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Description

BACKGROUND OF INVENTION

[0001] This invention is in the field of transient devices, and relates generally to passive and active devices designed
to programmably transform.
[0002] Transient devices have potential for a range of important applications. For example, eco-degradable environ-
mental sensors avoid the need for device collection and bioresorbable medical devices that degrade and are cleared
from the body avoid toxicity and inflammation. Strategically, military devices that degrade after a preselected time or
upon application of a triggered stimulus avoid transferring knowledge or materials to enemies. All of these envisioned
applications are important, but implementation of transient devices is dependent upon design strategies. Design strategies
for transient devices must (i) support device fabrication using degradable device component materials and degradable
substrates, (ii) provide for accurate control of the useful lifetime of the device, and (iii) utilize materials that are compatible
with and perform adequately for a given application within a target environment.
[0003] Recently, a number of patents and publications have disclosed devices with transient properties. For example,
Kim et al., "Silicon electronics on silk as a path to bioresorbable implantable devices", Appl. Phys. Lett. 95, 133701
(2009); U.S. Patent Application Publication 2011/0230747; and International Patent Application Publication WO
2008/085904 disclose biodegradable electronic devices that may include a biodegradable semiconducting material and
a biodegradable substrate. Bettinger et al., "Organic thin film transistors fabricated on resorbable biomaterial substrates",
Adv. Mater., 22(5), 651-655 (2010); Bettinger et al., "Biomaterial-based organic electronic devices", Poly. Int. 59(5),
563-576 (2010); Hwang et al., "Materials and Fabrication Processes for Transient and Bioresorbable High-Performance
Electronics", Adv. Funct. Mater. 23, 4087-4093 (2013); and Irimai-Vladu, "Environmentally sustainable organic field
effect transistors", Organic Electronics, 11, 1974-1990 (2010) disclose biodegradable electronic devices that may include
a biodegradable organic conducting material and a biodegradable substrate. International Patent Application Publication
WO 2008/108838 discloses biodegradable devices for delivering fluids and/or biological material to tissue. U.S. Patent
Application Publication 2008/0306359 discloses ingestible devices for diagnostic and therapeutic applications. Kozicki
et al., "Programmable metallization cell memory based on Ag-Ge-S and Cu-Ge-S solid electrolytes", NonVolatile Memory
Technology Symposium, 83-89 (2005) discloses memory devices where metal ions within an electrolyte may be reduced
or oxidized to form or remove solid metal interconnects.

SUMMARY OF THE INVENTION

[0004] The invention, which is solely defined by the scope of the appended claims, provides transient devices, including
active and passive devices that physically, chemically and/or electrically transform upon application of at least one
internal and/or external stimulus. Incorporation of degradable device components, degradable substrates and/or degra-
dable encapsulating materials each having a programmable, controllable and/or selectable degradation rate provide a
means of transforming the device. In some embodiments, for example, transient devices of the invention combine
degradable high performance single crystalline inorganic materials with selectively removable substrates and/or encap-
sulants.
[0005] This description presents a set of materials, modeling tools, manufacturing approaches, device designs and
system level examples of transient electronics. The present invention is directed to transient electronic devices incor-
porating inorganic materials, selected independently from the group of Mg, W, Mo, Fe, Zn, or an alloy thereof, for
substrates and encapsulants. Whenever the term "inorganic" is used with regard to the substrate or the encapsulation
layer in the following disclosure, it is to be construed according to the aforementioned group of metals and their alloys.
Incorporation of inorganic materials in some transient devices of the invention provides a means of engineering overall
device properties to achieve a range of performance benefits. In some embodiments, for example, inorganic device
materials provide structural components, such as substrates and encapsulant layers, capable of precisely defined and
preselected transience properties, such as transience profiles having well-defined temporal and physical properties
useful for a range of applications. In some embodiments, for example, inorganic device materials provide structural
components, such as substrates and encapsulant layers, that are effective electronic insulating and/or barrier layers
prior to a pre-engineered transient device transformation. In some embodiments, for example, inorganic device materials
provide structural components, such as substrates and encapsulant layers, that undergo small dimensional changes
prior to a pre-engineered transient device transformation, for example, in response to environmental conditions, e.g.,
exposure to water, biological fluid or other solvent, or in response to a user initiated trigger signal. In some embodiments,
for example, inorganic device materials of the invention are compatible with processing approaches and materials
strategies capable of achieving precisely controlled physical and chemical properties supporting a range of device
applications.
[0006] In an embodiment, for example, the invention provides a transient electronic device comprising: (i) a substrate;
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(ii) one or more active or passive electronic device components supported by said substrate; wherein said active or
passive electronic device components independently comprise a selectively transformable material; and (iii) an encap-
sulant layer at least partially encapsulating said one or more active or passive electronic device components; wherein
said substrate, said encapsulant layer or both independently comprise a selectively removable inorganic material re-
sponsive to an external or internal stimulus; wherein at least partial removal of said substrate, said encapsulant layer
or both in response to said external or internal stimulus initiates at least partial transformation of said one or more active
or passive electronic device components providing a programmable transformation of the transient electronic device in
response to said external or internal stimulus at a pre-selected time or at a pre-selected rate, wherein said programmable
transformation provides a change in function of the transient electronic device from a first condition to a second condition.
In an embodiment, for example, said one or more active or passive electronic device components comprise one or more
inorganic semiconductor components, one or more metallic conductor components or one or more inorganic semicon-
ductor components and one or more metallic conductor components.
[0007] The invention of this aspect includes transient devices wherein the substrate or encapsulant layer comprising
a selectively removable inorganic material is completely removed during device transformation or only partially removed
(e.g., at least 20%, 30%, 50%, 70% or 90% by weight, volume or area removed) during device transformation. Transient
electronic devices of this aspect include passive transient devices and actively triggered transient devices.
[0008] According to the invention, the substrate, the encapsulant layer or both independently comprises an entirely
inorganic structure. For example, an entirely inorganic structure may include one or more of Mg, Mg alloys, Fe, W, Zn, Mo.
[0009] In an embodiment, transient devices of the invention include entirely inorganic devices comprising all inorganic
device components, for example, wherein said active or passive electronic device components, said substrate and said
encapsulant layer each are independently entirely composed of one or more inorganic materials.
[0010] In an embodiment, for example, the substrate, the encapsulant layer or both independently has a preselected
transience profile in response to an external or internal stimulus. A range of processing approaches and materials
strategies are useful in the present invention for achieving an inorganic substrate and/or encapsulant layer having a
preselected transience profile including selection of chemical composition, physical properties, morphology and control
of synthesis, growth and/or deposition processes.
[0011] Selection of the composition of substrates and encapsulant layers comprising a selectively removable inorganic
material is an important aspect for achieving transience properties useful for supporting a range of device functionalities.
In an embodiment, the composition of the substrate and/or encapsulant layer is selected to achieve useful electronic,
physical and/or transience properties. In an embodiment, for example, the selectively removable inorganic material of
the substrate, the encapsulant layer or both independently comprises a metal, a metal oxide, a ceramic or a combination
of these. In an embodiment, for example, the selectively removable inorganic material of the substrate or the encapsulant
layer independently comprises a crystalline material, an amorphous material or a combination thereof. In an embodiment,
for example, the selectively removable inorganic material of the substrate, the encapsulant layer or both independently
comprises a single crystalline material, polycrystalline material or doped crystalline material. In an embodiment, for
example, the selectively removable inorganic material of the substrate, the encapsulant layer or both independently
comprises a glass, such as a spin-on-glass.
[0012] In an embodiment, for example, the selectively removable inorganic material of the substrate, the encapsulant
layer or both independently comprises a thin film, a coating, a foil or any combination of these. In an embodiment, for
example, the selectively removable inorganic material of the substrate, the encapsulant layer or both independently
comprises a nanofilm having a thickness ranging from 1 nm to 100 nm or a microfilm having a thickness ranging from
1 mm to 100 mm. In an embodiment, for example, the substrate, the encapsulant layer or both independently comprises
a nanostructured layer or a microstructured layer, for example a layer having one or more perforations, cavities and/or
channels provided on an external or internal surface of the substrate or encapsulant layer or provided within the substrate
or encapsulant layer. In an embodiment, an encapsulation layer entirely encapsulates at least a portion, and optionally
all, of the underlying active or passive electronic device components, such as underlying semiconductor components
and/or metallic conductor components. In an embodiment, an encapsulation layer encapsulates only a portion of the
underlying active or passive electronic device components, such as underlying semiconductor components and/or me-
tallic conductor components (e.g., 90% or less, 70% or less, 30% or less, etc.).
[0013] In an embodiment, for example, the selectively removable inorganic material of the substrate, the encapsulant
layer or both independently comprises Mg, W, Mo, Fe, Zn, or an alloy thereof. In an embodiment, for example, the
selectively removable inorganic material of the substrate, the encapsulant layer or both independently comprises a
biocompatible material, a bioinert material or a combination of biocompatible and bioinert materials.
[0014] Use of multilayer substrate and encapsulation layers having inorganic layers allows for components having
precisely selectable chemical, physical and electronic properties, for example, resistance, inertness, permeability to
water, resistance to swelling, chemical stability, optical transmission, etc. In an embodiment, for example, a multilayer
substrate or encapsulation layer comprises 2 to 100 layers, and optionally for some applications 5 to 20 layers.
[0015] In an embodiment, for example, the substrate, the encapsulant layer or both independently comprises a mul-
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tilayer structure comprising one or more of a thin film, coating, or foil comprising the selectively removable inorganic
material. In an embodiment, for example, the multilayer structure comprises a stack of layers including the one or more
thin films, coatings, or foils comprising the selectively removable inorganic material and further including one or more
additional layers.
[0016] In an embodiment, for example, the multilayer structure of the present substrate or encapsulant layer further
comprises one or more electrically insulating layers, barrier layers or any combinations thereof. In some embodiments,
a barrier layer of the invention adjusts the permeability of a device component, for example, by decreasing the overall
permeability of the component to water, solvent or environmental fluid. In an embodiment, for example, one or more
electrically insulating layers or barrier layers are provided in physical contact, electrical contact or both with the one or
more thin films, coatings, or foils. In an embodiment, for example, the one or more electrically insulating layers or barrier
layers comprises an exterior layer of the multilayer structure. In an embodiment, for example, the one or more electrically
insulating layers or barrier layers comprises an interior layer of the multilayer structure in physical contact or electrical
contact with the one or more active or passive electronic device components, such as one or more inorganic semicon-
ductor components, one or more metallic conductor components or both. For example, the one or more electrically
insulating layers or barrier layers comprises a polymer, an insulating ceramic, a glass, SiO2, spin-on-glass, MgO or any
combination of these.
[0017] In an embodiment, for example, the multilayer structure of the present substrate and/or encapsulant layer
comprises a metal foil or thin metal film having a first side in physical contact with a first electronically insulating layer
or barrier layer. In an embodiment, for example, the first electronically insulating layer or barrier layer is an exterior layer
of the multilayer structure or the first electronically insulating layer or barrier layer is an interior layer of the multilayer
structure in physical contact or electrical contact with the one or more active or passive electronic device components,
such as one or more inorganic semiconductor components, one or more metallic conductor components or both. In an
embodiment, for example, the first electronically insulating layer or barrier layer comprises a polymer or insulating ceramic
layer or coating, a metal oxide layer or coating, a glass layer or coating or any combination of these. In an embodiment,
for example, the multilayer structure comprises the metal foil or thin metal film having a second side coated in contact
with a second electronically insulating layer or barrier layer; wherein the metal foil or thin metal film is provided between
the first electronically insulating layer or barrier layer and the second electronically insulating layer or barrier layer.
[0018] Substrates and encapsulants of certain embodiments comprise selectively removal materials exhibiting a tran-
sience profile useful for a particular device application. In an embodiment, for example, at least partial removal of the
substrate, the encapsulant layer or both exposes the one or more active or passive electronic device components, such
as one or more inorganic semiconductor components or one or more metallic conductor components, to the external or
internal stimulus, thereby initiating the at least partial transformation of the one or more active or passive electronic
device components, such as one or more inorganic semiconductor components or the one or more metallic conductor
components. In an embodiment, for example, at least partial removal of the substrate, the encapsulant layer or both in
response to the internal or external stimulus occurs via a phase change, dissolution, hydrolysis, bioresorption, etching,
corrosion, a photochemical reaction, an electrochemical reaction or any combination of these processes.
[0019] In an embodiment, at least partial removal of the substrate, encapsulant layer or both occurs by a process other
than bioresorption. In another embodiment, at least partial removal of the substrate, encapsulant layer or both occurs
via at least partial dissolution of the selectively removable inorganic material in a solvent. The solvent may be an aqueous
solvent or a nonaqueous solvent. An "aqueous solvent" is a liquid at 298 K that predominantly comprises water, i.e.,
greater than 50% v/v water, whereas a "nonaqueous solvent" is a liquid at 298 K that predominantly comprises liquid(s)
other than water, i.e., less than 50% v/v water. Exemplary aqueous solvents include water, water-based solutions, bodily
fluids, and the like. Exemplary nonaqueous solvents include organic solvents (e.g., alcohols, esters, ethers, alkanes,
ketones) and ionic liquids. In another embodiment, at least partial removal of the substrate, encapsulant layer or both
occurs via at least partial hydrolysis of the selectively removable inorganic material. In another embodiment, at least
partial removal of the substrate, encapsulant layer or both occurs via at least partial etching or corrosion of the selectively
removable inorganic material. In another embodiment, at least partial removal of the substrate, encapsulant layer or
both occurs by a photochemical reaction wherein at least a portion of the selectively removable inorganic material
absorbs electromagnetic radiation and undergoes an at least partial chemical or physical change. In an embodiment,
the photochemical reaction is a photodecomposition process. In another embodiment, at least partial removal of the
substrate, encapsulant layer or both occurs by an electrochemical reaction. For example, the electrochemical reaction
may be at least partial anodic dissolution of the selectively removable inorganic material of the substrate, encapsulant
layer or both.
[0020] In an embodiment, for example, the substrate, the encapsulant layer or both independently have a preselected
transience profile characterized by a removal of 0.01% to 100% by weight of the substrate or the encapsulant layer over
a time interval selected from the range of 1 ms to 5 years, or 1 ms to 2 years, or 1 ms to 1 year, or 1 ms to 6 months,
or 1 ms to 1 month, or 1 ms to 1 day, or 1 ms to 1 hour, or 1 second to 10 minutes. In an embodiment, for example, the
substrate, the encapsulant layer or both independently have a preselected transience profile characterized by a decrease
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in average thickness of the substrate or the encapsulant layer at a rate selected over the range of 0.01 nm/day to 100
microns s-1, or 0.01 nm/day to 10 microns s-1, or 0.1 nm/day to 1 micron s-1, or 1 nm/day to 0.5 micron s-1. In an
embodiment, for example, the substrate or the encapsulant layer or both independently has a porosity selected from
the range of 0.01% to 99.9% prior to the at least partial removal of the substrate, the encapsulant layer or both in response
to the external or internal stimulus.
[0021] The physical properties of substrates and encapsulation layers comprising a selectively removable inorganic
material may be selected to achieve desired transience properties. In an embodiment, for example, the substrate, the
encapsulant layer or both independently has an extent of crystallinity selected from the range of 0.1% to 100%, or 0.1%
to 99.9%, or 1% to 90%, or 5% to 80%, or 10% to 60%, or 15% to 40% prior to the at least partial removal of the substrate,
the encapsulant layer or both in response to the external or internal stimulus. In an embodiment, for example, the
encapsulant layer or both independently has a density selected from the range of 0.1% to 100%, or 0.1% to 99.9%, or
1% to 90%, or 5% to 80%, or 10% to 60%, or 15% to 40% compared to bulk prior to the at least partial removal of the
substrate, the encapsulant layer or both in response to the external or internal stimulus. In an embodiment, for example,
a time for a thickness of the selectively removable material to reach zero is provided by the expression: 

