such geometry provides for reversible stretchability in regions that can

accommodate such forces while minimizing or relieving the need for stretchability in

other relatively rigid regions.

[016] In an aspect, the invention is a method of making a stretchable and foldable

electronic device by providing a multilayer device comprising a substrate layer, a

functional layer and a one or more neutral mechanical surface adjusting layer, wherein

the functional layer is supported by a substrate layer, with at least one layer of the

multilayer having a property that is spatially inhomogeneous, wherein the spatially

inhomogeneous property positions a neutral mechanical surface that is coincident or

proximate to a functional layer. Examples of a property that can provide spatial

inhomogeneous to effect a change in NMS position include, but are not limited to one or

more of: Young's modulus; deposition of an add layer; layer thickness; recess feature;

spatially patterning device components in said functional layer, and functional layer

geometry. Any property that effects a change in one or more of these properties can be

spatially modified. Accordingly, the porosity or cross-linking of a layer may be spatially

varied to thereby spatially modify the layer's Young's modulus, thereby spatially

modifying the location of the NMS.

[017] In an embodiment, the spatial inhomogeneity is provided by a step comprising

lateral patterning any of the layers. Lateral refers to a variation over an x-y plane co

ordinate system, where the layer thickness is defined in the z-axis which is orthogonal to

the x-y plane. Such lateral patterning provides lateral spatial inhomogeneity to influence

the position of the NMS. In an aspect the lateral patterning is provided by patterning a

substrate with one or more neutral mechanical surface adjusting layers comprising thin

films or add layers. The patterning optionally comprises one or more encapsulating

layers, one or more recess features such as etch holes, or both.

[018] Spatial inhomogeneity is optionally achieved by a lateral patterning that is

selectively varying the thickness of a substrate layer thickness or a one or more neutral

mechanical surface adjusting layers, or otherwise spatially modulating a mechanical



property of a substrate layer or a one or more neutral mechanical surface adjusting

layers such as by modulating porosity, extent of cross linking or Young's modulus.

[019] In an aspect, the one or more neutral mechanical surface adjusting layers is a

one or more encapsulating layer. Such encapsulating layers are further useful in device

isolation in applications where the device is placed in an environment that could

otherwise damage device operation. The encapsulating layer optionally has a thickness

that varies selectively in a lateral direction. As used herein, encapsulating layer refers to

complete coating of the device, coating of only a top surface on which the electronic

device rests, or portions thereof.

[020] In an aspect, the neutral mechanical surface has a geometrical shape, such as

a shape that is planar or non-planar. In another aspect, any of the devices including a

device made by any of the methods disclosed herein, has an inhomogeneous cross-

section.

[021] In an embodiment, the inhomogeneous layer is made by selective patterning of

the functional layer, substrate layer or an add layer, such as a patterning step

comprising transfer printing of a passive or an active electronic component on the

functional layer. In one example the patterning step comprises selective placement of

etch holes in one or more layers to provide corresponding localized device regions of

high foldability and stretchability. In another example, any of the methods further

comprise patterning a layer in one or more lateral directions to provide a neutral

mechanical surface that is coincident or proximate to a functional layer, wherein the

functional layer is most sensitive to strain-induced fracture.

[022] In an embodiment, any of the methods provide a neutral mechanical surface

that is coincident with a functional layer.

[023] In anther aspect, any of the methods and devices are described in terms of a

mechanical characteristic, such as foldability. In an aspect, the method provides a

functional layer that is capable of folding to a radius of curvature of 1 to 5 mm or greater

without adversely degrading electronic performance and without mechanical failure.

[024] In an aspect, any of the methods disclosed herein relate to a device comprising

a plurality of functional layers and substrate layers separating the functional layers,



wherein the number of functional layers is greater than or equal to 2 and less than or

equal to 20.

[025] Any of the methods provided herein, in an aspect, relate to making an ultrathin

device, such as a device having a thickness that is less than or equal to 10 µm . Any of

the substrates disclosed herein comprise PDMS.

[026] In an embodiment, the functional layer comprises electronic device components

on which the stretchable and foldable electronic device relies. In an aspect, the device

component comprises one or more of the stretchable components disclosed in U.S. Pat.

App. No. 11/851 , 1 82 and is made by one or more of the processes disclosed therein.

U.S. Pat. App. No. 11/851 , 1 82 is specifically incorporated by reference for the

stretchable components, devices, and related processes for making such stretchable

devices and components of use in making geometrically wavy or bent functional layers.

In an aspect, the device comprises a plurality of functional layers, such as greater than

2, greater than 8, or between 2 and 20, for example.

[027] Also provided are methods of making an electronic device having a curved

surface by providing a multilayer device comprising a substrate layer, a functional layer

and a one or more neutral mechanical surface adjusting layer, wherein the functional

layer is supported by a substrate layer, with at least one layer of the multilayer having a

property that is spatially inhomogeneous, wherein the spatially inhomogeneous property

positions a neutral mechanical surface that is coincident or proximate to a functional

layer. The multilayer device may be made by any of the processes disclosed herein.

Because the multilayer device is foldable and bendable, the conformal wrapping of a

curvilinear surface with the multilayer device provides an electronic device having a

correspondingly curved surface. Because of the bendability, stretchability and foldability

of the devices provided herein, any curved surface of arbitrary shape is compatible with

these processes, including but not limited to an arbitrary curvilinear surface, a

hemispherical or a cylindrical surface. In one example, the device is a hemispherical

optical imager or an electronic eye. In addition, sophisticated cameras having curved

geometries that provide comparable or improved image capture and rendering

compared to conventional planar-configured cameras are provided. Such cameras,

having good sensitivity and operating characteristics can be used in a number of target

applications, such as for retinal implants, for example.



[028] In an embodiment, methods are provided for making thin sheets of an electronic

device, such as an ultrathin flexible and foldable circuit or CMOS circuit. One example

of the method is providing a carrier layer surface, coating at least a portion of the carrier

layer surface with a sacrificial layer, attaching a substrate layer to the sacrificial layer,

wherein the substrate layer supports at least a component of the electronic device,

patterning a plurality of sacrificial layer access openings through the substrate layer, and

releasing the substrate layer from the carrier layer surface by introducing a sacrificial-

removing material to the sacrificial layer via the access openings, thereby obtaining a

foldable electronic device. In an aspect, the circuit is ultrathin, such as less than 10 µm,

less than 5 µm or less than 2 µm . Any sacrificial layer material may be used, such as

sacrificial layers that are dissolvable by introducing a solvent through the access

openings. For example, a sacrificial layer that is PMMA can be dissolved with acetone

to provide a free-standing sheet that is bendable. In general, thinner sheets are capable

of higher bending.

[029] In an aspect the sacrificial layer comprises PMMA and the sacrificial-removing

material is a PMMA solvent. In another aspect, the foldable electronic device is

ultrathin.

[030] In another aspect, the method of making a foldable electronic device further

comprises conformally contacting the released substrate layer with an elastomehc

stamp having a first level of strain to bond one or more components to said stamp and

applying a force to the elastomeric stamp that generates a change in a strain of the

stamp from the first level to a second level of strain different than the first level. The

change in the level of strain in the stamp from the first level to the second level causes

the one or more components to bend, thereby generating a one or more stretchable

components each having a first end and second end that are bonded to the substrate

and a central region provided in a bent configuration. In an embodiment, the bonding

step comprises the step of generating a pattern of bond and non-bond regions on the

component, the stamp surface, or both the component and the stamp surface to

generate a spatial pattern of components that are bent. In an aspect, the device is a

circuit sheet.

[031] In an embodiment, instead of a free-standing embodiment, the released

electronic device may be processed to obtain a wavy configuration. One example of

such a method is, as provided in U.S. Pub. No. 2008/0157235, conformally contacting



the released substrate layer with an elastomeric stamp having a first level of strain to

bond one or more components to the stamp, and applying a force to the elastomeric

stamp that generates a change in a strain of the stamp from a first level to a second

level of strain different than the first level, wherein the change in the level of strain in the

stamp from the first level to the second level causes the one or more components to

bend, thereby generating a one or more stretchable components each having a first end

and second end that are bonded to the substrate and a central region provided in a bent

configuration. This process is one means for providing electronic devices having

localized regions that are relatively highly stretchable by geometric construction of wavy

features. To facilitate controlled regions of bonding, an adhesive is patterned on one or

both the stamp surface of the component.

[032] In another aspect, provided are methods of making foldable electronic devices

by using anchor and support structure to facilitate high-fidelity lift-off of printable

elements such as an array of electronic components or pattern of elements (e.g.,

semiconductor). "High-fidelity" refers to greater than about 90% lift-off, greater than

95% or greater than 97% removal of printable elements, and related transfer thereof to a

desired receiving substrate. This process is particularly suited for those applications

where a sacrificial layer is dissolved in an etching solution to minimize loss of printable

elements to the solution and/or decrease unwanted adhesive loss due to adhesion

between the printable element and the underlying support substrate wafer. In this

aspect, one method is providing a functional layer on a supporting substrate surface,

wherein the functional layer comprises an array of electronic devices, etching one or

more access openings in the functional layer, casting a polymeric material against the

functional layer and access openings, wherein the cast polymer in the access openings

generates anchors that facilitate high-fidelity lift-off of the array from the supporting

substrate surface, and contacting an elastomeric stamp with the polymeric material, and

removing the elastomeric stamp in a direction away from the supporting substrate to

remove the polymeric material from the substrate and thereby removing the array

anchored to the polymeric material from the supporting substrate. "Array" is used to

refer to a plurality of spatially varying elements or a continuous thin film layer having

distinctly-shaped elements within the layer.

[033] In an embodiment of this aspect the access openings are etch holes.

Optionally, the method further comprises printing the removed array of devices to a

device substrate surface. In an embodiment, the process is repeated to make a



multilayer electronic device. Any of the methods disclosed herein are optionally for a

printed device that is a GaAs multilayer solar cell.

[034] In an embodiment, the method relates to printing electronic devices or

components thereof having a planar geometry to a curved surface. For example, the

planar geometry device can be incorporated within a foldable device made by a process

of the present invention and therein transferred to a curvilinear surface. In one aspect,

the relaxed shape of a transfer stamp corresponds to the shape of a device substrate to

which the devices on the curved stamp is transferred, such as a transfer element or

stamp that is cast against a curved receiving substrate to which the electronic device or

component thereof is transferred. One example of a method is providing a device on a

substantially planar substrate surface, providing an elastomeric stamp having a

curvilinear geometry, deforming the elastomeric stamp to provide a substantially flat

stamp surface, contacting the substantially flat stamp surface with the device on the

substrate surface, and removing the device from the substrate surface by lifting the

stamp in a direction that is away from the substrate, thereby transferring the component

from the substrate surface to the substantially flat stamp surface, and relaxing the

elastomeric stamp, thereby transforming the substantially flat stamp surface to a surface

having a curved geometry.

[035] In another aspect, the invention is a device for transforming a curved surface to

substantially planar surface. "Substantially planar" refers to a contact surface that has a

maximum deviation less than 10%, less than 5% or less than 1% from truly planar. The

device optional comprises a holder for secureably receiving an elastomeric stamp, and a

force generator operably connected to the holder for generating a force on a secureably

received elastomeric stamp, the force capable of substantially flattening the curvilinear

stamp. Any means for flattening the surface may be used. In one example, a tensioning

stage that is adjusted to adjust the footprint area defined by the holder provides the

corresponding geometry. The geometry of the holder may be selected depending on

the geometry of the curved surface. For a hemispherically-curved surface, the footprint

area may be circular to provide a radial force to flatten the hemispherical surface. A

partially cylindhcally-shaped surface may have a uniaxial force generator with a

rectangular footprint area to flatten the curved surface.

[036] The device optionally further comprises a vertical translator operably connected

to the holder for establishing conformal contact between the secureably received



elastomeric stamp and an electronic component on a substantially flat substrate. In an

aspect, the holder has a circular geometry. In an aspect the force generator comprises

a tensioning stage operably connected to the holder. In an aspect the tensioning stage

comprises a plurality of paddle arms for securing the elastomeric stamp to the holder

and for transmitting a radially-directed force to flatten the curved surface.

[037] In another aspect, the invention is stretchable and foldable devices having a

support layer, wherein the layer is elastomeric, a functional layer supported by the

support layer, and a one or more neutral mechanical surface adjusting layer, wherein at

least one or more of any of the layers has a property that is spatially inhomogenous,

thereby generating a neutral mechanical surface coincident or proximate to the

functional layer.

[038] In an aspect, the inhomogeneous property is selected from one or more of

Young's modulus, layer thickness, spatially patterned add layer, recess feature,

functional layer element placement, and functional layer geometry.

[039] In an aspect, the device is selected from the group consisting of an integrated

circuit; semiconductor; transistor; diode; logic gate; arrays of electronic components;

and an optical system.

[040] In an aspect, the functional layer may have an array of nanohbbons, such as

nanoribbons that are buckled with ends bonded to the substrate or a rigid island (such

as a contact pad for receiving an electronic device) and middle region that is not

bonded. This imparts further stretchability to the functional layer.

[041] In another embodiment, the invention is a method of making a stretchable,

bendable and/or foldable electronic device on a range of unconventional substrates.

The devices can be high performance and are achieved by use of a strategically placed

strain isolation layer that relieves otherwise undue strains and stresses on the electronic

device, and specifically on a functional layer of the device that is vulnerable to strain-

induced failure. In an aspect, the method comprises coating a receiving substrate

having a first Young's modulus with an isolation layer having a second Young's

modulus, the isolation layer having a receiving surface for receiving the electronic

device, and the second Young's modulus is less than the first Young's modulus. In an

embodiment, the isolation layer is a polymer or an elastomer. The electronic device is

provided on a support substrate in a printable configuration. A "printable electronic



device" refers to an electronic device or a component thereof (e.g., circuits, CMOS

circuit, interconnects, device islands, semiconductor elements/layers, transistors, logic

circuits and arrays thereof) capable of transfer from one substrate to another substrate,

such as by contact transfer printing, for example. The printable electronic device is

transferred from the support substrate to the isolation layer receiving surface, such as

by contact transfer printing. The isolation layer isolates at least a portion of the

transferred electronic device from an applied strain, such as a strain applied to the

device's receiving substrate.

[042] In an aspect, the method is used to provide electronic devices, and components

thereof, on an unconventional substrate including, but not limited to, a receiving

substrate that is fabric, vinyl, leather, latex, spandex, paper, for example. In this aspect,

high performance electronic circuits can be incorporated into a number of different

applications ranging from gloves, clothing, building materials such as windows, roofs,

wallpaper, manufacturing systems and other applications requiring electronics in a

curvilinear geometry and/or a repetitively strained system. In an embodiment, the

substrate comprises fabric. In another aspect, the method relates to more conventional

substrate materials such as polymers, inorganic polymers, organic polymers,

semiconductor materials, elastomers, wafers, ceramics, glass, or metals.

[043] In an aspect the polymer comprises PDMS. In an aspect, the isolation layer

Young's modulus ("second Young's modulus") is described relative to the receiving

substrate Young's modulus ("first Young's modulus"), such as a ratio of first Young's

modulus to second Young's modulus that is greater than or equal to about 10 (e.g., the

isolation layer has a Young's modulus that is at least ten times less than the Young's

modulus of the receiving substrate). In an aspect, the isolation layer has a Young's

modulus less than or equal to 5 MPa, less than or equal to 1 MPa, between 0.01 MPa

and 100 MPa, or between about 0.1 MPa and 5 MPa. In an aspect, the isolation layer

has a thickness that is less than or equal to 2 mm, less than or equal to 200 µm, less

than or equal to 100 µm or less than or equal to 20 µm . In an aspect, the isolation layer

has a thickness selected from a range that is between 10 µm and 2 mm, between 40 µm

and 200 µm or between 50 µm and 150 µm .

[044] In an embodiment, the methods and devices described herein relate to

providing a certain level of strain isolation. In an aspect, the isolation layer provides at

least 20% or greater, or 90% or greater strain isolation compared to a corresponding



system without the strain isolation layer. In an aspect, the upper limit of strain isolation

is a value that is practicably achievable. In an aspect, the strain isolation on a strain-

sensitive component is less than or equal to about a factor of 100 compared to systems

without the strain isolation layer (e.g., up to about 99% strain isolation).

[045] In an aspect the printable electronic device is one component of an electronic

device, such as a circuit is one part of an electronic device having additional circuitry or

other components to form the overall electronic device. In an aspect the component

comprises a plurality of interconnects, such as a plurality of interconnects having a

curved geometry, with the interconnects operably connected to strain-sensitive regions

such as device islands, for example. The curve may be in plane, out of plane, or a

combination thereof with respect to the isolation layer receiving surface.

[046] In an embodiment, the isolation layer at least partially penetrates the receiving

substrate. Such penetration may be useful for applications where it is desirable to have

a higher adhesive force between the isolation layer and the underlying substrate, such

as in situations where the mechanical strain and stresses are relatively high, thereby

elevating the risk of delamination during operation. In an aspect, the receiving substrate

has a surface texture to increase contact area between the isolation layer and the

receiving substrate. "Surface texture" is used broadly to refer to any technique that

functionally results in increased surface area. For example, the substrate may have

relief features or other surface roughness, either intrinsically or extrinsically. In an

aspect, the receiving substrate has pores, wherein the pores facilitate penetration of the

isolation layer into the receiving substrate, such as a receiving substrate having a

surface porosity that is greater than or equal to 10%, greater than or equal to 5%, or

greater than or equal to 1%, or between about 1% and 10%. Percent porosity refers to

the percentage of the total surface area having a pore or an opening. In another aspect,

the receiving substrate comprises fibers, thereby facilitating penetration of the polymer

into the receiving substrate. In an embodiment of this aspect, at least a portion of the

fibers are embedded in the polymer layer, such as at least a portion of the fibers closer

to the substrate surface that are completely embedded in polymer that has penetrated

the substrate surface.

[047] Any of the devices and methods disclosed herein optionally include an

encapsulation layer, such as an encapsulation layer that partially covers portions of the

device or that completely encapsulates the device. In an aspect, the encapsulation



layer has a selected Young's modulus, such as a Young's modulus that is less than the

receiving substrate Young's modulus or less than the isolation layer Young's modulus.

In an aspect, the encapsulation layer has a Young's modulus that is inhomogeneous. In

this aspect, an "inhomogeneous Young's modulus" refers to a Young's modulus that

spatially varies, such as by introduction of features (e.g., relief features), or selective

positioning of other structures on a surface of or within the encapsulation layer.

[048] In another embodiment, the invention is a stretchable and foldable electronic

device, such as devices made by any of the methods disclosed herein, including a

combination of methods. For example, methods utilizing neutral mechanical plane

mechanics may be combined with strain-isolation layers that are thin layers of polymer

to further improve electronic device mechanics.

[049] In one embodiment, the stretchable and foldable electronic device comprises a

receiving substrate, an isolation layer that at least partially coats one surface of the

receiving substrate, and an electronic device that is at least partially supported by the

isolation layer. The isolation layer is configured so that the electronic device (such as a

functional layer thereof) experiences a strain isolation, such as a strain isolation that is

reduced by at least 20% or at least 90%, compared to the strain in a device without the

isolation layer. In an aspect, the isolation layer has thickness less than or equal to 2

mm and a Young's modulus less than or equal to 100 MPa. Examples of useful devices

include electronic devices or functional layers having bond regions with the isolation

layer, such as covalent bonds corresponding to backsides of device islands coated with

an adhesive or adhesive-precursor. For example, the back-side of an active device

island may be coated with a bilayer of Cr/Siθ 2 to form covalent bonds comprising Si-O-

Si bonds between an isolation layer made of PDMS polymer and the electronic device

bond regions. Accordingly, non-bond regions refer to regions where the adhesive force

(per unit contact area) between the electronic device and the isolation layer is

substantially less than that in the bond region. For example, the non-bond regions may

not be coated with an adhesive or adhesive precursor (such as Cr/SiO2) . The non-bond

region optionally corresponds to bent interconnects that connect relatively rigid adjacent

device islands that are strain-sensitive. Such bent configuration further isolates

functional layers, such as relatively rigid device islands, from strain or strain-induced

stresses. Any of the devices optionally further comprise an encapsulation layer, such as

an encapsulation layer having an inhomogeneous Young's modulus.



BRIEF DESCRIPTION OF THE DRAWINGS

[050] Figure 1. (A) Overview of the fabrication process for ultrathin CMOS circuits

that exploit silicon nanohbbons, and enable extreme levels of bendability (third frame

from the top) or fully reversible stretchability/compressibility (bottom frame on the right).

(B-D) Optical images circuits on the carrier wafer and doped nanoribbons (inset) (B), on

a thin rod after removal from this carrier (C) and in a wavy configuration on PDMS (D).

[051] Figure 2. (A) Wavy Si-CMOS inverters on PDMS, formed with various levels of

prestrain, εpre . (left: εpre = 2.7%, center: εpre = 3.9%, right: εpre = 5.7%) (B) Structural

configuration determined by full, three dimensional finite element modeling of a system

formed with εpre = 3.9% (left) and perspective scanning electron micrograph of a sample

fabricated with a similar condition (right). (C) Optical images of wavy Si-CMOS inverters

under tensile strains along the x and y directions. (D) Measured (red and black) and

simulated (blue) transfer characteristics of wavy inverters (left), and n and p channel

MOSFETs (solid and dashed lines, respectively, in the left inset). Measured (solid

circles) and simulated (open squares) inverter threshold voltages for different applied

strains along x and y (right).

[052] Figure 3. (A) Optical image of an array of stretchable, wavy three stage CMOS

ring oscillators (top left) and magnified views of a typical oscillator at different applied

strains oriented along the direction of the red arrow (right frames). Measured time and

frequency domain responses of an oscillator at different applied strains. (B) Circuit

diagram of a differential amplifier (top left); output characteristics for various strain

values (bottom left); optical images of a wavy differential amplifier in its as-fabricated

state (top right) and under applied strain in a direction along the red arrow (bottom right).

[053] Figure 4. (A) Image of a 'foldable' ultrathin Si-CMOS circuit that uses an

encapsulating layer of Pl, wrapped around the edge of a microscope cover slip. The

inset shows a coarse cross sectional schematic view. (B) Images of twisted (top) and

bent (bottom inset) wavy Si-CMOS circuit that uses a dual neutral plane design. The

inset at the top shows a coarse cross sectional view. Optical micrographs of inverters at

the center (bottom left) and edge (bottom right) of the sample in the twisted

configuration shown in the top frame.

[054] Figure 5. Schematic diagram for circuit preparation procedures.

[055] Figure 6. Voltage transfer curve for ultrathin device attached on thin rod.



[056] Figure 7. (A) Wavelength and amplitude measurement of wavy ultrathin

devices using surface profilometry (Sloan Dektak3) ; thin metal electrode part (left), thick

device part for pmos (center) and nmos (right). (B) Schematic diagram of multilayer

stacks. (C) and (D) Positions of the neutral plane for p-MOSFET and n-MOSFET

regions and the metal interconnect. (E) and (F) Positions of the neutral plane for p-

MOSFET and n-MOSFET regions and the metal interconnect with Pl capping layer.

[057] Figure 8. Maximum strains versus the prestrain in various layers of the circuits

(A) Metal interconnect (B) p-MOSFET and n-MOSFET regions.

[058] Figure 9. (A) Optical images for stretching tests in the y direction. (B) Optical

images for stretching tests in the x direction. (C) transfer curves and mobility changes

for NMOS (left) and PMOS (right) devices at different applied strain values. (D) IV

curves for NMOS (left) and PMOS (right) at 0% strain; solid lines are for measurement

and dot lines are for simulation.

[059] Figure 10. (A) Optical images of fatigue tests. (B) Voltage transfer curves (left)

and variation of gain values during the fatigue test.

[060] Figure 11. Image of ultrathin wavy differential amplifiers; Magnified image of

differential amplifier before applying strain (inset).

[061] Figure 12. (A) Magnified view of inverter before and after folding. (B) Voltage

transfer characteristics of folded inverter. (C) Cross-sectional view of folded metal

interconnect region. (D) Schematic wavy structure with neutral mechanical plane.

[062] Figure 13. Finite element simulation modeling and process.

[063] Figure 14. Schematic illustration of steps for using compressible silicon focal

plane arrays and hemispherical, elastomeric transfer elements to fabricate electronic

eye cameras. The top frame shows such a transfer element, fabricated in PDMS by

casting and curing against an appropriately designed template. Stretching in the radial

direction forms a flat drumhead membrane in which all points in the PDMS are in

tension. Lifting a prefabricated focal plane array and associated electronics from a

source wafer onto the surface of this drumhead, and then allowing the PDMS to relax

back to its initial shape transforms the planar device layout into a hemispherical shape.

Transfer printing onto a matching hemispherical glass substrate coated with a thin layer

of a photocurable adhesive (pink), adding a hemispherical cap with integrated imaging



lens and interfacing to external control electronics (not shown here) completes the

camera system.

[064] Figure 15. Mechanics of compressible silicon and elastomeric elements

suitable for planar to hemispherical transformation. A , Optical image of a compressible

silicon structure on a PDMS hemisphere (center; a tall, raised rim lies around the

perimeter). The silicon covers the central region of the hemisphere, and appears light

grey in this image; the straight edges of the overall structure can be seen clearly

(arrow). This system consists of 163,21 6 square elements of silicon (20x20 µm; 50 nm

thick) connected by ribbons of silicon (20x5 µm; 50 nm thick) in a 16.14x1 6.14 mm

square array, initially formed on the planar surface of a silicon-on-insulator wafer. B,

Scanning electron micrograph (SEM) of a small region of the sample shown in A . The

out-of-plane deformations in the connecting ribbons that yield the arc shapes visible

here provide the compressibility necessary to accommodate the planar to hemispherical

transformation. C, Experimentally measured map (black dots) of spatial positions of

silicon elements (500x500 µm; 1.2 µm thick) across a similar hemispherical array, with

coarser features and fewer elements. The overlaid mesh represents predictions for the

planar to hemispherical transformation from the analytical mechanics model; the mesh

nodes are the predicted spatial positions of the array and the segment colors indicate

the percentage change of the distance between neighboring elements across the array,

compared to those designed in the planar configuration. The results indicate less than a

-3% variation, from minimum to maximum. D, SEM highlighting a single element in the

array, with theoretical results for the arc shapes and the distribution of strains, overlaid

in color.

[065] Figure 16. Layouts and electrical properties of a hemispherical electronic eye

camera based on single crystalline silicon photodetectors and current blocking p-n

junction diodes in a compressible, passive matrix layout. A , Exploded view schematic

illustration of the layout of the silicon, metal, and polymer associated with a single unit

cell in the array. The blocking diode (BD) is the in the center of the cell; the

photodetector (PD) is in a serpentine geometry around the BD. B, Electrical properties

and optical micrograph of a unit cell. The data were measured by contacting the row and

column electrodes that address this position in the hemispherical array, via pads at the

perimeter of the system. The data (red: exposed to light; black: in the dark) show high

contrast response to light exposure. Equally important, the reverse bias current and

leakage from other pixels in the array are both minimal, as illustrated in the inset on the



right. C, Photograph of the array integrated on a hemispherical glass substrate (main

frame), optical micrograph of a part of the array (upper right inset) and circuit diagram

showing the BDs (black), PDs (red) and electrode crossovers (arcs) in a 2x2 section of

the system. D Photograph of a hemispherical PDMS transfer element with a

compressible focal plane array on its surface. E SEM image of a portion of the array in

D, illustrating the compressible interconnects.