where tc is the critical time, ρm is the mass density of the material, M(H2O) is the molar mass of water, M(m) is the molar
mass of the material, h0 is the initial thickness of the material, D is the diffusivity of water, k is the reaction constant for
the dissolution reaction, and w0 is the initial concentration of water; wherein k has a value selected from the range of 1
x 105 s-1 to 1 x 10-10 s-1.
[0022] Substrates and encapsulant layers comprising a selectively removable inorganic material may have a range
of physical, electronic and chemical properties useful for a particular application. In an embodiment, for example, the
substrate, the encapsulant layer or both are substantially impermeable to water prior to the at least partial removal of
the substrate, the encapsulant layer or both in response to the external or internal stimulus. In an embodiment, for
example, the substrate, the encapsulant layer or both limit a net leakage current to the surroundings to 0.1 mA/cm2 or
less prior to the at least partial removal of the substrate, the encapsulant layer or both in response to the external or
internal stimulus. In an embodiment, for example, the substrate, the encapsulant layer or both undergo an increase in
volume equal to or less than 10%, or equal to or less than 5%, or equal to or less than 3%, or equal to or less than 1%
upon exposure to an aqueous or nonaqueous solvent prior to the at least partial removal of the substrate, the encapsulant
layer or both in response to the external or internal stimulus. In an embodiment, for example, a thin film, coating, or foil
of the substrate or encapsulant layer has an average thickness over or underneath of the one or more active or passive
electronic device components, such as one or more inorganic semiconductor components or one or more metallic
conductor components, less than or equal to 1000 mm, or less than or equal to 500 mm, or less than or equal to 250
mm, or less than or equal to 100 mm, or less than or equal to 50 mm prior to the at least partial removal of the substrate,
the encapsulant layer or both in response to the external or internal stimulus. In an embodiment, for example, the
substrate, the encapsulant layer or both independently has a thickness selected from the range of 0.1 mm to 1000 mm,
or of 1 mm to 500 mm, or of 5 mm to 100 mm, or of 10 mm to 50 mm prior to the at least partial removal of the substrate,
the encapsulant layer or both in response to the external or internal stimulus. In an embodiment, for example, the
substrate, the encapsulant layer or both independently has an average modulus selected over the range of 0.5 KPa to
10 TPa, or of 5 KPa to 1 TPa, or of 50 KPa to 1 TPa, or of 5 GPa to 500 GPa. In an embodiment, for example, the
substrate, the encapsulant layer or both independently has a net flexural rigidity less than or equal to 1 x 10-4 Nm. In an
embodiment, for example, the substrate, the encapsulant layer or both independently has a net bending stiffness less
than or equal to 1 x 108 GPa mm4, or less than or equal to 1 x 106 GPa mm4, or less than or equal to 1 x 105 GPa mm4,
or less than or equal to 1 x 103 GPa mm4. In an embodiment, for example, the substrate, the encapsulant layer or both
are at least partially optically transparent in the visible or infrared regions of the electromagnetic spectrum.
[0023] Useful substrates and encapsulating layers comprising a selectively removable inorganic material may be
fabricated via a range of processing approaches, including deposition techniques, solution processing and spin casting.
In an embodiment, for example, the substrate, the encapsulant layer or both is generated via physical vapor deposition,
chemical vapor deposition, sputtering, atomic layer deposition, electrochemical deposition, spin casting, electrohydro-
dynamic jet printing, screen printing or any combination of these. In an embodiment, for example, the substrate, the
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encapsulant layer or both covers or supports a percentage of an exterior area or volume or an interior area or volume
of the one or more active or passive electronic device components, such as one or more inorganic semiconductor
components, one or more metallic conductor components or both, selected from the range of 1% to 100%, optionally
selected over the range of 10 to 50%. In an embodiment, for example, the substrate, the encapsulant layer or both
covers or supports 10% or more, optionally 30% or more, of an exterior area or an interior area of the one or more
inorganic semiconductor components, one or more metallic conductor components or both.
[0024] In an embodiment, the one or more active or passive electronic device components comprise one or more one
or more inorganic semiconductor components. In an embodiment, for example, the one or more inorganic semiconductor
components comprise a polycrystalline semiconductor material, a single crystalline semiconductor material or a doped
polycrystalline or single crystalline semiconductor material. In an embodiment, for example, the one or more inorganic
semiconductor components comprise Si, Ga, GaAs, ZnO or any combination of these. In an embodiment, the one or
more active or passive electronic device components comprise one or more one or more metallic conductor components.
In an embodiment, for example, the one or more metallic conductor components comprise Mg, W, Mo, Fe, Zn or an
alloy thereof. In an embodiment, for example, the one or more active or passive electronic device components comprise
a component of an electronic device selected from the group consisting of a transistor, a diode, an amplifier, a multiplexer,
a light emitting diode, a laser, a photodiode, an integrated circuit, a sensor, a temperature sensor, an electrochemical
cell, a thermistor, a heater, a resistive heater, an antenna, a nanoelectromechanical system or a microelectromechanical
system, an actuator and arrays thereof.
[0025] In an embodiment, for example, the device is a communication system, a photonic device, a sensor, an opto-
electronic device, a biomedical device, a temperature sensor, a photodetector, a photovoltaic device, a strain gauge,
and imaging system, a wireless transmitter, an electrochemical cell, an antenna, a nanoelectromechanical system, an
energy storage system, an actuator or a microelectromechanical system.
[0026] In an embodiment, a transient electronic device has a preselected transience profile characterized by the
transformation of the one or more active or passive electronic device components, such as one or more inorganic
semiconductor components or the one or more metallic conductor components, occurring over a time interval selected
from the range of 1 ms to 2 years, or 1 ms to 1 year, or 1 ms to 6 months, or 1 ms to 1 month, or 1 ms to 1 day, or 1 ms
to 1 hour, or 1 second to 10 minutes, thereby providing the programmable transformation of the passive transient
electronic device. In an embodiment, the preselected transience profile is characterized by a transformation of 0.01%
to 100%, or 0.1% to 70%, or 0.5% to 50%, or 1% to 20% or 1% to 10% of the one or more active or passive electronic
device components, such as one or more inorganic semiconductor components or the one or more metallic conductor
components, over a time interval selected from the range of 1 ms to 2 years, or 1 ms to 1 year, or 1 ms to 6 months, or
1 ms to 1 month, or 1 ms to 1 day, or 1 ms to 1 hour, or 1 second to 10 minutes, thereby providing the programmable
transformation of the passive transient electronic device. In an embodiment, the preselected transience profile is char-
acterized by a decrease in the average thickness of the one or more active or passive electronic device components,
such as one or more inorganic semiconductor components or the one or more metallic conductor components, at a rate
selected over the range of 0.01 nm/day to 10 microns s-1, or 0.1 nm/day to 1 micron s-1, or 1 nm/day to 0.5 micron s-1.
In an embodiment, the preselected transience profile is characterized by a decrease in the mass of the one or more
active or passive electronic device components, such as one or more inorganic semiconductor components or the one
or more metallic conductor components, at a rate selected over the range of 0.01 nm/day to 10 microns s-1, or 0.1 nm/day
to 1 micron s-1, or 1 nm/day to 0.5 micron s-1. In an embodiment, the preselected transience profile is characterized by
a decrease in the electrical conductivity of the one or more active or passive electronic device components, such as one
or more inorganic semiconductor components or the one or more metallic conductor components, at a rate selected
over the range of 1010 S·m-1 s-1 to 1 S·m-1 s-1, or 108 S·m-1 s-1 to 10 S·m-1 s-1, or 105 S·m-1 s-1 to 100 S·m-1 s-1.
[0027] The physical dimensions and shape of the device, and components thereof, are important parameters, partic-
ularly with respect to preselection of a desired transience profile. Use of thin electronic device components, such as
inorganic semiconductor components, metallic conductor components and/or dielectric components (e.g., thickness less
than or equal to 100 microns, optionally thickness less than or equal to 10 microns, optionally thickness less than or
equal to 1 micron, optionally thickness less than or equal to 500 nanometers, and optionally thickness less than or equal
to 100 nanometers) is beneficial for providing a preselected transience for a given device application and/or providing
useful mechanical properties such as a flexible or otherwise deformable device. In some embodiments, inorganic sem-
iconductor components, metallic conductor components and/or dielectric components independently comprise one or
more thin film structures, which may for example be deposited or grown by molecular epitaxy, atomic layer deposition,
physical or chemical vapor deposition, or other methods known in the art. In some embodiments, one or more inorganic
semiconductor components, metallic conductor components and/or dielectric components independently comprise a
biocompatible, bioresorbable, bioinert or ecocompatible material. In some embodiments, at least some of, and optionally
all of, the inorganic semiconductor components, metallic conductor components and/or dielectric components of the
electronic device have a thickness less than or equal to 100 microns, and for some applications have a thickness less
than or equal to 10 microns, and for some applications have a thickness less than or equal to 1 micron, and for some
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applications have a thickness less than or equal to 500 nanometers, and for some applications have a thickness less
than or equal to 100 nanometers, and for some applications have a thickness less than or equal to 20 nanometers. In
some embodiments, at least some of, and optionally all of, the inorganic semiconductor components, metallic conductor
components and/or dielectric components of the device independently have a thickness selected from a range of 10 nm
to 100 mm, optionally for some applications selected from a range of 50 nm to 10 mm, and optionally for some applications
selected from a range of 100 nm to 1000 nm. In an embodiment, for example, a device of the invention comprises one
or more inorganic semiconductor components each independently having a thickness selected over the range of 10 nm
to 1000 nm, optionally for some applications 10 nm to 100 nm and optionally for some applications 10 nm to 30 nm. In
some embodiments, at least some of, and optionally all of, the inorganic semiconductor components, metallic conductor
components and/or dielectric components of the device independently have lateral physical dimensions (e.g., length,
width, diameter, etc.) less than or equal to 10000 mm, and for some applications have lateral physical dimensions less
than or equal to 1000 mm, and for some applications have lateral physical dimensions less than or equal to 100 mm,
and for some applications have lateral physical dimensions less than or equal to 1 mm. In some embodiments, at least
some of, and optionally all of, the inorganic semiconductor components, metallic conductor components and/or dielectric
components of the device independently have lateral physical dimensions selected from the range of 10 nm to 10 cm,
optionally for some applications selected from a range of 100 nm to 10000 mm, optionally for some applications selected
from a range of 500 nm to 1000 mm, optionally for some applications selected from a range of 500 nm to 100 mm, and
optionally for some applications selected from a range of 500 nm to 10 mm.
[0028] The physical properties of the semiconductor components, metallic conductor components and/or selectively
removable inorganic material components (e.g., Young’s modulus, net bending stiffness, toughness, conductivity, re-
sistance, etc.) impact the performance and transience of the device. In some embodiments, for example, at least a
portion, and optionally all, of the semiconductor components, metallic conductor components and/or selectively remov-
able inorganic material components of the device independently have a Young’s modulus less than or equal to 10 GPa,
optionally for some applications less than or equal to 100 MPa, optionally for some applications less than or equal to 10
MPa. In some embodiments, for example, at least a portion, and optionally all, of the semiconductor components, metallic
conductor components and/or selectively removable inorganic material components of the device have a Young’s mod-
ulus selected over the range of 0.5 MPa and 10 GPa, and optionally for some applications selected over the range of
0.5 MPa and 100 MPa, and optionally for some applications selected over the range of 0.5 MPa and 10 MPa. In some
embodiments, at least a portion, and optionally all, of the semiconductor components, metallic conductor components
and/or selectively removable inorganic material components of the device have a net bending stiffness less than or
equal to 1 x 108 GPa mm4, optionally for some applications less than or equal to 5 x 105 GPa mm4 and optionally for
some applications less than or equal to 1 x 105 GPa mm4. In some embodiments, at least a portion, and optionally all,
of the semiconductor components, metallic conductor components and/or selectively removable inorganic material com-
ponents of the device have a net bending stiffness selected over the range of 0.1 x 104 GPa mm4 and 1 x 108 GPa mm4,
and optionally for some applications between 0.1 x 10 GPa mm4 and 5 x 105 GPa mm4.
[0029] Useful materials for the inorganic semiconductor components include high quality semiconductor materials
such as single crystalline semiconductor materials including pure and doped single crystalline semiconductor materials.
In an embodiment, all of the inorganic semiconductor components comprise a single crystalline semiconductor material
and/or a single crystalline doped semiconductor material, for example, single crystalline silicon and/or doped single
crystalline silicon derived from high temperature foundry processing. Integration of single crystalline semiconductor
materials into a transient device is particularly beneficial for providing devices exhibiting very good electronic properties.
In an embodiment, the semiconductor components comprise a material selected from the group consisting of Si, Ge,
Se, diamond, fullerenes, SiC, SiGe, SiO, SiO2, SiN, AlSb, AlAs, AlIn, AIN, AlP, AIS, BN, BP, BAs, As2S3, GaSb, GaAs,
GaN, GaP, GaSe, InSb, InAs, InN, InP, CsSe, CdS, CdSe, CdTe, Cd3P2, Cd3As2, Cd3Sb2, ZnO, ZnSe, ZnS, ZnTe,
Zn3P2, Zn3As2, Zn3Sb2, ZnSiP2, CuCl, PbS, PbSe, PbTe, FeO, FeS2, NiO, EuO, EuS, PtSi, TIBr, CrBr3, SnS, SnTe,
PbI2, MoS2, GaSe, CuO, Cu20, HgS, HgSe, HgTe, HgI2, MgS, MgSe, MgTe, CaS, CaSe, SrS, SrTe, BaS, BaSe, BaTe,
SnO2, TiO, TiO2, Bi2S3, Bi2O3, Bi2Te3, BiI3, UO2, UO3, AgGaS2, PbMnTe, BaTiO3, SrTiO3, LiNbO3, La2CuO4,
La0.7Ca0.3MnO3, CdZnTe, CdMnTe, CuInSe2, copper indium gallium selenide (CIGS), HgCdTe, HgZnTe, HgZnSe,
PbSnTe, Tl2SnTe5, Tl2GeTe5, AlGaAs, AIGaN, AIGaP, AlInAs, AlInSb, AllnP, AlInAsP, AlGaAsN, GaAsP, GaAsN,
GaMnAs, GaAsSbN, GaInAs, GalnP, AlGaAsSb, AlGaAsP, AlGaInP, GaInAsP, InGaAs, InGaP, InGaN, InAsSb, InGaSb,
InMnAs, InGaAsP, InGaAsN, InAlAsN, GaInNAsSb, GaInAsSbP, and any combination of these. In some embodiments,
the inorganic semiconductor components include a material selected from the group consisting of Si, SiC, SiGe, SiO,
SiO2, SiN, and any combination of these. In some embodiments, the inorganic semiconductor components independently
comprise single crystalline silicon, porous silicon and/or polycrystalline silicon. In some embodiments, the inorganic
semiconductor components independently comprise a polycrystalline semiconductor material, single crystalline semi-
conductor material or doped polycrystalline or single crystalline semiconductor material. In some embodiments, the
inorganic semiconductor component is a transformable material. Useful materials for a transformable, inorganic semi-
conductor component include, but are not limited to, porous silicon, polycrystalline silicon, and any combination of these.
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[0030] In some embodiments, electronic devices comprise one or more interconnected island and bridge structures.
For example, an island structure may comprise one or more semiconductor circuit components of the transient device.
A bridge structure may comprise one or more flexible and/or stretchable electrical interconnections providing electrical
communication between elements, for example between different island structures. In this manner, electronic devices
of the present invention may comprise stretchable electronic devices having a plurality of electrically interconnected
inorganic semiconductor components comprising one or more island structures and one or more flexible and/or stretch-
able bridge structures providing electrical interconnection; e.g., stretchable electronic interconnects.
[0031] In some embodiments, the transient device, or components thereof, are assembled on the substrate via a
printing-based or molding-based process, for example, by transfer printing, dry contact transfer printing, solution-based
printing, soft lithography printing, replica molding, imprint lithography, etc. In some of these embodiments, therefore, the
device, or components thereof, comprise printable semiconductor materials and/or devices. Integration of the device
and substrate components via a printing-based technique is beneficial in some embodiments, as it allows for independent
processing of semiconductor devices/materials and processing for the substrate. For example, the printing-based as-
sembly approach allows semiconductor devices/materials to be processed via techniques that would not be compatible
with some substrates. In some embodiments, for example, the semiconductor devices/materials are first processed via
high temperature processing, physical and chemical deposition processing, etching and/or aqueous processing (e.g.
developing, etc.), and then subsequently assembled on the substrate via a printing-based technique. An advantage of
this approach is that it avoids processing of the semiconductor devices/materials on the substrate in a manner that could
negatively impact the chemical and/or physical properties of the substrate, for example, by negatively impacting bio-
compatibility, toxicity and/or the degradation properties (e.g., degradation rate, etc.) of the transformable substrate. In
some embodiments, for example, this approach allows for effective fabrication of the device without exposing the substrate
to aqueous processing, for example, processing involving exposure of the transformable substrate to an etchant, a
stripper or a developer.
[0032] In some embodiments, the transient device may include one or more additional device components selected
from the group consisting of an electrode, a dielectric layer, a chemical or biological sensor element, a pH sensor, an
optical sensor, an optical source, a temperature sensor, and a capacitive sensor. The additional device component may
comprise a bioinert material, a degradable material or a transformable material. Useful bioinert materials include, but
are not limited to, titanium, gold, silver, platinum and any combination of these. Useful degradable or transformable
materials include, but are not limited to, iron, magnesium, tungsten and any combination of these.
[0033] In an aspect, the invention provides a method of using a transient electronic device, the method comprising
the steps of: (i) providing the transient electronic device comprising: (1) a substrate; (2) one or more active or passive
electronic device components supported by said substrate; wherein said active or passive electronic device components
independently comprise a selectively transformable material; and (3) an encapsulant layer at least partially encapsulating
said one or more active or passive electronic device components; wherein said substrate, said encapsulant layer or both
independently comprise a selectively removable inorganic material responsive to an external or internal stimulus; wherein
at least partial removal of said substrate, said encapsulant layer or both in response to said external or internal stimulus
initiates at least partial transformation of said one or more active or passive electronic device components providing a
programmable transformation of the transient electronic device in response to said external or internal stimulus at a pre-
selected time or at a pre-selected rate, wherein said programmable transformation provides a change in function of the
transient electronic device from a first condition to a second condition; and (ii) exposing said transient electronic device
to said external or internal stimulus resulting in said at least partial removal of said substrate or encapsulant layer to
expose said one or more active or passive electronic device components to said external or internal stimulus, thereby
providing said programmable transformation of the transient electronic device. In an embodiment of this aspect, for
example, said one or more active or passive electronic device components comprise one or more inorganic semiconductor
components, one or more metallic conductor components or one or more inorganic semiconductor components and
one or more metallic conductor components.
[0034] In an embodiment, for example, the invention provides a method wherein said removal of said substrate, said
encapsulant layer or both in response to said internal or external stimulus occurs via a phase change, dissolution,
hydrolysis, bioresorption, etching, corrosion, a photochemical reaction, an electrochemical reaction or any combination
of these processes. In an embodiment, for example, the invention provides a method wherein said step of exposing said
transient electronic device to said external or internal stimulus results in the entire removal of said substrate, said
encapsulant layer or both. In an embodiment, for example, the invention provides a method wherein said step of exposing
said transient electronic device to said external or internal stimulus results in less than the entire removal of said substrate,
said encapsulant layer or both. In an embodiment, for example, the invention provides a method wherein said step of
exposing said transient electronic device to said external or internal stimulus exposes at least 1% of an outer surface
of said one or more active or passive electronic device components, optionally for some applications at least 10% of an
outer surface of said one or more active or passive electronic device components, and optionally for some applications
at least 50% of an outer surface of said one or more active or passive electronic device components. In an embodiment,
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for example, the invention provides a method wherein said step of exposing said transient electronic device to said
external or internal stimulus exposes 1% to 100% of an outer surface of said one or more active or passive electronic
device components, optionally for some applications 10% to 100% of an outer surface of said one or more active or
passive electronic device components, optionally for some applications 50% to 100% of an outer surface of said one or
more active or passive electronic device components
[0035] In an aspect, the invention provides a method of making a transient electronic device, said method comprising
the steps of: (i) providing a substrate; (ii) providing on said substrate one or more active or passive electronic device
components; wherein said active or passive electronic device components independently comprise a selectively trans-
formable material; and (iii) at least partially encapsulating said one or more active or passive electronic device components
with an encapsulant layer; wherein said substrate, said encapsulant layer or both independently comprise a selectively
removable inorganic material responsive to an external or internal stimulus; wherein at least partial removal of said
substrate, said encapsulant layer or both in response to said external or internal stimulus initiates at least partial trans-
formation of said one or more active or passive electronic device components providing a programmable transformation
of the transient electronic device in response to said external or internal stimulus at a pre-selected time or at a pre-
selected rate, wherein said programmable transformation provides a change in function of the transient electronic device
from a first condition to a second condition.
[0036] Without wishing to be bound by any particular theory, there may be discussion herein of beliefs or understandings
of underlying principles relating to the devices and methods disclosed herein. It is recognized that regardless of the
ultimate correctness of any mechanistic explanation or hypothesis, an embodiment of the invention can nonetheless be
operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037]

Figure 1. Figures 1A - 1D provide schematic diagrams illustrating side views of transient electronic devices.

Figure 2. Time dependent change in the thicknesses of thin layers of PECVD SiO2 in PBS at room temperature
and 37 °C.

Figure 3. Time dependent change in the thicknesses of thin layers of thermally grown SiO2 (wet and dry oxidation)
at different pH in PBS solutions at room temperature, and 37 °C.

Figure 4. Change in resistance of test structures of various metals in (a) DI water and (b) pH 7.4 Hank’s solution.

Figure 5. The schematic illustration of inorganic layered substrate structure, using metal foils coated with spin-on-
glass (SOG).

Figure 6. Dissolution kinetics of SiO2 in aqueous solution at different pH and temperature (1) SiO2 thermally grown
by dry or wet oxidation, (2) SiO2 deposited by plasma enhanced chemical vapor deposition and (3) Si02 deposited
by electron beam evaporation. Calculated (lines) and experimental (symbols) dissolution rates of silicon oxides in
buffer solution at different pH (black, pH 7.4; red, pH 8; blue, pH 10; magenta, pH 12) at room (left) and physiological
(right, 37°C) temperature. The thickness was measured by spectroscopic ellipsometry.

Figure 7. (A) Measured data (symbols) and numerical fits (lines) for pH-dependent dissolution kinetics of oxides
(black, tg-oxide by dry oxidation; red, tg-oxide by wet oxidation; blue, PECVD oxide; magenta, E-beam oxide) at
room temperature and 37 °C. (B) SiO2 film property dependency exhibited as film density versus dissolution rate.

Figure 8. Experimental results for dissolution study of SiNx. The plots provide measurements of thickness (nm) as
a function of time (days).

Figure 9. (A) pH-dependent dissolution kinetics of nitrides (black, LPCVD nitride; red, PECVD nitride with LF mode;
blue, PE-CVD nitride with HF mode) at room temperature and 37 °C. (B) SiNx film property dependency exhibited
as film density versus dissolution rate.

Figure 10. Dissolution kinetics for different oxides immersed in various aqueous solutions. A) Bovine serum (pH
∼7.4) at 37°C (black, tg-oxide by dry oxidation; red, tg-oxide by wet oxidation; blue, PECVD oxide; magenta, E-
beam oxide), B) sea water (pH ∼7.8) at RT (black, tg-oxide by dry oxidation; red, tg-oxide by wet oxidation; blue,



EP 2 984 910 B1

11

5

10

15

20

25

30

35

40

45

50

55

PECVD oxide; magenta, E-beam oxide), C) Bovine serum (pH ∼7.4) at 37°C (black, LPCVD nitride; red, PECVD
nitride with LF mode; blue, PECVD nitride with HF mode), D) sea water (pH ∼7.8) at RT (black, LPCVD nitride; red,
PECVD nitride with LF mode; blue, PECVD nitride with HF mode).

Figure 11. Curing mechanism and dissolution study of spin-on-glass encapsulation layers cured at various temper-
atures and times.

Figure 12. pH dependent dissolution studies of amorphous silicon (a-Si), polycrystalline silicon (p-Si) and silicon
germanide (SiGe).

Figure 13. Electrical dissolution rates and thicknesses of sputter deposited Mg, Mg alloy (AZ31B, Al 3%, Zn 1%),
Zn, Mo, W, CVD deposited W, and E-beam evaporated Fe in DI water and Hanks’ solution with pH 5-8.

Figure 14. Current versus voltage plots for devices containing transient metal components.

Figure 15. Photographs showing dissolution of a transient transistor array on a biodegradable metal foil.

Figure 16. Dissolution kinetics of various metal foils (Mo, Zn, Fe, W) under physiological conditions (PBS, pH 7.4,
37 °C).

Figure 17. Schematic of a fabrication strategy using metal foils. 1) Lamination of metal foil on a carrier substrate
(e.g., PDMS coated on glass), 2) fabrication of a transistor array directly on the metal foil, and 3) peeling of the
device from the carrier substrate.

Figure 18. Demonstrations of inorganic substrates.

Figure 19. Schematic illustrations of encapsulation methods for transient electronic devices, showing defects (e.g.
pinholes) covered by a bilayer of SiO2/Si3N4; ALD provides a defect-free layer.

Figure 20. (A) Measurements of changes in resistance of Mg traces (-300 nm thick) encapsulated with different
materials and thicknesses while immersed in deionized (DI) water at room temperature. A single layer of ALD SiO2
(orange, 20 nm), PECVD SiO2 (black, 1 mm) and PECVD-LF Si3N4 (red, 1 mm), a double layer of PECVD
SiO2/PECVD-LF Si3N4 (blue, 500/500 nm), PECVD SiO2/ALD SiO2 (magenta, 500/20 nm), PECVD-LF Si3N4/ALD
Si02 (purple, 500/20 nm), and a triple layer of PECVD SiO2/PECVD-LF Si3N4 (Cyan, 200/200/200/200/100/100 nm)
were used for the encapsulation.

Figure 21. A series of micrographs of a serpentine trace of Mg (initially -300 nm thick) during dissolution in DI water
at room temperature. Dissolution begins from local defects, then rapidly propagates outward.

Figure 22. Demonstration of the electrical properties of electronic devices fabricated on metal foils. (A) Transistor
array on Fe foil (-10 mm thick), (B) Diode array on Zn foil (∼ 10 mm thick), (C) Capacitor array on Mo foil (∼ 10 mm
thick), (D) Inductor array on Mo foil (∼ 10 mm thick).

Figure 23. Transience of transient devices on inorganic substrates with inorganic encapsulation. (A) Transistor on
Mo foil with MgO encapsulation (∼ 800 nm), (B) Diode on Mo foil with MgO encapsulation (∼ 800 nm), (C) Capacitor
on Mo foil with MgO encapsulation (∼ 800 nm), (D) Inductor on Mo foil with MgO encapsulation.

Figure 24. Sample structure for a dissolution test of single wafer SiGe (Ge) with atomic force microscopy (AFM).
(a) Schematic illustration of test structure: array of square holes (3 mm 3 3 mm 3 20 nm) of PECVD SiO2 mask on
SiGe single wafer. (b) AFM topographical images and c) profiles of SiGe, at different stages of dissolution in buffer
solution (pH 10) at 37 °C.

Figure 25. Dissolution kinetics of various semi-conductors in various buffer solutions, with different pH at room and
physiological temperatures. (a) polycrystalline silicon, (b) amorphous silicon, (c) silicon-germanium and (d) germa-
nium.

Figure 26. Dissolution kinetics of different types of silicon in various aqueous solutions. (a) Tap water (pH ∼7.8),
deionized water (DI, pH ∼8.1) and spring water (pH ∼7.4), (b) Coke (pH ∼2.6), (c) milk (pH ∼6.4) at room temperature,
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(d) bovine serum (pH-7.4) at room and 37 °C, and (e) sea water (pH ∼7.8) at room temperature. (f) Changes in
resistance of a meander trace formed from a phosphorous doped polycrystalline and amorphous Si NM (-35 nm)
in phosphate buffer solution (pH 10) at 37 °C.

Figure 27. Thin film solar cell with fully transient materials. (a), (b) Image and structure of amorphous Si based
photovoltaic cell array on degradable substrate. (c) Performance of unit cell of solar cells. (d) Electrical transience
behavior of a-Si diode and (e) transience of performance of solar cell.

Figure 28. Schematic illustration, images and data from a structure for testing the dissolution of thin (-100 nm thick)
square pads of Si02 formed by plasma-enhanced chemical vapor deposition (PECVD). a) Schematic illustration of
the test structure, which consists of an array of square pads (3 mm 3 3 mm 3 100 nm) of PECVD SiO2 deposited
at 350 °C on a thermally grown oxide (tg-oxide) on a silicon (100) wafer, with inset optical micrograph. b) AFM
topographical images and c) profiles of a representative pad at different stages of hydrolysis in buffer solution (pH
12) at physiological temperature (37 °C).

Figure 29. AFM surface topography and thickness profile for PECVD oxide at various stages of dissolution in (a),
(b) buffer solution (pH 7.4) at 37 °C, and (c), (d) buffer solution (pH 10) at 37 °C.

Figure 30. AFM surface topography and thickness profile for E-beam oxide at various stages of dissolution in buffer
solution with (a), (b) pH 7.4, and (c), (d) pH 8, and (e), (f) pH 10, at 37 °C.

Figure 31. Dissolution kinetics, as defined by the rate of change of film thicknesses, of different silicon oxides in
various aqueous solutions, with different values of pH at room and physiological temperatures. a) Calculated (lines)
and measured (symbols) values for the time-dependent dissolution of thermally grown SiO2 (dry oxidation) in buffer
solutions (black, pH 7.4; red, pH 8; blue, pH 10; purple, pH 12) at room (left) and physiological (right, 37 °C)
temperature. b) Calculated (lines) and measured (symbols) dissolution behaviors of PECVD Si02 in diverse aqueous
solutions with different pH at room (left) and physiological (right, 37 °C) temperature. c) Calculated (lines) and
experimental (symbols) results of dissolution studies on E-beam SiO2 in aqueous solutions at different pH and
temperature. d) Dependence of dissolution kinetics of silicon oxide films on pH (black, tg-oxide (dry); red, tg-oxide
(wet); blue, PECVD Si02; purple, E-beam Si02) at physiological temperature (37 °C) corresponding to experimental
data (symbol) and numerical fits (line). e) Measurements of dissolution rates of silicon oxides as a function of film
density in buffer solution (pH 7.4) at room (black) and physiological (red, 37 °C) temperature.

Figure 32. Bonding energy of Si 2p for tg-oxide (black, dry oxidation), PECVD oxide (red), and E-beam oxide (blue)
measured by XPS.

Figure 33. Measured density of several oxides (black, tg-oxide by dry oxidation; red, tg-oxide by wet oxidation; blue,
PECVD oxide; magenta, E-beam oxide) determined by XRR. The triangles indicate the critical angles.

Figure 34. TEM images and diffraction patterns (inset) of a) PECVD oxide and b) E-beam oxide.

Figure 35. AFM measurements of surface roughness of PECVD Si02 while immersed in different pH solutions at
37 °C. a) Average surface roughness (Ra) at various stages of dissolution in buffer solution (black, pH 7.4; red, pH
8; blue, pH 10; magenta, pH 12), b) surface topographic images after 6 days in buffer solution (top right, pH 7.4;
bottom left, pH 10; bottom right, pH 12).

Figure 36. Dissolution kinetics via hydrolysis of various silicon nitrides in aqueous solutions at different pH and
temperature. a) Calculated (lines) and measured (symbols) values for the dissolution of Si3N4 formed by low-pressure
chemical-vapor deposition (LPCVD) in buffer solutions (black, pH 7.4; red, pH 8; blue, pH 10; purple, pH 12) at room
(left) and physiological (right, 37 °C) temperature. b) Calculated (lines) and measured (symbols) dissolution behaviors
of PECVD Si3N4 (low-frequency mode) in diverse aqueous solutions with different pH at room (left) and physiological
(right, 37 °C) temperature. c) Calculated (lines) and experimental (symbols) results of dissolution study on PECVD
Si3N4 (high-frequency mode) in aqueous solutions at different pH and temperature. d) Calculated (lines) and ex-
perimental (symbols) results of the dependence of dissolution kinetics of silicon nitride films on pH (black, LP-CVD
Si3N4; red, PE-CVD Si3N4 (low frequency); blue, PE-CVD Si3N4 (high frequency)) at physiological temperature
(37°C). e) Measured dissolution rate of silicon nitrides as a function of film density in buffer solution (pH 7.4) at room
(black) and physiological (red, 37 °C) temperature.
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Figure 37. Densities of nitrides (black, LPCVD nitride; red, PECVD nitride with LF mode; blue, PECVD nitride with
HF mode) measured by XRR. The triangles indicate the critical angles.

Figure 38. Measurements of changes in thickness of ALD SiO2 during immersion in buffer solution (pH 7.4) at 37 °C.