[066] Figure 17. Photographs of a hemispherical electronic eye camera and

representative output image. A, Photograph of a hemispherical focal plane array

(center) mounted on a printed circuit board (green), with external connection to a

computer (not shown) through a ribbon cable (upper left). B, Photograph of the camera

after integration with a transparent (for ease of viewing) hemispherical cap with a

simple, single component imaging lens (top). C, Close-up photograph of the system in

B, as viewed directly through the imaging lens. For the parameters used here, this lens

magnifies the focal plane array to show a small, 3x3 cluster of pixels. D,E Grayscale

images acquired using D, planar and E, hemispherical cameras with 16x1 6 pixels as

plotted on surfaces that match those of the focal plane arrays. The bottom image in the

planar case shows a photograph, from a commercial 10 MPixel digital camera, of the

image projected on a planar screen, as taken along the optical axis and from behind the

sample. Geometric, pincushion distortions are observed for this optics setup. F

Greyscale images of the first two rows in an eye chart acquired using a hemispherical

camera with 16x1 6 pixels as displayed on a hemispherical surface matching the

detector surface (top) and projected onto a plane (bottom). The images on the left and

right were acquired without scanning and with scanning (from -2 to 2° in the θ and φ

directions in 0.4° increments), respectively. The axes scales are in mm and are identical

in each image.

[067] Figure 18. Process flow for efficient removal of the focal plane array from the

SOI wafer. The key steps are d-h, in which a spin cast layer of polymer (polyimide for

the results presented here) penetrates through predefined etch holes to keep most of

the array suspended from the underlying silicon handle wafer after HF undercut etching

of the buried oxide. This strategy avoids stiction that would otherwise frustrate the ability

to lift off the array. The posts formed by the polymer prevent unwanted slipping or

wrinkling of the array during the HF etching.



[068] Figure 19. Schematic illustration of the layout of the focal plane array, with key

dimensions indicated. The light brown, dark brown and grey regions correspond to

polyimide, Cr/Au and silicon, respectively.

[069] Figure 20. Photographs (top frames) and optical micrographs (bottom frames)

of a planar camera that uses processing approaches, focal plane array designs,

interconnect schemes and other features similar to those used for the hemispherical

camera. This system was used to evaluate various aspects of the designs and

fabrication techniques. These images provide views of certain features that are difficult

to show clearly in the hemispherical geometry, due to limited depth of focus associated

with optical microscopes.

[070] Figure 21. Optical images of the mounting jig used for casting and curing the

hemispherical PDMS transfer elements.

[071] Figure 22. Cross sectional schematic illustration of the layout of the

hemispherical PDMS transfer element, with key dimensions.

[072] Figure 23. Top view schematic illustration of the layout of the hemispherical

PDMS transfer element, with key dimensions in the as-fabricated and radially tensioned

configurations. An overlay in the center portion of this image shows the layout of the

passive matrix array, illustrated to scale.

[073] Figure 24. Computer aided design drawing of the radial tensioning stage. The

hemispherical PDMS element mounts in the center. The paddle arms move radially to

expand the hemisphere into a planar drumhead shape.

[074] Figure 25. Photograph of radial tensioning stage and PDMS transfer element

(left frame). PDMS element mounted on the paddle arms of the stage (center frame),

corresponding to the region of the image on the left indicated with a dashed line box.

The right frame shows the PDMS element in its flat, drumhead configuration with a focal

plane array on its surface.

[075] Figure 26. Photograph of a hemispherical PDMS transfer element with a

compressible focal plane array on its surface. The SEM shows of a portion of the array,

illustrating the compressible interconnects.



[076] Figure 27. Procedures for evaluating the spatial distributions of the pixel

elements in a hemispherical focal plane array on a glass substrate. The process starts

with a photograph of the system (top frame) that is then converted into a binary format

(center frame) and then manipulated with imaging processing software to locate the

spatial coordinates of the centers of the pixels.

[077] Figure 28. Cross sectional schematic illustration and computer aided design

drawing of the spherical cap and imaging lens, with key dimensions.

[078] Figure 29. Photograph of the mux/demux system for image acquisition.

[079] Figure 30. Circuit diagram for the electronics for image acquisition.

[080] Figure 31. Photographs of the optical setup used for image acquisition.

[081] Figure 32. Screen capture for the software interface used for imaging.

[082] Figure 33. Schematic illustration of the mapping of silicon elements onto a

hemisphere. (A) a PDMS hemispherical cap of radius R; (B) the cap is first stretched to

an approximately flat plate of radius 1; (C) the flat plate is further stretched to a flat plate

with radius r2; (D) the silicon elements are transferred onto the plate; (E) the plate with

Si elements is released to an approximately flat plate of radius /Y ; (F) further release

leads to a new hemisphere of radius R .

[083] Figure 34. Finite element analysis of the mapping from a hemisphere state to

an approximately flat state. (A) the original mesh for the PDMS hemispherical cap;

(B) the deformed mesh for the just flattened plate; (C) the strain distribution in the

flattened plate; (D) comparison of the mapping between finite element results and

analytical solution.

[084] Figure 35. The deformed shape of (A) the flat, relaxed PDMS and silicon and

(B) the spherical, relaxed PDMS and silicon as calculated by finite element analysis.

[085] Figure 36. The images obtained by the finite element method of the mapping

process.

[086] Figure 37. Analytical model of (A) the shape of the compressed connections

and (B) strain in the silicon elements.



[087] Figure 38 illustrates a process for making a foldable and pop-up stretchable

electronic device by (A) thermal transfer; and (B) mechanical deformation. Photographs

of the devices are provided in C-E.

[088] Figure 39 summarizes functional characteristics of stretchable device arrays for

various strains.

[089] Figure 40 are photographs of devices made by the processes disclosed herein

undergoing twisting-type deformation.

[090] Figure 4 1 Schematic comparison and overview of the fabrication process for

wavy interconnected CMOS inverters using doped silicon nano-materials; (a) Sheet-type

wavy inverters (b) Ultrathin CMOS islands connected with wavy Pl bridges (c) Ultrathin

nMOS and pMOS devices connected with wavy Pl and metal interconnects.

[091] Figure 42 (a) Image of CMOS inverters interconnected with wavy polyimide

bridges (b) Optical images of stretching tests (c) Voltage transfer characteristics of

wavy CMOS inverters (left) and variation of inverter threshold voltage for each applied

strain (right); inset shows log scale transfer curve for individual devices.

[092] Figure 43 (a) Image of CMOS inverters with metal and Pl wavy bridges (b)

Magnified view of wavy interconnected inverter with SiO2 capping (top left) and with Pl

capping (top right) (c) Magnified view of electrode edge, which corresponds to white

dotted box in Fig. 3(b), for SiO2 capping (top) and Pl capping (bottom); right cartoons

are schematics for location of neutral mechanical plane for wavy interconnects

[093] Figure 44 (a) Optical images of stretching test (b) Profile changes due to

Poisson effect on applying external strain in y (left) and x (right) direction (c) Voltage

transfer characteristics of wavy interconnected CMOS inverters (left) and variation of

inverter threshold voltage for each applied strain (right).

[094] Figure 45 (a) Image of wavy interconnected three stage ring oscillators (b)

Images of stretching test (c) Oscillation characteristics (left: ring oscillation at different

strain values, right: Fourier transform of oscillation from time domain to frequency

domain).

[095] Figure 46 Schematic illustration of GaAs MESFET processing flow.

[096] Figure 47 Flow chart summary of GaAs MESFET processing.



[097] Figure 48 Pick-up of GaAs elements by PDMS (inset is the donor source

substrate after pick-up).

[098] Figure 49 Transfer of GaAs from stamp of Fig. 48 to Pl coated glass substrate.

[099] Figure 50 Photograph of donor after cleaning up remaining photoresist, and

ready for process repetition for the second functional GaAs layer.

[0100] Figure 5 1 Metallization and device characterization (for the first layer of the

multilayer).

[0101] Figure 52 Photograph of a compressible silicon structure on a PDMS

hemisphere (center; a tall, raised rim lies around the perimeter) (top image). The silicon

covers the central region of the hemisphere, and appears light grey in this image; the

straight edges of the overall structure can be seen clearly (arrow). This system

comprises 163,21 6 square elements of silicon (20 by 20 µm; 50 nm thick) connected by

ribbons of silicon (20 by 4 µm; 50 nm thick) in a 16.14 by 16.14 mm square array,

initially formed on the planar surface of a silicon-on-insulator wafer. A scanning electron

micrograph (SEM) of a small region of the sample is shown in the bottom image. The

out-of-plane deformations in the connecting ribbons that yield the arc shapes visible

here provide the compressibility necessary to accommodate the planar to hemispherical

transformation.

[0102] Figure 53 Enhanced imaging in hemispherical cameras compared to planar

cameras. High resolution images of A , the University of Illinois "I" logo and B, a drawing

of an eye acquired with a hemispherical camera (insets on right show the original

images scanned from the transparency films). C, Optics setup used for imaging and

sample ray traces showing a pattern of rays passing through the image and lens onto

the detector screens (optimal focal surface and planar camera). D, Ray tracing

predictions of the optimal focal surface (green circles - calculated focal points, green

curve - parabolic fit), the detector surface of the hemispherical camera (blue curve), and

a planar camera (red curve). E, High-resolution photographs of projected images on a

planar screen positioned at varying distances from the lens. The left and right images

were acquired at 14.40 and 16.65 mm from the lens, respectively, and demonstrate a

shift in optimal focus as a function of detector position. A series of such images were

used to estimate the optimal curvilinear focal surface as shown in D, as black squares.

F, G, High resolution images acquired with F, planar and G, hemispherical cameras



positioned at 16.65 mm (along the optical axis) from the lens. All axes scales are in mm,

except for G which is plotted versus pixel number, and the axes normal to the image

planes represent the z-directions (optical axis).

[0103] FIG. 54 The character "E" imaged by each pixel in the hemispherical camera

when scanned over the entire projected image (scans from -40 to 40° in the θ and φ

directions, 1.0° increments). The images cover varying portions of the hemispherical

surface and are displayed as projected onto a planar surface.

[0104] FIG. 55 A drawing of an eye imaged by each pixel in the hemispherical camera

when scanned over the entire projected image (scans from -40 to 40° in the θ and φ

directions, 0.5° increments). The images cover varying portions of the hemispherical

surface and are displayed as projected onto a planar surface.

[0105] FIG. 56 High-resolution photographs on a planar screen positioned at varying

distances from the lens. The images were acquired between 12.1 5 (image # 1 , left) and

18.00 mm (image # 13, right) from the lens and demonstrate the curvilinear nature of the

optimal focal surface.

[0106] FIG. 57 Optoelectronic response of the 16 by 16 pixel photodetector array in a

hemispherical camera. The current responses at an applied bias of 4 V have been

measured for all the pixels at three different light intensities, including a, brightest laser

light (514.5 nm), b, approximately one-tenth of the bright case, and c, complete

darkness. The histograms on the left show the distribution of pixels with a given current

response, while the color-maps on the right show the mapping of pixels with a given

response in the hemispherical camera.

[0107] FIG. 58 Optoelectronic response of the 16 by 16 pixel photodetector array in a

planar camera a, Electrical properties of a unit cell. The data were measured by

contacting the row and column electrodes that address this position in the hemispherical

array, via pads at the perimeter of the system. The data (red: exposed to light; black: in

the dark) show high contrast response to light exposure. The current responses at an

applied bias of 4 V have been measured for all the pixels at two different light intensities,

including b, bright case with a sheet of white paper backlit with halogen lamps and

optically filtered to 620-700 nm wavelengths (identical setup used to generate Fig. 53e-

g), and c, complete darkness. The histograms on the left show the distribution of pixels



with a given current response, while the colourmaps on the right show the mapping of

pixels with a given response in the hemispherical camera.

[0108] FIG. 59 Photographs of projected images acquired with the fabricated 16 by 16

planar camera at varying distances from the lens. The images were acquired between

12.15 (image # 1, left) and 18.00 mm (image #14, right) from the lens and demonstrate

the curvilinear nature of the optimal focal surface.

[0109] FIG. 60 Photographs of projected images acquired with the fabricated 16 by 16

hemispherical camera at varying distances from the lens. The images were acquired

between 13.95 (image # 1, left) and 19.80 mm (image # 14, right) from the lens.

[01 10] FIG. 6 1 Experimentally measured map (black dots) of spatial positions of silicon

elements (500x500 µm; 1.2 µm thick) across a 16 by 16 array on a hemispherical

transfer element. The overlaid coloured mesh represents predictions for the planar to

hemispherical transformation from the analytical mechanics model; the mesh nodes are

the predicted spatial positions of the array and the segment colours indicate the

percentage change of the distance between neighbouring elements across the array,

compared to those designed in the planar configuration. The results indicate less than a

-3% variation, from minimum to maximum.

[01 11] FIG. 62 (a) Schematic illustration of the fabrication process, including cartoons

of CMOS inverter logic gates with stretchable, 'wavy' interconnects. Also shown is the

strategy of top layer encapsulation to locate the critical circuit elements near the neutral

mechanical plane to avoid cracking (b) Image of CMOS inverters with wavy

interconnects and bridge structures (c) Magnified view of a CMOS inverter with wavy

interconnects (d) Three dimensional finite element simulation of the mechanics of this

system, showing good agreement with experimental observation.

[01 12] FIG. 63 Stretching tests. Transfer characteristics of stretchable CMOS inverters

(red and black: experiment, blue: simulation, left) and variation of inverter threshold

voltage for each applied strain (right); the inset shows log scale transfer curves for

individual transistors (d) Current-voltage curves of an nMOS (left) and pMOS (right)

transistor; solid and dotted lines correspond to experiment and simulation, respectively.

[01 13] FIG. 64. (a) Schematic overview of the fabrication process for representative

circuits that accomplish high levels of stretchability through the use of non-coplanar



mesh designs integrated with elastomeric substrates (For the case shown here,

poly(dimethylsiloxane); PDMS). (b) SEM images of an array of CMOS inverters that

result from this process, in an undeformed state (bottom; -20% prestrain) and in a

configuration corresponding that results from a complex twisting motion (top) (c) Optical

image of a freely deformed stretchable array of CMOS inverters, highlighting three

different classes of deformation: diagonal stretching, twisting and bending. The insets

provide SEM images for each case (colorized for ease of viewing) (d) is a close-up

view of the device configuration.

[01 14] FIG. 65. (a) Optical images of stretchable, three stage CMOS ring oscillators

with noncoplanar mesh designs, for stretching along the bridges (x and y). (b) FEM

modeling of the strain distributions at the top surface of the circuit (Top) and at the m id

point of the metal layer (Mid) and bottom surface (Bot). (c) Electrical characteristics of

the oscillators as represented in the time and frequency (inset) domains in the different

strain configurations illustrated in (a). Here Os and Oe refer to 0% strains at the start and

end of the testing, respectively. 17x and 17y refer to 17% tensile strains along the x and

y directions indicated in (a) (d) Optical images of stretchable CMOS inverters with no n

coplanar mesh designs, for stretching at 45 degrees to the directions of the bridges (x

and y). (e) FEM simulations of these motions (f) Transfer characteristics of the inverters

(output voltage, Vout , and gain as a function of input voltage, V
1n

) . 18x and 18y refer to

18% tensile strains along the x and y directions indicated in (d).

[01 15] FIG. 66. (a) Optical images of an array of stretchable CMOS inverters in a

twisted configuration (left) and magnified view of a single inverter, illustrating the nature

of the deformation (right) (b) FEM simulation of the mechanics of twisting on the bridge

structures (c) SEM image of an array of stretchable, three stage CMOS ring oscillators

in a twisted conf iguration (d) Electrical characteristics of the inverters (top; gain and

output voltage, Vout , as a function of input voltage, V
1n

) and oscillators (bottom; output

voltage, Vout , as a function of time) in planar and twisted states.

[01 16] FIG. 67. Optical images of an array of stretchable differential amplifiers in

twisted (a) and planar stretched (b) layouts (c) Tilted view SEM of a representative

amplifier, showing the non-coplanar layout. Optical images under stretching along the x

and y directions (d), and corresponding electrical output as a function of time for a

sinusoidal input (e). (f) Optical image of a device in a complex deformation mode. Here,

17x and 17y refer to 17% tensile strains along the x and y directions indicated in (d).



[01 17] FIG. 68. (a) SEM image of an array of stretchable CMOS inverters with non-

coplanar bridges that have serpentine layouts (left) and magnified view (right) (b)

Optical images of stretching test in the x and y directions (c) FEM simulation before

(35% pre-strain) and after stretching (70% applied strain) (d) Arrays of inverters on a

thin PDMS substrate (0.2 mm) (left) and images in unstretched (middle; 90% prestrain)

and stretched (right; 140% tensile strain) (e) Transfer characteristics and gain for a

representative inverter under stretching (left) and plot of gain and voltage at maximum

gain (VM) for a similar device as a function of stretching cycles (right).

[01 18] FIG. 69. Schematic diagram of multilayer stacks.

[01 19] FIG. 70. Analytical model of (a) pop up bridges and (b) islands.

[0120] FIG. 7 1 . Schematic diagram of island-bridge structure

[0121] FIG. 72. Maximum strains of (a) bridges and (b) islands versus the system level

applied strain for the prestrain of 10.7%.

[0122] FIG. 73. Voltage transfer curve of CMOS inverter (a) and IV curves for

individual devices, for nMOS (b) and for pMOS (c).

[0123] Figure 74. (A) Schematic illustration of an ultrathin silicon circuit fabricated in a

serpentine mesh geometry on a handle wafer (left) and an optical image (right). The

inset at the center shows an optical micrograph of a CMOS inverter, corresponding to

the dotted box in the right frame. (B) Schematic illustration of the process for transfer

printing the circuit after patterned deposition of Cr/SiO2 (left) and an optical image after

transfer (right). The inset at the center shows an optical micrograph of a transferred

CMOS inverter, corresponding to the dotted box on right frame. (C) Schematic

illustration of the bonding between the serpentine circuits and PDMS (left). Scanning

electron micrograph of the system in a bent configuration (right). (D) Current (Id; drain

current), voltage (Vd; drain voltage) measurements on representative nMOS (left) and

pMOS (right) transistors collected from a circuit similar to those shown in the other

frames. The solid and dashed lines correspond to measurement and PSPICE

simulation. The labels on the curves correspond to gate voltages (Vg). The inset in the

right frame shows transfer curves plotted on a semi log scale for nMOS (dotted) and

pMOS (solid) devices.



[0124] Figure 75. (A) Optical micrographs (upper frames) of a CMOS inverter circuit

under various levels of tensile strain (upper left) and finite element modeling of the

corresponding mechanics (lower frames). The colors indicate peak strains (in percent) in

the metal interconnect level of the circuit. (B) Computed ratio of the surface strain in the

silicon of the system schematically illustrated in the inset as a function of thickness of

this layer (black solid line) and length of the silicon (red dotted line; PDMS thickness is

100 µm for this case). The PDMS provides strain isolation for the silicon, with increasing

effectiveness as the silicon length decreases and the PDMS thickness increases. (C)

Top view of a stretchable and foldable electronic device. (D) and (E) are side views that

illustrate partial and complete encapsulation of a foldable and stretchable device with an

encapsulation layer, respectively.

[0125] Figure 76. (A) Optical image of a folded circuit (left) consisting of an array of

CMOS inverters and scanning electron micrograph (center). The images on the right

provide views at the folded edge (right top) and side (right bottom). (B) Optical image of

a similar circuit integrated on a fabric substrate coated with a thin layer of PDMS (top)

and magnified view (top right). The bottom left frame provides a schematic illustration.

The bottom right shows transfer curves of a representative inverter in flat and bent

states, and PSPICE simulation (model).

[0126] Figure 77. Scanning electron micrographs of the surfaces of various substrates

before coating with PDMS (left) and corresponding tilted views of freeze fractured edges

after PDMS coating (right) for (A) vinyl, (B) leather, (C) paper and (D) fabric substrates.

[0127] Figure 78. Optical images of CMOS circuits on finger joints of vinyl (A) and

leather (B) gloves in released (left) and stretched (right) states. The insets provide

magnified views. (C) Voltage transfer curve (left) and cycling test results that show the

gain and threshold voltage of the inverter (VM) measured in the flat states after various

numbers of bending cycles (right).

[0128] Figure 79. (A) Optical images of CMOS inverters on paper, in flat (left top), bent

(right top), folded (right bottom) and unfolded (left bottom) states. The insets provide

magnified views. (B) Voltage transfer curve (left) and cycling test results that show the

gain and threshold voltage of the inverter (VM) measured in the flat states after various

numbers of bending cycles (right).



[0129] Figure 80. Schematic illustration of steps for using compressible circuit mesh

structures (i.e. arrays of islands interconnected by narrow strips) and elastomehc

transfer elements to wrap conformally curvilinear substrates with complex shapes, such

as the dimpled surface of the golf ball. The process begins with fabrication of a transfer

element in an elastomer such as poly(dimethylsiloxane) (PDMS) by double casting and

thermal curing against the object to be wrapped (i.e. the master). See top middle frame.

Radially stretching the resulting element forms a flat drumhead membrane in which all

points in the PDMS are in tension, with levels of strain that vary with position.

Contacting this stretched membrane against a prefabricated circuit in an ultrathin mesh

geometry in a planar configuration on a silicon wafer and then peeling it back lifts the

circuit onto the membrane. See right frames. Relaxing the tension geometrically

transforms the membrane and the circuit on its surface into the shape of the master.

See bottom middle frame. During this process, the interconnection bridges of the mesh

adopt non-coplanar arc shapes (bottom middle inset), thereby accommodating the

compressive forces in a way that avoids significant strains in the island regions. Coating

the target substrate with a thin layer of an adhesive, and then transferring the non-

coplanar circuit mesh onto its surface completes the process (bottom left).

[0130] Figure 81. Photographs of a silicon circuit mesh wrapped on the surface of a

PDMS transfer element with the surface shape of a golf ball (a) and after contacting this

element to the corresponding region of a golf ball (after cutting away the PDMS rim) (b).

(c and d) Angled-view scanning electron micrographs of the sample shown in (a). The

images were colorized to enhance the contrast between the various regions. The gray,

yellow, and blue colors correspond to silicon, polyimide, and PDMS, respectively (e)

Simulated strain distribution in the silicon and polyimide regions at the cross-sectional

area highlighted in (d).

[0131] Figure 82. Photographs of a silicon circuit mesh on the surface of a PDMS

transfer element with a conical shape before (a) and after transfer printing to a conical

surface (b). (c) Angled-view scanning electron micrographs of the sample shown in (a

and b). (d and e) Magnified angled-view scanning electron micrographs of highlighted

area of image (c). The images were colorized to enhance the contrast of the various

regions. The gray, yellow, and blue colors correspond to silicon, polyimide, and PDMS,

respectively (e) Simulated distribution of strain in the silicon regions of the circuit and in

the underlying PDMS transfer element, corresponding to the system shown in (a).



[0132] Figure 83. (a) Photograph of a silicon circuit mesh wrapped onto a pyramidal

substrate (b and c) Angled-view scanning electron micrographs of the sample shown in

(a) (b) Magnified view of the area indicated by the box in the left middle region of the

image in (c). The gray, yellow, and blue colors correspond to silicon, polyimide, and

PDMS, respectively (d) Top and cross-sectional views of a linear array of

interconnected silicon islands on a PDMS substrate subjected, from top to bottom, to

low, medium and high levels of compressive strains (e) Plot summarizing mechanical

modeling results.

[0133] Figure 84. (a) Photograph of a silicon circuit mesh on a convex paraboloid

substrate (b and c) Angled-view scanning electron micrographs of the sample shown in

(a) (b) Magnified view of the area indicated by the box in the center region of (c). (d)

Photograph of a silicon circuit mesh on a concave paraboloid substrate (e and f)

Angled-view scanning electron micrographs of the sample shown in (d). (e) Magnified

view of the area indicated by the box in the lower center region of (f). The gray, yellow,

and blue colors in the images b, c, e, and f correspond to silicon, polyimide, and PDMS,

respectively.

[0134] Figure 85. (a and b) Photographs of a silicon circuit mesh on a PDMS transfer

element with having a complex curved geometry obtained from a model of a heart (b)

Magnified image of (a) (c and e) Colorized angled-view scanning electron micrographs

of the sample shown in (a) (d and e) provide magnified views of the areas indicated by

the corresponding boxes in (c). The gray, yellow, and blue colors correspond to silicon,

polyimide, and PDMS, respectively.

[0135] Figure 86. (a) Exploded view schematic illustration of the layout of the silicon,

metal, and polymer layers in a unit cell of a silicon circuit mesh test structure (b)

Current-voltage characteristics measured by contacting the continuous metal line (red

arrow in a) and the discontinuous metal line (black arrow in a) at the periphery of the

array. The inset shows a top view optical microscope image of a representative

individual pixel (c and d) Photographs of the circuit mesh transferred onto the tip of a

finger on a plastic substrate with the shape of a human hand (d) Magnified view of the

region indicated by the box in (c). (e) Magnified image of the region indicated by the

box in (d), collected using a scanning focal technique (f and h) Colorized angled-view

scanning electron micrographs of the sample shown in (c). (g and h) Magnified views of



areas indicated by the dashed boxes in (f). The gray, yellow, and blue colors

correspond to silicon, polyimide, and PDMS, respectively.

[0136] Figure 87. (a) Schematic illustrations (left) and corresponding optical images

(right) of (a) doped silicon, (b) interconnected arrays of CMOS inverters, (c) lifted

inverters covered with a shadow mask for selective deposition of Cr/Siθ 2and (d)

magnified views of an inverter.

[0137] Figure 88. Optical microscope images and maximum principal strain

distribution evaluated by FEM simulation for a CMOS inverter with (a) a standard

serpentine interconnect, (b) an interconnect with large amplitude and (c) an interconnect

with large amplitude to wavelength ratio, narrow width and large number of curves.

[0138] Figure 89. Optical microscope images and maximum principal strain

distributions computed by FEM simulation for a CMOS inverter with (a) coplanar and (b)

non-coplanar structure, (c) Scanning electron microscopy (SEM) images for Fig. 3(b)

before (left) and after (center and right) applying external strain, (d) FEM simulation for

Fig. 3(b) before (left) and after (right) applying external strain.

[0139] Figure 90. (a) Optical images of a CMOS inverter with non-coplanar serpentine

interconnects before and after applying 90% external strain in the x (right) and y (left)

direction and (b) corresponding voltage transfer curves (left) and cycling test results

(right) (c) Current-voltage response and PSPICE simulation result for nMOS (left) and

pMOS (right) transistors; the inset shows the transfer curve on a semilog scale (d)

Optical images and electrical characteristics of a differential amplifier with non-coplanar

serpentine interconnects.

[0140] Figure 91. (a) Schematic illustration of stretching test procedures for an

encapsulated, straight bridge non-coplanar interconnect, (b) optical microscope images

of the structure for the cases of zero strain (top) and maximum stretching before visible

cracking (bottom) for no encapsulation (left), soft encapsulation (0.1 MPa, center) and

hard encapsulation ( 1 .8 MPa, right), (c) height of the bridge as a function of distance

between the two islands determined by experiment, analytical modeling and FEM

simulation; right bottom graph shows maximum strain before cracking estimated by

theoretical modeling, (d) deformation geometries at maximum stretching before

cracking, simulated by FEM.



[0141] Figure 92. Optical microscope images and strain distributions determined by

FEM simulation for zero strain (left), -50% strain (center) and - 110% strain (right), (a)

hard PDMS (modulus - 1.8 MPa) encapsulation, (b) soft PDMS (modulus - 0.1 MPa)

encapsulation and (c) uncured PDMS prepolymer (viscous liquid) encapsulation covered

by a thin, solid layer of PDMS.

DETAILED DESCRIPTION OF THE INVENTION

[0142] The terms "foldable", "flexible" and "bendable" are used synonymously in the

present description and refer to the ability of a material, structure, device or device

component to be deformed into a curved 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 % in strain-sensitive regions.

[0143] "Stretchable" refers to the ability of a material, structure, device or device

component to be strained without undergoing fracture. In an exemplary embodiment, a

stretchable material, structure, device or device component may undergo strain larger

than about 0.5% without fracturing, preferably for some applications strain larger than

about 1% without fracturing and more preferably for some applications strain larger than

about 3% without fracturing.

[0144] "Functional layer" refers to a device-containing layer that imparts some

functionality to the device. For example, the functional layer may be a thin film such as

a semiconductor layer. Alternatively, the functional layer may comprise multiple layers,

such as multiple semiconductor layers separated by support layers. The functional layer

may comprise a plurality of patterned elements, such as interconnects running between

device-receiving pads or islands. The functional layer may be heterogeneous or may

have one or more properties that are inhomogeneous. "Inhomogeneous property" refers

to a physical parameter that can spatially vary, thereby effecting the position of the

neutral mechanical surface (NMS) within the multilayer device.

[0145] "Coincident" refers to a surface such as a NMS that is positioned within or is

adjacent to a layer, such as a functional layer, substrate layer, or other layer. In an



aspect, the NMS is positioned to correspond to the most strain-sensitive layer or

material within the layer.

[0146] "Proximate" refers to a NMS that closely follows the position of a layer, such as

a functional layer, substrate layer, or other layer while still providing desired foldability or

bendability without an adverse impact on the strain-sensitive material physical

properties. In general, a layer having a high strain sensitivity, and consequently being

prone to being the first layer to fracture, is located in the functional layer, such as a

functional layer containing a relatively brittle semiconductor or other strain-sensitive

device element. A NMS that is proximate to a layer need not be constrained within that

layer, but may be positioned proximate or sufficiently near to provide a functional benefit

of reducing the strain on the strain-sensitive device element when the device is folded.

[0147] "Electronic device" is used broadly herein to refer to devices such as integrated

circuits, imagers or other optoelectronic devices. Electronic device also refers to a

component of an electronic device such as passive or active components such as a

semiconductor, interconnect, contact pad, transistors, diodes, LEDs, circuits, etc. The

present invention relates to the following fields: collecting optics, diffusing optics,

displays, pick and place assembly, vertical cavity surface-emitting lasers (VCSELS) and

arrays thereof, LEDs and arrays thereof, transparent electronics, photovoltaic arrays,

solar cells and arrays thereof, flexible electronics, micromanipulation, plastic electronics,

displays, pick and place assembly, transfer printing, LEDs, transparent electronics,

stretchable electronics, and flexible electronics.

[0148] A "component" is used broadly to refer to a material or individual component

used in a device. An "interconnect" is one example of a component and refers to an

electrically conducting material capable of establishing an electrical connection with a

component or between components. In particular, the interconnect may establish

electrical contact between components that are separate and/or can move with respect

to each other. Depending on the desired device specifications, operation, and

application, the interconnect is made from a suitable material. For applications where a

high conductivity is required, typical interconnect metals may be used, including but not

limited to copper, silver, gold, aluminum and the like, alloys. Suitable conductive

materials may include a semiconductor like silicon, indium tin oxide, or GaAs.

[0149] An interconnect that is "stretchable" is used herein to broadly refer to an

interconnect capable of undergoing a variety of forces and strains such as stretching,



bending and/or compression in one or more directions without adversely impacting

electrical connection to, or electrical conduction from, a device component. Accordingly,

a stretchable interconnect may be formed of a relatively brittle material, such as GaAs,

yet remain capable of continued function even when exposed to a significant

deformatory force (e.g., stretching, bending, compression) due to the interconnect's

geometrical configuration. In an exemplary embodiment, a stretchable interconnect may

undergo strain larger than about 1%, 10% or about 30% or up to about 100% without

fracturing. In an example, the strain is generated by stretching an underlying

elastomeric substrate to which at least a portion of the interconnect is bonded.

[0150] A "device component" is used to broadly refer to an individual component within

an electrical, optical, mechanical or thermal device. Component can be one or more of

a photodiode, LED, TFT, electrode, semiconductor, other light-collecting/detecting

components, transistor, integrated circuit, contact pad capable of receiving a device

component, thin film devices, circuit elements, control elements, microprocessors,

transducers and combinations thereof. A device component can be connected to one or

more contact pads as known in the art, such as metal evaporation, wire bonding,

application of solids or conductive pastes, for example. Electrical device generally

refers to a device incorporating a plurality of device components, and includes large

area electronics, printed wire boards, integrated circuits, device components arrays,

biological and/or chemical sensors, physical sensors (e.g., temperature, light, radiation,

etc.), solar cell or photovoltaic arrays, display arrays, optical collectors, systems and

displays.

[0151] "Substrate" refers to a material having a surface that is capable of supporting a

component, including a device, component or an interconnect. An interconnect that is

"bonded" to the substrate refers to a portion of the interconnect in physical contact with

the substrate and unable to substantially move relative to the substrate surface to which

it is bonded. Unbonded portions, in contrast, are capable of substantial movement

relative to the substrate. The unbonded portion of the interconnect generally

corresponds to that portion having a "bent configuration," such as by strain-induced

interconnect bending.

[0152] A "NMS adjusting layer" refers to a layer whose primary function is adjusting the

position of the NMS in the device. For example, the NMS adjusting layer may be an

encapsulating layer or an add layer such as an elastomeric material.



[0153] In the context of this description, a "bent configuration" refers to a structure

having a curved conformation resulting from the application of a force. Bent structures

in the present invention may have one or more folded regions, convex regions, concave

regions, and any combinations thereof. Bent structures useful in the present invention,

for example, may be provided in a coiled conformation, a wrinkled conformation, a

buckled conformation and/or a wavy (i.e., wave-shaped) configuration.

[0154] Bent structures, such as stretchable bent interconnects, may be bonded to a

flexible substrate, such as a polymer and/or elastic substrate, in a conformation wherein

the bent structure is under strain. In some embodiments, the bent structure, such as a

bent ribbon structure, is under a strain equal to or less than about 30%, a strain equal to

or less than about 10%, a strain equal to or less than about 5% and a strain equal to or

less than about 1% in embodiments preferred for some applications. In some

embodiments, the bent structure, such as a bent ribbon structure, is under a strain

selected from the range of about 0.5 % to about 30%, a strain selected from the range

of about 0.5 % to about 10%, a strain selected from the range of about 0.5 % to about

5%. Alternatively, the stretchable bent interconnects may be bonded to a substrate that

is a substrate of a device component, including a substrate that is itself not flexible. The

substrate itself may be planar, substantially planar, curved, have sharp edges, or any

combination thereof. Stretchable bent interconnects are available for transferring to any

one or more of these complex substrate surface shapes.

[0155] A "pattern of bond sites" refers to spatial application of bonding means to a

supporting substrate surface and/or to the interconnects so that a supported

interconnect has bond regions and non-bond regions with the substrate. For example,

an interconnect that is bonded to the substrate at its ends and not bonded in a central

portion. Further shape control is possible by providing an additional bond site within a

central portion, so that the not-bonded region is divided into two distinct central portions.

Bonding means can include adhesives, adhesive precursors, welds, photolithography,

photocurable polymer. In general, bond sites can be patterned by a variety of

techniques, and may be described in terms of surface-activated (W act) areas capable of

providing strong adhesive forces between substrate and feature (e.g., interconnect) and

surface-inactive (W
1n
) where the adhesive forces are relatively weak. A substrate that is

adhesively patterned in lines may be described in terms of Wact and W
1n

dimensions.

Those variables, along with the magnitude of prestrain, εpre affect interconnect

geometry.



[0156] "Ultrathin" refers to devices of thin geometries that exhibit extreme levels of

bendability. In an aspect, ultrathin refers to circuits having a thickness less than 1 µm,

less than 600 nm or less than 500 nm. In an aspect, a multilayer device that is ultrathin

has a thickness less than 200 µm, less than 50 µm, or less than 10 µm .

[0157] "Elastomer" 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. Elastomehc layer refers to a layer comprising at

least one elastomer. Elastomehc 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. Elastomers provide elastomeric stamps useful in the

present methods.

[0158] "Elastomeric stamp" or "elastomeric transfer device" are used interchangeably

and refer to an elastomeric material having a surface that can receive as well as transfer

a feature. Exemplary elastomeric transfer devices include stamps, molds and masks.

The transfer device affects and/or facilitates feature transfer from a donor material to a

receiver material. "Elastomer" or "elastomeric" 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, silicon-based organic polymers including

polydimethylsiloxane (PDMS), polybutadiene, polyisobutylene, poly(styrene-butadiene-

styrene), polyurethanes, polychloroprene and silicones.



[0159] "Conformal wrapping" refers to contact established between surfaces, coated

surfaces, and/or surfaces having materials deposited thereon which may be useful for

transferring, assembling, organizing and integrating structures (such as printable

semiconductor elements) on a substrate surface. In one aspect, conformal contact

involves a macroscopic adaptation of one or more contact surfaces of a conformable

transfer device to the overall shape of a substrate surface or the surface of an object

such as a printable semiconductor element. In another aspect, conformal contact

involves a microscopic adaptation of one or more contact surfaces of a conformable

transfer device to a substrate surface leading to an intimate contact with out voids. The

term conformal contact is intended to be consistent with use of this term in the art of soft

lithography. Conformal contact may be established between one or more bare contact

surfaces of a foldable device and a substrate surface. Alternatively, conformal contact

may be established between one or more coated contact surfaces, for example contact

surfaces having a transfer material, printable semiconductor element, device

component, and/or device deposited thereon, of a conformable transfer device and a

substrate surface. Alternatively, conformal contact may be established between one or

more bare or coated contact surfaces of a conformable transfer device and a substrate

surface coated with a material such as a transfer material, solid photoresist layer,

prepolymer layer, liquid, thin film or fluid.

[0160] "Low modulus" refers to materials having a Young's modulus less than or equal

to 10 MPa, less than or equal to 5 MPa, or less than or equal to 1 MPa.

[0161] "Young's modulus" is a mechanical property of a material, device or layer which

refers to the ratio of stress to strain for a given substance. Young's modulus may be

provided by the expression;

wherein E is Young's modulus, L0 is the equilibrium length, ∆L is the length change

under the applied stress, F is the force applied and A is the area over which the force is

applied. Young's modulus may also be expressed in terms of Lame constants via the

equation:



wherein λ and µ are Lame constants. High Young's modulus (or "high modulus") and

low Young's modulus (or "low modulus") are relative descriptors of the magnitude of

Young's modulus in a give material, layer or device. In the present invention, a high

Young's modulus is larger than a low Young's modulus, preferably about 10 times larger

for some applications, more preferably about 100 times larger for other applications and

even more preferably about 1000 times larger for yet other applications.

"Inhomogeneous Young's modulus" refers to a material having a Young's modulus that

spatially varies (e.g., changes with surface location). A material having an

inhomogeneous Young's modulus may optionally be described in terms of a "bulk" or

"average" Young's modulus for the entire layer of material.

[0162] "Thin layer" refers to a material that at least partially covers an underlying

substrate, wherein the thickness is less than or equal to 300 µm, less than or equal to

200 µm, or less than or equal to 50 µm . Alternatively, the layer is described in terms of

a functional parameter, such as a thickness that is sufficient to isolate or substantially

reduce the strain on the electronic device, and more particularly a functional layer in the

electronic device that is sensitive to strain. "Isolate" refers to the presence of an

elastomer layer that substantially reduces the strain or stress exerted on a functional

layer when the device undergoes a stretching of folding deformation. In an aspect,

strain is said to be "substantially" reduced if the strain is at least a factor of 20, at least a

factor of 50. or at least a factor of 100 times reduced compared to the strain in the same

system without the elastomer layer.

[0163] Example 1: Stretchable and Foldable Silicon Integrated Circuits

[0164] Disclosed herein are approaches to access high performance, stretchable and

foldable integrated circuits (ICs). The systems integrate inorganic electronic materials,

including aligned arrays of nanoribbons of single crystalline silicon, with ultrathin plastic

and elastomeric substrates. The designs combine multilayer neutral mechanical plane

layouts and 'wavy' structural configurations in silicon complementary logic gates, ring

oscillators and differential amplifiers. Three dimensional analytical and computational

modeling of the mechanics of deformations in these ICs, together with circuit

simulations, illuminate aspects that underlie the measured behaviors. The strategies

represent general and scalable routes to high performance, foldable and stretchable

optoelectronic devices that can incorporate established, high performance inorganic



electronic materials whose fragile, brittle mechanical properties would otherwise

preclude their use in such systems.

[0165] Realization of electronics with performance equal to established technologies

that use rigid semiconductor wafers, but in lightweight, foldable and stretchable formats

facilitates development of new applications. Examples include wearable systems for

personal health monitoring and therapeutics, 'smart' surgical gloves with integrated

electronics and electronic eye type imagers that incorporate focal plane arrays on

hemispherical substrates (1 3) . Circuits that use organic (4 ) or certain classes of

inorganic' 6 13) electronic materials on plastic or steel foil substrates can provide some

degree of mechanical flexibility, but they cannot be folded or stretched. Also, with few

exceptions' 11 13 such systems offer only modest electrical performance. Stretchable

metal interconnects with rigid (14) or stretchable (15 17) inorganic device components

represent alternative strategies that can also, in certain cases, provide high

performance. In their existing forms, however, none of these approaches allows scaling

to circuit systems with practically useful levels of functionality.

[0166] This example presents routes to high performance, single crystalline silicon

complementary metal oxide semiconductor (Si-CMOS) integrated circuits (ICs) that are

reversibly foldable and stretchable. These systems combine high quality electronic

materials, such as aligned arrays of silicon nanohbbons, with ultrathin and elastomeric

substrates, in multilayer neutral mechanical plane designs and with 'wavy' structural

layouts. High performance n and p channel metal oxide semiconductor field effect

transistors (MOSFETs), CMOS logic gates, ring oscillators and differential amplifiers, all

with electrical properties as good as analogous systems built on conventional silicon-on-

insulator (SOI) wafers, demonstrate the concepts. Analytical and finite element method

(FEM) simulation of the mechanics, together with circuit simulations, reveal the key

physics. These approaches are important not only for the Si-CMOS, but also for their

straightforward scalability to much more highly integrated systems with other diverse

classes of electronic materials, whose intrinsic brittle, fragile mechanical properties

would otherwise preclude their use in such applications.

[0167] Figure 1A schematically summarizes steps for forming ultrathin, foldable and

stretchable circuits, and presents optical images of representative systems at different

stages of the process. The procedure begins with spin-casting a sacrificial layer of

poly(methylmethacrylate) (PMMA) (-1 00 nm) followed by a thin, substrate layer of



polyimide (Pl) (~1 .2 µm) on a Si wafer that serves as a temporary carrier. A transfer

printing process with a poly(dimethylsiloxane) (PDMS) stamp (18 ' 19) delivers to the

surface of the Pl organized arrays of n and p doped Si nanohbbons (inset of Fig. 1B)

with integrated contacts, separately formed from n-type source wafers. Depositing and

patterning SiO2 (~50 nm) for gate dielectrics and interconnect crossovers, and Cr/Au

(5/145 nm) for source, drain and gate electrodes and interconnects yield fully integrated

Si-CMOS circuits with performance comparable to similar systems formed on SOI

wafers (Fig. 5). Figure 1C shows an image of an array of Si-CMOS inverters and

isolated n and p channel MOSFETs (n-MOSFETs and p-MOSFETs, respectively)

formed in this manner, still on the carrier substrate. In the next step, reactive ion etching

forms a square array of small holes (-50 µm diameters, separated by 800 µm) that

extend through the nonfunctional regions of the circuits and the thin Pl layer, into the

underlying PMMA. Immersion in acetone dissolves the PMMA by flow of solvent through

the etch holes to release ultrathin, flexible circuits in a manner that does not degrade the

properties of the devices. These systems can be implemented as flexible, free-standing

sheets, or they can be integrated in wavy layouts on elastomehc substrates to provide

fully reversible stretchability/compressibility. The frames of Fig. 1A show these two

possibilities. The schematic cross sectional view at the bottom right illustrates the

various layers of this Si-CMOS/PI system (total thickness ~ 1 .7 µm). Such ultrathin

circuits exhibit extreme levels of bendability, as illustrated in Fig. 1C, without

compromising the electronic properties (Fig. 6). There are two primary reasons for this

behavior. The first derives from elementary bending mechanics in thin films, where the

surface strains are determined by the film thickness, t , divided by twice the radius of

curvature associated with the bending, 20) . Films with t = 1.7 µm can be bent to r as

small as -85 µm before the surface strains reach a typical fracture strain (~1 % in

tension) for the classes of high performance inorganic electronic materials used here. A

second, and more subtle, feature emerges from full analysis of the bending mechanics

in the actual material stacks of the circuits. The results indicate that the neutral

mechanical plane (NMP) or neutral mechanical surface (NMS), which defines the

position through the thickness of the structure where strains are zero for arbitrarily small

r, lies in the electronic device layers for the designs implemented here (Fig. 7). In other

words, the high moduli of the electronic materials move the neutral mechanical plane

from the geometric mid plane, which lies in the Pl, to the device or "functional" layers.

The illustration at the bottom right of Fig. 1 indicates with dashed lines the approximate

locations of this neutral mechanical plane in different regions of the system. This



situation is highly favorable because the fracture strains of the materials used in the

circuits are substantially lower than those for fracture or plastic deformation in the Pl (~7

%). Two disadvantages of such circuits are their lack of stretchability and, for certain

applications, their low flexural rigidity. These limitations can be circumvented by

implementing extensions of concepts that achieve stretchable, 'wavy' configurations of

sheets and ribbons of silicon and gallium arsenide' 15 ' 16) , in a procedure illustrated in the

bottom frame of Fig. 1A. The fabrication begins with removal of the ultrathin circuits

from the carrier substrate using a PDMS stamp, evaporating a thin layer of Cr/SiO2 (3/30

nm) onto the exposed Pl surface (i.e. the surface that was in contact with the PMMA),

and then generating -OH groups on the surfaces of the SiO and a biaxially prestrained

PDMS substrate {εpre = εxx = εyy, where the x and y coordinates lie in the place of the

circuit) by exposure to ozone induced with an ultraviolet lamp. Transfer printing the

circuit onto the PDMS substrate, followed by mild heating creates covalent linkages to

form strong mechanical bonding between the Si CMOS/PI/Cr/SiO2 and the PDMS.

Relaxing the prestrain induces compressive forces on the circuits that lead to the

formation of complex 'wavy' patterns of relief via nonlinear buckling processes. The

location of the neutral mechanical plane in the device layers, as noted previously,

facilitates the nondestructive bending that is required to form these wavy patterns.

Circuits in this geometry offer fully reversible stretchability/compressibility without

substantial strains in the circuit materials themselves. Instead, the amplitudes and

periods of the wave patterns change to accommodate applied strains (εappι, in any

direction in the plane of the circuit), with physics similar to an accordion bellows (21) .

Figure 1D presents an optical image of a wavy Si-CMOS circuit on PDMS, formed with

a biaxial prestrain of -5.6%. The thickness of the PDMS can be selected to achieve any

desired level of flexural rigidity, without compromising stretchability.

[0168] The left, middle and right frames of Fig. 2A show optical micrographs of wavy

Si-CMOS inverters formed with εpre = 2.7%, 3.9% and 5.7%, respectively. The wave

structures have complex layouts associated with nonlinear buckling physics in a

mechanically heterogeneous system. Three features are notable. First, the waves form

most readily in the regions of smallest flexural rigidity: the interconnect lines between

the p-MOSFET and n-MOSFET sides of the inverter and the electronically inactive parts

of the circuit sheet. Second, as εpre increases, the wave structures begin to extend from

these locations to all parts of the circuit, including the comparatively rigid device regions.

Third, the etch holes, representative ones of which appear near the centers of these



images, have a strong influence on the waves. In particular, waves tend to nucleate at

these locations; they adopt wave vectors oriented tangential to the perimeters of the

holes, due to the traction-free edges at these locations. The first two behaviors can be

quantitatively captured using analytical treatments and FEM simulation; the third by

FEM. Analysis indicates, for example, that the p-MOSFET and n-MOSFET regions

(SiO2/metal/SiO 2/Si/PI : ~0.05 µm/0.1 5µm/0.05 µm/0.25 µm/1 .2µm) adopt periods

between 160 and 180 µm and that the metal interconnects (SiO2/metal/SiO 2/PI :

~0.05 µm/0.15 µm/0.05 µm/1 .2 µm) adopt periods between 90 and 110 µm, all

quantitatively consistent with experiment. Figure 2B shows the results of full, three

dimensional FEM modeling, together with a scanning electron micrograph of a sample.

The correspondence is remarkably good, consistent with the deterministic, linear elastic

response of these systems. (Slight differences are due to the sensitivity of the buckling

patterns to the precise location and detailed shapes of the etch holes, and some

uncertainties in the mechanical properties of the various layers.) Both the analytics and

the FEM indicate that for εpre up to 10% and 0% < εappι - εprθ < 10% the material strains in

the device layers remain below 0.4% and 1%, depending on the region of the circuit and

the metal, respectively (Fig. 8). This mechanical advantage underlies the ability to

achieve reversible stretchability/compressibility in systems that contain intrinsically brittle

electronic materials such as SiO2 and Si.

[0169] Figure 2C and D show images and electrical measurements of inverters under

different tensile, uniaxial applied strains, for a wavy circuit fabricated with εpre = 3.9%. As

might be expected, the amplitudes and periods of waves that lie along the direction of

applied force decrease and increase, respectively, to accommodate the resulting strains

(Fig. 9). The Poisson effect causes compression in the orthogonal direction, which leads

to increases and decreases in the amplitudes and periods of waves with this orientation,

respectively. Electrical measurements indicate that the Si-CMOS inverters work well,

throughout this range of applied strains. The left frame of Fig. 2D shows measured and

simulated transfer curves, with an inset graph that presents the electrical properties of

individual n-MOSFET and p-MOSFET devices with channel widths (W) of 300 µm and

100 µm, respectively, to match current outputs, and channel lengths [L0) of 13 µm .

These data indicate effective mobilities of 290 cm2A/s, 140 cm2A/s for the n and p

channel devices, respectively; the on/off ratios in both cases are > 105. The gains

exhibited by the inverters are as high as 100 at supply voltages (VDD) of 5V, consistent

with circuit simulations that use the individual transistor responses. The right frame of



Fig. 2D summarizes the voltage at maximum gain, (VM) for different εapp/ along x and y.

Tensile strains parallel to the transistor channels (i.e. along y) tend to reduce the

compressive strains associated with the wavy structures in these locations, thereby

increasing and decreasing the currents from the n-MOSFETs and p-MOSFETs,

respectively. Perpendicular tensile strains cause opposite changes, due to the Poisson

effect. The results are decreases and increases in VM with parallel and perpendicular

strains, respectively. Individual measurements of the transistors at these various strain

states enable simulations of changes in the inverters (Fig. 9); the results, also included

in the right frame of Fig. 2D, are consistent with experiment. The devices also show

good behavior under mechanical/thermal cycling (up to 30 cycles) (Fig. 10).

[0170] More complex stretchable circuits can be fabricated using these inverters as

building blocks. Figure 3A shows, for example, optical images, electrical measurements

and stretching tests on Si-CMOS ring oscillators that use three inverters identical to

those in Fig. 2 . The mechanical responses are qualitatively consistent with

considerations described in the discussion of the inverters. The electrical measurements

indicate stable oscillation frequencies of -3.0 MHz at supply voltages of 10 V, even

under severe buckling deformations and strains of 5% and larger. We believe the

oscillation frequency shows little change because variations in mobilities of the p and n

channel devices effectively compensate one another, such that the delay through the

inverter remains roughly the same. Other, more general, classes of circuits are

compatible with the processes disclosed herein. Figure 3B shows, as an example, a

differential amplifier' 22 for a structural health monitor that integrates four components: a

current source (three transistors with L = 30 µm and W = 80 µm), a current mirror (two

transistors with L = 40 µm, W = 120 µm and L = 20 µm, W = 120 µm), a differential pair

(two transistors with L = 30 µm and W = 180 µm), and a load (two transistors with L =

40 µm and W = 80 µm). The right frame shows an optical image of the corresponding

wavy circuit (fig. 11) . This amplifier is designed to provide a voltage gain of - 1.4 for a

500 mV peak-to-peak input signal. Measurements at various tensile strains along the

red arrow show gains that vary by less than - 15%: 1.01 without applied strain (0%s;

black), 1.14 at 2.5% strain (red), 1. 1 9 at 5% strain (blue) and 1.08 after release (0%e;

green).

[0171] Although the ultrathin and wavy circuit designs described above provide

unusually good mechanical properties, two additional optimizations provide further

improvements. Dominant failure modes observed at high applied strains (εappι - εpre >



~ 10%) or degrees of bending (r < -0.05 mm) are (i) delamination of the device layers

and/or (ii) fracture of the metal interconnects. A design modification that addresses

these failures involves the deposition of an encapsulating layer on top of the completed

circuits. Figure 4 illustrates a representative layout that includes a thin (~1 .2 µm) layer

of Pl on top of an ultrathin Si-CMOS/PI circuit. The resulting systems are extremely

bendable, which we refer to as 'foldable', as demonstrated in the PI/Si-CMOS/PI circuit

tightly wrapped over the edge of a microscope cover slip (thickness - 100 µm) in Fig.

4A. Even in this configuration, the inverters are operational and exhibit good electrical

properties (Fig. 12). Such foldability is enabled by two primary effects of the top Pl layer:

(i) its good adhesion and encapsulation of the underlying layers prevents their

delamination and (ii) it locates the metal interconnects at the neutral mechanical plane

without moving this plane out of the silicon layers in other regions of the circuits (Fig.

12). Such designs can also be incorporated in stretchable, wavy configurations to

enable stretchability/compressibility. The stretchable system presents, however, another

challenge. As mentioned previously, the bendability of the Si-CMOS/PI/PDMS is

influenced strongly by the thickness of the PDMS. Systems that are both stretchable

and highly bendable in this example require the use of thin PDMS. Relaxing the

prestrain when using a thin PDMS substrate results in an unwanted, overall bowing of

the system rather than the formation of wavy circuit structures. This response occurs

due to the very low bending stiffness of thin PDMS, which in turn results from the

combined effects of its small thickness and extremely low modulus compared to the

PI/Si-CMOS/PI. Neutral mechanical plane concepts that involve the addition of a

compensating layer of PDMS on top of the PI/Si-CMOS/PI/PDMS system, can avoid this

problem. Figure 4B illustrates this type of fully optimized, dual neutral mechanical plane

layout (i.e. PDMS/PI/Si-CMOS/PI/PDMS), and its ability to be stretched and bent. The

optical micrographs at the bottom left and right of Fig. 4B illustrate the various

configurations observed under extreme twisting and stretching of this system.

[0172] The strategies presented in this example demonstrate the degree to which

extreme mechanical properties (i.e. stretchability, foldability) can be achieved in fully

formed, high performance integrated circuits by use of optimized structural

configurations and multilayer layouts, even with intrinsically brittle but high performance

inorganic electronic materials. In this approach, the desired mechanical properties are

enabled by materials (e.g. PDMS, thin Pl and their multilayer assemblies) that do not

need to provide any active electronic functionality. Such designs offer the possibility of



direct integration of electronics with biological systems, medical prosthetics and

monitoring devices, complex machine parts, or with mechanically rugged, lightweight

packages for other devices.
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[0173] Device Fabrication: The transistors use doped silicon nanoribbons for the

semiconductor. The fabrication involves three steps. First, an n-type silicon-on-insulator

(Si (260 nm)/SiO 2(1000 nm)/Si with doping of 2.7-5.2x1 015 cm 3, SOI wafer (SOITEC,

France) is lightly doped with Boron via a spin-on-dopant (B1 53, Filmtronics, USA) at a

diffusion temperature around 550~600°C to define p-wells. SiO2 (-300 nm) formed by

plasma enhanced chemical vapor deposition (PECVD) was used as a diffusion mask.