Figure 39. (A) Structures of the components of mixture 7A of Table 3 showing reactive groups. (B) Component
ratios and indication that degradation rate increases as hydrophobicity decreases. (C) Reaction scheme for forming
a polyanhydride encapsulant material comprising a phosphodiester group within the polymeric chain. (D) Reaction
scheme for forming a polyanhydride encapsulant material comprising a silyl ether group within the polymeric chain.
(E) Reaction scheme for forming a polyanhydride encapsulant material comprising an ether group within the polymeric
chain.

Figure 40. Schematic of water permeability test set-up.

Figure 41. Performance of the organic encapsulants compared to materials of other classes, such as inorganic
encapsulants, as change in conductor resistance over time.

Figure 42. Dissolution rates of three polyanhydrides (A: A1T1, B: A1T2, C: A1T4) in buffer solutions with pH 5.7
(squares), pH 7.4 (circles) and pH 8 (triangles).

DETAILED DESCRIPTION OF THE INVENTION

[0038] In general, the terms and phrases used herein have their art-recognized meaning, which can be found by
reference to standard texts, journal references and contexts known to those skilled in the art. The following definitions
are provided to clarify their specific use in the context of the invention.
[0039] "Functional layer" refers to a layer that imparts some functionality to the device. For example, the functional
layer may contain semiconductor components, metallic components, dielectric components, optical components, pie-
zoelectric components, etc. Alternatively, the functional layer may comprise multiple layers, such as multiple semicon-
ductor layers, metallic layers or dielectric layers separated by support layers. The functional layer may comprise a
plurality of patterned elements, such as interconnects running between electrodes 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 plane within a
multilayer device.
[0040] "Structural layer" refers to a layer that imparts structural functionality, for example by supporting, securing
and/or encapsulating device components. The invention includes transient devices having one or more structural layers,
such as encapsulating layers, embedding layers, adhesive layers and/or substrate layers.
[0041] "Semiconductor" refers to any material that is an insulator at a very low temperature, but which has an appreciable
electrical conductivity at a temperature of about 300 Kelvin. In the present description, use of the term semiconductor
is intended to be consistent with use of this term in the art of microelectronics and electronic devices. Useful semicon-
ductors include those comprising elemental semiconductors, such as silicon, germanium and diamond, and compound
semiconductors, such as group IV compound semiconductors such as SiC and SiGe, group III-V semiconductors such
as AlSb, AlAs, AIN, AlP, BN, BP, BAs, GaSb, GaAs, GaN, GaP, InSb, InAs, InN, and InP, group III-V ternary semicon-
ductors alloys such as AlxGa1-xAs, group II-VI semiconductors such as CsSe, CdS, CdTe, ZnO, ZnSe, ZnS, and ZnTe,
group I-VII semiconductors such as CuCI, group IV - VI semiconductors such as PbS, PbTe, and SnS, layer semicon-
ductors such as PbI2, MoS2, and GaSe, oxide semiconductors such as CuO and Cu2O. The term semiconductor includes
intrinsic semiconductors and extrinsic semiconductors that are doped with one or more selected materials, including
semiconductors having p-type doping materials and n-type doping materials, to provide beneficial electronic properties
useful for a given application or device. The term semiconductor includes composite materials comprising a mixture of
semiconductors and/or dopants. Specific semiconductor materials useful for some embodiments include, but are not
limited to, Si, Ge, Se, diamond, fullerenes, SiC, SiGe, SiO, Si02, SiN, AlSb, AlAs, AlIn, AIN, AlP, AIS, BN, BP, BAs,
As2S3, GaSb, GaAs, GaN, GaP, GaSe, InSb, InAs, InN, InP, CsSe, CdS, CdSe, CdTe, Cd3P2, Cd3As2, Cd3Sb2, ZnO,
ZnSe, ZnS, ZnTe, Zn3P2, Zn3As2, Zn3Sb2, ZnSiP2, CuCI, PbS, PbSe, PbTe, FeO, FeS2, NiO, EuO, EuS, PtSi, TIBr,
CrBr3, SnS, SnTe, PbI2, MoS2, GaSe, CuO, Cu2O, HgS, HgSe, HgTe, HgI2, MgS, MgSe, MgTe, CaS, CaSe, SrS, SrTe,
BaS, BaSe, BaTe, SnO2, TiO, Ti02, Bi2S3, Bi2O3, Bi2Te3, BiI3, U02, U03, AgGaS2, PbMnTe, BaTiO3, SrTiO3, LiNbO3,
La2Cu04, La0.7Ca0.3MnO3, CdZnTe, CdMnTe, CuInSe2, copper indium gallium selenide (CIGS), HgCdTe, HgZnTe,
HgZnSe, PbSnTe, Tl2SnTe5, Tl2GeTe5, AIGaAs, AIGaN, AIGaP, AlInAs, AlInSb, AllnP, AlInAsP, AIGaAsN, GaAsP,
GaAsN, GaMnAs, GaAsSbN, GaInAs, GalnP, AlGaAsSb, AlGaAsP, AlGaInP, GaInAsP, InGaAs, InGaP, InGaN, InAsSb,
InGaSb, InMnAs, InGaAsP, InGaAsN, InAIAsN, GaInNAsSb, GaInAsSbP, and any combination of these. Porous silicon
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semiconductor materials are useful for aspects described herein. Impurities of semiconductor materials are atoms,
elements, ions and/or molecules other than the semiconductor material(s) themselves or any dopants provided to the
semiconductor material. Impurities are undesirable materials present in semiconductor materials which may negatively
impact the electronic properties of semiconductor materials, and include but are not limited to oxygen, carbon, and
metals including heavy metals. Heavy metal impurities include, but are not limited to, the group of elements between
copper and lead on the periodic table, calcium, sodium, and all ions, compounds and/or complexes thereof.
[0042] A "semiconductor component" broadly refers to any semiconductor material, composition or structure, and
expressly includes high quality single crystalline and polycrystalline semiconductors, semiconductor materials fabricated
via high temperature processing, doped semiconductor materials, inorganic semiconductors, and composite semicon-
ductor materials.
[0043] A "component" is used broadly to refer to an individual part of a device. An "interconnect" is one example of a
component, and refers to an electrically conducting structure capable of establishing an electrical connection with another
component or between components. In particular, an interconnect may establish electrical contact between components
that are separate. Depending on the desired device specifications, operation, and application, an interconnect is made
from a suitable material. Suitable conductive materials include semiconductors and metallic conductors.
[0044] Other components include, but are not limited to, thin film transistors (TFTs), transistors, diodes, electrodes,
integrated circuits, circuit elements, control elements, photovoltaic elements, photovoltaic elements (e.g. solar cell),
sensors, light emitting elements, actuators, piezoelectric elements, receivers, transmitters, microprocessors, transduc-
ers, islands, bridges and combinations thereof. Components may be connected to one or more contact pads as known
in the art, such as by metal evaporation, wire bonding, and application of solids or conductive pastes, for example.
Electronic devices of the invention may comprise one or more components, optionally provided in an interconnected
configuration.
[0045] "Neutral mechanical plane" (NMP) refers to an imaginary plane existing in the lateral, b, and longitudinal, l,
directions of a device. The NMP is less susceptible to bending stress than other planes of the device that lie at more
extreme positions along the vertical, h, axis of the device and/or within more bendable layers of the device. Thus, the
position of the NMP is determined by both the thickness of the device and the materials forming the layer(s) of the device.
In an embodiment, a device of the invention includes one or more inorganic semiconductor components, one or more
metallic conductor components or one or more inorganic semiconductor components and one or more metallic conductor
components provided coincident with, or proximate to, the neutral mechanical plane of the device.
[0046] "Coincident" refers to the relative position of two or more objects, planes or surfaces, for example a surface
such as a neutral mechanical plane that is positioned within or adjacent to a layer, such as a functional layer, substrate
layer, or other layer. In an embodiment, a neutral mechanical plane is positioned to correspond to the most strain-
sensitive layer or material within the layer.
[0047] "Proximate" refers to the relative position of two or more objects, planes or surfaces, for example a neutral
mechanical plane that closely follows the position of a layer, such as a functional layer, substrate layer, or other layer
while still providing desired conformability without an adverse impact on the strain-sensitive material physical properties.
"Strain-sensitive" refers to a material that fractures or is otherwise impaired in response to a relatively low level of strain.
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 neutral mechanical plane 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 conformed to a tissue surface. In some embodiments, proximate to
refers to a position of a first element within 100 microns of a second element, or optionally within 10 microns for some
embodiments, or optionally within 1 micron for some embodiments.
[0048] "Electronic device" generally refers to a device incorporating a plurality of components, and includes large area
electronics, printed wire boards, integrated circuits, component arrays, biological and/or chemical sensors, physical
sensors (e.g., temperature, strain, etc.), nanoelectromechanical systems, microelectromechanical systems, photovoltaic
devices, communication systems, medical devices, optical devices, energy storage systems, actuators and electro-optic
devices.
[0049] "Sensing" refers to detecting the presence, absence, amount, magnitude or intensity of a physical and/or
chemical property. Useful electronic device components for sensing include, but are not limited to electrode elements,
chemical or biological sensor elements, pH sensors, temperature sensors, strain sensors, mechanical sensors, position
sensors, optical sensors and capacitive sensors.
[0050] "Actuating" refers to stimulating, controlling, or otherwise affecting a structure, material or device component,
such as one or more inorganic semiconductor components, one or more metallic conductor components or an encap-
sulating material or layer. In an embodiment, actuating refers to a process in which a structure or material is selectively
transformed, for example, so as to undergo a chemical or physical change such as removal, loss or displacement of a
material or structure. Useful electronic device components for actuating include, but are not limited to, electrode elements,
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electromagnetic radiation emitting elements, light emitting diodes, lasers, magnetic elements, acoustic elements, pie-
zoelectric elements, chemical elements, biological elements, and heating elements.
[0051] An "actuator" is a device component that directly or indirectly initiates at least partial transformation of a transient
electronic device in response to a user initiated external trigger signal, for example by initiating an at least partial
transformation of a selectively transformable material of a transient electronic device. For example, an actuator may
initiate at least partial transformation of a transient device by absorbing energy supplied to the device and utilizing or
converting that energy to affect the at least partial transformation. For example, an actuator may initiate at least partial
transformation of a transient device by exposing a device component comprising selectively transformable material to
an internal or external stimulus resulting in an at least partial transformation. For example, an actuator may initiate at
least partial transformation of a transient device by supplying energy (e.g., thermal, electromagnetic radiation, acoustic,
RF energy, etc.) to an intermediate material or device component which affects the transformation, such as supplying
energy to an encapsulating material, inorganic semiconductor components, or metallic conductor components. Thus,
the actuator may comprise a single component or multiple components that alone or in combination facilitate transfor-
mation of the transient electronic device. In some embodiments, an actuator of the invention is directly or indirectly
provided in communication with a transmitter, for example, via one or more receiver device components.
[0052] A "user initiated trigger signal" includes any action, other than the mere placement of a transient device in a
particular environment, by which a person may start or initiate a programmable transformation of a transient device.
Exemplary "user initiated trigger signals" include providing real-time user input data to the device or a transmitter in
communication with the device (e.g., pressing a button, flipping a switch, setting a timer, etc.), providing at least one
non-ambient external source of energy directly or indirectly to the device (e.g., an electric field, a magnetic field, acoustic
energy, pressure, strain, heat, light, mechanical energy, etc.), and/or programming software to execute computer-read-
able instructions, which may be based on data received from the device, for example data from a feedback loop. In an
embodiment, the user initiated external trigger signal is an electronic signal, an optical signal, a thermal signal, a magnetic
signal, a mechanical signal, a chemical signal, an acoustic signal or an electrochemical signal. In an embodiment, the
invention provides a transient electronic device configured to receive a user initiated trigger signal, for example, a user
initiated trigger signal provided by a transmitter and received by a receiver component of the device.
[0053] A "non-ambient external source of energy" includes energy having a magnitude at least 10% greater, or at least
25% greater, or at least 50% greater than the magnitude of ubiquitous energy of the same form found in the environment
in which a transient device is located.
[0054] The terms "directly and indirectly" describe the actions or physical positions of one component relative to another
component. For example, a component that "directly" acts upon or touches another component does so without inter-
vention from an intermediary. Contrarily, a component that "indirectly" acts upon or touches another component does
so through an intermediary (e.g., a third component).
[0055] "Island" refers to a relatively rigid component of an electronic device comprising a plurality of semiconductor
components. "Bridge" refers to structures interconnecting two or more islands or one island to another component.
Specific bridge structures include semiconductor and metallic interconnects. In an embodiment, a transient device of
the invention comprises one or more semiconductor-containing island structures, such as transistors, electrical circuits
or integrated circuits, electrically connected via one or more bridge structures comprising electrical interconnects.
[0056] "Encapsulate" refers to the orientation of one structure such that it is at least partially, and in some cases
completely, surrounded by one or more other structures, such as a substrate, adhesive layer or encapsulating layer.
"Partially encapsulated" refers to the orientation of one structure such that it is partially surrounded by one or more other
structures, for example, wherein 30%, or optionally 50%, or optionally 90%, of the external surface of the structure is
surrounded by one or more structures. "Completely encapsulated" refers to the orientation of one structure such that it
is completely surrounded by one or more other structures. The invention includes transient devices having partially or
completely encapsulated inorganic semiconductor components, metallic conductor components and/or dielectric com-
ponents, for example, via incorporation of a polymer encapsulant, such as a biopolymer, silk, a silk composite, or an
elastomer encapsulant.
[0057] "Barrier layer" refers to a component spatially separating two or more other components or spatially separating
a component from a structure, material, fluid or environment external to the device. In one embodiment, a barrier layer
encapsulates one or more components. In some embodiments, a barrier layer separates one or more components from
an aqueous solution, a biological tissue or both. The invention includes devices having one or more barrier layers, for
example, one or more barrier layers positioned at the interface of the device with an external environment.
[0058] A barrier layer(s), and optionally a sacrificial layer on a substrate, may be etched to produce a "mesh structure",
where at least a portion of the barrier layer(s), and optionally the sacrificial layer on a substrate, is removed. For example
a portion of the barrier layer(s) disposed approximately 10 nanometers or more from an inorganic semiconductor com-
ponent or additional component is removed. Removal of at least a portion of the barrier layer(s), and optionally the
sacrificial layer on the substrate, may produce (i) one or more holes within the barrier layer(s) and/or (ii) electrical
components, which are physically joined by a barrier layer(s) at a proximal end and physically separated at a distal end.
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In one embodiment, a mesh structure may be disposed upon a contiguous substrate, which provides structural support
for the device during deployment into an environment.
[0059] "Contiguous" refers to materials or layers that are touching or connected throughout in an unbroken sequence.
In one embodiment, a contiguous layer of an implantable biomedical device has not been etched to remove a substantial
portion (e.g., 10% or more) of the originally provided material or layer.
[0060] "Active circuit" and "active circuitry" refer to one or more components configured for performing a specific
function. Useful active circuits include, but are not limited to, amplifier circuits, multiplexing circuits, current limiting
circuits, integrated circuits, transistors and transistor arrays. The present invention includes devices wherein the one or
more inorganic semiconductor components, one or more metallic conductor components and/or one or more dielectric
components comprise an active circuit or plurality of active circuits.
[0061] "Substrate" refers to a material, layer or other structure having a surface, such as a receiving surface, that is
capable of supporting one or more components or devices. A component that is "bonded" to the substrate refers to a
component that is in physical contact with the substrate and unable to substantially move relative to the substrate surface
to which it is bonded. Unbonded components or portions of a component, in contrast, are capable of substantial movement
relative to the substrate. In an embodiment, the invention provides devices wherein one or more inorganic semiconductor
components, one or more metallic conductor components and/or one or more dielectric components are directly or
indirectly bonded to the substrate, for example, via an adhesive layer or via an adhesion layer.
[0062] A "selectively transformable material" is a material that undergoes a physical change and/or a chemical change
under pre-selected and/or predetermined conditions, such as conditions of time, pressure, temperature, chemical or
biological composition, and/or electromagnetic radiation. Selectively transformable materials useful for some device
applications undergo a physical transformation, such as a phase change including melting, sublimation, etc., optionally
at a preselected time or at a preselected rate or in response to a preselected set of conditions or change in conditions.
Selectively transformable materials useful for some device applications undergo a chemical transformation, such as
decomposition, disintegration, dissolution, hydrolysis, resorption, bioresporption, photodecomposition, depolymeriza-
tion, etching, or corrosion, optionally at a preselected time or at a preselected rate or in response to a preselected set
of conditions or change in conditions. The pre-selected condition(s) may occur naturally, for example, provided by
conditions of a device environment (e.g., ambient temperature, pressure, chemical or biological environment, natural
electromagnetic radiation, etc.) or may occur via artificial condition(s) provided to, or within, a transient electronic device,
such as a user or device initiated temperature, pressure, chemical or biological environment, electromagnetic radiation,
magnetic conditions, mechanical strain, or electronic conditions. When the selectively transformable material of a transient
electronic device is exposed to the condition(s) that initiate transformation of the material, the selectively transformable
material may be substantially completely or completely transformed at a "pre-selected time" or a "pre-selected rate".
Devices of the invention include selectively transformable materials that undergo a complete transformation, substantially
complete transformation or an incomplete transformation. A selectively transformable material that is "substantially
completely" transformed is 95% transformed, or 98% transformed, or 99% transformed, or 99.9% transformed, or 99.99%
transformed, but not completely (i.e., 100%) transformed. In some embodiments, a selectively transformable material
undergoes a chemical change resulting in a change in a physical, chemical, electronic or optoelectronic property, op-
tionally at a pre-selected time or at a pre-selected rate. In an embodiment, for example, a selectively transformable
material undergoes a chemical or physical change resulting in a change of a first composition characterized by a con-
ducting or semiconducting material to a second composition characterized as an insulator. In some embodiments, a
selectively transformable material is a selectively removable material.
[0063] A "selectively removable material" is a material that is physically and/or chemically removed under pre-selected
or predetermined conditions such as conditions of time, pressure, temperature, chemical or biological composition,
and/or electromagnetic radiation. In an embodiment, for example, a selectively removable material is removed via a
process selected from the group consisting of decomposition, disintegration, dissolution, hydrolysis, resorption, biore-
sporption, photodecomposition, and depolymerization, optionally at a preselected time or at a preselected rate or in
response to a preselected set of conditions or change in conditions. In an embodiment, for example, a selectively
removable material is removed by undergoing a phase change, such as melting or sublimation, resulting in loss or
relocation of the material, optionally at a preselected time or at a preselected rate or in response to a preselected set of
conditions or change in conditions. The pre-selected condition(s) may occur naturally, for example, provided by conditions
of a device environment (e.g., ambient temperature, pressure, chemical or biological environment, natural electromag-
netic radiation, etc.) or may occur via artificial condition(s) provided to, or within, a transient electronic device, such as
a user or device initiated temperature, pressure, chemical or biological environment, electromagnetic radiation, electronic
conditions. When the selectively removable material of a transient electronic device is exposed to the condition(s) that
initiate removal of the material, the selectively removable material may be substantially completely removed, completely
removed or incompletely removed at a "pre-selected time" or a "pre-selected rate". A selectively removable material that
is "substantially completely" removed is 95% removed, or 98% removed, or 99% removed, or 99.9% removed, or 99.99%
removed, but not completely (i.e., 100%) removed.