For this lithography procedure, AZ5214 photoresist (Clariant, USA) was spin coated at

3000 rpm for 30 sec. Next, highly doped p-type source/drain electrodes are formed

beside the p-wells using the same Boron spin-on-dopant, this time at a temperature of

1000-1 0500C. Then, heavily doped n-type source and drain regions are defined inside

the p-well with Phosphorous spin-on-dopant (P509, Filmtronics, USA) at 9500C by using

the same diffusion mask and photolithography procedure. After doping, the desired

structure of Si ribbons is defined by lithographic and dry etching steps with a SF6 plasma

(Plasmatherm RIE system, 40 Seem SF6 flow with a chamber pressure of 50 mTorr, 100

W rf power for 30 s.). The underlying SiO is removed by concentrated (49%) HF to

release thin semiconductor ribbons. These released Si ribbons can then be transferred

in organized arrays from the SOI wafer to the carrier wafer coated with thin layers of

PMMA (MicroChem, USA) (-1 00 nm, spin coat at 3000 rpm for 30 s) and poly(amic

acid), precursor of Pl [Poly(amic acid), Sigma Aldrich] (-1 .2 µm, spin coat at 4000 rpm

for 60 sec) using an elastomeric stamp as the transfer element. After complete curing of

Pl at 300°C for 1- 1.5 h, the active regions of the devices are isolated by SF6 plasma

and a thin gate oxide of SiO2 (-50 nm) is deposited with PECVD. The PECVD SiO2 on

the source/drain contact regions is then removed by RIE or buffered oxide etchant

through openings in a layer of photoresist pattern by photolithography. Cr/Au (-5

nm/~145 nm) for source, drain and gate electrodes and metal interconnects are

deposited with e-beam evaporation and then are patterned by photolithography and wet

etching. A uniform layer SiO2 (-50 nm) is deposited by PECVD to form a passivation

layer. Etching away this layer for contact windows enables electrical contact with the

devices and circuits, to complete the fabrication.



[0174] Removal of Ultrathin Circuit Sheets and Integration in Wavy Layouts on PDMS:

After circuit fabrication, an array of holes, whose radius is 30 µm and distance is 800

µm, is defined in nonfunctional areas, to expose the underlying PMMA to acetone.

Immersion in acetone removes the sacrificial PMMA layer to free an ultrathin circuit with

Pl substrate from the carrier substrate. Such a circuit can either be used in a f ree

standing form, or it can be manipulated and transferred to another substrate by use of

transfer printing techniques. For formation of stretchable, wavy layouts, the circuit is

transferred to an elastomeric substrate of PDMS, typically prestrained biaxially by

thermal expansion. To enhance adhesion between the circuit and PDMS, thin layers of

Cr (~3 nm) and SiO2 (~30 nm) are deposited on the bare Pl at the opposite side of

active devices. Surface activation can be accelerated by exposure to UV/ozone for 3

min. Strong chemical bonding can then be accomplished by reacting -OH groups on

this SiO layer with those on the surface of the thermally prestrained PDMS. After

transfer printing onto the pre-strained PDMS, the natural cooling can make PDMS and

ultrathin devices shrink and wavy structure will be formed.

[0175] Stretching Test and Measurement: Stretching tests are performed with

mechanical bending stages that are capable of applying uniaxial tensile or compressive

strains in any direction. These stages mount directly in electrical probing stations that

are coupled with semiconductor parameter analyzers (Agilent, 5 155C).

[0176] Measurement of Profile: In order to measure the wavelength and amplitude, a

surface profiler (Sloan Dektak 3) was used. A diamond stylus which is in contact with a

sample surface moves and follows the profile of sample surface and measures physical

surface variation at different positions.

[0177] Fatigue Test: To evaluate the performance of wavy circuit under repetitive

stretching and releasing, multiple cycling of heating and cooling test was performed. The

wavy circuit was heated 1600C for 5 minutes and then cooled down for 10 minutes

before each electrical measurement.

[0178] Neutral Mechanical Plane Of Multilayer Stacks: The neutral mechanical plane or

NMS defines the position where the strains are zero. Figure 7B shows the multilayer

stacks with the 1st layer on top and nth layer at the bottom. In an aspect, the different

layers include a support layer 200, a functional layer 210, a neutral mechanical surface

adjusting layer 220 and an encapsulation layer 450 with a resultant neutral mechanical

surface 230 that is, in this example, coincident with the functional layer 210. In an



aspect, the functional layer comprises flexible or elastic device regions 240 and

relatively mechanically rigid island regions 250 (see, e.g., Fig. 64). Referring to Figure

64, an array of nanohbbons 260 having a first end 270 connected to a first rigid region

280 and a second end 290 connected to a second rigid region 300 provides additional

device stretchability, foldability and bendability.

[0179] With respect to positioning of the neutral mechanical surface 230 (indicated by

the dashed line), each layer's (plane-strain) moduli and thicknesses are denoted by

E1,...E n and hλ,...h n , respectively. The neutral plane is characterized by the distance b

from the top surface, and b is given by:

For the p-MOSFET and n-MOSFET regions (n=5, SiO2/metal/SiO 2/Si/PI:

~0.05 µm/0.15 µm/0.05 µm/0.25 µm/1 .2 µm, see the center and right figures in Fig. 7A),

Fig. 7C shows the position of the neutral plane. Their elastic moduli and Poisson's ratios

are E
8101

= 70GPa , vSlOi = 0.17 , E
metal

= IWPA , v
metal

= 0.44 , E
Sl

= UOGPa , v
Sl

= 0.27 ,

En = 2.5GPa , and vPI = 0.34 . Figure 7D shows the position of the neutral plane for the

metal interconnect (n=4, SiO2/metal/SiO 2/PI: ~0.05 µm/0.1 5µm/0.05 µm/1 .2µm)

corresponding to the left figure in Fig. 7A.

[0180] For the Si-CMOS sandwiched by the Pl layers shown in Fig. 4A, Fig. 7E shows

the position of the neutral plane for the p-MOSFET and n-MOSFET regions (n=5,

PI/metal/SiO 2/Si/PI: ~ 1 .2 µm/0.15 µm/0.05 µm/0.25 µm/1 .2 µm). The top Pl capping layer

moves the neutral mechanical plane towards the SiO2/Si interface, and therefore

reduces the device failure of delamination. Figure 7F shows the position of the neutral

plane for the metal interconnect (n=4, PI/metal/SiO 2/PI: ~ 1 .2 µm/0.15 µm/0.05 µm/1 .2 µm).

The top Pl capping layer moves the neutral mechanical plane towards the center of the

metal layer, and therefore reduces the failure of metal interconnect. The thickness of the

top Pl capping layer can be optimized to reduce the delamination of device layers and

fracture of metal interconnect.

[0181] Buckling Wavelengths And Amplitudes Of The Wavy Systems. Equivalent

tension and bending rigidities: The multilayer stacks are modeled as a beam. Its

equivalent tension rigidity is:



where the 1st layer is o n top and the nth layer is at the bottom as shown in Fig. S8a,

and their moduli and thicknesses are denoted by E1,. . . and 1,...h n , respectively.

The equivalent bending rigidity is given by:

where b is the distance of the neutral mechanical plane to the top surface given in

Eq. ( 1 ) .

[0182] Metal interconnect on PDMS substrate: The equivalent tension rigidity Eh and

bending rigidity EI of the metal interconnect are obtained from Eqs. (2) and (3) for n=4

(SiO2/metal/SiO2/PI). The PDMS substrate is modeled as a semi-infinite solid since its

thickness is about 4 orders of magnitude thicker than the metal interconnect. Figure 5

(left figure) shows that the buckling pattern is mainly one dimensional, and therefore the

out-of-plane displacement can be represented by w = A COs(ZcX1) , where Xi is the

coordinate along the direction of interconnect, and the amplitude A and wave number k

are to be determined by the minimization of total energy of the system, which consists of

the bending and membrane energy of the thin film and the strain energy in the

substrate. This gives the analytical expression of wave number and amplitude as

where Es is the plane-strain modulus of the substrate, ε
prree is the equi-biaxial prestrain,

and is the critical buckling strain. For the PDMS modulus Es =

1.8 MPa and Poisson's ratio vs = 0.48, the wavelength in Eq. (4) is 96µm, which agrees

well with experiments (~1 00µm).

[0183] The maximum strain in the metal interconnect is the sum of membrane strain

and bending strain induced by the buckled geometry. Figure 8A shows the maximum

strains in different device layers versus the prestrain. The material strains in metal and

SiO 2 layers are below 1% even for the 10% prestrain.



[0184] p-MOSFET and n-MOSFET on PDMS substrate: The p-MOSFET and n-

MOSFET regions (SiO2/metal/Si θ 2/Si/PI, n=5) are next to the non-metal regions

(SiO2/SiO2/PI, n=3) as illustrated in Fig. 8 . Their buckling is coupled and therefore rather

complex. Within each region the out-of-plane displacement has its own wavelength and

amplitude, and across the regions the displacement and rotation are continuous. The

minimization of total energy, which consists of the bending and membrane energy of the

thin film and the strain energy in the substrate, gives the wavelengths and amplitudes in

all regions. The wavelength in the p-MOSFET and n-MOSFET regions is about 140µm,

which agrees reasonably well with experiments (~1 80µm).

[0185] Figure 8B shows the maximum strains in different device layers versus the

prestrain. The material strains in metal, SiO2 and Si layers are below 0.5% even for 10%

prestrain such that the circuits are stretchable.

[0186] Finite Element Simulations: Three dimensional finite element modeling (FEM)

simulations of the system were performed using the commercial ABAQUS ® package.

Eight-node, hexahedral brick elements with four-node multi-layer shell elements were

used for the substrate and the thin film, respectively. Suitable model dimensions were

chosen to correspond to the inverter circuit element and surrounding substrate, as in

Figure 13. Experimental observations indicate that these elements exhibit similar

buckling patterns and that they are sufficiently far apart to behave in a mechanically

independent fashion. As a result the periodical boundary conditions are applied to the

external boundaries of the substrate. The multi-layer shell is bonded to the substrate

surface through shared nodes. The nodes of the bottom substrate are constrained along

the vertical direction. Each layer of thin film (Si-CMOS/PI system) is modeled as a linear

elastic material; the soft, elastomeric substrate is modeled as an incompressible

hyperelastic material. This hyperelastic material model uses the neo-Hookean

constitutive law which accounts for the nonlinearity in the stress-strain relation in a

simple way.

[0187] The simulations are performed to correspond exactly both to the material

layouts as well as the fabrication procedures for the ultrathin CMOS circuits. The

buckling mode shape was determined by perturbation analysis of the three-dimensional

model with a multi-layer thin film (Si-CMOS/PI system) and a soft PDMS substrate. The

substrate (without the thin film), with the effect of an imperfection introduced by

perturbation in the geometry, expands due to an increase in temperature (thermal



loading). When the temperature reaches 160 C (-3.9% strain), the multi-layer thin film

(shell elements) is bonded to the PDMS substrate (solid elements). As the temperature

decreases, simulations show that the thin film buckles with the substrate, consistent with

non-linear buckling analysis. This model requires a large number of elements to achieve

reasonably good accuracy. The current model includes -200,000 elements and is large

enough to accommodate buckling waves. The buckling pattern, wavelength and

amplitude and their spatial distribution can be found from this analysis. These

simulations give insights into the formation of buckling patterns, the mechanics behavior

of the thin film and the nested hierarchy of the structure.

[0188] Example 2 : A Hemispherical Electronic Eye Camera Based on Compressible

Silicon Optoelectronics . The human eye represents a remarkable imaging device, with

many attractive design features. 1'2 Prominent among these is a hemispherical detector

geometry, similar to that found in many other biological systems, that enables wide field

of view and low aberrations with simple, few component, imaging optics. This type of

configuration is extremely difficult to achieve using established optoelectronics

technologies, due to the intrinsically planar nature of the patterning, deposition, etching,

materials growth and doping methods that exist for fabricating such systems. This

example provides processes and related systems that avoid these apparent limitations.

The devices and processes are used to yield high performance, hemispherical

electronic eye cameras based on single crystalline silicon technology. The approach

uses wafer-scale optoelectronics formed in unusual, two dimensionally compressible

configurations and elastomehc transfer elements capable of transforming the planar

layouts in which the systems are initially fabricated into hemispherical geometries for

their final implementation. The processes provided herein, together with the

computational analyses of their associated mechanics, provide practical routes for

integrating well developed planar device technologies onto the surfaces of complex

curvilinear objects, suitable for diverse applications that cannot be addressed using

conventional means.

[0189] The ability to implement electronic and optoelectronic systems on nonplanar

surfaces is useful not only for hemispherical cameras and other classes of bioinspired

device designs, but also for conformal integration on or in biological systems as

monitoring devices, prosthetics and others. Unfortunately, existing technologies have

been developed only for surfaces of rigid, semiconductor wafers or glass plates and, in

more recent work, flat plastic sheets. None is suitable for the sorts of applications



contemplated here because the mechanical strains needed to accomplish the planar to

hemispherical geometrical transformation, for example up to -40% for compact eye-type

cameras, greatly exceed the fracture strains (e.g. a few percent) of all known electronic

materials, particularly the most well developed inorganics.3'4 , even in wavy structural

layouts. One strategy to circumvent these limitations involves adapting all of

semiconductor processing and lithography for direct use on curvilinear surfaces. Even a

single piece of this type of multifaceted effort (e.g. lithographic patterning on such

surfaces 5 14 with levels of resolution and multilevel registration that begin to approach

those that can be easily achieved on planar surfaces) requires solutions to extremely

difficult technical challenges. Although some work based on plastic deformation of

planar sheets, 15 '16 self-assembly of small chips 17 '18 and folding of elastic

membranes, 1920 have shown some promise, each has drawbacks and all require certain

processing steps to be performed on a hemispherical or curved surface. Partly as a

result, none have been used to achieve the type of cameras contemplated here. This

example introduces a route to curvilinear optoelectronics and electronic eye imagers

that begins with well-established electronic materials and planar processing approaches

to create optoelectronic systems on flat, two dimensional surfaces, in unusual designs

that allow full compressibility/stretchability to large levels of strain (-50% or more). This

feature enables planar layouts to be geometrically transformed (i.e. conformally

wrapped) to nearly arbitrary curvilinear shapes. This example uses a hemispherical,

elastomeric transfer element to accomplish this transformation with an electrically

interconnected array of single crystalline silicon photodiodes and current blocking p-n

junction diodes assembled in a passive matrix layout. The resulting hemispherical focal

plane arrays, when combined with imaging optics and hemispherical housings, yield

electronic cameras that have overall sizes and shapes comparable to the human eye.

Experimental demonstrations and theoretical analyses reveal the key aspects of these

systems.

[0190] Figure 14 schematically illustrates the main steps in the fabrication. The

process begins with the formation of a hemispherical, elastomeric transfer element by

casting and curing a liquid prepolymer to poly(dimethylsiloxane) (PDMS; Dow Corning)

in the gap between opposing convex and concave lenses with matching radii of

curvature (-1 cm). A specially designed jig to hold these lenses also provides a raised

rim around the perimeter of the resulting piece of PDMS. This transfer element mounts

into a mechanical fixture that provides coordinated radial motion of ten independent



paddle arms that each insert into the rim. Translating the arms of this radial tensioning

stage outward expands the hemisphere. The associated reversible, elastic deformations

in the PDMS transform this hemisphere, at sufficiently large tensioning, into the planar

shape of a 'drumhead', such that all points in the PDMS are in biaxial tension. The

extent of expansion and the underlying mechanics determine the overall magnitude of

this tension. Separately, conventional planar processing forms a passive matrix focal

plane array on a silicon-on-insulator (SOI; Soitec) wafer, comprised of single crystalline

silicon photodetectors, current blocking p-n junction diodes, metal (Cr/Au/Cr) for

interconnects, with films of polymer (polyimide) to support certain regions and to

encapsulate the entire system. An important design feature is the use of thin, narrow

lines to connect nearest neighbor pixel elements; these structures facilitate elastic

compressibility in the system, as described subsequently. Removing the buried oxide

layer of the SOI wafer by etching with concentrated HF in a manner that leaves the focal

plane array supported by polymer posts but otherwise raised above the underlying

silicon 'handle' wafer completes the device processing. Fabrication of the

interconnected pixel arrays on rigid, planar substrates using established processing

techniques avoids limitations, e.g. in registration, that are often encountered in soft

electronics.

[0191] Contacting the transfer element in its tensioned, planar 'drumhead' shape

against this wafer and then peeling it away lifts up the focal plane array, leaving it

adherent to the soft surface of the elastomer through non-specific van der Waals

interactions. 2 1'22 In the next step, moving the leaf arms of the tensioning stage inward to

their initial positions causes the elastomer to relax back, approximately, to its initial

hemispherical shape but with a slightly (-1 0% for the systems investigated here) larger

radius of curvature. In this process, compressive forces act on the focal plane array to

bring the pixel elements closer together, with magnitudes that correspond to significant

compressive strains (i.e. up to 10-20%, depending on the tensioning). The narrow, thin

connecting lines accommodate these large strains by delaminating locally from the

surface of the elastomer to adopt arc shapes pinned on the ends by the detector pixels

(i.e. the strains accommodated in the interconnects are greater and are up to -30-40%),

with a mechanics conceptually similar to related responses in stretchable semiconductor

ribbons. 23 This process allows the planar-to-spherical geometrical transformation to be

accomplished without creating substantial strains in any of the active components of the

focal plane array, as discussed subsequently. The hemispherical, elastomeric transfer



element, 'inked' with the focal plane array in this manner, then enables transfer 'printing'

onto a hemispherical glass substrate with a matching radius of curvature and coated

with a thin layer of a photocurable adhesive (NOA 73, Norland). Mounting the resulting

system on a printed circuit board with bus lines to external control electronics,

establishing electrical connections to pinouts located along the perimeter of the detector

array, and integrating with a hemispherical cap fitted with a simple imaging lens

completes the hemispherical electronic eye camera.

[0192] The fabrication approach summarized in Fig. 14 can be applied to planar

electronics and optoelectronics technologies with nearly arbitrary materials classes and

devices (e.g., sophisticated cameras, retinal implants), provided that they incorporate

appropriately configured compressible interconnects. A key advantage of the strategy is

that the most labor-intensive part of the process (i.e. formation of the pixel arrays

themselves) is fully compatible with the capabilities of existing, planar silicon device

manufacturing facilities. Figure 15 summarizes key aspects of the mechanics of this

process, as revealed with a high density array of passive silicon elements (20x20 µm,

with 50 nm thickness) and nearest neighbor connections (20x4 µm, with 50 nm

thickness), all designed for simplicity of illustration. Fig. 15A shows an optical image of

such an array transferred onto the surface of a hemispherical, elastomehc transfer

element, corresponding to the next to last frame in Fig. 14. The high level of engineering

control on the process is evident from the uniformity of the structure shown in this

image. Fig. 15B presents a scanning electron micrograph (SEM) of a small region of the

array, collected from the sample in Fig. 15A. The arc shaped connections responsible

for the compressibility can be seen clearly. The yields associated with the transfer and

the formation of these types of connections can be high; only ~5 defects, corresponding

to a yield of >90% for this field of view, are presented in Fig. 15B. Fig. 15C shows the

spatial distribution of elements in a similar transferred array. A simple mechanics model,

based on plate theory,23 and confirmed using established finite element analysis

techniques, 24 26 shows how the silicon elements are mapped from the flat to

hemisphere. The pixel positions given by these models, also shown in Fig. 15C, agree

well with the experiments without parameter fitting. These mechanics models indicate

very small, -3%, changes (maximum to minimum) in the local pitch across the entire

area, with smooth, deterministic variations in this quantity. The relatively uniform pitch is

- 10% smaller than the initial value before the PDMS is relaxed. As with this part of the

mechanics of the process, the nature of the compressibility provided by the narrow, thin



interconnects between adjacent unit cells can be understood through theoretical

analysis. The SEM of Fig. 15D provides a high magnification view of the array shown in

Figs. 15A and B, with analysis results in the form of overlays of the arc shapes and the

distributions of strain. The out-of-plane displacement, w, of the arc-shaped connections

takes the form , where A is the amplitude, x is the position along the

connection and L is the lateral separation distance between adjacent pixel elements;

this distance is L0 = 20µm as measured in the as-fabricated planar configuration.

Minimizing the membrane and bending energy in the connection strips yields an

analytical expression for the amplitude , where, εc, the critical

buckling strain, is given by εc = π 2h2/(3L2
0) , where h is the thickness; its value is

0.0021 % for the system shown here. For L = M . µm , the amplitude A = 4.50µm agrees

well with the experiments A = 4.76µm . The maximum strain in the connections is

-0.5%, substantially below the fracture strain for the silicon. Mechanics models also

reveal the distribution of strains and displacements in the square silicon elements. The

maximum out-of-plane displacements are very small (< 0.1 µm), as are the strains εχχ

and εyy (<0.08%), as shown in Fig. 15D. The strain εχχ in the Si element reaches the

peak near the interconnections in the x-direction, while the peak of εyy occurs near those

in the y-direction.

[0193] The approaches and associated mechanics summarized in Figs. 14 and 15 can

be applied to planar electronics and optoelectronics technologies with nearly arbitrary

materials classes and devices, provided that they incorporate appropriately configured

compressible interconnects. Figure 16 outlines the designs implemented for the

cameras described here. Each pixel in the array supports two devices - a photodetector

and a pn junction diode - monolithically formed in a single piece of single crystalline

silicon (500x500 µm; 1.2 µm thick) with a capping layer of polyimide (560x560 µm; 1- 1 .5

µm thick): The first device provides local light detection; the second enables current

blocking and enhanced isolation for passive matrix readout. We refer to these devices

as PDs (photodiodes) and BDs (blocking diodes), respectively. Layers of metal above

each of the BDs shield them from light, thereby removing their photoresponse. The

layouts of this metal, the two devices and the electrical connections are illustrated in the

'exploded' schematic view of Fig. 16A. The pixel-to-pixel interconnects consist of thin



layers of patterned metal (360x50 µm width; Cr/Au/Cr 3/150/3 nm thick) on thin layers of

polyimide (360x1 10 µm; 1- 1 .5 µm thick), spin-cast and patterned in conventional ways.

[0194] SEM images in Figs. 16D, 16E show a 16 by 16 array of PD-BD pixels

transferred onto the surface of a hemispherical, elastomehc transfer element,

corresponding to the next-to-last frame in Fig. 14. The arc-shaped interconnections that

enable the planar to hemispherical transformation can be seen clearly. The yields

associated with the transfer process and the formation of these types of stretchable

connections are high; 100% of the pixels and interconnections in the case of the 16 by

16 arrays have been reproducibly transferred. Greater than 95% yields have also been

demonstrated for the transfer of higher density arrays of passive silicon elements (20 by

20 µm, with 50 nm thickness) and nearest neighbor connections (20 by 4 µm, with 50

nm thickness) (see FIG. 52).

[0195] Significant mechanical deformations in the imaging arrays are generated during

the transfer process, specifically during the planar to hemispherical transformation of the

elastomeric transfer element. Simple mechanics models, based on plate theory and

confirmed using established finite element analysis techniques, have been developed to

determine the spatial distributions of pixels during the transfer process, as well as the

distributions of stresses and displacements in the interconnections and silicon pixels.

These models indicate that the imaging arrays on the hemispherical surface have 1)

very small variations (-3% maximum to minimum) in the local pitch and 2) the relatively

uniform pitch is - 10% smaller than the arrays in the planar, as-fabricated geometry. In

addition, the mechanics models predict maximum strains of -0.01 % in the Si pixels and

-0.3% in the metal of the arc-shaped interconnects for the -20% change in

interconnection length (-1 0% change in pitch) observed in these systems. Figure 16C

presents an optical image of a completed array on a hemispherical glass substrate,

corresponding to the last frame in Fig. 14. The high level of engineering control on the

fabrication process is evident from the uniformity of the structures that can be

transferred to the hemispherical substrate.

[0196] Fig. 16B shows the current/voltage response of a representative individual pixel

in a hemispherical detector array (black solid curve: in the dark; red dashed curve:

exposed to light), addressed via row and column electrodes through contact pads at the

perimeter of the 16x1 6 array. Similar responses are achieved for individual pixels in

planar imaging arrays. Key features are the strong photoresponse (main frame), the



very low reverse bias current (right inset), and low crosstalk (right inset) between pixels

in passive matrix addressing. Fig. 16C shows optical images of a completed array on a

hemispherical glass substrate. The upper left and right insets provide circuit schematics

(red: PD; black: BD) and a magnified view of part of the array, respectively. The

mechanics model for the Si system (Fig. 15) as applied to the device shown in Fig. 16,

gives maximum strains (εxx or εyy) in the Si of -0.01 % for the ~ 12.5% change in

connection length observed in these systems. The maximum strain in the metal of the

arc-shaped interconnects is -0.3%.

[0197] Evaporating metal over the edge of the glass substrate through a flexible

shadow mask provides electrical connections to the row and column contacts at the

periphery of the passive matrix array. These connections lead to prepatterned lines on a

printed circuit board, which terminate in a 34 pin connector that provides a ribbon cable

interface to a computer with specially designed software for acquiring images from the

camera. The resulting system appears in Fig. 17A Presently, the electrode lines that

connect the periphery of the pixel arrays to separate control electronics limit yields and

set practical bounds on pixel counts. With unoptimized manual systems, the

interconnects from the periphery of the pixel array to the printed circuit board can be

registered to an accuracy of ±200 µm.. Integration with a hemispherical cap fitted with a

simple, single element lens that provides the imaging optics completes the camera, as

illustrated in the images of Figs. 17B, C.

[0198] Figs. 17D, E show an image of a test pattern collected with a camera having

this design ("hemispherical electronic eye camera") and a similar one in a conventional

planar layout, presented as grayscale representations on surfaces with the geometries

of the focal plane arrays. These results implement a strategy adapted from biology to

overcome limited resolution and pixel defects. In particular, a sequence of images are

collected as the cameras are moved (translated in the planar case, and rotated in the

hemispherical case) relative to the object. The images of Fig. 17D, E correspond to

combined sets of individual images from a few pixels obtained in this manner.

[0199] Figure 17F shows images collected with the hemispherical electronic eye

camera of Fig. 17A-C. The optical setup for these results used collimated green light (Ar

ion laser) to illuminate a printed pattern on a transparency film. The transmitted light

passed through a simple plano-convex lens (diameter=25.4 mm; focal length=35 mm) to

form an image on the hemispherical camera (see Fig. 31). The left frame of Fig. 17F



shows the direct output of the camera for the case of an image of the top two rows of

the standard eye chart. Although the shapes of the letters are clearly resolved, the fine

spatial features of the smaller text are not accurately represented due to the relatively

low numbers of pixels in these cameras. The image quality can be improved by

implementing a strategy adapted from biological systems, in which a sequence of

images are collected as the camera is eccentrically rotated in θ and φ directions relative

to the object. Reconstruction, using pixel positions on the hemispherical surface

predicted with mechanics models described herein, yields high resolution images. The

right frame of Fig. 17F is a picture acquired by rapidly scanning a small range of angles

(from -2 to 2° in both θ and φ directions) in 0.4° increments.