EP 2 984 910 B1

17

5

10

15

20

25

30

35

40

45

50

55

[0064] A "pre-selected time" refers to an elapsed time from an initial time, t0. For example, a pre-selected time may
refer to an elapsed time from a component/device fabrication or deployment, to a critical time, tc, for example, when the
thickness of a selectively removable material exposed to a pre-selected condition(s) reaches zero, or substantially zero
(10% or less of initial thickness, 5% or less of initial thickness, 1% or less of initial thickness) or when a property (e.g.
conductance or resistivity) of a selectively removable material reaches a threshold value; e.g., a decrease in conductivity
equal to 50%, optionally for some applications 80%, and optionally for some applications 95% or alternatively when
conductivity equals 0. In an embodiment, the preselected time may be calculated according to: 

where tc is the critical time, ρm is the mass density of the material, M(H2O) is the molar mass of water, M(m) is the molar
mass of the material, h0 is the initial thickness of the material, D is the diffusivity of water, k is the reaction constant for
the dissolution reaction, and w0 is the initial concentration of water.
[0065] A "pre-selected rate" refers to an amount of selectively removable material removed from a device or component
per unit time. The pre-selected rate may be reported as an average rate (over the lifetime of the device or component)
or an instantaneous rate. When a rate type is not specified, an average rate is assumed.
[0066] A "programmable transformation" refers to a pre-selected or predetermined physical, chemical and/or electrical
change within a transient electronic device that provides a change of the function of the device from a first condition to
a second condition. A programmable transformation may be pre-set at the time of component/device fabrication or
deployment or a real-time triggered programmable transformation controlled by a transmitter that provides a signal
received by the device.
[0067] A "transience profile" describes a change in physical parameters or properties (e.g., thickness, conductivity,
resistance, mass, porosity, etc.) of a material as a function of time, e.g., thickness gained/lost over time. A transience
profile may be characterized by a rate, for example, the rate of change of the physical dimensions (e.g., thickness) or
physical properties (e.g., mass, conductivity, porosity, resistance, etc.) of a selectively transformable material. The
invention includes selectively transformable materials having a transience profile characterized by a rate of change of
the physical dimensions (e.g., thickness) or physical properties (e.g., mass, conductivity, etc.) that is constant or varies
as a function of time.
[0068] "Degradable" refers to material that is susceptible to being chemically and/or physically broken down into smaller
segments. Degradable materials may, for example, be decomposed, resorbed, dissolved, absorbed, corroded, de-
polymerized and/or disintegrated. In some embodiments, the invention provides degradable devices.
[0069] "Bioresorbable" refers to a material that is susceptible to being chemically broken down into lower molecular
weight chemical moieties by reagents that are naturally present in a biological environment. In an in-vivo application,
the chemical moieties may be assimilated into human or animal tissue. A bioresorbable material that is "substantially
completely" resorbed is highly resorbed (e.g., 95% resorbed, or 98% resorbed, or 99% resorbed, or 99.9% resorbed,
or 99.99% resorbed), but not completely (i.e., 100%) resorbed. In some embodiments, the invention provides bioresorb-
able devices.
[0070] "Biocompatible" refers to a material that does not elicit an immunological rejection or detrimental effect when
it is disposed within an in-vivo biological environment. For example, a biological marker indicative of an immune response
changes less than 10%, or less than 20%, or less than 25%, or less than 40%, or less than 50% from a baseline value
when a biocompatible material is implanted into a human or animal. In some embodiments, the invention provides
biocompatible devices.
[0071] "Bioinert" refers to a material that does not elicit an immune response from a human or animal when it is
disposed within an in-vivo biological environment. For example, a biological marker indicative of an immune response
remains substantially constant (plus or minus 5% of a baseline value) when a bioinert material is implanted into a human
or animal. In some embodiments, the invention provides bioinert devices.
[0072] "Ecocompatible" refers to a material that is environmentally benign in that it may be degraded or decomposed
into one or more compounds that occur naturally in the environment. In some embodiments, the invention provides
ecocompatible devices.
[0073] "Nanostructured material" and "microstructured material" refer to materials having one or more nanometer-
sized and micrometer-sized, respectively, physical dimensions (e.g., thickness) or features such as recessed or relief
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features, such as one or more nanometer-sized and micrometer-sized channels, voids, pores, pillars, etc. The relief
features or recessed features of a nanostructured material have at least one physical dimension selected from the range
of 1 - 1000 nm, while the relief features or recessed features of a microstructured material have at least one physical
dimension selected from the range of 1 -1000 mm. Nanostructured and microstructured materials include, for example,
thin films (e.g., microfilms and nanofilms), porous materials, patterns of recessed features, patterns of relief features,
materials having abrasive or rough surfaces, and the like. A nanofilm structure is also an example of a nanostructured
material and a microfilm structure is an example of a microstructured material. In an embodiment, the invention provides
devices comprising one or more nanostructured or microstructured inorganic semiconductor components, one or more
nanostructured or microstructured metallic conductor components, one or more nanostructured or microstructured die-
lectric components, one or more nanostructured or microstructured encapsulating layers and/or one or more nanostruc-
tured or microstructured substrate layers.
[0074] A "nanomembrane" is a structure having a thickness selected from the range of 1 - 1000 nm or alternatively
for some applications a thickness selected from the range of 1 - 100 nm, for example provided in the form of a ribbon,
cylinder or platelet. In some embodiments, a nanoribbon is a semiconductor, dielectric or metallic conductor structure
of an electronic device. In some embodiments, a nanoribbon has a thickness less than 1000 nm and optionally less than
100 nm. In some embodiments, a nanoribbon has a ratio of thickness to a lateral dimension (e.g., length or width)
selected from the range of 0.1 to 0.0001.
[0075] "Dielectric" refers to a non-conducting or insulating material. In an embodiment, an inorganic dielectric comprises
a dielectric material substantially free of carbon. Specific examples of inorganic dielectric materials include, but are not
limited to, silicon nitride, silicon dioxide, silk, silk composite, elastomers and polymers.
[0076] "Polymer" refers to a macromolecule composed of repeating structural units connected by covalent chemical
bonds or the polymerization product of one or more monomers, often characterized by a high molecular weight. The
term polymer includes homopolymers, or polymers consisting essentially of a single repeating monomer subunit. The
term polymer also includes copolymers, or polymers consisting essentially of two or more monomer subunits, such as
random, block, alternating, segmented, grafted, tapered and other copolymers. Useful polymers include organic polymers
or inorganic polymers that may be in amorphous, semi-amorphous, crystalline or partially crystalline states. Crosslinked
polymers having linked monomer chains are particularly useful for some applications. Polymers useable in the methods,
devices and components include, but are not limited to, plastics, elastomers, thermoplastic elastomers, elastoplastics,
thermoplastics and acrylates. Exemplary polymers include, but are not limited to, acetal polymers, biodegradable poly-
mers, cellulosic polymers, fluoropolymers, nylons, polyacrylonitrile polymers, polyamide-imide polymers, polyimides,
polyarylates, polybenzimidazole, polybutylene, polycarbonate, polyesters, polyetherimide, polyethylene, polyethylene
copolymers and modified polyethylenes, polyketones, poly(methyl methacrylate), polymethylpentene, polyphenylene
oxides and polyphenylene sulfides, polyphthalamide, polypropylene, polyurethanes, styrenic resins, sulfone-based res-
ins, vinyl-based resins, rubber (including natural rubber, styrene-butadiene, polybutadiene, neoprene, ethylene-propyl-
ene, butyl, nitrile, silicones), acrylic, nylon, polycarbonate, polyester, polyethylene, polypropylene, polystyrene, polyvinyl
chloride, polyolefin or any combinations of these.
[0077] "Elastomeric stamp" and "elastomeric transfer device" are used interchangeably and refer to an elastomeric
material having a surface that can receive as well as transfer a material. Exemplary conformal transfer devices useful
in some methods of the invention include elastomeric transfer devices such as elastomeric stamps, molds and masks.
The transfer device affects and/or facilitates material transfer from a donor material to a receiver material. In an embod-
iment, a method of the invention uses a conformal transfer device, such as an elastomeric transfer device (e.g. elastomeric
stamp) in a microtransfer printing process, for example, to transfer one or more single crystalline inorganic semiconductor
structures, one or more dielectric structures and/or one or more metallic conductor structures from a fabrication substrate
to a device substrate.
[0078] "Elastomer" refers to a polymeric material which can be stretched or deformed and returned to its original shape
without substantial permanent deformation. Elastomers commonly undergo substantially elastic deformations. Useful
elastomers include those comprising polymers, copolymers, composite materials or mixtures of polymers and copoly-
mers. Elastomeric layer refers to a layer comprising at least one elastomer. Elastomeric layers may also include dopants
and other non-elastomeric materials. Useful elastomers include, but are not limited to, thermoplastic elastomers, styrenic
materials, olefinic materials, polyolefin, polyurethane thermoplastic elastomers, polyamides, synthetic rubbers, PDMS,
polybutadiene, polyisobutylene, poly(styrene-butadiene-styrene), polyurethanes, polychloroprene and silicones. In some
embodiments, an elastomeric stamp comprises an elastomer. Exemplary elastomers include, but are not limited to silicon
containing polymers such as polysiloxanes including poly(dimethyl siloxane) (i.e. PDMS and h-PDMS), poly(methyl
siloxane), partially alkylated poly(methyl siloxane), poly(alkyl methyl siloxane) and poly(phenyl methyl siloxane), silicon
modified elastomers, thermoplastic elastomers, styrenic materials, olefinic materials, polyolefin, polyurethane thermo-
plastic elastomers, polyamides, synthetic rubbers, polyisobutylene, poly(styrene-butadiene-styrene), polyurethanes,
polychloroprene and silicones. In an embodiment, a polymer is an elastomer.
[0079] "Conformable" refers to a device, material or substrate which has a bending stiffness that is sufficiently low to
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allow the device, material or substrate to adopt any desired contour profile, for example a contour profile allowing for
conformal contact with a surface having a pattern of relief features. In certain embodiments, a desired contour profile is
that of a tissue in a biological environment.
[0080] "Conformal contact" refers to contact established between a device and a receiving surface. In one aspect,
conformal contact involves a macroscopic adaptation of one or more surfaces (e.g., contact surfaces) of a device to the
overall shape of a surface. In another aspect, conformal contact involves a microscopic adaptation of one or more
surfaces (e.g., contact surfaces) of a device to a surface resulting in an intimate contact substantially free of voids. In
an embodiment, conformal contact involves adaptation of a contact surface(s) of the device to a receiving surface(s)
such that intimate contact is achieved, for example, wherein less than 20% of the surface area of a contact surface of
the device does not physically contact the receiving surface, or optionally less than 10% of a contact surface of the
device does not physically contact the receiving surface, or optionally less than 5% of a contact surface of the device
does not physically contact the receiving surface. In an embodiment, a method of the invention comprises establishing
conformal contact between a conformal transfer device and one or more single crystalline inorganic semiconductor
structures, one or more dielectric structures and/or one or more metallic conductor structures, for example, in a micro-
transfer printing process, such as dry transfer contact printing.
[0081] "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: 

where E is Young’s modulus, L0 is the equilibrium length, ΔL 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: 

where λ and m 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 given material, layer or device. In some
embodiments, 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. In an embodiment, a low modulus layer has a Young’s modulus less than 100 MPa,
optionally less than 10 MPa, and optionally a Young’s modulus selected from the range of 0.1 MPa to 50 MPa. In an
embodiment, a high modulus layer has a Young’s modulus greater than 100 MPa, optionally greater than 10 GPa, and
optionally a Young’s modulus selected from the range of 1 GPa to 100 GPa. In an embodiment, a device of the invention
has one or more components, such as substrate, encapsulating layer, inorganic semiconductor structures, dielectric
structures and/or metallic conductor structures, having a low Young’s modulus. In an embodiment, a device of the
invention has an overall low Young’s modulus.
[0082] "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 material.
[0083] "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.
[0084] "Bending stiffness" is a mechanical property of a material, device or layer describing the resistance of the
material, device or layer to an applied bending moment. Generally, bending stiffness is defined as the product of the
modulus and area moment of inertia of the material, device or layer. A material having an inhomogeneous bending
stiffness may optionally be described in terms of a "bulk" or "average" bending stiffness for the entire layer of material.
[0085] Transient devices and methods of making and using the devices will now be described with reference to the
figures. For clarity, multiple items within a figure may not be labeled and the figures may not be drawn to scale.
[0086] Figures 1A - 1D provide schematic diagrams illustrating side views of transient electronic devices. Figures 1A
and 1B are directed to transient electronic devices having a multilayer encapsulant layer comprising a selectively re-
movable inorganic material in combination with a barrier layer or electrically insulating layer. Figures 1C and 1D are
directed to a transient electronic device having a multilayer substrate comprising a selectively removable inorganic
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material in combination with a barrier layer or electrically insulating layer.
[0087] In Figure 1A, transient electronic device 100A comprises substrate 105 supporting, directly or indirectly, one
or more inorganic semiconductor components, one or more metallic conductor components or one or more inorganic
semiconductor components and one or more metallic conductor components 110, which in some embodiments comprise
semiconductor devices or semiconductor device components. Encapsulant layer 115A is provided so as to completely
or partially encapsulate the inorganic semiconductor components and/or metallic conductor components 110, for example
by encapsulating at least 20%, 50%, 70% or 90% of the area or volume of the inorganic semiconductor components
and/or metallic conductor components 110. As shown in Figure 1A, encapsulant layer 115A is a multilayer structure
comprising an interior layer 120, comprising a barrier layer or electrically insulating layer, and an exterior layer 125
comprising a selectively removable inorganic material, such as an inorganic thin film, foil or coating. In an embodiment,
for example, interior layer 120 is an electrically insulating layer preventing electrical contact between exterior layer
comprising a selectively removable inorganic material 125 and the underlying inorganic semiconductor components
and/or metallic conductor components 110. In an embodiment, for example, exterior layer 125 comprises a metal foil
having a preselected transience profile, wherein at least partial removal of the exterior layer 125 in response to an
external or internal stimulus at least partially exposes the inorganic semiconductor components and/or metallic conductor
components 110, for example, to the internal or external stimulus and/or to an external environment.
[0088] In Figure 1B, transient electronic device 100B comprises substrate 105 supporting, directly or indirectly, one
or more inorganic semiconductor components, one or more metallic conductor components or one or more inorganic
semiconductor components and one or more metallic conductor components 110, which in some embodiments comprise
semiconductor devices or semiconductor device components. Encapsulant layer 115B is provided so as to completely
or partially encapsulate the inorganic semiconductor components and/or metallic conductor components 110, for example
by encapsulating at least 20%, 50%, 70% or 90% of the area or volume of the inorganic semiconductor components
and/or metallic conductor components 110. As shown in Figure 1B, encapsulant layer 115B is a multilayer structure
comprising an interior layer 120 comprising a barrier layer or electrically insulating layer, and an intermediate layer 125
comprising a selectively removable inorganic material, such as an inorganic thin film, foil or coating and an exterior layer
130 comprising a barrier layer or electrically insulating layer. In an embodiment, for example, interior layer 120 is an
electrically insulating layer preventing electrical contact between intermediate layer comprising a selectively removable
inorganic material 125 and the underlying inorganic semiconductor components and/or metallic conductor components
110. In an embodiment, for example, exterior layer 130 is a barrier layer substantially impermeable to an external
composition, such as an external solvent (e.g., water, biofluid, etc.). In an embodiment, for example, intermediate layer
125 comprises a metal foil or metal oxide layer having a preselected transience profile, wherein at least partial removal
of the intermediate layer 125 and interior layer 120 in response to an external or internal stimulus at least partially exposes
the inorganic semiconductor components and/or metallic conductor components 110, for example, to the internal or
external stimulus and/or to an external environment.
[0089] In Figure 1C, transient electronic device 200A comprises substrate 215A supporting, directly or indirectly, one
or more inorganic semiconductor components, one or more metallic conductor components or one or more inorganic
semiconductor components and one or more metallic conductor components 210, which in some embodiments comprise
semiconductor devices or semiconductor device components. Encapsulant layer 220 is provided so as to completely or
partially encapsulate the inorganic semiconductor components and/or metallic conductor components 210, for example
by encapsulating at least 20%, 50%, 70% or 90% of the area or volume of the inorganic semiconductor components
and/or metallic conductor components 210. As shown in Figure 1C, substrate 215A is a multilayer structure comprising
an interior layer 230, comprising a barrier layer or electrically insulating layer, and an exterior layer 205 comprising a
selectively removable inorganic material, such as an inorganic thin film, foil or coating. In an embodiment, for example,
interior layer 230 is an electrically insulating layer preventing electrical contact between exterior layer comprising a
selectively removable inorganic material 205 and the inorganic semiconductor components and/or metallic conductor
components 210. In an embodiment, for example, exterior layer 205 comprises a metal foil or metal oxide layer having
a preselected transience profile, wherein at least partial removal of the exterior layer 205 in response to an external or
internal stimulus at least partially exposes the inorganic semiconductor components and/or metallic conductor compo-
nents 210, for example, to the internal or external stimulus and/or to an external environment.
[0090] In Figure 1D, transient electronic device 200B comprises substrate 215B supporting, directly or indirectly, one
or more inorganic semiconductor components, one or more metallic conductor components or one or more inorganic
semiconductor components and one or more metallic conductor components 210, which in some embodiments comprise
semiconductor devices or semiconductor device components. Encapsulant layer 220 is provided so as to completely or
partially encapsulate the inorganic semiconductor components and/or metallic conductor components 210, for example
by encapsulating at least 20%, 50%, 70% or 90% of the area or volume of the inorganic semiconductor components
and/or metallic conductor components 210. As shown in Figure 1D, substrate 215B is a multilayer structure comprising
an interior layer 230A comprising a barrier layer or electrically insulating layer, and an intermediate layer 205 comprising
a selectively removable inorganic material, such as an inorganic thin film, foil or coating and an exterior layer 230B
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comprising a barrier layer or electrically insulating layer. In an embodiment, for example, interior layer 230A is an
electrically insulating layer preventing electrical contact between intermediate layer comprising a selectively removable
inorganic material 205 and the inorganic semiconductor components and/or metallic conductor components 210. In an
embodiment, for example, exterior layer 230B is a barrier layer substantially impermeable to an external composition,
such as an external solvent (e.g., water, biofluid, etc.). In an embodiment, for example, intermediate layer 205 comprises
a metal foil or metal oxide layer having a preselected transience profile, wherein at least partial removal of the intermediate
layer 205 and interior layer 230A in response to an external or internal stimulus at least partially exposes the inorganic
semiconductor components and/or metallic conductor components 210, for example, to the internal or external stimulus
and/or to an external environment.

Example 1: Inorganic Substrates and Encapsulation Layers for Transient Electronics

Background and Motivation

[0091] This example demonstrates a new class silicon-based electronic devices that are physically transient, for
example, in the sense that they dissolve or otherwise transform at controlled rates when exposed to water in the envi-
ronment or the body[1]. In some embodiments, these systems comprise transient materials, such as magnesium for
metal electrodes and interconnects, MgO and/or SiO2 for gate and interlayer dielectrics, and single crystal silicon na-
nomembranes (Si NMs) for semiconductors. In all cases, extensive engineering studies of the key properties, including
dissolution mechanisms[2], for each material are important for device engineering. On-going research indicates the
ability to enhance/control the dissolution rates of transient components via control over the morphology and chemical
compositions of the various functional layers. Additionally, the properties of the aqueous environments can have a strong
influence. Initial experiments on Si NMs, for example, reveal the dependence of dissolution rates on various aqueous
environments, such as blood, sea water, serum, tap water, and simulated body solution with different pH levels. Similar
studies on various candidates for the conductive layers, for instance, Mg alloy (AZ31 B), iron (Fe), molybdenum (Mo),
tungsten (W) and zinc (Zn), establish their utility and range of uses.
[0092] Besides these functional layers, encapsulation and substrate materials play important roles in these systems
because their transient characteristics may also define the operational lifetimes. Silk, other biomaterials and synthetic
polymers are of strong interest, but their inability to serve as completely impermeable water barriers, without dimensional
change associated with swelling, represent daunting technical challenges. Inorganic materials may provide compelling
alternatives. A natural, attractive candidate as an encapsulant and/or component of a layered substrate construct is Si02
deposited using various conditions in PECVD to control density and, therefore, dissolution rate. Another promising related
possibility is spin-on-glass (SOG), due to its solution processability and excellent planarization properties. Metal foils
have potential as mechanically tough, rugged but flexible substrates. This example describes use of these materials as
substrates and encapsulation layers.
[0093] The present example highlights the significance of establishing (a) dissolution rates for various inorganic ma-
terials relevant to encapsulation layers and substrates for transient electronic systems, and (b) demonstration vehicles
for the use of these materials in electronic devices with practical ranges of transience times. The present example
describes (1) the study of the kinetics of dissolution for silicon, silicon oxide, spin-on-glass, and metals in various solutions,
(2) design and demonstration of an inorganic-based substrate system and encapsulation strategy using these materials,
and (3) integration of simple transient electronic components (resistors, inductors, transistors) onto these substrates,
with encapsulation, to demonstrate function.

Dissolution rates for inorganic materials as substrates and encapsulation layers

Deposited and grown layers of silicon dioxide (SiO2)

[0094] Silicon dioxide (SiO2) serves as an example material option for the gate and interlayer dielectrics of previously
reported transient electronic devices [1]. An ability to control the rate of dissolution in this material, and to exploit it in
substrates and encapsulation layers forms a focus of this example. Figure 2 shows that a thin film of SiO2 deposited by
plasma enhanced chemical vapor deposition (PECVD) dissolves in PBS solution at room temperature and physiological
temperature, respectively, over the course of weeks. The chemical mechanisms here are related to those of single
crystalline silicon, i.e. silicon oxide reacts water via hydrolysis to form silicic acid (Si(OH)4). A key recent finding is that
the dissolution rates depend strongly on deposition conditions. This example explores the dissolution of PECVD SiO2
formed at various temperatures between 200 and 500 °C, as well as wet and dry thermally grown oxides (1100 °C; data
in Fig. 3). Preliminary findings show that thermal oxide has extremely slow dissolution compared to low temperature
PECVD material. These two examples bracket a broad range of transience times that can be accessed in this single
material system, thereby highlighting its potential value as an encapsulation layer, or as a component of a layered
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substrate construct (see, below).

Bulk foils and thin film coatings of metals (Mg, Mg alloy, Fe, W and Zn)

[0095] Conductive materials are essential for electrodes and interconnects in transient electronics. This example
shows, however, that conductive materials, for example in the form of foils or coatings, also provide an important class
of materials for substrates and/or encapsulation layers when combined with insulating layers to avoid unwanted electrical
effects. Systematic fundamental studies of dissolution kinetics of various metals, both as bulk foils and thin film coatings,
in biological environments provide important guidelines on selecting metals for these purposes. Six metals are of interest:
magnesium (Mg), magnesium alloy (AZ31B with 3 wt% aluminum and 1wt% zinc), tungsten (W), molybdenum (Mo),
zinc (Zn) and iron (Fe). Preliminary dissolution measurements in de-ionized (DI) water and simulated biofluid (Hank’s
solution, pH 7.4) at room temperature appear in Fig. 4. Here, films with thicknesses of 150 nm or 300 nm were formed
by electron beam (E-beam) evaporation (Fe, Mo) or magnetron sputtering (Mg, Mg alloys, Zn and W). In general, W
and Fe exhibit much slower degradation rates (∼ few days) compared to Mg, Mg alloys and Zn (< few hours) due to the
non-protective nature of their hydrolysis products, namely magnesium oxide and zinc oxide respectively. Resistance
changes in Fe appear very gradually, due to the formation of a relatively protective iron oxide layer. Compared to sputtered
W films, CVD W possesses a much lower resistivity and slower dissolution rate in DI water, making it ideal for long term
transience. A reactive diffusion model can capture the trends for Mg, Mg alloys, Zn and W (solid lines in Fig. 4), thereby
providing the ability to predict transience times as a function of thin film thickness, pH, and other parameters. Based on
these results, metals combined with suitably processed Si02 enable the degradation times that span a desired range,
from minutes to months, and possibly longer. In the form of foils and layered assemblies, these materials are attractive
as flexible substrates, as described next.

Inorganic substrate structures for transient electronics

[0096] Inorganic substrates based on coated metal foils could represent an attractive alternative to silk-based biopol-
ymers, or synthetic polymers. A schematic illustration of one possibility appears in Fig. 5. The structure simply utilizes
a metal foil (e.g. Mg foil, 5-10 mm thick) as a supporting material with films of spin cast SOG as electrically insulating
layers and water barriers on top and bottom. The foil imparts a level of mechanical robustness that is not present in the
SOG films alone. Additional layers of PECVD SiO2 and/or metals can be added to the structure to enhance the barrier
properties and to minimize probability for electrical leakage pathways, thereby offering the possibility to extend the
transience times. A variety of combinations of layered structures based on the materials described in the previous section
creates a rich design space.

Demonstration vehicles for transient electronics based on inorganic substrates and encapsulants

[0097] To evaluate practical performance of encapsulants and substrate structures outlined in the previous sections,
test vehicles ranging from serpentine resistors and inductors to Si NM transistors may be built. Electrical evaluation of
these components may be performed as a function of time for complete immersion in DI water and PBS at physiological
conditions. The kinetics associated with transience in function may be studied, and correlated to the choice of materials
and layered structures.
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Example 2: Inorganic Substrates and Encapsulation Layers for Transient Electronics