[0200] Even more complex pictures, as shown in Figs. 53A-B, can be obtained in high

resolution using this simple scanning approach (from -2 to 2° in θ and φ directions, 0.4°

increments). Inspection of the images suggests that the stitching errors associated with

this process are <40 µm, thereby validating the accuracy of these models. The nearest

neighbor pixels in the hemispherical camera are separated by -4° leading to zero

redundancy in generating the tiled picture. These results also demonstrate the high yield

of functional pixels, >99% (254 out of 256). Provided are images acquired from each

pixel when scanned over the entire projected image (from -40 to 40° in both θ and φ

directions), further demonstrating the high quality and uniformity of the pixels in the

array.

[0201] The simple, single-lens system considered here provides a clear example of

how curved detectors can improve camera performance. The focusing ability of

hemispherical and planar cameras is compared in Figs. 53c-53f using fabricated

devices, ray tracing software, and commercial cameras. An ideal imaging system would

perfectly reproduce the image on the detector surface; however, the lens introduces

aberrations that degrade the image quality. Complex and expensive optics can reduce

the third-order Seidel aberrations for planar detector surfaces, but such aberrations play

a significant role in the focusing ability of the simple, single-lens arrangements of

interest here. A demonstration of focusing abilities requires non-collimated light sources

and a wide aperture for a large field of view; thus the optical test setup for Fig. 53c-f

uses rear-illumination of a pattern printed on paper with halogen lamps and a high

numerical aperture plano-convex lens (diameter=1 2 mm; focal length=1 2 mm). Use of

optical filters to limit the incident light wavelength to -620-700 nm minimizes

contributions from chromatic aberrations. Figure 53c shows the optics arrangement and



representative ray traces used to calculate the curvilinear image surface. The calculated

surface corresponds, to good approximation, to a paraboloid of revolution (see Fig. 53d)

and is much closer in shape to the hemispherical detector than the planar detector.

Figure 53e shows images projected on a planar screen (photographic plastic film)

obtained with a commercial camera at two different distances (z; left, 14.40 mm and

right, 16.65 mm) between the screen and lens. The position of best focus shifts from the

center to the edge of the image with decreasing z . The image surface estimated using a

series of such photographs is similar to that predicted by the ray tracing theory (see Fig.

53d and 56). Fig. 53f and 53g compare images acquired with the fabricated planar and

hemispherical cameras, respectively. The hemispherical system has a number of

advantages including more uniform focus from the center to the edge, a wider field of

view, more homogeneous intensity throughout the image, and reduced geometric

distortions. Many of these features are evident in Fig. 53f,g, even with the modest levels

of resolution associated with these particular devices.

[0202] In conclusion, the compressible optoelectronics and elastomeric transfer

element strategies introduced here are compatible with high resolution focal plane

arrays, other more advanced materials systems and device designs, as well as refined

substrate shapes (e.g. asphehcal surfaces).
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[0203] MATERIALS AND METHODS: Nearly all of the materials and methods use

setups specifically designed for this specific example, including certain of the planar

processing steps and circuit liftoff strategies, the compressible interconnect layouts, the

hemispherical PDMS transfer elements, the radial tensioning stages, the fixtures and

lens systems, the mux/demux interfaces and the computer software control and are

further described herein.

[0204] Planar Processing of the Focal Plane Array: The sequence of processing steps

used to form the focal plane arrays appears below in TABLEs 1 and 2 . A key part of the

fabrication is the formation of polymer posts that support the array during undercut

etching of the buried oxide (steps 34-37). Figure 18 highlights this processing. Figure

19 schematically illustrates the layout of the array, and provides key dimensions. Figure

20 presents images of a complete array and micrographs of features of the unit cell, for

the simple system of a planar camera with designs that are otherwise similar to those

used for the hemispherical system.









[0205] Fabricating the Hemispherical PDMS Transfer Element: Casting and curing

procedures form these transfer elements or stamps out of PDMS obtained from a

commercial vendor (Sylgard 184, Dow Corning). Figure 2 1 shows the jig and the

opposing convex and concave lenses (radius of curvature of 12.9 mm and diameter of

25.4 mm) used for this purpose. The convex lens was made of PDMS and was molded

from the concave glass lens. Figure 22 provides a cross sectional illustration of the

hemispherical transfer element with the important dimensions. Note the large, raised rim

around the perimeter of the element (rim width is 1.5, 2.0 or 2.5 mm). This feature

matches paddle arms in the tensioning stage described next. Figure 23 shows a top



view illustration of the PDMS transfer element in its relaxed and tensioned state, with a

to-scale illustration of the focal plane array overlaid.

[0206] Stretching the PDMS Transfer Element and Transfer Printing: A specially

designed radial tensioning stage provided a reproducible, controlled means to expand

the hemispherical PDMS transfer element into a flat, drumhead state. Figure 24

provides a computer aided design drawing of this system based on a scroll plate design.

Ten separate paddle arms move in a coordinated fashion in the radial direction by an

amount that can be controlled using a manual rotary stage. The raised rim of the PDMS

element mounts onto the paddles. Figure 25 shows images of the stage and an element

in various stages of the stretching process. Referring to Figure 25, holder 110 is

capable of securably receiving a stamp 100 . Force generator 120 is operably

connected to the holder 110 for generating a force on a stamp mounted therein to

substantially flatten the stamp (see right-most panel). Figure 25 shows a stamp that is

a hemisphehcally-shaped PDMS transfer element and a force generator 120 comprising

a radial tensioning stage with ten paddle arms. Figure 26 shows an image after liftoff of

the array and removal from the tensioning stage, corresponding to the next to last frame

in Fig. 14. Note that this array is a higher density array of passive silicon elements

(20x20 µm, with 50 nm thickness) and nearest neighbor connections (20x4 µm, with 50

nm thickness).

[0207] The spatial distributions of the pixels in such an array are important to quantify

and understand. Figure 27 shows in a sequence of frames corresponding to the

process that we used to evaluate these distributions. A top view optical image (top

frame) is converted to binary format (middle frame), from which specially developed

software locates the centers of the pixels and returns the coordinates (bottom frame).

[0208] Integrating with Hemispherical Cap and Imaging Lens: Figure 28 shows cross

sectional schematic illustrations and computer aided design drawings of the

hemispherical cap and integrated imaging lens, with key dimensions. These

components complete the cameras, but they do not represent critical design

components.

[0209] Imaging with the Camera: Mounting the focal plane arrays on specially design

printed circuit boards, forming interconnections and integrating with mux/demux

electronics and software control systems enables image acquisition. For electrical

connections to the circuit board, we use electron beam evaporation of Cr/Au through



flexible shadow masks draped over the edge of the hemispherical camera substrate.

Figure 29 shows the mux/demux electronics, and Fig. 30 provides a circuit diagram of

these systems. The current responses at an applied bias of 4 V were measured for all

the pixels in the 16 by 16 hemispherical camera used to generate the results of Fig. 17.

See Fig. 57. Three different light intensities ranging from bright laser light (514.5 nm) to

complete darkness have been used to test the detector arrays. A good range of

sensitivity has been achieved for the photodetecting pixels, from current responses of

400-800 nA at the highest brightness to 0.5-2 nA in the dark state. The maps illustrate

the distribution of measured responses throughout the hemispherical detector array and

highlight the response uniformity (two pixels with the non-ideal response of large current

in the dark are visible here). The grayscale images (e.g., Fig. 17F and Fig. 53a, b )

represent the response signals for each pixel after normalization using the equation

Signal = (Uignai - lmm)/(lmax - Ln), where Uignai is the measured current at the exposure

condition, lmax is the measured reference current at the brightest condition (maximum

current), and L n is the measured reference current at the dark condition (minimum

current). Fig. 58 contains an electrical response characterization of the pixels in the 16

by 16 planar camera; high pixel yields also were achieved in cameras with this geometry

(3 out of 256 pixels have a less sensitive response).

[0210] Figure 3 1 demonstrates the optical setup used to image with the hemispherical

detector. Green laser light (514.5 nm) is fed through an optical fiber to a fiber optics

coupler and a beam expander (Thorlabs BE15M), and then onto a transparency film

with an about 1 cm2 area printed image generated using a commercial laser printer

( 1200 dpi). The projected image passed through a plano-convex lens (Thorlabs BPX055

and onto the hemispherical electronic eye camera. Two rotating motors are used to

scan the image over nearly the entire surface of the detector and maintain an eccentric

point at the optical axis. Figure 32 shows the computer user interface. The computer

user interface used to capture images with the cameras was written in National

Instruments LabView and is shown in Fig. 32. The maximum acquisition rate of the

cameras (-1 frame per second) was limited by the control system and could be

improved by adding more sophisticated electronics. The minimum acquisition time for an

individual pixel was determined to be 15 ms as limited by the control electronics. Videos

demonstrate the data acquisition process using a hemispherical camera, as well as the

detector rotations necessary to achieve higher resolution images.



[021 1] Figures 54 and 55 present the images acquired by each pixel in the

hemispherical 16 by 16 detector array as they are scanned over the entire image. The

camera scanned from -40 to 40° in both the θ and φ directions in 0.5° increments, with

the center of the detector array positioned at θ=0° and φ =0°. This 0.5° scanning

resolution corresponds to -7-8 steps between pixels in the detector array. The yield of

functioning pixels is high; only 2 out of 256 pixels, those at (row,column) positions (2,1 )

and (4,7), have a less sensitive response during imaging and should not be utilized.

[0212] Comparison of aberrations/distortions in hemispherical and planar detectors:

Experiments A comparison of focusing abilities for hemispherical and planar detectors

required non-collimated light sources and a wide aperture for a large field of view. These

two conditions allow imaging with light that is non-paraxial and simulates the standard

operation mode of photographic cameras. The optical test setup for making the focusing

comparison in Fig. 53c-f used rear-illumination of a black and white pattern printed on

paper with halogen lamps. A pair of optical filters limited the incident light wavelength to

-620-700 nm and minimized contributions from chromatic aberrations. The paper aided

in diffusion of the light from the lamps. A high numerical aperture plano-convex lens

(Edmund Optics PCX NT45-083; diameter=12 mm; focal length=1 2 mm) was used for

the imaging optics with the convex side towards the light source. The lens to object

distance was fixed at 62.85 mm.

[0213] Two types of planar screens were used to demonstrate the curvilinear shape of

the optimal focal surface. Figure 56 shows high resolution photographs of the projected

images on a planar screen (35 mm photographic plastic film) obtained using a

commercial camera (Canon EOS30D with a Canon Macro Lens EF 100mm f/1 :2.8

USM). Figure 59 contains images acquired using the fabricated planar cameras ( 16 by

16 pixels) when scanned in the x and y directions from -460 to 460 µm in 92 µm

increments. A series of such images were collected for detector to lens (planar side)

distances ranging from 5.85 to 22.05 mm. The position of best focus shifts from the

center to the edge of the image with decreasing detector to lens distance, thereby

indicating that the optimal focal surface is highly curved and non-planar.

[0214] The fabricated hemispherical camera ( 16 by 16 pixels) was also used to image

this same setup at varying positions along the optical axis (Fig. 60). Scanning of the

detector from -2 to 2° in both the θ and φ directions in 0.4° increments followed by

image reconstruction generated high resolution photographs. The quality of focus



obtained is consistent throughout each image, with an optimal focus being achieved for

the detector position z « 16.65 mm. The hemispherical detector surface provides

improved imaging compared to planar detectors with better focusing, fewer distortions,

and a wider field of view.

[0215] Comparison of aberrations/distortions in hemispherical and planar detectors:

Theory: The laws of geometric optics allow for single planar or curved object surfaces to

be imaged perfectly onto a curved image plane, though the image may be distorted.

Distortion is a purely geometric effect that does not influence the sharpness of the

images and can be removed. We performed ray tracing analysis with a commercial

software program (Rayica) to compare distortions and defocusing on the fabricated

hemispherical and planar detectors. The rays passed through a plano-convex lens

(Edmund Optics PCX NT45-803) and onto the screens. An approximation to the optimal

image surface was constructed by fitting a paraboloid of revolution, with a general form

of z = 16.65 - 0.1 05r2, to the locations of the smallest focal spots (the root mean square

of the intensity was minimized) formed by a set point objects arrayed on a line through

the focal surface. Although the fabricated hemispherical detectors and the optics are not

matched to achieve perfect imaging, significant reductions in both distortion and

defocusing over planar detectors were observed.

[0216] The single lens system is perhaps the simplest example of how a curved

detector could be used to improve camera performance. Since flat electronic detectors

were introduced, there has been a trend to design both the optics and signal processing

of cameras in an integrated manner, even to the extent that the signal recorded by the

detector may not be recognizable as an image before processing. We expect our

fabrication technique, which removes the design restriction that the detector arrays be

planar, to allow further optimizations to be made.

[0217] Mapping of Silicon Elements onto a Hemisphere: A simple mechanics model,

based on plate theory, and confirmed using established finite element analysis

techniques, shows how the silicon elements are mapped from the flat to hemisphere.

Figure 33 illustrates the mapping of silicon elements onto a hemisphere. A PDMS

hemispherical cap of radius R (Fig. 33A) is first stretched to a flat plate of radius 1 (Fig.

33B), which is further stretched to radius r2 (Fig. 33C) to transfer the silicon elements of

size L and spacing L0 (Fig. 33D). The release of tension first leads to an approximately



flat plate of radius r (Fig. 33E), and the further release leads to a new hemisphere of

radius R' (Fig. 33F).

[0218] The above mapping process has been studied via the finite element method.

Shell elements are used to model the PDMS hemispherical cap. Figure 34A shows the

original mesh for the PDMS hemispherical cap in Fig. 33A, while Fig. 34B shows the

deformed mesh when the hemisphere is just flattened to a plate (when the edge of

deformed hemisphere approximately reaches the same height as the plate center),

corresponding to Fig. 33B. The (axisymmetric) strain distribution in the flattened plate

shown in Fig. 34C clearly suggests that the meridional strain is negligible

(«circumferential strain), εme donai a 0 . This gives the arc length Rφ of the hemisphere

to be the same as the radius of the flattened plate,

R(JO = 1.

This is validated by the finite element analysis shown in Fig. 34D. The circumferential

strain is then given by , which agrees well with the finite element

analysis, as shown in Fig. 34C.

[0219] The additional strains due to further stretching in Fig. 33C are uniform

throughout the plate. The transfer of silicon elements in Fig. 33D do not introduce any

strains.

[0220] Since the Young's modulus of silicon ( 130 GPa) is 5 orders of magnitude stiffer

than the Young's modulus of PDMS (2 MPa), the strains in silicon elements are rather

small, which prevents the PDMS underneath the silicon elements from being released

during the relaxation to the flat stage shown in Fig. 33E. For PDMS not covered by the

silicon elements, its length is reduced from L0 to - L0 . Therefore the radius of relaxed

plate in Fig. 33E becomes

For the hemispherical PDMS transfer element in Fig. 22 and LSl = 500 µm , L0 = 420 µm ,

the above formula gives r = 7.83mm, which agrees well with the radius 1' = 7.71 m m

obtained by the finite element method to model the PDMS and silicon by the shell.

Figure 35A shows the deformed shape of the flat, relaxed PDMS and silicon.



[0221] For the further release to the hemispherical cap (Fig. 33F), Fig. 35B gives the

deformed shape of the spherical, relaxed PDMS and silicon. It is approximately a

hemisphere with slightly larger radius R'=1 3.4mm due to the stiffening effect of silicon

elements. The mechanics analysis gives the new radius

which is R' = 14.3mm, and agrees reasonably well the finite element analysis, where

is the area fraction of the silicon elements on the PDMS surface, and N is the

number of silicon elements.

[0222] Figure 36 shows the images obtained by the finite element method of the

mapping process schematically illustrated in Fig. 33. Figure 6 1 shows the spatial

distribution of elements in a 16 by 16 array transferred to a hemispherical PDMS

element as predicted by the mechanics model and as measured during fabrication (see

Fig. 27). The pixel positions given by the mechanical models agree well with the

experiments without parameter fitting. These mechanics models indicate very small,

-3%, changes (maximum to minimum) in the local pitch across the entire area, with

smooth, deterministic variations in this quantity. The relatively uniform pitch is - 10%

smaller than the initial value before the PDMS is relaxed.

[0223] Arc-Shaped Connections between Silicon Elements: The nature of the

compressibility provided by the narrow, thin interconnects between adjacent unit cells

also can be understood through theoretical analysis (see Fig. 37). The SEM image in

Fig. 37 provides a high magnification view of a unit cell in a high-density passive Si

array transferred to a hemispherical surface (from Fig. 52); In silico analysis provides

results in the form of color overlays of the arc shapes and the distributions of strain. The

arc-shape of connections between silicon elements shown in Fig. 37A can be

represented by an out-of-plane displacement, ω , of the arc-shaped connections that

take the form: w here / \s the amplitude, x is the position along the

connection and L is the lateral separation distance between adjacent pixel elements.

The distance L0 = 20µm is measured in the as-fabricated planar configuration. This

equation satisfies vanishing displacement and slope at the two ends (x = ±L/2). The in-

plane displacement can then be obtained from the force equilibrium. These give the



bending energy and membrane energy

The energy minimization gives the

amplitude A yields an analytical expression for the amplitude

where, εc, the critical buckling strain, is given by εc =ττ2 h2/(3L0
2) , where h is the

thickness; its value is 0.0021 % for the system shown here. For L = 17.5µm, the

amplitude A = 4.50 µm agrees well with the experiments A = 4.76 µm . The maximum

strain in the connections is -0.5%, substantially below the fracture strain for the silicon.

[0224] Strain Distributions in Silicon Elements: Mechanics models can also reveal the

distribution of strains and displacements in the square silicon elements. As shown in

Fig. 37B, the out-of-plane displacements in connections impose bending moments M

(and axial force F) to the silicon elements, which are modeled as two-dimensional

plates. The bending energy in the silicon elements is obtained in terms of its out-of-

plane displacement via the plate theory. The PDMS substrate is modeled as a semi-

infinite solid subjected to the surface displacement w, and its strain energy is also

obtained in terms of w. The displacement w can be expanded to the Fourier series, with

the coefficients to be determined by minimizing the total energy. The bending strains in

silicon elements can then be obtained from the curvatures, which are the second order

derivatives of w. The strains due to the axial force are shown to be negligible as

compared to the bending strains. The maximum out-of-plane displacements are very

small ( < 0.1 µm ) , as are the strains εxx and ε (<0.08%), as determined by in silico

experiments described herein. The strain εxx in the Si element reaches the peak near

the interconnections in the x-direction, while the peak of εyy occurs near those in the y-

direction.

[0225] References: Walther, A . The Ray and Wave Theory of Lenses, Cambridge

University Press, Cambridge, UK ( 1995). . Rayica 3.0, Optica Software, Champaign, IL,

USA (2007). Mathematica 6.01 , Wolfram Research, Champaign, IL, USA (2007). Mait,

J . N., Athale, R. & van der Gracht, J . Evolutionary paths in imaging and recent trends,

Opt. Express 18, 2093-21 0 1 (2003).



[0226] FIGs 46-51 summarize a process for making a multilayer functional layer device

by patterning and printing layer-by-layer.

[0227] Example 3 : CMOS Integrated Circuits with Monolithicallv Integrated Stretchable

Wavy Interconnects.

[0228] Stretchable CMOS circuits comprising ultrathin active devices mechanically and

electrically connected by narrow metal lines and polymer bridging structures are

presented. This layout, together with designs that locate the neutral mechanical plane

near the critical circuit layers yields strain independent electrical performance and

realistic paths to circuit integration. Mechanical and electrical modeling and

experimental characterization reveal the underlying physics of these systems.

[0229] Stretchable electronics is emerging as a technology that could be valuable for

various applications, such as conformal personal or structural health monitors and

hemispherical detector arrays. Such devices cannot be accomplished with conventional

wafer based circuits or even with more recent systems that offer simple mechanical

bendability. Presently, two approaches exist for achieving stretchability via the use of

elastomeric substrates: one uses rigid device islands interconnected by separately

fabricated stretchable interconnects; another exploits fully stretchable devices and

integrated circuit systems. A disadvantage of the former is that large scale integration

can be difficult, due to the nature of the fabrication procedures. The latter suffers from

slight changes in device characteristics that can be induced by the strains associated

with stretching. Here we present an approach that combines these two concepts, in a

way that naturally incorporates the strengths of each. These systems comprise

complete integrated circuits formed on ultrathin flexible plastic supports that are

patterned in a manner that isolates the interconnects and mechanical bridging

structures. Bonding to a prestrained rubber substrate followed by relaxing of this

prestrain leads to systems with monolithically integrated, stretchable 'wavy'

interconnects and bridges. Mechanical response to stretching involves, primarily,

deformations only in these interconnects and bridges, thereby avoiding unwanted

strains in the regions of the active devices. We demonstrate these concepts through

comprehensive mechanical analysis and electrical characterization of stretchable

complementary metal oxide semiconductor (CMOS) circuits based on single crystalline

silicon.



[0230] Figure 62A shows a schematic illustration of the fabrication of this type of

system, for the case of CMOS inverter logic gates, using procedures derived from those

provided herein. The semiconductor consisted of doped nanohbbons of single

crystalline silicon, transfer printed onto a carrier wafer coated with a bilayer of

poly(methyl methacrylate) (PMMA, MicroChem, USA) and polyimide (Pl, Sigma Aldrich,

USA) having thicknesses of 100 nm and 1.2 µm . Gate dielectrics, source, drain and gate

electrodes and appropriate interconnects and vias were then fabricated with

conventional semiconductor processes. Spin coating the resulting circuits with a layer of

Pl layer (~1 .2 µm) positioned the circuit layers near the neutral mechanical plane of the

composite structure. Next, a reactive ion etching process with photoresist and SiO2 as

masking layers removed regions of the Pl encapsulant, substrate and underlying PMMA

layer, to isolate the interconnect lines, to define structural bridges and to create a

periodic array of circular openings. These openings facilitated the dissolution of the

PMMA with acetone, to release 'segmented' ultrathin circuits. Depositing Cr/SiO 2 (3 nm /

30 nm) onto the backside of lifted-off circuits enabled covalent bonding to a piece of

prestrained Polydimethylsiloxane (PDMS, Dow Corning, USA) whose surface was

chemically activated by exposure to ultraviolet induced ozone. Thermal expansion of the

PDMS (to 160 C) provided biaxial prestrains of -3.9 % . Releasing the prestrain induced

the formation of 'wavy' structures in the narrow interconnects and structural bridges, as

shown in second frame of Fig 62A and Fig 62B. The 'island' regions containing the

active devices remained largely unperturbed. Figure 62C provides a magnified view of

this type of wavy CMOS inverter, which shows clearly the flat island region with wavy

metal and Pl interconnects. The top layer Pl provides a neutral mechanical plane design

to help avoid cracking of the metal associated with bending into the wavy shapes, as

schematically shown in the bottom frame of Fig 62A. Full three dimensional finite

element modeling of this system exhibits good agreement with observations, as shown

in Fig 62D. The simulations were performed using the nonlinear finite element analysis

package ABAQUS 3 to follow the same fabrication steps as in the experiments.

[0231] We performed stretching tests on these inverters, in both the x and y directions

(Fig. 44A). Due to the ability of the wavy interconnects and bridges to absorb applied

strains, the islands do not show significant deformations even for local strains of 3.7%.

Behaviors consistent with the Poisson effect can also be observed in profiles of Fig

44B. In particular, when we stretch the Pl bridge in y direction, the metal bridge

experiences compression (and vice versa), such that the wavelength decreased from



120 µm to 116 µm, while the amplitude increased from 17 µm to 26 µm, as shown in top

two frames of Fig 44B. Also when the metal bridge is stretched in x direction, the Pl

bridge is compressed, thereby the wavelength of Pl bridge changes from 122 µm to 103

µm and amplitude from 18 µm to 24 µm, as in bottom frames of Fig 44B. The electrical

properties are consistent with this mechanics of deformation. In the as-fabricated state,

without applied strain, the inverters showed expected transfer characteristics with gains

as high as -70, consistent with PSPICE simulation based on separate measurements of

individual transistors (Fig 63, top left). The mobilities were -31 0 cm2A/s and - 150

cm2A/s for nMOS and pMOS devices, with on/off ratios > 105 for both types of devices

(Fig 63, top right inset). For the CMOS inverters, the channel lengths and widths were

13 µm and 100 µm for nMOS and 13 µm and 300 µm for pMOS, respectively. Under

various applied strains, the electrical properties showed little variation. For example, the

inverter threshold voltage changed by less than -0.5V for strains between -3.7% in x

direction and -3.7% in y direction, as shown in the top-right frame of Fig 63. Also Fig 63

(bottom frames) shows IV curves, in which solid lines are experimental results and

dotted lines are estimated simulation results by PSPICE. These strain independent

behaviors represent significant improvements over similar circuits that do not use

isolated interconnect and bridge structures, thereby validating the designs introduced

here. Mechanics analysis is consistent with these observations. For the prestrain 3.9%

in experiments, mechanics analysis based on energy minimization gives the wavelength

127µm and amplitude 18.6µm for the metal bridge, which agree well with experimental

values 120µm and 17µm, respectively. The maximum strain in the Si layer is only

0.04%. Even for a much larger prestrain 10%, the maximum strains in the Si, metal and

SiO2 layers are 0.07%, 0.50% and 0.73%, respectively, which are one third to one half

of their counterparts without isolated interconnect and bridge structures. This result

occurs because the bridge structures buckle to accommodate the large prestrain, which

protects the device islands from buckling and therefore reduces the strain. Also, the top

Pl layer shifts the neutral mechanical plane in a way that further reduces the strain.

[0232] The inverters in Figs. 44, 62 and 63 can also be stretched in any angle. The

angled stretching is equivalent to stretching along the bridge directions x and y plus an

in-plane shear. Since the thickness (~2.5µm) is much less than the width (~1 00µm), the

large inplane shear leads to "lateral buckling" out of the plane such that the strains

remain small. This mechanics is related to that of a mesh based approach described by

Someya et al. In those systems, rotation and bending of struts in the mesh provide large



degrees of stretchability in certain, but not all, directions. This type of approach, which is

interesting and useful for many applications, is fully compatible with the layouts and

fabrication approaches presented here.

[0233] This strategy can be applied not only to inverters, but also to more complex

circuits. Figure 45 shows, as an example, three stage CMOS ring oscillators and

stretching tests in the x and y directions. The geometries of the transistors and the

PDMS prestrain were the same as those for the inverters discussed previously. In this

circuit, all nMOS and pMOS islands were interconnected with 4 horizontal and 3 vertical

interconnects, and each ring oscillator was connected with structural bridges, as

illustrated in Fig. 45. The oscillation frequency is -2.3 MHz at a supply voltage of 10 V .

The change in frequency with stretching is less than 0.3 MHz, up to strains of nearly 4%

(Fig 45C). As with the individual inverters, this level of strain independent performance

represents an important improvement over previous results.

[0234] In conclusion, by structuring the types of ultrathin substrates implemented in

separately reported stretchable circuit designs, it is possible to localize mechanical

deformations in noncritical regions to remove any measurable dependence of the

electrical performance on applied strain. This simple design concept is validated by

mechanics analysis and electrical measurements on representative circuits.
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[0235] Example 4 : Materials and Non-Coplanar Mesh Designs for Integrated Circuits

with Linear Elastic Responses to Extreme Mechanical Deformations

[0236] Electronic systems that offer elastic mechanical responses to high strain

deformations are of growing interest, due to their ability to enable new biomedical



devices and other applications whose requirements are impossible to satisfy with

conventional wafer-based technologies or even with those that offer simple bendability.

This example introduces materials and mechanical design strategies for classes of

electronic circuits that offer extremely high stretchability, enabling them to accommodate

even demanding configurations such as corkscrew twists with tight pitch (e.g. 90

degrees in ~ 1 cm) and linear stretching to 'rubber-band' levels of strain (e.g. up to

-140%). The use of single crystalline silicon nanomatehals for the semiconductor

provides performance in stretchable complementary metal-oxide-semiconductor

(CMOS) integrated circuits approaching that of conventional devices with comparable

feature sizes formed on silicon wafers. Comprehensive theoretical studies of the

mechanics reveal the way in which the structural designs enable these extreme

mechanical properties without fracturing the intrinsically brittle active materials or even

inducing significant changes in their electrical properties. The results, as demonstrated

through electrical measurements of arrays of transistors, CMOS inverters, ring

oscillators and differential amplifiers, suggest a valuable route to high performance

stretchable electronics.

[0237] Increasingly important classes of application exist for electronic systems that

cannot be formed in the usual way, on semiconductor wafers. The most prominent

example is in large area electronics (e.g. backplanes for liquid crystal displays), where

overall system size, rather than operating speed or integration density, is the most

important metric. Similar systems that use flexible substrates are presently the subject

of widespread research and commercialization efforts, due to advantages that they offer

in durability, weight and ease of transport/use. 1 Stretchable electronics represents a

fundamentally different and even more challenging technology, of interest for its unique

ability to flex and conform to complex curvilinear surfaces such as those of the human

body. Several promising approaches exist, ranging from the use of stretchable

interconnects between rigid amorphous silicon devices 3 to 'wavy' layouts in single

crystalline silicon CMOS circuits4, both on elastomeric substrates, to net shaped

structures in organic electronics on plastic sheets5. None offers, however, the

combination of electrical performance, scalability and mechanical properties required of

some of the most demanding, and most interesting, systems. Here, we introduce new

design concepts for stretchable electronics that exploit semiconductor nanomaterials

(i.e. silicon nanohbbons) in ultrathin, mechanically neutral circuit layouts integrated on

elastomeric substrates in non-coplanar mesh designs, with certain features inspired by



methods recently reported for transforming planar optoelectronics into hemispherical

shapes for electronic eye cameras 6. As demonstrated in diverse circuit examples, these

ideas accomplish a form of stretchable electronics that uniquely offers both high

performance and an ability to accommodate nearly any type of mechanical deformation

to high levels of strain. Experimental and theoretical studies of the electrical and

mechanical responses illuminate the key materials and physics aspects associated with

this new type of technology.

[0238] Figure 64(a) schematically illustrates steps for fabricating a representative

system that consists of a square array of CMOS inverters. The overall process can be

divided into two parts. The first defines CMOS circuits on ultrathin plastic substrates

using printing methods and single crystalline silicon nanoribbons, according to

procedures described previously 7. For all of the results reported here, the ribbons had

thicknesses of 260 nm and 290 nm for p-channel and n-channel metal oxide

semiconductor field effect transistors (MOSFETs), respectively. The gate dielectric

consisted of a 50 nm thick layer of SiO2 deposited by plasma enhanced chemical vapor

deposition. The same type of film formed an interlayer dielectric for metal (Ti:5 nm /

Au:1 50 nm) interconnect lines and electrodes. The plastic substrate consisted of a thin

layer ( 1 .2 µm) of polyimide (Pl) supported by a carrier wafer (test grade silicon) coated

with a film ( 100 nm) of poly(methylmethacrylate) (PMMA)8. A thin top coating of Pl

( 1 .2 µm), with etched (reactive ion etching; RIE) holes for electrical access, protected

the circuits and placed the most fragile components near the neutral mechanical plane4.

Individual devices fabricated in this manner exhibited device mobilities of - 130 and

-370 cm2A/s for p channel and n channel MOSFETs, respectively, with on/off ratios

> 106 and operating voltages in the range of <5V. The second part of the fabrication

process involves structuring the circuits into non-coplanar layouts intimately integrated

with elastomehc substrates to yield systems with reversible, elastic responses to

extreme mechanical deformations. In the first step toward achieving this outcome,

certain regions of the PI/PMMA between the electronic components of the system, were

removed by RIE through a patterned layer of photoresist. The result was a segmented

mesh with active device islands connected electrically and/or mechanically by thin

polymer bridges with or without metal interconnect lines, respectively. Immersion in

acetone washed away the PMMA layer to release the system from the carrier. Lifting off

the patterned circuit sheet onto a slab of poly(dimethylsiloxane) (PDMS) exposed its

underside for deposition of a thin layer of Cr/SiO2 (3nm / 30nm) at the locations of the



islands by electron beam evaporation through an aligned shadow mask. Delivering the

circuit to a biaxially pre-strained substrate of PDMS with its surface activated by

exposure to ozone led to the formation of strong mechanical bonds at the positions of

the islands. The interface chemistry responsible for this bonding involves condensation

reactions between hydroxyl groups on the SiO2 and PDMS4 to form -O-Si-O- linkages,

similar to that described recently for controlled buckling in collections of semiconductor

nanoribbons 8. Releasing the pre-strain resulted in compressive forces that caused the

connecting bridges to lift vertically off the PDMS, thereby forming arc-shaped structures.

We refer to this layout as a non-coplanar mesh design. The localization of this out-of-

plane mechanical response to the bridges results partly from their poor adhesion to the

PDMS and partly from their narrow geometries and low bending stiffnesses compared to

the device islands. (This latter aspect allows similar structures to be formed even

without the patterned Siθ 2adhesion layer.) The bottom frames of Fig. 64(a) and

Fig. 64(b) show schematic illustrations and scanning electron microscope (SEM)

images. In this format, the system can be stretched or compressed to high levels of

strain (up to 100%, and in some cases higher, as described subsequently), in any

direction or combination of directions both in and out of the plane of the circuit, as might

be required to allow complex twisting, shearing and other classes of deformation. The

top frames of Fig. 64(b) and Fig. 64(c) show images that illustrate some of these

capabilities, in circuits that use a PDMS substrate with thickness ~ 1 mm and a prestrain

of - 17%, as defined by the change in separation between inner edges of adjacent

device islands. For practical applications, such systems are coated with a protective

layer of PDMS in a way that does not alter significantly the mechanical properties, as

argued subsequently. For ease of imaging and electrical probing, the circuits described

in the following are all unencapsulated.

[0239] The physics of deformation associated with applying tensile or compressive

forces oriented along the directions of the bridges is similar to that involved in relaxing

the prestrain in the circuit fabrication process of Fig. 64. The bridges move up or down

(corresponding to decreases or increases in end-to-end lengths, respectively) as the

system is compressed or stretched, respectively. Another, less obvious, feature is that

the thin, narrow construction of these bridges also enables them to twist and shear in

ways that can accommodate more complex distributions of strain. Fig. 64(c) shows

some representative cases, described in more detail subsequently, for different regions

of a system under a complex, twisting deformation. The basic mechanics is similar to



that of systems that are encapsulated by PDMS. For example, calculation indicates that

the maximum strain that can be applied to the system, as shown in the bottom frame of

Fig. 64(b), reduces by only -2.5% due to the addition of a - 1 mm thick overcoat of

PDMS.

[0240] These designs lead to electronic properties that are largely independent of

strain, even in extreme configurations such as those illustrated in Fig. 64(b) and 64(c).

This feature can be demonstrated explicitly through device and circuit measurements on

systems for various, well-defined mechanical deformations induced with custom

assemblies of mechanical stages. The simplest case corresponds to in-plane stretching

in directions parallel to the bridges. Testing of this deformation mode was performed

using three stage ring oscillators, in which each island supports an n channel and a p

channel MOSFET (channel widths of 100 µm and 300 µm, respectively; channel lengths

of 13 µm). Metal electrodes on the bridges form the required interconnects. Fig. 65(a)

shows optical micrographs of a typical response, for a system fabricated with a prestrain

of - 17%. With stretching in the x direction, the bridges oriented along x progressively

flatten, while those along y rise up slightly, due to the Poisson effect, and vice versa. A

critical aspect of the strategy outlined in Fig. 64 is the ability of the non-coplanar

structures to accommodate nearly all of the strains associated with the fabrication

process and with deformations that can occur during use.

[0241] This mechanical isolation can be seen clearly through finite element modeling

(FEM) analysis of the tensile strain distribution at the top and bottom surface and

midpoint through the thickness of the metal layer in the circuit (Fig. 65(b)). For the

middle layer, all areas experience almost zero strain due to the neutral mechanical

plane design. Negligible strains throughout the thickness and in all regions of the

islands derive from strain relaxation provided by the bridges/interconnects in the non-

coplanar mesh layout. For this example, the change in separation of islands (i.e.,

prestrain) is - 17%, which corresponds to the system-level strain of - 11% as defined by

the change of the distances from the outer edges of adjacent device islands. Mechanics

analysis based on energy minimization (Supplementary Information) gives an amplitude

of 116.3 µm for the 445 µm-long bridge, which agrees well with experimental value - 115

µm . The maximum tensile strains calculated for the metal layer in the bridges and

islands are -0.1 1% and -0.01 %, respectively, while that in the Si layer of the islands is

-0.01 % . These values are all much smaller than the fracture strains (-1 %) in these

materials. The finite element analysis results of Fig. 65(b) are consistent with this



analysis. For applied strains between -40% (i.e. compressive) and 17% (tensile), which

corresponds to a strain range of 57%, the mechanical advantage provided by the non-

coplanar mesh layout, as defined by the ratio of the system level strain to the peak

material strain, is - 180. Measurements on these oscillators show well behaved

responses at these strain conditions, and others in between. The observed frequencies

(~2 MHz, Fig. 65(c)) and other properties of the circuits and individual devices reported

here and elsewhere in this example, are comparable to those measured in the initial,

planar configurations prior to removal from the carrier substrate (Fig. 64(a)).

[0242] A somewhat more complex deformation mode that involves in-plane stretching

along an axis not aligned to the bridges illustrates additional capabilities of the non-

coplanar design. Such applied strains cause the bridges not only to flatten, as for the

case of Fig. 65(a-c), but also to rotate and twist out of the plane (Fig. 65(d)). This

deformation is referred to as lateral buckling 1 1 , and can be characterized by a Bessel

function (for tilting) and a sinusoidal function (for flatten ing) to accommodate off-axis

stretching (Supplementary Information). Since this type of stretching involves significant

shear, the principal strain, which combines the tensile and shear strains (See

Supplementary Information), replaces the tensile strain to describe the extent of

deformation. For off-axis stretching that results in 14% stretching in the bridge and

7.5% shear, minimization of energy (including the twisting energy) gives a maximum

principal strain 2% and 0.8% in the metal layer of the bridges and islands, respectively,

and 0.6% in the Si layer of islands. FEM simulation of these systems, as illustrated in

Fig. 65(e), further quantifies the underlying mechanics. The ability of the bridges to

absorb nearly all of these off-axis strains enables excellent device and circuit

performance, with little dependence on strain. Figure 65(f) shows, as an example,

transfer characteristics and gains (up to -100) measured on CMOS inverters formed by

electrical interconnects on bridges between adjacent islands that each support one p

channel and one n channel MOSFET. Also electrical simulation of the inverters, using

individual transistor data, agrees with the measurement results (see Fig. 73). These

transistors have layouts identical to those in the ring oscillators of Fig. 65(a). Although

the deformation modes of Fig. 65 are also possible with recently reported 'wavy'

designs4, the non-coplanar mesh layouts increase the levels of strain that can be

accommodated by more than five times and they substantially reduce the sensitivity of

electrical response to strain (i.e. to values close to measurement repeatability limits for

the cases of Fig. 65). In all cases, the deterministic, linear elastic nature of the



underlying mechanics, which arises from the small strains in the electronic materials and

the linear response of the PDMS (up to strains of 110%)9, leads to little change in

properties even on extensive mechanical cycling, as demonstrated subsequently (Fig.

68(e)).

[0243] An extreme type of deformation, which is partly involved in the configuration

shown in Fig. 64, involves twisting into corkscrew shapes with tight pitch. Under such

applied strain, the bridges deform due mainly to in-plane shear with a magnitude on the

order of the ratio of (bridge or island) thickness to length times the rotation angle. Such

twisting deformation is different from off-axis stretching because it does not involve

buckling and is therefore amenable to linear analysis. For a 90 degree rotation over a

distance corresponding to a pair of bridges and an island, the maximum shear strains in

the metal and Si layers are 0.08% and 0.02%, respectively, for the 445 µm-long bridge

and 260 µm-long island. The left frame of Fig. 66(a) shows an image of a circuit on thin

PDMS, in a twisted geometry; the right frame shows a magnified view of a CMOS

inverter in this system. As for the previously described cases, FEM simulation (Fig.

66(b)) supports the experimental observations and reveals the level of principal strain to

be 0.3% in the metal layer of the bridge and the island. An SEM image of an

interconnected array of inverters for a ring oscillator (Fig. 66(c)) shows the shape of the

twisted bridges. Electrical measurements indicate stable electrical performance before

and after twisting, both for inverters (top frame of Fig. 66(d)) and ring oscillators (bottom

frame of Fig. 66(d)). The electrical properties, in all cases, are comparable to those

described previously. In other words, the systems are, to within experimental

uncertainty, agnostic to deformation mode for all configurations studied here.

[0244] Figures 64-66 illustrate examples for circuits, such as inverters and ring

oscillators, which are straightforward to implement in repetitive, arrayed layouts. More

complex, irregular designs might be required in many cases of practical importance;

these can also be implemented in non-coplanar mesh designs. We demonstrate this

concept for a differential amplifier 10 , in which we divide the circuit into four sections each

of which forms an island connected by metal lines on pop-up bridges. The dotted boxes

in the left frame of Fig. 67(a) highlight these four regions; an angled view SEM image in

the inset shows the structure. The bridges provide a mechanics that is conceptually

similar to those in the regular array layouts, even though the details are somewhat

different. As a result, this irregular circuit can be stretched or twisted reversibly, as

shown in Fig. 67(b) and (c), respectively. Fig. 67(d) shows magnified images of



stretching in the x and y direction. Electrical measurements verify that the amplifiers

work well under these deformations. The gains for 0%, 17% x stretching, 17% y

stretching and twisting to a full 180 degree rotation of a PDMS substrate with a length of

- 2 cm were 1.1 5, 1.12, 1.15 and 1.09 (design value ~ 1.2), respectively. Such systems

can also be freely deformed, as shown in Fig. 67(f).

[0245] Although the materials and mechanical designs described previously can

accommodate larger strains and in more diverse configurations compared to previous

demonstrations, they might not satisfy requirements for certain advanced device

concepts, such as electronics for 'smart' surgical gloves, where truly 'rubberband-like'

stretchability (e.g. to >50% strain) is needed. A simple method to increase the

stretchability, without changing the materials or layouts in the stacks that make up the

circuits, involves increasing the separations between the device islands and decreasing

the thicknesses of the bridges. The quantitative effects of these parameters on the peak

material strain can be represented by a simple analytical relation, presented in the

Supplementary Information, for the approximate case that the islands are strictly rigid

and remain planar. As an example, for square islands with widths/lengths of 260 µm

and spaced by 445 µm, the peak strains in the materials at the surfaces of bridges with

thicknesses of 0.8 µm are 1% for 50% compressive strains applied to the system

starting from a flat, planar state. If the materials in the bridges fail at ~ 1% strain (i.e. a

worst case scenario, in which neutral mechanical designs are not used), then the

maximum system strain is 50%. Increasing the spacing to -604 µm or decreasing the

bridge thicknesses to -0.56 µm, improves the maximum system strain to - 100%. To

expand the deformability even further, without increasing the sparseness of the

distribution of islands, serpentine bridges can be used. Figure 68(a) shows SEM

images of such a design after executing the fabrication procedures of Fig. 64. When

external strain is applied along the x or y directions, these non-coplanar serpentine

bridges effectively compensate the applied strain non only through changes in height

but also by changes in geometry of the serpentine shape. Figure 68(b) shows images

of the response of a representative device to on-axis stretching strains up to 70%, for a

system built with 35% prestrain, in which deformations of the serpentine bridges exhibit

changes in configurations that might be expected intuitively. Remarkably, finite element

modeling reveals that even to stretching strains of 70%, the peak strains in the metal

layer in the bridges and islands are 0.2% and 0.5%, respectively and the strain in silicon

is 0.1 5% as indicated in Fig. 68(c). (The strains reach -3% in certain locations of the



Pl.) To explore the limits, we used thin PDMS substrates (0.2 mm) to facilitate

stretching to even larger strains. Figure 68(d) shows a case corresponding to -90%

pre-strain which allows stretching to -140% strain and corresponds to - 100% system

strain. Consistent with the small strains in the active materials revealed by FEM, the

electrical properties approach those of the corresponding unstrained, planar systems;

the operation is also stable over many cycles (up to 1000, evaluated here) of stretching,

as indicated in Fig. 68(e).

[0246] Finally, a practical application of popup circuits incorporates an additional

passivation layer (e.g., "encapsulation layer") on top of devices for the protection of

active regions from unwanted damages. Therefore, we coated popup circuits with

PDMS and cured it after all bridges and islands were embedded by flowing PDMS. This

additional encapsulation approach prevents damages on the device surface. In

addition, the double neutral mechanical plane can be formed by controlling the top and

bottom PDMS thickness, which provides additional mechanical strength for flexing4.

Even after this encapsulation, the stretchability is not so much changed except for

slightly larger strain on bridges due to restricted deformation inside cured PDMS.

However, low modulus PDMS with extremely low content of curing agent or without

curing agent this difference from encapsulation can be minimized.

[0247] Collectively, the results presented here provide design rules for circuits that

provide both excellent electrical performance and capacities to be elastically deformed

in diverse configurations to high levels of strain. The same ideas can, in many cases,

be used to advantage in other conventionally rigid, planar technologies such as

photovoltaics, microfluidics, sensor networks, photonics and others. These and related

types of systems access many important new applications that cannot be addressed

with other approaches.

METHODS

Preparation of doped silicon nanoribbons

[0248] Preparation of doped silicon nanoribbons starts with the doping of the top silicon

on silicon-on-insulator (SOI) wafers: nMOS source/drain doping with p-type SOI wafers

(SOITEC, France) and pMOS source/drain doping with n-type SOI wafers (SOITEC,

France). This process uses plasma enhanced chemical vapor deposition (PECVD) of

silicon dioxide (SiO2) for a diffusion mask, photolithography and RIE with CF4 D2 gas for

patterning, spin coating and high temperature diffusion of Boron spin-on-dopant (B1 53,



Filmtronics, USA) at 1000-1 0500C for p-type and Phosphorous spin-on-dopant (P509,

Filmtronics, USA) at 95O0C for p-type. After doping, ribbons are defined by

photolithography and RIE; they are released from the mother wafer by removing the

buried oxide layer of the SOI wafers. These doped nanoribbons are picked up by

PDMS and transfer printed to a carrier wafer for circuit integration.

Fabrication of stretchable circuits

[0249] Doped n-type and p-type nano-hbbons are sequentially transfer printed to a

carrier wafer coated with thin layers of PMMA (~1 00nm) as a sacrificial layer and Pl

(~1 .2 µm) as an ultrathin substrate. After transfer printing, 50nm PECVD SiO2 is

deposited for the gate dielectric, contact windows for source and drain are etched with

buffered oxide etchant, 150nm metal electrodes are evaporated and patterned and

another Pl layer is spin cast for passivation and control of neutral mechanical plane

location. After circuit fabrication, oxygen RIE defines the mesh format. Dissolution of

the PMMA layer with acetone releases the circuits from the carrier wafer. Such circuits

are transferred to mechanically pre-strained PDMS for the formation of non-coplanar,

'pop-up' layouts. To help define the locations of the pop-up regions, thin layers of Cr

and SiO2 are selectively deposited on the bottoms of active islands by evaporation

through a shadow mask, to enhance the adhesion between these regions of the circuit

and PDMS.

Stretching tests and electrical measurements

[0250] Stretching tests are performed with automated assemblies of translations

stages, capable of applying tensile or compressive strains in x , y or diagonal directions.

For twisting, edges of the PDMS are mechanically clamped with a twist angle of 180°.

Electrical measurement are performed with a probe station (Agilent, 5 155C), directly

while under stretching or twisting deformations.

Analytical calculations of the non-coplanar bridge structures

[0251] The bridge is modeled as a composite beam. Its out-of-plane displacement has

a sinusoidal form with the amplitude determined by energy minimization. The island is

modeled as a composite plate. Its out-of-plane displacement is expanded to as a

Fourier series, with the coefficients determined by energy minimization. The PDMS

substrate is modeled as a semi-infinite solid subjected to a surface displacement, which

is same as the out-of-pane displacement of islands. The total energy of the system

consists of the membrane and bending energy in the bridges, membrane and bending



energy in the islands and strain energy in the substrate. Minimizing the total energy

gives the displacements and strain distributions in bridges and islands.

Finite element modeling

[0252] Three dimensional finite element models of the systems have been developed

using the commercial ABAQUS package. Eight-node, hexahedral brick elements with

four-node multi-layer shell elements are used for the substrate and the thin film,

respectively. The multi-layer shell is bonded to the substrate by sharing the nodes.

Each layer of thin film is modeled as a linear elastic material; the soft, elastomeric

substrate is modeled as an incompressible hyperelastic material. We first determine the

eigenvalues and eigenmodes of the system. The eigenmodes are then used as initial

small geometrical imperfections to trigger the buckling of the system. The imperfections

are always small enough to ensure that the solution is accurate. The simulations are

performed in the same procedure as the key fabrication steps of integrated circuits

system. These simulations give an insight to the formation of buckling patterns, the

mechanics behavior of the thin film and the nested hierarchy of the structure.
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Effective Tensile and Bending Stiffness of Multilayer Stacks :

[0253] Figure 69 shows multilayer stacks with the 1st layer on top and nth layer at the

bottom. Their (plane-strain) moduli and thicknesses are denoted by E 1 , . . . E n and \ ,

. . . hn , respectively. The length and width are denoted by L s and ws . The multilayer

stacks are modeled as a composite beam with the effective tensile stiffness 1

and effective bending stiffness 1

where b is the distance between the neutral mechanical plane to the top surface, and is

given by1

Non-coplanar Bridges between Islands:

[0254] The nature of compressibility obtained from the non-coplanar bridges

connecting the adjacent islands, shown by the SEM image in Fig. 64(b), can be

understood through theoretical analysis (see Fig. 69). The bridges (n=4,

PI/metal/SiO 2/PI: ~ 1 .2µm/0.1 5µm/0.05 µm/1 .2µm) are modeled as a composite beam

with the effective tensile and bending stiffness EI bridge obtained from Eqs. (S.1 )

and (S.2) for n=4. The elastic moduli and Poisson's ratios are E SiO = 70GP α ,

v Si o = 0.17 , E metαl = IWP α , v metαl = 0.44 , E = 2.5GP α and v PI = 0.34 .



[0255] The out-of-plane displacement, u, of the non-coplanar bridges takes the form

, which satisfies vanishing displacement and slope at the two ends

( x = ± Lbridge j 2 ) , where A is the amplitude, x is the position along the bridge and Lb dge
is

the lateral separation distance between adjacent islands. The initial distance

br idge = 445µm is measured in the as-fabricated configuration. The in-plane

displacement can then be obtained from the force equilibrium. These give the bending

energy and membrane energy

yields an analytical expression for where

εc is the critical buckling strain, and is 0.0034% for the system shown

above. For Lbridge = 370µm , the analytical expression above give the amplitude

A = 1\6.3 µm , which agrees well with the experiments A = 1\ 5µm . The corresponding

maximum strain in the metal layer of the bridge is -0.1 1%, substantially below the

fracture strain for the metal.

Strain Distributions in Islands:

[0256] The islands (n=5, PI/metal/SiO 2/Si/PI: ~ 1 .2 µ m/0.1 5µm/0.05 µm/0.25 µ m/1 .2 µ m)

are modeled as a composite plate with the effective tensile stiffness EA,sιan
dSand effective

bending stiffness El nds obtained from Eqs. (S. 1) and (S.2) for n=5. The additional

elastic properties beyond those given above are E
Sl

= 130GPa and v
Sl

= 0.27 .

[0257] Mechanics models give the distribution of strains and displacements in the

islands. As shown in Fig. 70(b), the out-of-plane displacements in bridges impose

bending moments M (and axial force F) to the island. The bending energy in the island

is obtained in terms of its out-of-plane displacement u via the plate theory. The PDMS

substrate is modeled as a semi-infinite solid subjected to the surface displacement u,

and its strain energy is also obtained in terms of u . The displacement u is expanded to



the Fourier series, with the coefficients to be determined by minimizing the total energy.

The bending strains in each layer of the islands are obtained from the curvatures, which

are the second order derivatives of u . The maximum out-of-plane displacements are

very small (< OA µm ) , as are the strains εyy and εzz (-0.01 %) in the Si layer. The strain

εyy in the Si element reaches the peak near the interconnections in the y-direction, while

the peak of εzz occurs near those in the z-direction.

Off-axis stretching

[0258] Off-axis stretching has two effects, namely the axis stretch along the bridge

direction and the shear normal to the bridge direction. Such deformation is

accommodated by lateral buckling, which is characterized by the sinusoidal function (for

axial stretch) shown in Fig. S2b, and Bessel function (for shear). The out-of-plane

rotation φ due to lateral buckling takes the form

for the symmetric buckling mode, and

for the asymmetric mode, where Ja (χ) is the Bessel function of order a , B is the

amplitude to be determined by energy minimization, and φp (χ) takes the form

where Hypergeom( 1, 2,...; 1, 2,...;x) is the generalized Hypergeomethc function, r(x)

is the Gamma function, and LommelSl( ,v,x) is the Lommel function. Here

a a2,...,b b2,..., µ ,v are the parameters for the special functions.



[0259] W e first obtain the solution for the bridges subjected to the off-axis stretching by

energy minimization (including twisting energy) with respect to two amplitudes A and β .

The reaction forces, bending moment and torques a t the bridge/island interconnections

are then applied to the islands to determine the distributions of strains and

displacements in islands.

Principal strains:

[0260] For the structure subjected to εyy , ε
zz

, and ε , the principal strains are

The principal strain presented in the paper is ε .

Twisting

[0261] Twisting shown in Fig. 6 6 is different from the off-axis stretching because it

doesn't involve lateral buckling. For the multilayer stacks shown in Fig. 69 (stack

width»stack thickness) subjected to a torque M x , only the shear strain ε
yz

exists and is

given by 2

where GJ is the equivalent torsional stiffness and given by

where G is the shear modulus for each layer.

Spacing effect o n stretchability of pop-up interconnect structure:

[0262] Figure 7 1 shows the interconnect structure with the hbrriirdlngoe rovff lloennngtthh L7 "°b idge

and island of length ύ
sland

. The bridges pop u p after the prestrain releases and the

bridge length L°
bndge

changes to L
bndge

, but the island length remains essentially

unchanged because the elastic rigidity o f island is many times larger than that of

bridges. The prestrain a t the system level o f the pop up structure is then given by



[0263] Let εfracture (~1 %) denotes the critical strain of fracture of bridge material, the

maximum prestrain that can be applied in the system is given by

where h
bndge

is the bridge thickness and it clearly shows that large spacing {\.e., L°
bndge

)

and small bridge thickness increases the maximum prestrain at the system level. The

stretchability of system is simply ( )
max

+
/

Encapsulation case:

[0264] The non-coplanar bridges can be protected by encapsulation with a top, spin

cast layer of PDMS. The postbuckling analysis of bridges and islands is coupled. The

out-of-displacement in each region has its own wavelength and amplitude, and across

the regions the displacement, rotation, moment and shear force are continuous. The

minimization of total energy, which consists of the bending and membrane energy of the

bridges and the islands, and the strain energy in the substrate, gives the wavelength

and amplitudes in all regions. For example, for a system level applied strain -20% when

the prestrain 10.7%, the amplitude of bridges is 196 µm while that of islands is only

1µm.