[0099] Figure 6 shows dissolution kinetics of Si02 in aqueous solution at different pH and temperature (1) Si02 thermally
grown by dry or wet oxidation, (2) Si02 deposited by plasma enhanced chemical vapor deposition and (3) SiO2 deposited
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by electron beam evaporation. Calculated (lines) and experimental (symbols) dissolution rates of silicon oxides in buffer
solution at different pH (black, pH 7.4; red, pH 8; blue, pH 10; magenta, pH 12) at room (left) and physiological (right,
37°C) temperature. The thickness was measured by spectroscopic ellipsometry. There was no difference is dissolution
rates between thermally grown Si02 grown by the dry or wet oxidation method.
[0100] Figure 7A shows measured data (symbols) and numerical fits (lines) for pH-dependent dissolution kinetics of
oxides (black, tg-oxide by dry oxidation; red, tg-oxide by wet oxidation; blue, PECVD oxide; magenta, E-beam oxide) at
room temperature and 37 °C. Higher pH concentration increases the possibility of reaction between Si-O and OH-, and
therefore increases the dissolution rate. Quartz and amorphous silica showed the same trend in the literature.[1]
[0101] Figure 7B shows SiO2 film property dependency exhibited as film density versus dissolution rate. Low density
films have more chances to meet reaction species, which increases dissolution rate. Low density films also have fewer
atoms per layer, which causes the dissolution rate in terms of thickness to decrease faster.
[0102] Figure 8 shows a dissolution study of SiNx. SiNx is oxidized to SiO2 in a first step and converted to silicic acid
in a second step.[2] Final products include NH3, which the human body produces about 4g of daily. The same estimated
NH3 amount as a device less than or equal to 1mg.
[0103] Figure 9A shows measured data (symbols) and numerical fits (lines) for pH-dependent dissolution kinetics of
nitrides (black, low pressure CVD; red, PECVD-LF; blue, PECVD-HF) at room temperature and 37 °C. Figure 9B shows
SiNx film property dependency exhibited as film density versus dissolution rate.
[0104] Figure 10 shows dissolution kinetics for different oxides immersed in various aqueous solutions. A) Bovine
serum (pH ∼7.4) at 37°C (black, tg-oxide by dry oxidation; red, tg-oxide by wet oxidation; blue, PECVD oxide; magenta,
E-beam oxide), B) sea water (pH ∼7.8) at RT (black, tg-oxide by dry oxidation; red, tg-oxide by wet oxidation; blue,
PECVD oxide; magenta, E-beam oxide), C) Bovine serum (pH ∼7.4) at 37°C (black, LPCVD nitride; red, PECVD nitride
with LF mode; blue, PECVD nitride with HF mode), D) sea water (pH ∼7.8) at RT (black, LPCVD nitride; red, PECVD
nitride with LF mode; blue, PECVD nitride with HF mode). Dissolution rates of SiO2/SiNx in bovine serum and sea water
are -10 and -4 times faster than buffer solution under the same conditions. Likely, the cations in bovine serum and sea
water (K+, Na+, Ca2+ and Mg2+) accelerate the dissolution rate of SiO2.
[0105] Figure 11 shows the curing mechanism for spin-on-glass and dissolution studies of spin-on-glass encapsulation
layers cured at various temperatures and times. Silicate based spin-on glass (SOG) is dissolvable, and dissolution rate
can be controlled by adjusting curing conditions and thickness. Increasing curing temperature and time gives slower
dissolution rates due to fewer -OH bonds in the cured SOG. Combining SOG with other oxide layers improves inorganic
encapsulation properties.
[0106] Figure 12 shows pH dependent dissolution studies of amorphous silicon (a-Si), polycrystalline silicon (p-Si)
and SiGe. The dissolution rate of a-Si/p-Si is similar to single crystalline Si (100), which means the dissolution of Si does
not depend on type of Si. Dissolution of SiGe (8:2 wt%) is slightly slower than single crystalline Si because SiGe comprises
mostly Si-Si bonds with relatively few Si-Ge bonds (<10%).
[0107] Figure 13 shows electrical dissolution rates and thicknesses of sputter deposited Mg, Mg alloy (AZ31B, Al 3%,
Zn 1%), Zn, Mo, W, CVD deposited W, and E-beam evaporated Fe in DI water and Hanks’ solution with pH 5-8.
[0108] Figure 14 shows current versus voltage plots for devices containing transient metal components. N-type MOS-
FETs built with transient metal thin films exhibit on/off ratios >104 and mobilities -250 cm2/Vs. Functionality degradation
in DI water was measured without encapsulation at Vd = 0.2 V.
[0109] Figure 15 shows photographs of the dissolution of a transient transistor array on a biodegradable metal foil.
[0110] Figure 16 provides plots of dissolution kinetics of various metal foils (Mo, Zn, Fe, W) under physiological
conditions (PBS, pH 7.4, 37 °C).
[0111] Figure 17 provides a schematic of a fabrication strategy using metal foils involving: 1) Lamination of metal foil
on a carrier substrate (e.g., PDMS coated on glass), 2) fabrication of a transistor array directly on the metal foil, and 3)
peeling of the device from the carrier substrate.
[0112] Figure 18 demonstrate the use of inorganic substrates. For example, metal foils, such as Fe with a thickness
of 5 mm or Mo with a thickness of 10 mm, may be used as substrates to support device fabrication. Devices may also
be inorganic, e.g. Mg-based transitors. The entire array may be flexible, as shown.
[0113] Figure 19 provides schematic illustrations of encapsulation methods for transient electronic devices, showing
defects (e.g. pinholes) covered by a bilayer of SiO2/Si3N4; ALD provides a defect-free layer. Defects, such as pinholes,
are the primary cause of leakage of vapors or fluids in encapsulation with PE-CVD SiO2 and SiNx. Multilayer structures
of both silicon oxides and silicon nitrides can reduce such defects. An ALD layer has fewer defects than a PE-CVD layer.
[0114] Figure 20 shows measurements of changes in resistance of Mg traces (∼300 nm thick) encapsulated with
different materials and thicknesses while immersed in deionized (Dl) water at room temperature. A single layer of ALD
SiO2 (orange, 20 nm), PECVD SiO2 (black, 1 mm) and PECVD-LF Si3N4 (red, 1 mm), a double layer of PECVD
SiO2/PECVD-LF Si3N4 (blue, 500/500 nm), PECVD SiO2/ALD SiO2 (magenta, 500/20 nm), PECVD-LF Si3N4/ALD SiO2
(purple, 500/20 nm), and a triple layer of PECVD SiO2/PECVD-LF Si3N4 (Cyan, 200/200/200/200/100/100 nm) were
used for the encapsulation.
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[0115] Figure 21 shows a series of micrographs of a serpentine trace of Mg (initially -300 nm thick) during dissolution
in Dl water at room temperature. Dissolution begins from local defects, then rapidly propagates outward.
[0116] Figure 22 shows a demonstration of the electrical properties of electronic devices fabricated on metal foils. (A)
Transistor array on Fe foil (∼10 mm thick), (B) Diode array on Zn foil (∼ 10 mm thick), (C) Capacitor array on Mo foil (∼
10 mm thick), (D) Inductor array on Mo foil (∼ 10 mm thick). Electronic devices were successfully fabricated on biode-
gradable metal substrates (Fe, W, Mo, Zn, Mg). The performance of transient devices on metal substrates is comparable
to devices fabricated on non-transient substrates.
[0117] Figure 23 shows transience of transient devices on inorganic substrates with inorganic encapsulation. (A)
Transistor on Mo foil with MgO encapsulation (∼ 800 nm), (B) Diode on Mo foil with MgO encapsulation (∼ 800 nm), (C)
Capacitor on Mo foil with MgO encapsulation (∼ 800 nm), (D) Inductor on Mo foil with MgO encapsulation.
[0118] Figure 24 shows a sample structure for a dissolution test of single wafer SiGe (Ge) with atomic force microscopy
(AFM). (a) Schematic illustration of test structure: array of square holes (3 mm 3 3 mm 3 20 nm) of PECVD SiO2 mask
on SiGe single wafer. (b) AFM topographical images and c) profiles of SiGe, at different stages of dissolution in buffer
solution (pH 10) at 37 °C.
[0119] Figure 25 shows dissolution kinetics of various semi-conductors in various buffer solutions, with different pH
at room and physiological temperatures. (a) polycrystalline silicon, (b) amorphous silicon, (c) silicon-germanium and (d)
germanium.
[0120] Figure 26 shows dissolution kinetics of different types of silicon in various aqueous solutions. (a) Tap water
(pH ∼7.8), deionized water (Dl, pH ∼8.1) and spring water (pH ∼7.4), (b) Coke (pH ∼2.6), (c) milk (pH ∼6.4) at room
temperature, (d) bovine serum (pH∼7.4) at room and 37 °C, and (e) sea water (pH ∼7.8) at room temperature. (f) Changes
in resistance of a meander trace formed from a phosphorous doped polycrystalline and amorphous Si NM (∼35 nm) in
phosphate buffer solution (pH 10) at 37 °C.
[0121] Figure 27 shows a thin film solar cell with fully transient materials. (a), (b) Image and structure of amorphous
Si based photovoltaic cell array on degradable substrate. (c) Performance of unit cell of solar cells. (d) Electrical transience
behavior of a-Si diode and (e) transience of performance of solar cell.
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Example 3: Dissolution behaviors and applications of silicon oxides and nitrides in transient electronics

Background and Motivation

[0123] Silicon oxides and nitrides are key materials for dielectrics and encapsulations in a class of silicon-based high
performance electronics that has the ability to completely dissolve in a controlled fashion with programmable rates, when
submerged in bio-fluids and/or relevant solutions. This type of technology, referred to as ’transient electronics’, has
potential applications in biomedical implants, environmental sensors and other envisioned areas. The results presented
here provide comprehensive studies of transient behaviors of thin films of silicon oxides and nitrides in diverse aqueous
solutions at different pH scales and temperatures. The kinetics of hydrolysis of these materials primarily depends on not
only pH levels/ion concentrations of solutions and temperatures, but also morphology and chemistry of films determined
by the deposition methods and conditions. Encapsulation strategies with a combination of layers demonstrate enhance-
ment of the lifetime of transient electronic devices, by reducing water/vapor permeation through the defects.

Introduction

[0124] Materials for insulation, passivation and encapsulation in microelectronics are critically important for proper
operation of the devices. Silicon oxides and nitrides are in widespread use not only for digital and analog circuits but
also for thin film display electronics and others, due to their excellent properties as gate and interlayer dielectrics,
passivation coatings,[1-3] and barriers against water penetration.[4,5] This paper explores the materials aspects of use
of these films in a different, emerging class of electronics, whose defining characteristic is solubility in water, with
environmentally and biologically benign end products. This type of technology, sometimes referred to as one type of
transient electronics, could be important for temporary biomedical implants, resorbable sensors and monitors for the
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environment, ’green’ disposable consumer devices and other systems that are not well served by conventional electronics,
which last for decades and involve biologically and environmentally harmful materials. Initial demonstrations relied either
on miniaturized, non-degradable inorganic components integrated with resorbable silk substrates and encapsulating
layers,[6,7] or on synthetic and/or nature-inspired organic active and passive materials.[8-10] An important advance followed
from the observation that monocrystalline, device-grade silicon in ultrathin forms (i.e. nanomembranes), can dissolve,
at various rates, in different types of biofluids as well as in seawater and other naturally occurring forms of water, all of
relevance to envisioned applications. The end product, silicic acid, is biocompatible and environmentally benign at the
low levels of concentration that are associated with small nanomembranes of silicon. Representative examples of dem-
onstration devices include high performance complementary metal-oxide-semiconductor (CMOS) transistors and simple
circuits, solar cells, strain/temperature sensors, digital imaging devices, wireless power scavenging systems and oth-
ers.[11-13] Additional inorganic semiconductor options include ZnO, of interest in part due to its piezoelectric properties,
for transient mechanical energy harvesters, actuators and others.[14] In most of these examples, MgO, which undergoes
hydrolysis to Mg(OH)2, serves as the dielectric and encapsulation layer. Initial observations suggested that Si02 might
provide another option. Here, we study this material in detail, and also provide evidence that SiNx represents another
alternative.

Dissolution studies of different types of oxides

[0125] Previous work on bulk materials establishes that the mechanism for hydrolysis of silicon oxides is SiO2 + 2H2O
→ Si(OH)4.[15-17] Because OH- initiates this reaction, the concentration of OH- (pH of solution) strongly influences the
dissolution rate, as observed in studies of the dissolution kinetics of quartz and amorphous silica.[15-18] Here, we examine
materials in forms and with chemistries widely utilized in the semiconductor industry, as thin films grown/deposited using
standard or slightly modified techniques. The results reveal essential aspects of hydrolysis in such cases, including the
influence of morphology and chemistry, as defined by the conditions and methods for deposition. To examine the
dependence of the dissolution rate on pH and type of oxide, systematic studies were performed in buffer solutions with
pH between 7.4 to 12, and at different temperatures. Three different classes of materials were examined - thin films of
oxides formed by 1) growth using dry (O2 gas) and wet (H2O vapor) thermal oxidation (tg-oxide), 2) plasma enhanced
chemical vapor deposition (PECVD oxide) and 3) electron-beam (E-beam oxide) evaporation.
[0126] Spectroscopic ellipsometry (J. A. Wooldman Co. Inc., USA) revealed the dissolution rate as a time dependent
change in thickness. Atomic force microscopy (AFM, Asylum Research MFP-3D, USA) provided information on the
surface topography as well as independent measurements of thickness. Test structures of PECVD and E-beam materials
for AFM measurements consisted of arrays of isolated square films (3 mm 3 3mm 3 100 nm) patterned on tg-oxide,
whose dissolution rate is much slower than that of other materials, as shown subsequently. Figure 28a presents a
schematic illustration of a test structure, and an optical micrograph in the inset. Figures 28b and 28c provide AFM images
and thickness profiles at several stages of immersion in aqueous buffer solution (pH 12) at 37 °C. (Additional AFM
images appear in Figures 29 and 30). These results indicate that the oxides dissolve in a uniform fashion, without any
significant change in surface topography, formation of flakes or other non-ideal behaviors like those observed, for
example, in transient metals under similar conditions.[19] In all cases, samples were immersed in ∼50 mL of aqueous
solutions, removed, rinsed and dried, and then measured (spectroscopic ellipsometry; AFM). After measurements (total
times of several hours), samples were placed back into fresh solutions. The solutions were replaced every other day.
(The dissolution rates, for all cases examined, did not change substantially for various time intervals for solution replace-
ment (e.g. for every 1, 2, 4 or 7 days).
[0127] Figure 31a-c and Figure 6(1) provide the dissolution kinetics of tg-oxide (dry and wet oxidation), PECVD oxide
and E-beam oxide in terms of the change in thickness as a function of time in buffer solutions (pH 7.4 to 12) at room
temperature (RT) and 37 °C. The tg-oxides and E-beam oxide exhibit the slowest and fastest rates, respectively, under
the same conditions. Four main factors affect the rate: temperature, pH and ionic content of the solutions, and chemi-
cal/morphological properties of the films. The dissolution rate of each oxide increases with temperature, with an expected
Arrhenius dependence, consistent with previous studies.[17,20]

[0128] Figure 31d shows a linear dependence of the dissolution rate for each type of oxide in buffer solutions with
different pH at (see more details at RT in Figure 7), similar to related observations.[15-17] The relationship can be written
log r=a + n [pH], where r is the dissolution rate, and a and n are constants (n=0.33 for quartz when r is in mol/m2s).[16]

The values of n for the data in Figure 31d and Figure 7 are between 0.31 to 0.44 (at 37 °C) and 0.22 to 0.62 (at RT),
respectively. The kinetics can also be influenced by the concentration of ions in the solution.[21,22] As an example, bovine
serum (pH ∼7.4) and sea water (pH∼7.8) show rates that are ∼9 and ∼4 times higher than those observed at similar pH
in buffer solution, respectively, likely due to the presence of additional ions (ex. K+, Na+, Ca2+ and Mg2+) in these
liquids.[21,22]

[0129] The dissolution rate can also be affected, of course, by the physical and chemical properties of the films, which
in turn depend on growing/deposition methods and conditions. Thermal oxide is known to be uniformly dense.[23] Oxide
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created by PECVD can show different stoichiometries and densities, due to byproducts from the SiH4 source gas as it
reacts with Si to form Si-H. Such effects can be particularly important for low temperature deposition.[24] E-beam oxide
formed from a pure source of Si02 (i.e. pellets) can involve nanoscale fragmentation during evaporation, which can
potentially lead to alterations in the stoichiometry and reductions in density.[25]

[0130] X-ray photoelectron spectroscopy (XPS) and X-ray reflectometry (XRR) reveal the stoichiometries, atomic bond
configurations and densities. The tg-oxide (dry oxidation) and PECVD oxide have chemistries close to Si02 (i.e., Si : O
= 1 : 2), while the E-beam oxide is oxygen rich, at SiO2.2 (Si : O = 1 : 2.2), as shown in Table 1.

[0131] The Si 2P spectra (Figure 32) indicate that the Si-O bond energies are almost identical for the three oxides.
Figure 31e and Figure 33 show the dependence of the dissolution rate on the film density (∼2.3 g/cm3 for tg-oxides, ∼2.1
g/cm3 for PECVD oxide, ∼1.9 g/cm3 for E-beam oxide). Reduced density can enhance the ability of aqueous solutions
to diffuse into the material, thereby accelerating the hydrolysis reaction by increasing the reactive surface area.[11,19,26]

Previous research[11,19,26] suggests that a reactive diffusion model can capture some of the behaviors. A modified version
of this model, assuming applicability of continuum physics, provides a simple, approximate means to incorporate the
effect of density variations associated with porosity. Here, the concentration of water in the porous material is first
determined from the partial differential equation for reactive diffusion De∂2w/∂z

2-kw=∂w/∂t , where k and De are the
reaction constant and the diffusivity in the porous media, respectively. Since the mass of the air pore is negligible
compared with that of the porous material, the effective density ρeff of the porous material is related to the density ρs of
the fully dense material as 

where Vs and Vair are the volumes of material and air pore, respectively. At time t=0, the air pores are filled with water,
or w|t=0=w0(ρs-ρeff)/ρs (0≤z<h0). The water concentration is constant at the top surface of the material w|z=h0 = w0
(w0=1g/cm3) and the water flux is zero at the bottom surface ∂w/∂z|z=0 =0. By the method of separation of variables, the
water concentration field can be written 

where Bn is 

Table 1. Atomic concentration of different silicon oxides measured by XPS. Carbon (C) and fluorine (F) are considered 
surface contamination.

(%) Si O C F x (SiOx)

tg-SiO2 (dry) 31.6 64.0 4.3 0.1 2.0

PECVD SiO2 31.5 63.5 3.6 1.4 2.0

E-beam SiO2 27.5 61.3 10.8 0.4 2.2
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[0132] When one mole of material reacts with q moles of water, then integration of materials dissolved at each location
through the thickness and over time leads to an expression for the remaining thickness h, normalized by its initial thickness
h0 as 

[0133] The effective diffusivity of water in a porous medium is linearly proportional to the pores available for the
transport, which is equivalent to the air fraction in the porous medium 

[0134] The density of Si02 is 2.33 g/cm3, 2.10 g/cm3 and 1.90 g/cm3 for the case of thermally grown, PECVD and E-
beam oxides, respectively. If Si02 with a density of 2.34 g/cm3 has a diffusivity of 8310-16 cm2/s at body temperature,
then the diffusivities for PECVD SiO2 and E-beam SiO2 can be calculated from Equation (5) as 1.6310-14 cm2/s and
2.92310-14 cm2/s. Reaction constants are fitted to the experimental data and the dissolution rate, -dh/dt, is then estimated
from 

which can be simplified to 

[0135] In Figure 31a-c, the reaction constants (k) are 1.7x10-9 (tg-oxide with dry oxidation), 1.6310-8 (PECVD oxide),
and 1.3310-9 (E-beam oxide) s-1 in buffer solution with pH 7.4 at 37 °C. The results suggest that density influences the
dissolution rate not only through changes in rates for diffusion into the material, but also through differences in reactivity.
One possibility is that dissolution can occur not just at a molecular level, but also through removal of nanoscale pieces
of material that might be released from the film as narrow regions of the porous matrix disappear by hydrolysis. Careful
transmission electron microscopy (TEM, JEOL 2010F, USA) studies (Figure 34) suggest, however, that the porous
structures in the PECVD and E-beam oxides do not involve voids with dimensions larger than one or two nanometers.
AFM observation of surfaces with sub-nanometer roughness (average roughness < 0.4 nm, Figure 35) throughout the
course of the dissolution process also supports the notion that the film disappears uniformly and gradually, at the
molecular level, without the release of pieces of material. Additional work is necessary to uncover an atomic level
understanding of the dependence of reactivity on density.