[0265] Figure 72 shows the maximum strains in different device layers versus the

system level applied strain. The encapsulated system fails before the applied strain

reaches the prestrain, which is different from that without capsulation (i.e., the prestrain

plus 1% or 2% of fracture strain of materials).
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[0266] Example 5 : Ultrathin Silicon Circuits With Strain Isolation Layers and Mesh

Layouts for High Performance Electronics on Fabric, Vinyl, Leather and Paper

[0267] Electronic systems built on plastic sheets, metal foils, rubber slabs and other

unusual substrates have great potential for use in conformal image sensors, flexible



displays, biomedical devices and other emerging applications. Research in this area

includes the development of organic conductors and semiconductors materials whose

excellent mechanical flexibility and low temperature processability are attractive for

these systems. The characteristics of devices that can be achieved with such materials

enable electronic paper displays and other important products, but not readily those that

require, for example, radio frequency operation. Newer research aims to avoid this

limitation by exploiting thin films of inorganic materials or assemblies of carbon

nanotubes, graphene platelets, nanoparticles, nanowires, nanohbbons or

nanomembranes for the semiconductor^ With certain of these materials, it is possible to

build high performance circuits that are not only bendable but are also, in some cases,

reversibly stretchable, with elastic responses to compressive and tensile strains of 100%

or more. One approach to stretchability relies on semiconductor membranes or ribbons

in buckled or wavy shapes that accommodate applied strains with a physics similar to

an accordion bellows. High performance transistors and their use in logic gates, ring

oscillators and differential amplifiers suggest the possibility for realistic applications;

hemispherical arrays of photodiodes for electronic eye cameras provide an example of a

system level demonstration. Here, we extend these concepts and implement them with

a new technique that involves thin, low modulus elastomers to isolate the active circuit

materials from applied strains. The result is a path to high performance silicon

complementary metal oxide semiconductor (CMOS) circuits (or other device

technologies) capable of integration on diverse classes of substrates. Examples of

substrate of interest for electronics include, but are not limited to, paper, fabric, leather

and vinyl, as presented herein. Data indicate that the electrical performance of

representative CMOS components and logic gates on these substrates can approach

those of similar devices on silicon wafers, without degradation upon bending, folding,

draping and other modes of deformation [ . Experimental and theoretical studies

described herein support these outcomes and reveal important features of the materials

and mechanics.

[0268] In this example, fabrication begins with the formation of ultrathin CMOS circuits

in planar, serpentine mesh geometries using procedures related to those reported

recently (Kim et al. PNAS USA 2008, 55, 2859). Releasing the circuits from the carrier

wafer on which they are formed (Fig 74A) by dissolving an underlying layer of

poly(methylmethacrylate) (PMMA, MicroChem, USA), lifting them onto the surface of a

polydimethylsiloxane (PDMS, Dow Corning, USA) stamp, depositing a bilayer of



Cr/SiO2 (3nm/30nnn) selectively onto the backsides of regions of the circuit that

correspond to the active device islands by evaporation through an aligned shadow mask

and, finally, transfer printing onto a substrate coated with a thin layer of cured PDMS

completes the process (Fig 74B). Measurements of individual transistors formed in this

manner (Fig 74D) indicate electron and hole mobilities of -530 and -150 cm2A/s for n-

type MOS (nMOS) and p-type MOS (pMOS) transistors, respectively, and on/off ratios

> 105 in both cases. The channel lengths and widths for devices reported here are 13 µm

and 100 µm for nMOS and 13 µm and 300 µm for pMOS. Connecting nMOS and pMOS

devices via serpentine interconnects yields inverters with gains as high as 150,

consistent with PSPICE simulations (Fig. 74D). Full integrated circuits can be achieved

with similar layouts.

[0269] The thin layer of PDMS described above serves two important roles. First, and

most simply, it provides an adhesive that bonds certain strategic regions of the circuits

to a wide range of surfaces including fabric, vinyl, leather and paper, as reported here,

in either flat or curved, balloon-like shapes. In particular, -OH groups associated with the

SiO2 on the backsides of the islands covalently react with the PDMS to form Si-O-Si

linkages. Such -OH groups exist naturally on the SiO2 and PDMS. Their density can be

increased by exposure to ozone, oxygen plasma or other related procedures. The

absence of SiO2 on the serpentine interconnects leads to only weak Van der Waals

(VdW) interactions in these regions (left frame of Fig 1(C)). As a result, upon stretching,

compressing or extreme bending, the interconnects lift out of contact with the PDMS to

adopt non-coplanar geometries, as shown in the right scanning electron microscope

(SEM) image of Fig 74(C). This motion accommodates large tensile or compressive

strains in a manner that avoids fracture of the interconnects or significant strains in the

islands. Similar circuit layouts bonded to the PDMS in all regions show much reduced

(2-3 times lower) ability to withstand applied strain. The approach of Fig. 74 provides

large stretchability while avoiding steps that use prestrain to create the non-coplanar

layouts.

[0270] The second important role of the PDMS layer is illuminated by examining the

mechanics. Figure 75A shows optical micrographs and finite element modeling for the

response of a system similar to the one shown in Fig. 74 to uniaxial tensile strain. At

maximum extension explored here, the modeling indicates peak strains in the metal

layer of the interconnects and in the silicon of the active islands are 0.20% and 0.46%,

respectively, i.e., >200 times smaller than the applied strain. This behavior provides



utility for stretching/compressing on length scales larger than a pair of islands; it cannot

accommodate strain localized on individual islands generated, for example, by a sharp

folding deformation with a paper substrate. The low modulus PDMS adhesive layer

solves this problem, by providing strain isolation. To gain a qualitative understanding,

consider limiting cases where the modulus of this layer is equal to the underlying

substrate and when it is arbitrarily small. In the first situation, bend induced strains in

surface mounted circuits depend, approximately, on the ratio of the total thickness of the

system divided by the radius of curvature of the bend. For a sharp folding deformation,

this radius can be very small. As a result, the strain in an island located at the position of

such a fold can exceed the fracture point of the electronic materials for all but the

thinnest systems (or those with sandwich type neutral mechanical plane layouts). In the

second case, the substrate is weakly mechanically coupled to the circuit components,

such that bending the substrate leads to only relatively small bending of the islands. As

a result of this mechanics, bend induced strains in the electronic materials are much

lower than would otherwise be expected. It is in this sense, the low modulus layer

provides strain isolation. Similar arguments can be used to understand the dependence

of the strain on the thickness of this layer. In an actual system, the moduli and

thicknesses of all layers are important variables. The key dependencies can be

illustrated in a simplified system that consists of a plastic substrate, a PDMS adhesive

layer and a thin silicon layer. The elastic modulus of PDMS is several orders of

magnitude smaller than those of plastics and silicon. Salient findings of analytical

calculations that include all of the mechanics in a rigorous way appear in Fig. 75B. This

plot shows the ratio of the surface strain for a two dimensional system composed of an

island of silicon (300 nm thick) on a layer of PDMS on a sheet of plastic ( 100 µm thick),

as a function of the width of the silicon and the thickness of the PDMS. The results

indicate that the isolation efficiency increases with increasing PDMS thickness and

decreasing silicon width. For parameters comparable to those of the circuits studied

here, the isolation provides - 100* reduction in strain, thereby enabling extreme degrees

of bending even without ultrathin layouts or neutral mechanical plane designs. The use

of this strategy with serpentine meshes simultaneously achieves high bendability and

stretchability.

[0271] A schematic overview of a stretchable and foldable device 390 is provided in

Figure 75C-E. Figure 75C is a top-view showing an electronic device 420 on a

receiving surface 415 of an isolation layer 410. The electronic device 420 has bond



regions 430 (corresponding to relatively rigid device islands) and non-bond regions 440

(corresponding to curved interconnects) to the isolation layer 410. The isolation layer

410 is supported by receiving substrate 400. Figure 75D illustrates an encapsulation

layer 450 on the top surface of the device 390 and Figure 75E illustrates an

encapsulation layer 450 that encapsulates the entire device.

[0272] Figure 76A shows the response of the serpentines to spatially non-uniform

strains generated by bending a circuit on a thin sheet of PDMS. Variable levels of

deformation can be seen at the folded corner (right top SEM image) and at the sides

(right bottom SEM image). Bonding the circuit to a thin, low modulus strain isolation and

adhesion layer as described above provides a strategy for integration with various other

kinds of substrates. The top and left bottom frame of Fig. 76(B) show images and

schematic diagrams of CMOS inverters on fabric. "Fabric" refers to a material made

from a textile, such as a woven textile or cloth and generally comprises individual fibers.

The inset shows a magnified view. Even after bending to radii of ~5 mm, the inverter

functions well, as shown in the right bottom frame of Fig. 76(B). Although this kind

electronic textile offers much better performance than alternatives based on active

threads or fibers it does not offer the potentially attractive weaving mode of

manufacturing. In this sense, the systems presented here may complement such fiber

based approaches.

[0273] A key feature of the example of Fig. 76B is that the PDMS adhesion layer

penetrates into the fibers of the fabric to yield strong adhesion without chemical

bonding, thereby providing a route to integration that does not depend critically on

chemistry. The left frames of Fig. 77 show SEM images of surfaces of vinyl (Fig. 77(A)),

leather (Fig. 77(B)), paper (Fig. 77(C)) and fabric (Fig. 77(D)). The porosity and

roughness increase from Fig 77(A) to 77(D).

[0274] The right frames of Fig. 77 show fracture cross-sections of each surface after

coating with PDMS (The approximate thickness of PDMS is ~200µm, ~ 100µm, ~80µm

and ~50µm for vinyl, leather, paper and fabric, respectively.), in a dip casting and

thermal curing process. As the surface porosity increases, the degree of penetration of

PDMS into the substrate increases, thereby improving the strength of adhesion. In the

case of vinyl, the PDMS coating delaminates upon freeze fracture (Fig. 77(A)). In the

case of fabric, the constituent fibers are completely embedded by the PDMS, leading to



strong bonding as indicated by the fracture surface in Fig. 77(D). The intermediate

cases of leather and paper exhibit strong adhesion.

[0275] As a demonstration of CMOS circuits on leather and vinyl, we integrated arrays

of inverters at finger joints in gloves made of these materials, as shown in the Fig. 78(A)

and (B).Moving the fingers causes the circuits to stretch and release, with no noticeable

change in the electronic properties. To examine fatigue, we cycle through such motion

1000 times, and measure the electrical properties at various stages of the test, as

shown in Fig. 78(C). For this example, the inverter threshold voltage and gain change

by less than ±0.4V and ±5%, respectively. Similar circuits on paper are particularly

interesting, not only for applications in smart cards and related technology, but also for

their capacity to add functionality to paper-based microfluidic diagnostic devices. Fig.

79(A) and the left frame of Fig. 79(B) show CMOS inverters on paper and their

properties, in a series of bending, folding and unfolding tests. Electrical measurements

associated with 1000 cycles of these deformations indicate stable, high performance

operation (inverter threshold voltage change < ±0.4V, gain change < ± 10%.) and even

good characteristics upon folding and extreme bending (bottom, right frame of Fig.

79(A)). This approach to electronics on paper provides an alternative to those that rely

on direct thin film deposition of organic or inorganic electronic materials.

[0276] In summary, the combined use of circuits with non-coplanar serpentine mesh

designs and thin, low modulus strain isolation layers allows integration of high

performance electronic devices and components, such as silicon CMOS integrated

circuits, on diverse substrates. The devices optionally have a top encapsulation layer to

provide mechanical protection and an environmental barrier. Although these layers do

not affect significantly the mechanics of non-coplanar interconnects at modest strains

(<50%), they can have a significant influence at high strain (>50%). Encapsulants with

low moduli provide the most freedom of motion and, therefore, the highest levels of

stretchability. Low modulus (-0.5 MPa) formulations of PDMS, for example, increase the

range of stretchability from 60%, corresponding to the case of PDMS like that used for

the adhesive/isolation layer ( 1 - 2 MPa), to 120%. Further optimization of the encapsulant

materials and serpentine geometries may yield further improvement.

[0277] Experimental: Fabrication of ultrathin, stretchable CMOS circuits. In this

example, fabrication of CMOS circuits starts with the doping of single crystalline silicon

nanoribbons (260nm) derived from n-type SOI wafers (SOITEC, France). P-well, pMOS



and nMOS source/drain doping is accomplished by using a 300 nm layer of silicon

dioxide (SiO2) formed by plasma enhanced chemical vapor deposition (PECVD) as a

diffusion mask and Boron (B1 53, Filmtronics, USA) and Phosphorous (P509,

Filmtronics, USA) spin-on-dopants. Diffusion was carried out at 550~600°C,

1000-1 0500C and 950-1 0000C for pwell, p-type source/drain and n-type source/drain

doping. The doped ribbons were released from the SOI wafer by etching the buried

oxide, and then sequentially transfer printing onto a carrier wafer coated with thin layers

of PMMA (~100nm) as a sacrificial layer and Pl (~1 .2 µm) as an ultrathin substrate.

Isolated nMOS and pMOS source/drain patterns were defined with photolithography and

reactive ion etching (RIE). Patterned etching of PECVD SiO2 (~40nm) provided the gate

dielectric; metal electrodes (Cr/Au, ~5nm/~1 500nm) deposited by electron beam

evaporation and patterned by wet etching defined source, drain, gate and interconnects

for the circuits. Spin coating Pl ( 1 .2 µm) on top of the resulting circuits formed a

passivation layer and also located the neutral mechanical plane near the brittle

electronic materials. Finally, oxygen RIE through a patterned mask defined the

serpentine bridges.

[0278] Transfer printing: Dissolving the PMMA layer with acetone releases the circuits

from the carrier wafer. Lifting the circuits onto a PDMS stamp exposes their backsides

for deposition of a thin layer of Cr/SiO2 (3nm/30nm) at the islands by electron beam

evaporation through an aligned shadow mask. Transfer printing the circuit to a PDMS

coated surface (paper, vinyl, leather or fabric) activated by exposure to UV/ozone led to

-O-Si-O- bonding at the positions of the islands.

[0279] Cycling test and measurement: Cycling tests for gloves are performed through

repetitive bending of joints after wearing gloves on which CMOS circuits were

transferred. The electrical measurement is carried out using a probe station (Agilent,

4 155C) after a series of cycling tests. The cycling for paper was similar. The paper was

folded and unfolded repetitively and measured with the probe station.
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[0281] Example 6 : Curvilinear Silicon Electronics by Use of Non-Coplanar Mesh

Designs and Elastomeric Transfer Elements



[0282] All dominant forms of electronics and optoelectronics exist exclusively in planar

layouts on the flat surfaces of rigid, brittle semiconductor wafers or glass plates.

Although these largely two dimensional (2D) configurations are well suited for many

existing applications, they are intrinsically incompatible with many envisioned systems of

the future. For example, they do not enable natural integration with the soft, curvilinear

surfaces of biological systems (e.g. body parts), for the purposes of health monitoring or

therapeutics. They also preclude the use of many interesting, often biologically inspired,

non-planar device designs such as those proposed and recently demonstrated in fully

functional hemispherical electronic eye cameras (see, e.g., Example 2 presented

herein). Such curvilinear systems cannot be achieved easily using established

technologies due to the inherently 2D nature of established device processing

procedures, ranging from photolithographic patterning to deposition, etching and doping.

This example provides advanced concepts for conformally wrapping silicon based

circuits, initially fabricated in 2D layouts with conventional or moderately adapted forms

of existing techniques, onto surfaces with a wide range of curvilinear shapes.

Quantitative comparison of theoretical mechanics models to wrapped systems on

diverse classes of substrates demonstrates the underlying science and provides

engineering design rules for future work.

[0283] Figure 80 provides a schematic illustration of the strategy, for the case of

conformal integration of circuits on the surface of a golf ball, which we will generically

refer to as the target substrate. The approach, which represents a generalization of

procedures reported herein, begins with the formation of a thin, elastomehc membrane

that has the surface geometry of the target substrate. This process involves first casting

and thermally curing a bulk quantity of liquid prepolymer to an elastomer

(poly(dimethylsiloxane; PDMS, Dow Corning) against the target substrate to form a

solid, elastomehc replica. Casting and curing a thin layer of PDMS in the narrow gap

between the target substrate (or a derivative surface formed from this substrate) and the

replica, while held in an aligned configuration by a specialized mechanical jig, forms a

thin (down to - 100 µm, for the experiments described in this example) membrane with

an comparatively thick (~5 mm) integrated rim around the perimeter, as shown in Figure

80. We refer to this structure as an elastomehc transfer element or a stamp. Mounting

in a tensioning stage that applies radially directed force at the rim through the action of

ten coordinated paddle arms pulls the thin, structured membrane of PDMS into the flat

shape of a drumhead, in a manner that places all points under net tensile strain. In the



next step, this tensioned transfer element contacts a separately fabricated silicon circuit

mesh supported by, but not strongly adhered to, the surface of a silicon wafer (i.e.

handle wafer of the SOI substrate). For the experiments described here, the circuit was

formed with conventional planar processing methods using a silicon-on-insulator wafer

(SOI; Soitec) to form an array of silicon islands interconnected by narrow strips of

polyimide. Removing the buried oxide (thickness 400 nm) of the SOI wafer with HF

leaves the top circuit layer raised slightly (-400 nm) above the underlying silicon wafer,

supported by polyimide post structures that exist between the silicon islands. Peeling

the transfer element back from the wafer lifts the circuit onto the flat, soft surface of the

PDMS membrane, in a nondestructive manner via the action of van der Waals forces.

Releasing the tensioning stage causes the PDMS to relax elastically back to its original

shape, carrying the circuit mesh along with it. During this process, the silicon islands

move closer together, with magnitudes corresponding to significant compressive strain

(depending on the radial pre-extension strain) The thin polyimide interconnect lines

accommodate this motion by delaminating from the PDMS to adopt non-coplanar arc

shapes. This process accomplishes the geometrical transformation from flat to

curvilinear layouts, without inducing significant strains in the silicon regions of the circuit

mesh. In the final step, this structure is aligned and transferred to the target substrate

and the rim structure is cut away. Experimental demonstrations and theoretical

analyses described herein reveal essential details of this strategy.

[0284] Figures 8 1 summarizes results in an experimental example corresponding to

the system of Fig. 80, with a mesh that consists of a square array of square islands of

silicon ( 100 µm by 100 µm; pitch 250 µm; thickness 700 nm) and polyimide

interconnects (width: 30 µm, length: 150 µm; thickness 1.4 µm). Figure 81a and 81b

show optical images of the mesh on a transfer element in the geometry of a golf ball and

after integration with the ball. The dimples in this particular type of golf ball (diameter ~

cm) have diameters and depths of -3.6 mm and -0.26 mm, respectively. The thickness

of the silicon islands and the polyimide interconnects are -700 nm and - 1.4 urn,

respectively. Scanning electron microscope (SEM) images reveal that compression of

the mesh associated with the geometry transformation, in the range of about -20% or

greater, depending on position across the structure. The images indicate remarkably

high levels of uniformity in the wrapped circuit. In certain relatively infrequent cases, we

observe partial detachment of some fraction of the silicon islands located on the most

highly curved areas (i.e. rim edges of the dimples). We do not observe cracking or any



other related mechanical failures in the silicon or the polyimide anywhere in the system.

Full mechanics analysis provides additional insights. Fig. 81e shows that the maximum

strain of the silicon islands is -0.09% which is significantly below the fracture strain

( 1 %). The maximum strain in the polyimide occurs near the edges of the silicon islands

in the most compressed regions of the mesh, and is -2%, considerably below the

fracture strain for this material.

[0285] Figure 82 shows an example of wrapping the same type of circuit mesh onto a

conical substrate. Figure 82a and 82b show the structure on the transfer element and

the target substrate, respectively. A notable feature of this system, illustrated in the

SEM images of Figure 82c-e, is that the polyimide interconnects remain flat on the

surface of the PDMS near the peak of the cone (Figure 82d). The arc shapes increase

in curvature from center to edge (Figure 82e). Accordingly, provided herein are

methods and devices having spatially varying or inhomogeneous interconnect geometry,

such as interconnect amplitude, periodicity, or curvature shape that selectively vary with

position of the underlying stamp or transfer element surface. This behavior can be

quantitatively related to the local levels of tensile strains in the transfer element in its

tensioned, flat membrane geometry. Full finite element modeling of the circuit system

(without the polyimide interconnects) as integrated with the PDMS transfer element

appears in Fig. 82f. The results show that the maximum strain in the silicon is -0.08%,

decreasing with distance toward the center. This behavior indicates that the tensile pre-

strain in the periphery of the extended flat PDMS is much larger than that in the central

region. The higher strain in the silicon islands at the center is due primarily to bending

deformations associated with the small radius of curvature (-2 mm) in this region. By

contrast, the maximum strain in the PDMS is 12.6%, much higher than in the silicon but

still far below the fracture strain of PMDS (>1 50%).

[0286] Figure 83a shows the case of a pyramidal substrate, to illustrate additional

features of the underlying mechanics. As with the conical surface, the polyimide

interconnects show little or no buckling at the center due to negligible tensile prestrains

in this region. Around the edges of the pyramid, however, different configurations of the

non-coplanar interconnects are observed. In particular, the contour shapes include not

only single (i.e. global) but multiple (i.e. local) buckling, as highlighted in the SEM

images of Figure 83b and 83c. To gain insights into this behavior, we prepare a one

dimensional array of silicon islands and polyimide interconnects, transfer them to a thin

piece of PDMS under uniaxial tension and then monitor the configurations during



release of the tension. For relatively low strains, the interconnects show no significant

buckling. Multiple buckling occurs over an intermediate strain range. Global buckling

occurs as the small multiple waves merge together. Mechanical modeling shows that

these different buckling behaviors relate to the degree of compressive stress and the

adhesion energy between the polyimide and the PDMS. In the case of the pyramid,

radial tensioning of the transfer element by extending the rim from an unstressed

diameter to a stressed diameter that flattens the transfer element and creates meridional

strains that are much less than the circumferential strains. This effect, combined with

the underlying buckling mechanics described above, accounts for the observed

behavior.

[0287] Although the examples described previously involve surfaces with positive

curvature, those with negative curvature are also possible. As an example, we created

transfer elements in the geometry of parabaloids and transferred silicon circuit mesh

structures onto both the convex (Figure 84a - 84c) and concave (Figure 84d - 84f)

surfaces. More complex, irregular shapes are also possible. Figure 85a and 85b

demonstrate an example of a target substrate that consists of an anatomically correct,

plastic model of a heart. As in previous examples, here the interconnects adopt a

variety of configurations in different areas, i.e. no buckling and multiple waves in the

slightly strained area (a red rectangular region of Figure 85c and 85d) and multiple

waves and one pop-up structure in the comparably highly strained area (a blue

rectangular region of Figure 85c and 85e). The underlying mechanics naturally

determines the spatial distributions of these various buckled configurations.

[0288] An important aspect of these results is that the mechanics depends only weakly

on the presence or absence of active devices, metal electrodes and other related

structures on the islands and interconnecting bridges. To show explicitly the possibility

of achieving electrically functional systems, we constructed test structures consisting of

circuit meshes with two metal lines encapsulated in polyimide and contacted to doped

silicon islands through vias. The sandwich polyimide layout places the metal layer near

the geometric center of the structure, near the neutral mechanical plane, thereby

preventing significant strains in the metals due to buckling deformations. Silicon heavily

n-doped with phosphorous (P509, Filmtronics) allows ohmic contact between the metal

and the silicon, to facilitate electric test. The mesh in this case consists of a 28 x 28

array of silicon islands with ends configured for probing. The total number of vias is

1404 (each pixel has two vias) and total number of metal lines is 702. The lines are



continuous in one direction along the array and discontinuous in the other. Figure 86b

shows representative current-voltage curves of associated with probing these two

directions at the ends of a mesh wrapped onto a plastic model of a fingertip (Figure

86c-h). The overall yield of electrical connections along the continuous metal lines (the

red arrow in Figure 86a) was 99.9% (701 out of 702) and that along the discontinuous

(the black arrow in Figure 86a) metal lines and vias was 100% (1404 out of 1404).

These results provide clear evidence of the scalability of these approaches to active

electronics that could be designed for various applications (e.g. electrotactile stimulation

for the case of Fig. 86).

[0289] An exemplary scheme for conformal wrapping to various complex substrates is

summarized below:

Preparing wafers

1. Clean a SOI wafer chip (Soitec, thickness of top silicon: 700 nm, thickness of SiO2:

400 nm) with acetone, IPA, and water, followed by drying 5 min at 1100C.

Si isolation

2 . HMDS pretreatment for 1.5 min.

3 . Pattern photoresist (PR; Clariant AZ5214, 3000 rpm, 30 s) with 365 nm optical

lithography through chrome mask (Karl Suss MJB3) and develop in aqueous base

developer (MIF 327).

4 . Reactive ion etching (RIE; PlasmaTherm 790 Series, 50 mTorr, 40 seem SF6, 100 W ,

3 min).

5 . After removing PR, clean the chip with the acetone and piranha treatment (-3:1

H2SO4 :H2O2 for 3 min).

6 . HF treatment (Fisher, concentrated 49 %, 2 sec).

Pre-treatment with sacrificial oxide layer

7 . Plasma enhanced chemical vapor deposition (PECVD; PlasmaTherm SLR) of 100 nm

SiO2.

8 . Pattern PR & post-baking at 110 0C for 5 min.

9 . BOE 30 s => Acetone, Piranha cleaning 3 min => BOE 1 s .

Deposit Pl and pattern holes for oxide box layer etch

10 . Spin coat with polyimide (Pl, poly(pyromellitic dianhydride-co-4,4'-oxydianiline) amic

acid solution, Sigma-Aldrich, 4000 rpm for 60 s).

11. Anneal at 1100C for 3 min and 150 0C for 10 min.

12 . Anneal at 2500C for 2 h in N2 atmosphere.



13 . Ultraviolet ozone (UVO) treatment for 5 min.

14. PECVD SiO2 (150 nm).

15 . HMDS 1.5 min.

16 . Pattern PR.

17 . RIE (50 mTorr, 40/1 .2 seem CF4/O2, 150 W , 8 min).

18 . After removing PR, clean the chip with the acetone.

19 . RIE (50 mTorr, 20 seem O2, 150 W , 13 min) to remove Pl.

20. RIE (50 mTorr, 40 seem SF6, 100 W , 3 min).

2 1 . BOE 35 s .

Pl isolation

22. UVO treatment, 5 min.

23. PECVD SiO2 ( 150 nm).

24. HMDS 1.5 min

25. Pattern PR

26. RIE (50 mTorr, 40/1 .2 seem CF4/O2, 150 W , 8 min).

27. Acetone washing.

28. RIE (50 mTorr, 20 seem O2, 150 W , 16 min).

Box etching and transfer

29. PR coating.

30. Grinding the corners of the chip => Acetone washing.

3 1 . HF etching (20 min).

32. UVO 5 min for the chip and PDMS mold.

33. Transfer => wrapping on a substrate.

[0290] In particular, a process for transfer of silicon-polyimide interconnection arrays

from a donor SOI wafer to a PDMS film relates to the following a) Wet etch an insulator

layer to slightly undercut SiO2 layer b) Spin cast a polyimide layer to fill the undercut

and the rest area to post the Si and prevent sagging down in the coming wet etching

step-d. c) Pattern holes to allow HF etching through them to etch the SiO2 box-layer d)

Etch the SiO2 layer by dipping the chip in HF solution e) Pattern the polyimide layer to

have narrow compressible interconnects f) Expose UV to both surfaces of Pl and

PDMS to enhance the adhesion between the both surfaces.

[0291] A molding process for use with electronic devices on complex-shaped surfaces,

such as a golf ball, for example, involves: a) Cast and cure a liquid pre-PDMS solution

against the original golf ball at room temperature for 1 day. b) Expose the surface of the



replica to oxygen plasma (02 30 mTorr, 20 SCCM, 30 W , 15 s) in a reactive ion etching

system and dip it in water for easy detachment of PDMS in further molding process.

Next, mold PDMS in a gap between the original target surface (or a PDMS replica) and

opposing PDMS replica.

[0292] A molding stage can readily control thickness of PDMS over any desired range,

such as, for example, a thickness from between about 100 µm and 1.5 mm. The

molding may occur by any means known in the art, such as by: mount the replicas with

a steel molding stage; Fill and cure the PDMS prepolymer liquid between the gap

between the replicas at room temperature for 1 day; Separate the base and side wall

from the resulting PDMS molds; Remove the both replicas from thin golf ball shaped

PDMS film with a rim.

[0293] A radial tensioning stage, such as a stage provided herein, provides two-

dimensional radial extension of the PDMS rim, thereby deforming the transfer element

to a geometry having a contact surface with substantially flat geometry. The transfer

element can then be brought into conformal contact with a planar donor substrate. The

donor substrate may support any desired electronic device, such as silicon island arrays

and polyimide interconnects, for example.

[0294] Arbitrary transfer element shaped surfaces may be used. For example, a

pyramid or a thin cone with a rim, such as having a thickness inside the rim varying from

200 µm to 500 µm . Exemplary transfer elements may also include inner diameters in an

unstressed state of about 20 mm to extended states of about 30 mm, for example, or

any other dimensions to obtain a desired buckling geometry and buckling geometry

spatial distribution.

[0295] Example 7 : Optimized Materials and Structural Designs for Stretchable Silicon

Integrated Circuits.

[0296] This example explores materials and design strategies in stretchable silicon

integrated circuits that use non-coplanar mesh layouts and elastomeric substrates.

Detailed experimental and theoretical studies reveal many of the key underlying aspects

of these systems. The results indicate, as an example, optimized mechanics and

materials for circuits that exhibit maximum principal strains less than 0.2% even for

applied strains of -90% (e.g., strain isolation better than 99%). Simple circuits, including

CMOS inverters and NMOS differential amplifiers, provide examples that validate these



designs. The results suggest practical routes to high performance electronics with linear

elastic responses to large strain deformations, suitable for diverse applications that are

not readily addressed with conventional wafer-based technologies.

[0297] Electronic circuits that offer the performance of conventional wafer-based

devices but with the mechanical properties of a rubber band have the potential to open

up many new application possibilities, most prominently those that involve intimate

integration of electronics with the human body [1] for health monitoring or therapeutic

purposes. Several interesting schemes have been demonstrated to achieve stretchable

circuits, as defined by reversible, elastic mechanical responses to large (»1 %)

compressive or tensile strains. Those that exploit single crystalline semiconductor

nanomatehals, in the form of nanoribbons or nanomembranes, are attractive due to the

excellent electrical properties that can be achieved. The most advanced strategies use

single crystal silicon for the active materials of ultrathin devices (e.g. transistors) that are

interconnected (mechanically and/or electrically) with non-coplanar bridges, to provide

stretchability up to - 100%, in a manner that maintains small material strains for linear,

reversible response and good fatigue properties [7, 8]. In this example, we theoretically

and experimentally study many of the key design variables, including aspects of bridge

design and encapsulation. The results reveal important features of the underlying

materials and micro/nanomechanics and provide design strategies for this class of

stretchable electronics technology.

[0298] The process for fabricating stretchable silicon circuits is similar to that of recent

reports [2, 8]. Figure 87 provides an overview for systems that use non-coplanar

serpentine bridge structures. The sequence begins with high temperature doping

processes, starting with an n-type silicon on insulator wafer (260nm top silicon, 1µm

buried oxide; SOITEC, France), as shown in Fig. 87(a). Doped silicon nanomembranes

prepared in this manner are transfer printed onto a carrier wafer coated with

poly(methylmethacrylate)/polyimide (PMMA/PI, 100nm/1 .2 µm, MicroChem/Sigma

Aldrich, USA) and then processed to yield ultrathin circuits (Fig. 87(b)). Another transfer

printing step lifts the ultrathin circuits from the carrier wafer to expose their back

surfaces for selective area deposition of Cr/Siθ 2 (3nm/30nm) through an aligned

shadow mask (Fig. 87(c)), and then delivers them to a biaxially pre-strained piece of

polydimethylsiloxane (PDMS, Dow Corning, USA) bearing -OH groups on its surface.

Strong covalent bonding forms between the PDMS and the SiO2 on the circuits upon

contact and mild heating (Fig. 87(d)). This bonding, together with the comparatively



weak Van der Waals adhesion between the PDMS and other regions of the circuits, lead

to a controlled non-coplanar layout in the bridge structures upon release of the pre-

strain (Fig. 87(d)).

[0299] Systematic study of this system began with investigations of the dependence of

the mechanics on the bridge design, such as shown in Fig 88. Figure 88(a) shows a

standard serpentine structure of low amplitude and wide width, formed with a pre-strain

value of -30%. For an applied strain of -90%, the bridge changes shape, to first reach

its original layout when the applied strain equals the pre-strain, followed by further

deformation at higher strains, without fractures. This ability to accommodate strains

larger than the pre-strain is absent from straight bridge designs explored previously.

Nevertheless, the serpentine layout of Fig. 88a exhibits stress concentrations near the

corners of the points of highest curvature, suggesting the possibility for mechanical

failure in these regions. Full three dimensional finite element modeling (FEM) analysis

(bottom frames in Fig 88(a)), indicates maximum principal strain of - 1.7% for applied

strain of -90%. A different design, shown in Fig. 88(b), that increases the ratio of the

amplitude to wavelength of the serpentine structure reduces the maximum principal

strain to 1.26% under the same applied strain. Extending this strategy by decreasing the

width of the lines and increasing the number of 'coils' in the serpentines while

maintaining the ratio of the amplitude to wavelength (Fig. 88(c)) dramatically reduces

the maximum principal strain to 0.1 3% for the same conditions. This sequence of

designs illustrate the extent to which bridge or interconnect design (e.g., amplitude,

frequency, coiling, thickness, width) can influence the micromechanics of these

systems.

[0300] Another important design feature is the non-coplanar layout of serpentines such

as these. To reveal the effects, Fig. 89 compares coplanar (formed with the Cr/SiO2

adhesion layer deposited uniformly on the backsides of the circuits) and non-coplanar

systems with the bridge design of Fig 88(c). For simplicity of comparison, the pre-strain

was zero for both cases, leading to identical strain distributions for the unstrained cases

shown in the left frames of Fig. 89(a) and (b). With an applied tensile strain of -60%, the

bridges in the coplanar remain largely flat due to their adhesion to the PDMS substrate.

By contrast, the bridges of the non-coplanar case delaminate from the PDMS and move

out of the plane to accommodate more effectively the applied strain. Figure 89(c) shows

this behavior in scanning electron microscope (SEM) images. The left frame (60° tilted)

corresponds to the system without applied strain; the center (60° tilted) and right (top



view) frames are for strains of 60%. In the case of coplanar bridges, the constrained

motion leads to much higher peak strains in the circuits compared to the non-coplanar

design. As a result, cracks and wrinkles appear inside the active device regions contrary

to the coplanar system, as shown in the center and right images of Fig. 89(a) and (b).

The strain distributions and maximum principal strains calculated by FEM analysis

confirm these experimental observations (bottom frames of Fig 89(a) and (b)). The

maximum principal strains under applied strains of -60% for coplanar and non-coplanar

structures are 6.8% and 0.1 77%, respectively. Figure 89(d) shows tilted views of the

FEM simulation results for the non-coplanar structure before and after applying strain.

[0301] To illustrate the value of these simple, optimized designs, we built CMOS

inverters and NMOS differential amplifiers. The inverters exhibited gains as high as

- 130, consistent with PSPICE simulation based on separate measurements of individual

transistors (Fig 90(b), left) that showed mobilities of -400 cm2A/s and - 160 cm2A/s for

nMOS and pMOS devices respectively, and on/off ratios >105 for both types of devices

(Fig 90(c), inset). The inverters incorporated devices with channel lengths and widths of

13 µm and 100 µm for nMOS and 13 µm and 300 µm for pMOS, respectively. Under

large applied strains, the electrical properties showed little variation, due to the strain

isolation effects of the bridges. For example, the inverter threshold voltage changed by

less than -0.5V for strains of -90% in x and y direction, as shown in the right frame of

Fig 90(b). To explore fatigue, we cycled the strain from 0% to -90% in the x direction

2000 times (Fig 90(b)). The inverters showed little change in properties (gain and

threshold voltage, VM) throughout these tests. This non-coplanar serpentine bridge

strategy can be applied not only to inverters, but also to more complex circuits. Figure

90(d) shows, as an example, a differential amplifier with designs and properties reported

elsewhere. We divided the circuit into 4 sections, each of which forms an island

connected by non-coplanar serpentine bridges. Fig. 9Od shows magnified images of

stretching in the x and y directions. Electrical measurements verify that the amplifiers

work well under these deformations. The gains for 0%, 50% x stretching and 50% y

stretching were 1. 1 9, 1. 1 7 and 1.1 6 (design value 1.2), respectively. Similar strategies

are applicable to more complex systems.

[0302] In practice, and especially for non-coplanar device designs, electronic circuits

preferably have top surface encapsulation layers to provide mechanical and

environmental isolation. An ideal material for this purpose is an elastomer, with

properties not too dissimilar from the substrate. For optimized mechanical response, this



layer should provide minimal restriction of the free deformation of the interconnects,

such as the non-coplanar serpentine bridges. This extent of restriction is controlled, in

large part, by the modulus of the encapsulating layer. To provide insights into the

materials and mechanics aspects, and to allow analytical calculation, we studied the

behavior of straight bridge structures. After fabricating corresponding non-coplanar

circuits, we encapsulated the system by casting and curing PDMS with different moduli

( 1 .8 MPa and 0.1 MPa) on top (Fig 91(a)). To prepare PDMS with these moduli, we

mixed the prepolymer and curing agent (catalyst) at ratios of 10:1 and 45:1 , respectively

[ 1 0]. To examine the stretchability, we applied tensile strains up to the fracture point

observable by optical microscope (Fig 9 1(a)). With pre-strain of -60%, the inverter with

no encapsulation can be stretched up to -59% without fracture. By contrast, similar

inverters encapsulated using PDMS with modulus of 0.1 MPa and 1.8 MPa modulus, the

maximum stretchability decreased to 55% and 49%, respectively, as shown in Fig.

9 1(b). To confirm these changes, we develop an analytical model and perform

numerical FEM simulation.

[0303] The models are further validated by measuring non-coplanar bridge amplitudes

during stretching of each system and comparing the measured value to those obtained

by FEM. The results show good agreement, as shown in the top frames and bottom left

frame of Fig 9 1(c)); based on these theoretical modeling, we estimate the maximum

stretchability. The stretchability decreases as we use the high modulus encapsulation,

consistent with experiments (right bottom frame of Fig 9 1(c)) and FEM simulation.

Figure 9 1(d) shows FEM simulation images for no stretching and maximum stretching

of each encapsulation case.

[0304] On the basis of insight from the simple cases of Fig. 9 1 , we apply PDMS

encapsulation to non-coplanar serpentine bridges to examine responses for PDMS with

moduli of 1.8 MPa and 0.1 MPa, and also for the case of uncured, liquid PDMS. For the

1.8 MPa case, large applied strains (-1 10%, right frame of Fig. 92(a)) cause cracks,

while small strains (-50%, center frame of Fig. 92(a)) does not. Although 0.1 MPa

PDMS avoids visible cracks at - 110% strain, the images suggest significant strains, as

also indicated by FEM simulation (bottom frames of Fig 92(b)), with significant wrinkling

in the device islands. For further improvement, an uncured liquid prepolymer to PDMS,

without curing agent, can be injected between the circuit level and additional thin, top

solid encapsulation layer of PDMS. As might be expected, the liquid PDMS has

negligible effects on the essential mechanics, even after - 120% external strain, as



shown in Fig. 92(c). These three cases are supported by the theoretical analysis

through finite element modeling (FEM) simulation.

[0305] Systematic studies of key effects of materials and design layouts on the

mechanical properties of stretchable silicon integrated circuits reveal basic strategies for

engineering these systems. Using relatively simple strategies, circuits with excellent

electrical performance and reversible, elastic mechanical responses to applied strains in

the range of 100% are possible. More sophisticated approaches, including use of

automated design tools conceptually similar to those in current use for design of

electrical properties in circuits, may further optimize mechanical properties and materials

choices for desired applications.

[0306] The first step in fabricating stretchable silicon CMOS circuits is high temperature

diffusion for source, drain and well doping. In this example, n-type SOI wafer (SOITEC,

France) with 260nm top silicon and 1 µm buried oxide provided the source of silicon

nanoribbons/membranes. Since the mother wafer is n-type, the p-type well is formed

first. For p-well, 550~600°C diffusion of Boron from a spin on dopant (B1 53, Filmtronics,

USA) was performed. Next, successive high temperature source and drain doping for

pMOS ( 1000-1 050 0C) and nMOS (950-1 000 0C) was accomplished with Boron (B1 53,

Filmtronics, USA) and Phosphorous (P509, Filmtronics, USA) spin-on-dopants,

respectively. After high temperature doping, doped nanoribbons/membranes were

transfer printed onto a carrier wafer coated with layers of PMMA (-1 OOnm) and Pl

(-1 .2 µm). Electrical isolation of each transistor by reactive ion etching (RIE), followed by

deposition of gate dielectrics using PECVD SiO2 (~40nm) and metal electrodes (Cr/Au,

~5nm/~1500nm) using electron beam evaporation formed the CMOS circuits. Coating a

thin layer of Pl ( 1 .2 µm) as a passivation layer and forming the segmented, mesh

structure by RIE completed the device fabrication. Dissolving the underlying PMMA

layer released the ultrathin circuits. Lifting them to a prestrained PDMS exposed their

back surfaces for selective deposition of Siθ 2onto the active device regions.

Transferring to a pre-strained substrate of PDMS completed the process. Electrical

measurements were carried out using a probe station (Agilent, 4155C). Mechanical

tests, including fatigue cycling, were performed with custom made bending and

stretching stages. For the substrates, the stamps and the encapsulation layers,

commercial PDMS kits (Sylgard 184, Dow Corning, USA) was used. After mixing the

PDMS prepolymer and curing agent(catalyst) with an appropriate ratio, the samples



were degassed for 1 hour to remove bubbles generated during mixing. Curing was

performed in an oven at 700C for 2 hours.
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STATEMENTS REGARDING INCORPORATION BY REFERENCE

AND VARIATIONS

[0308] 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 partially inconsistent is incorporated by

reference except for the partially inconsistent portion of the reference).

[0309] The terms and expressions which have been employed herein 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,

exemplary 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. The specific embodiments provided herein are

examples of useful embodiments of the present invention and it will be apparent to one

skilled in the art that the present invention may be carried out using a large number of

variations of the devices, device components, methods steps set forth in the present

description. As will be obvious to one of skill in the art, methods and devices useful for

the present methods can include a large number of optional composition and processing

elements and steps.

[0310] When a group of substituents is disclosed herein, it is understood that all

individual members of that group and all subgroups, including any isomers,

enantiomers, and diastereomers of the group members, 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. When a compound is described herein such

that a particular isomer, enantiomer or diastereomer of the compound is not specified,

for example, in a formula or in a chemical name, that description is intended to include

each isomers and enantiomer of the compound described individual or in any

combination. Additionally, unless otherwise specified, all isotopic variants of

compounds disclosed herein are intended to be encompassed by the disclosure. For

example, it will be understood that any one or more hydrogens in a molecule disclosed

can be replaced with deuterium or tritium. Isotopic variants of a molecule are generally

useful as standards in assays for the molecule and in chemical and biological research

related to the molecule or its use. Methods for making such isotopic variants are known

in the art. Specific names of compounds are intended to be exemplary, as it is known

that one of ordinary skill in the art can name the same compounds differently.

[031 1] Every formulation or combination of components described or exemplified

herein can be used to practice the invention, unless otherwise stated.

[0312] Whenever a range is given in the specification, for example, a temperature

range, a time range, or a composition or concentration 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. It will be understood that any subranges or individual

values in a range or subrange that are included in the description herein can be

excluded from the claims herein.

[0313] 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 as of their publication or filing date and it is intended that this information can be

employed herein, if needed, to exclude specific embodiments that are in the prior art.

For example, when composition of matter are claimed, it should be understood that

compounds known and available in the art prior to Applicant's invention, including

compounds for which an enabling disclosure is provided in the references cited herein,

are not intended to be included in the composition of matter claims herein.

[0314] U.S. Patent Application Nos. 11/981 ,380, 11/851 , 182 (Pub. No. 2008/01 57235),

11/1 15,954 (Pub. No. 2005/0238967), 11/145,574, 11/145,542 (Pub. No.

2006/00381 82), 11/675,659 (Pub. No. 2008/0055581 ) , 11/465,31 7, 11/423,287 (Pub.

No. 2006/0286785), 11/423,1 92, 11/001 ,689 (Pub. No. 2006/0286488) and 11/421 ,654

(Pub. No. 2007/0032089) are hereby incorporated by reference to the extent not

inconsistent with the present description.

[0315] 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. In each instance herein any of

the terms "comprising", "consisting essentially of and "consisting of may be replaced

with either of the other two terms. 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.

[0316] One of ordinary skill in the art will appreciate that starting materials, biological

materials, reagents, synthetic methods, purification methods, analytical methods, assay

methods, and biological 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 anv such materials and methods are intended to be



included in this invention. The terms and expressions which have been employed are

used as terms of description and not of limitation, and there is no intention that 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.



We claim:

1. A method of making a stretchable and foldable electronic device, said method

comprising:

a . coating a receiving substrate having a first Young's modulus with an

isolation layer having a second Young's modulus, said isolation layer

having a receiving surface, wherein said second Young's modulus is less

than said first Young's modulus;

b. providing a printable electronic device on a support substrate;

c . transferring said printable electronic device from said support substrate to

said isolation layer receiving surface;

wherein said isolation layer isolates at least a portion of said transferred

electronic device from an applied strain.

2 . The method of claim 1, wherein said receiving substrate comprises a material

selected from the group consisting of a polymer, an elastomer, a ceramic a metal,

glass, a semiconductor, an inorganic polymer, and an organic polymer.

3 . The method of claim 1, wherein said receiving substrate comprises a material

selected from the group consisting of fabric, vinyl, latex, spandex, leather and

paper.

4 . The method of claim 1 wherein said isolation layer provides at least a 20% or

greater strain isolation compared to a device without said strain isolation layer.

5 . The method of claim 1, wherein the ratio of said first Young's modulus to said

second Young's modulus is greater than or equal to 10.

6 . The method of claim 1, wherein said printable electronic device comprises a

component of an electronic device, wherein said component comprises a plurality

of interconnects.

7 . The method of claim 6, wherein at least a portion of said interconnects have a

curved geometry.

8 . The method of claim 1, wherein said isolation layer comprises a polymer and said

polymer at least partially penetrates said receiving substrate.

9 . The method of claim 8 wherein the receiving substrate comprises fibers, wherein

at least a portion of the fibers are embedded in said isolation layer.

10 .The method of claim 1, wherein said receiving substrate has a surface texture to

increase contact area between said isolation layer and said receiving substrate.



11.The method of claim 1 further comprising encapsulating at least a portion of said

transferred electronic device in an encapsulation layer, wherein said

encapsulation layer has a Young's modulus that is less than or equal to said

second Young's modulus.

12 .The method of claim 11 wherein said encapsulation layer has an inhomogeneous

Young's modulus.

13.A stretchable and foldable electronic device comprising:

a . a receiving substrate;

b. an isolation layer that at least partially coats one surface of said receiving

substrate, said isolation layer having a Young's modulus less than or equal

to said receiving substrate Young's modulus; and

c . an electronic device that is at least partially supported by said isolation

layer;

wherein said isolation layer is capable of providing at least 20% or greater strain

isolation when said device is stretched or folded compared to a device without

said isolation layer.

14. The device of claim 13, wherein said electronic device comprises bond regions

that are bonded to said isolation layer.

15 .The device of claim 13, wherein said electronic device comprises non-bond

regions that connect adjacent bond regions, said non-bond regions comprising

bent interconnects.

16 .The device of claim 13 further comprising an encapsulation layer that at least

partially encapsulates said electronic device, said encapsulation layer having a

Young's modulus that is less than or equal to said isolation layer Young's

modulus.

17 .The device of claim 16, wherein said encapsulation layer has an inhomogeneous

Young's modulus.

18 . A method of making a stretchable and foldable electronic device, said method

comprising:

a . providing a multilayer device comprising a substrate layer, a functional

layer and a one or more neutral mechanical surface adjusting layer,

wherein said functional layer is supported by a substrate layer, with at

least one layer of said multilayer having a property that is spatially

inhomogeneous, wherein said spatially inhomogeneous property positions



a neutral mechanical surface that is coincident or proximate to a functional

layer.

19. The method of claim 18, further comprising:

a . generating a pattern of spatially inhomogeneous property in said spatially

inhomogeneous layer to provide a one or more flexible and foldable

regions in said device and a one or more rigid regions in said device.

20. The method of claim 18, wherein the inhomogeneous property is selected from

one or more of:

a . Young's modulus;

b. deposition of an add layer;

c . layer thickness;

d . recess feature;

e . spatially patterning a device component in said functional layer, or

f . geometry of an electronic component in said functional layer.

2 1 . The method of claim 18 wherein spatial inhomogeneity is provided by a step

comprising lateral patterning any of said layers.

22. The method of claim 2 1 wherein said lateral patterning is provided by patterning

said substrate with one or more neutral mechanical surface adjusting layers

comprising thin films or add layers.

23. The method of claim 2 1 wherein said lateral patterning is provided by patterning

said substrate with one or more neutral mechanical surface adjusting layers

comprising one or more encapsulating layers.

24. The method of claim 2 1 wherein said lateral patterning is provided by patterning

said substrate with one or more recess features.

25. The method of claim 24 wherein said one or more recess features are etch holes.

26. The method of claim 2 1 wherein each of said layers have a thickness, and said

lateral patterning is provided by selectively varying the thickness of said substrate

layer thickness or said one or more neutral mechanical surface adjusting layers.

27. The method of claim 2 1 wherein said lateral patterning is provided by modulating

a mechanical property of said substrate layer or said one or more neutral

mechanical surface adjusting layers; wherein said mechanical property is

selected from the group consisting of porosity, extent of cross linking and

Young's modulus.

28. The method of claim 18 wherein said one or more neutral mechanical surface

adjusting layers is a one or more encapsulating layer.



29. The method of claim 28 wherein said encapsulating layer has a thickness that

varies selectively in a lateral direction.

30. The method of claim 18, wherein said functional layer comprises a pop-up

interconnect.

3 1 . The method of claim 18, further comprising positioning the neutral mechanical

plane to be coincident or proximate to the functional layer that is most sensitive to

strain-induced failure.

32. A method of making an electronic device having a curved surface, said method

comprising:

a . providing a multilayer device comprising a substrate layer, a functional

layer and a one or more neutral mechanical surface adjusting layer,

wherein said functional layer is supported by a substrate layer, with at

least one layer of said multilayer having a property that is spatially

inhomogeneous, wherein said spatially inhomogeneous property positions

a neutral mechanical surface that is coincident or proximate to a functional

layer;

b. providing a curvilinear surface; and

c . conformally wrapping said curvilinear surface with said multilayer device,

thereby making an electronic device with a curved surface.

33. A method of making a foldable electronic device, said method comprising:

a . providing a carrier layer surface;

b. coating at least a portion of said carrier layer surface with a sacrificial

layer;

c . attaching a substrate layer to said sacrificial layer, wherein said substrate

layer supports at least a component of said electronic device;

d . patterning a plurality of sacrificial layer access openings through said

substrate layer; and

e . releasing said substrate layer from said carrier layer surface by introducing

a sacrificial-removing material to said sacrificial layer via said access

openings, thereby obtaining a foldable electronic device.

34. A method of patterning an array of electronic devices on a surface, said method

comprising:

a . providing a functional layer on a supporting substrate surface, wherein

said functional layer comprises an array of electronic devices;

b. etching one or more access openings in said functional layer;



c . casting a polymeric material against said functional layer and access

openings, wherein said cast polymer in said access openings generates

anchors that facilitate high-fidelity lift-off of said array from said supporting

substrate surface;

d . contacting an elastomeric stamp with said polymeric material; and

e . removing the elastomeric stamp in a direction away from said supporting

substrate to remove said polymeric material from said substrate and

thereby removing said array anchored to said polymeric material from said

supporting substrate.

35. A method for printing planar electronic devices to curved surfaces, said method

comprising:

a . providing a device on a substantially planar substrate surface;

b. providing an elastomeric stamp having a curvilinear geometry;

c . deforming said elastomeric stamp, wherein said deformation provides a

substantially flat stamp surface;

d . contacting the substantially flat stamp surface with said device on said

substrate surface;

e . removing said device from said substrate surface by lifting the stamp in a

direction that is away from the substrate, thereby transferring said

component from said substrate surface to said substantially flat stamp

surface; and

f . relaxing said elastomeric stamp, thereby transforming said substantially

flat stamp surface to a surface having a curved geometry.

36. The method of claim 35, wherein said device on said substrate surface comprises

a compressible interconnect having one end connected to a first rigid device

island and a second end connected to a second rigid device island.

37. The method of claim 36, wherein said interconnects have a geometry that

spatially varies over said elastomeric stamp surface.

38. The method of claim 35, wherein said deforming step comprises:

a . applying a lateral force to said curvilinear stamp, thereby substantially

flattening said stamp.

39. The method of claim 35, wherein said elastomeric stamp having a curvilinear

geometry is provided by

a . providing a receiving substrate having a curved surface; and



b. casting said elastomeric stamp against said receiving substrate curved

surface, thereby providing said stamp having a curvilinear geometry.

40. A device for applying a force to a curvilinear elastomeric stamp to substantially

flatten the stamp, said device comprising:

a . a holder for secureably receiving said elastomeric stamp; and

b. a force generator operably connected to said holder for generating a force

on a secureably received elastomeric stamp, said force capable of

substantially flattening said curvilinear stamp.

4 1 . A stretchable and foldable electronic device comprising:

a . a support layer, wherein said layer is elastomeric;

b. a functional layer supported by said support layer;

c . an one or more neutral mechanical surface adjusting layer;

wherein at least one or more of any of the layers has a property that is spatially

inhomogeneous, thereby generating a neutral mechanical surface coincident or

proximate to said functional layer.

42. The device of claim 4 1, wherein said inhomogeneous layer property provides one

or more flexible or elastic device region interspersed between a one or more

mechanically rigid island regions.

43. The device of claim 4 1, wherein the functional layer comprises an array of

nanoribbons.

44. The device of claim 43, wherein the nanoribbons are buckled and have a first end

connected to a first rigid island region and a second end connected to a second

rigid island region.
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