Dissolution studies of various classes of nitrides

[0136] Studies of the dissolution kinetics of silicon nitrides were performed in procedures and under conditions similar
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to those for the silicon oxides. Silicon nitride hydrolyzes in aqueous solution in two steps: (1) oxidation into silicon oxide
(Si3N4 + 6H2O → 3SiO2 + 4NH3) and (2) hydrolysis of silicon oxide (SiO2 + 2H2O → Si(OH)4), where the overall reaction
is Si3N4 + 12H2O → 3Si(OH)4 + 4NH3.[27-29] Because silicon dioxide serves as an intermediate product in these reactions,
the dependence of rate on pH might be expected to be similar to that observed in the oxides. Low pressure chemical
vapor deposition (LPCVD) and PECVD techniques were used to form the silicon nitrides studied here. For PECVD
nitrides, two different frequency modes were employed to vary the properties of the films, including residual stress.
Spectroscopic ellipsometry revealed the changes in thickness of films deposited on silicon substrates.
[0137] Figure 36a-c shows the dissolution behavior of LPCVD nitride, PECVD-LF nitride (low frequency, LF) and
PECVD-HF nitride (high frequency, HF) in buffer solutions (pH 7.4 to 12) at RT and 37 °C. Here, three factors (temperature,
pH and film characteristics) were considered. The dissolution rate increases with temperature, as expected. Figure 36d
and Figure 9 show the pH dependence, which is similar to that observed in the oxides. The kinetics suggests a linear
relationship between dissolution rate and pH according to log r=a + n [pH], where n ranges from 0.11 to 0.28 for 37 °C
and 0.26 to 0.31 for RT. As with the oxides, the nitrides were studied in bovine serum at 37 °C and sea water at RT; the
rates are ∼8 times and ∼4 times higher than those at similar pH in buffer solution, likely due to chemical substances in
the serum and sea water (Figure 10).
[0138] Effects of stoichiometry and density were also investigated. Table 2 shows that the stoichiometry of the LPCVD
film is Si3N3.9, while that of the PECVD films is Si3N4.3 (LF) and Si3N3.3 (HF).

[0139] Figure 36e and Figure 37 show the dependence of the dissolution rate on average film density. The densities
are 3.1 g/cm3 for LPCVD, 3.0 g/cm3 for PECVD-LF and 2.5 g/cm3 for PECVD-HF. The results suggest that LPCVD
nitride exhibits the lowest dissolution rate, at least partly due to its favorable stoichiometry and high density. PECVD-
HF nitride shows the fastest dissolution rate due to its non-stoichiometric chemistry and its low density. The modified
reactive diffusion model described previously can provide some utility in capturing the effects of porosity, subject to
limitations associated with its approximations. From the results of Figure 36a-c, the reaction constants (k) were found
to be 8.0310-8 , 4.5310-7 , and 4.0310-7 s-1 for LPCVD nitride, PECVD-LF nitride and PECVD-HF nitride, respectively,
in buffer solution (pH 7.4) at 37 °C by modified reactive diffusion model where the density of closely packed amorphous
nitrides was 3.16 g/cm3.

Encapsulation strategy with inorganic layers

[0140] In addition to their use as gate and interlayer dielectrics, silicon oxides and nitrides can be considered as
transient passivation/encapsulation layers. These materials are well known to be good barrier materials for permeation
of water vapor in conventional electronics.[4,5,30,31] Previous research[4,31] on encapsulation with PECVD oxide and
nitride in organic light-emitting diode (OLED) devices indicates that defects, such as pinholes, are a primary cause of
leakage of vapors or fluids. We show here that multilayer structures of both silicon oxides and nitrides can reduce such
defects and that these materials can be used in transient electronics.
[0141] As shown in Figure 19, a combination of multiple different layers, i.e. SiO2 and Si3N4, improves the performance
of the encapsulation. Multiple layers with different materials can reduce water/vapor permeation through an underlying
layer, by cooperative elimination of defects.[4,31] Atomic layer deposition (ALD) provides a complementary strategy to
reduce effects arising from defects.[32,33] A double layer of PECVD SiO2 (or PECVD-LF Si3N4) and ALD SiO2 represents
effective means of encapsulation, even with thin layers (Figure 19). The dissolution rate of a single layer of ALD SiO2
is 0.08 nm/day in buffer solution (0.1 M, pH 7.4) at 37 °C (Figure 38), similar to that of PECVD Si02 in the same conditions.
[0142] Figure 20 presents measured changes in resistance of a serpentine-shaped Mg trace (∼300 nm), with several
encapsulation approaches at various times for immersion in deionized water at room temperature. Samples with a single
layer of ALD SiO2 (∼20 nm), PECVD SiO2 or Si3N4 (∼1 mm) show increases in resistance after just a few hours of
immersion. A combination of PECVD SiO2 (∼500 nm) and Si3N4 (∼500 nm) extends this time to -1 day. Triple layers of
PECVD Si02 and Si3N4 (∼200 nm/ 200 nm/ 200 nm/ 200 nm/ 100 nm/ 100 nm, total thickness -1 mm) extend to -10 days.
Combinations of PECVD SiO2/ALD SiO2 (∼500/20 nm) and PECVD Si3N4/ALD SiO2 (∼500/20 nm) show characteristic

Table 2. Atomic concentration of different silicon nitrides measured by XPS. Carbon (C) and fluorine and (F) are 
considered surface contamination

(%) Si N F C x (Si3Nx)

LPCVD Si3N4 36.3 47.8 5.3 10.7 3.9

PECVD-LF Si3N4 35.2 50.6 6.2 8.1 4.3

PECVD-HF Si3N4 36.9 40.1 11.8 11.2 3.3
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times of ∼5 and ∼7 days, respectively. These results suggest that the ALD SiO2 layer has much fewer defects than
PECVD SiO2 or Si3N4. A single layer of ALD (∼20 nm) provides similar timescale as a single layer of Si02 or Si3N4 (∼1
mm). Although combined used of PECVD SiO2 and ALD SiO2 shows extended lifetimes, a single layer of ALD SiO2 itself
is not sufficiently thick to cover uniformly the sorts of structures found in transient electronics, with the Mg resistor (∼300
nm) as a simple example. These dissolution behaviors lead to two-stage kinetics in the functional transience of this test
structure: i) encapsulation layers define the first time period, i.e. stable operation with negligible changes in electrical
properties, ii) the Mg defines the second, i.e. rapid degradation in function. The optical microscope images in Figure 21
clearly reveal that the dissolution of Mg begins with leakage of water from local defects, which then quickly propagate
laterally. These results suggest that an efficient encapsulation strategy is critically important in removing these leakage
pathways, to increase the time for stable operation. Also, encapsulation with these inorganic materials can be improved
by combined use of biodegradable polymers as suggested in previous encapsulation studies in OLED devices.[31,34]

Conclusion

[0143] The results reported here provide a foundation of understanding of hydrolysis in silicon oxides and nitrides for
applications in transient electronics, and their dependence on temperature, pH and film properties. An appealing aspect
of these materials for these applications is that they are already well developed and widely used in conventional elec-
tronics. Opportunities range not only from gate and interlayer dielectrics to passivation and encapsulation layers but
also to window layers and antireflection coatings in photovoltaics or optoelectronics systems.
[0144] Studies of the kinetics of hydrolysis of thin films of silicon oxides and nitrides and the use of these materials as
encapsulants were presented for applications. Dissolution rates of various types of silicon oxides and nitrides were
examined for their dependence on the pH and ionic concentration, temperature of the solution and the morphology and
chemistry of films. The encapsulation approaches based on multiple, different thin layers of oxides and nitrides prevent
water permeation for up to 10 days in simple transient electronic test structures.

Experimental Section

[0145] Test structures for silicon oxides and nitrides: Thin layers of silicon oxides (SiO2) were prepared in three different
ways, all on silicon wafers (University Wafer): (1) Thermally grown (tg-oxides) (dry and wet oxidation), (2) plasma-
enhanced chemical vapor deposited from precursor gases (PECVD, Trion Technology, USA) at 350 ºC, and (3) electron
beam (E-beam) evaporated from SiO2 pellets (99.99%, Kurt J. Lesker Company, USA). The nitrides were deposited
onto similar wafers. The films were formed by low-pressure chemical vapor deposition (LPCVD) and by PECVD (Surface
Technology Systems, Newport, UK) at 300 ºC using low frequency (LF, 380 kHz) and high frequency (HF, 13.56 MHz).
In all cases, the thickness was controlled at -100 nm. The test structures for measurement by atomic force microscope
(AFM) consisted of arrays of square pads (3 mm 3 3 mm 3 100 nm), fabricated by photolithography and reactive ion
etching (RIE).
[0146] Dissolution experiments: Samples were placed into 50 mL of aqueous buffer solutions with different pH (pH
7.4-12, Sigma-Aldrich, USA) at either room temperature (RT) or physiological temperature (37 °C). Studies also involved
bovine serum (pH -7.4, Sigma-Aldrich, USA) at 37 °C and sea water (pH ∼7.8) at room temperature. In all cases, the
samples were removed from the solutions, rinsed with Dl water, and measured by spectroscopic ellipsometry (J. A.
Wooldman Co. Inc., USA) to determine thickness and/or atomic force microscopy (AFM, Asylum Research MFP-3D,
USA) to determine both the thickness and surface morphology. After such measurements, each of which lasted a few
hours, the samples were returned to the solutions. The solutions were replaced every other day.
[0147] Characterization of film properties: Film density was measured using X-ray reflectometry (XRR, X’pert MRD
System, Netherlands). X-ray photoelectron spectroscopy was performed with a system from Axis ULTRA, UK. To avoid
surface oxidation of the nitrides, the measurements were conducted shortly after oxide removal in buffered oxide etchant
(BOE, 6:1, Transene Company Inc., USA) for a few seconds. Transmission electron microscopy (TEM, JEOL 2010F
(S)TEM, USA) was used to study the porous microstructure of the PECVD and E-beam oxides.
[0148] Encapsulation tests: Serpentine traces of Mg (∼300 nm thick) were defined by e-beam evaporation and liftoff
using a patterned layer of photoresist (AZ 2070, MicroChem, USA) on a glass substrate. Each trace was then encapsulated
with various overcoats of PECVD SiO2, PECVD-LF Si3N4, and ALD Si02 (Savannah, Cambridge Nanotech, USA).
Encapsulation layers at both ends of the trace were removed by RIE, to allow continuous measurement of changes in
resistance while immersed in aqueous solutions.
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Example 4: Polyanhydrides for transient encapsulation

[0150] Several polyanhydrides were prepared from various combinations of anhydrides, linkers and thiols, which were
combined and irradiated with UV light to initiate a polymerization or curing reaction. The reagent combinations are shown
in Table 3. The polyanhydrides were screened to identify candidates for transient encapsulation. Mixtures were tested
for UV curability, film integrity, stability toward delamination and stability for 1 day toward dissolution. Passing results
are indicated with Os and negative results are indicated with Xs. From these results, mixture 7A was selected as the
candidate with the highest potential for a transient organic encapsulant characterized by UV curability, good film integrity,
stability toward delamination and stability toward dissolution for at least 1 day.
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[0151] The ratio of anhydride and hydrophobic chain compound (i.e., thiol) in mixture 7A was tuned to optimize transient
encapsulation properties. As shown in Figure 39A, 4-pentanoic anhydride contains a degradable chain and two alkene
end groups capable of reacting with 1,4-butane dithiol. 1,3,5-triallyl-1,3,5-triazene-2,4,6(1H, 3H, 5H)-trione contains
three alkene groups capable of reacting with 1,4-butane dithiol. Figure 39B provides the ratios of each component and
shows that degradation rate increases as hydrophobicity decreases (hydrophilicity increases). This result is consistent
with water permeating a hydrophilic encapsulant more rapidly than a hydrophobic encapsulant.
[0152] Figures 39C-E show additional polyanhydride encapsulant materials formed by photocuring mixtures of one
or more anhydride monomers and one or more thiol monomers. Figure 39C shows a polyanhydride encapsulant material
incorporating a phosphodiester group within the polymeric chain. The phosphodiester group increases susceptibility of
the polymer to degradation by base and/or enzymes. Figure 39D shows a polyanhydride encapsulant material incorpo-
rating a silyl ether group within the polymeric chain. The silyl ether group increases susceptibility of the polymer material
to degradation by acid. Figure 39E shows a polyanhydride encapsulant material incorporating an ether group within the
polymeric chain. The ether group increases susceptibility of the polymer material to degradation by acid. As shown by
these examples, suitable polymeric encapsulants may be synthesized and/or selected to achieve a selected program-
mable transience under a specific environment.
[0153] Figure 40 shows a schematic of a water permeability test set-up. A magnesium conductor is applied to a glass
substrate and two extended electrodes are soldered to ends of the conductor to monitor resistance as a function of time.
An organic encapsulant, such as 7A, is applied over the entire device, which is located in a petri dish. Dl water is added
over the organic encapsulant.
[0154] Figure 41 shows performance of organic encapsulants compared to materials of other classes, such as inorganic
encapsulants, as a function of change in conductor resistance over time. A1TX is the polyanhydride synthesized by
combining pentanoic anhydride and 1,3,5 triallyl-1,3,5 triazene-2,4,6 (1H, 3H, 5H) trione with a 1:X molar concentration.
(SiO2/SiN)X3 describes a multilayer stack of triple layers of silicon oxide and silicon nitride (SiO2/SiN/SiO2/SiN/SiO2/SiN).
PDMS is poly(dimethyl siloxane). BCB is bisbenzocyclobutene, a non-degradable polymer for comparison with degra-
dable organic and inorganic encapsulants. A1T4 had the lowest water permeation within the polyanhydride class. Com-
bining inorganic and organic encapsulation ((SiO2/SiN)X3 + A1T4) gave the best results (∼27 days). Multiple layers
helped to cover defect of previous layers and had better performance against water permeation. In this example, the
step of depositing the inorganic layer occurred at 200∼350 °C, which the organic layer could not withstand without
undergoing a chemical and/or physical transformation. Thus, the inorganic layer was applied first, with a top organic
layer serving as a mechanical buffer layer because the organic layer is less brittle than the inorganic layer.
[0155] In an embodiment, multilayer inorganic-organic encapsulation may include alternating organic and inorganic
layers. For example, a first organic layer may cover an electronic device. The organic layer may be conformal and/or
may be an electrical insulator. A second encapsulation layer, applied on top of the first organic layer may be an inorganic
layer for reducing water permeability. A third encapsulation layer, applied on top of the second encapsulation layer, may
be an organic layer, e.g., for filling pinholes or defects in the underlying inorganic layer.
[0156] In an embodiment, multilayer inorganic-organic encapsulation may include alternating organic and inorganic
devices. For example, an inorganic layer may be applied over an electronic device. The inorganic layer may be conformal
and/or may be an electrical insulator. A second encapsulation layer, applied on top of the first inorganic layer, may be
an organic layer, e.g., for filling pinholes or defects in the first inorganic layer. A third encapsulation layer, applied on top
of the second encapsulation layer, may be an inorganic layer, e.g., for reducing water permeability.
[0157] In alternative embodiments, multilayer inorganic-organic encapsulation stacks may include organic layers in
direct contact with neighboring organic layers and/or inorganic layers in direct contact with neighboring inorganic layers.
[0158] In an embodiment, a multilayer encapsulation stack comprises two, three, four, five, six, seven ,eight, nine,
ten, twelve, fifteen, twenty or more layers.
[0159] Figures 42A-C show the dissolution rates of three polyanhydrides (A1T1, A1T2, A1T4) in buffer solutions with
pH 5.7 (squares), pH 7.4 (circles) and pH 8 (triangles). The dissolution rates of the polyanhydrides was highest in acid
and lowest in base. A1T4 has low water permeability (Figure 41) but a slow dissolution rate due to a low concentration
of anhydride.

STATEMENTS REGARDING INCORPORATION BY REFERENCE AND VARIATIONS

[0160] All references cited 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).
[0161] The following references relate generally to flexible and/or stretchable semiconductor materials and devices.
Each is hereby incorporated by reference in its entirety: U.S. Patent Application no. 12/778,588, filed on May 12, 2010,
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PCT International Application No. PCT/US05/19354, filed June 2, 2005 and published under No. WO2005/122285 on
December 22, 2005, U.S. Provisional Patent Application No. 61/313,397, filed March 12, 2010, U.S. Patent Application
No. 11/851,182, filed September 6, 2007 and published under No. 2008/0157235 on July 3, 2008, and PCT International
Application No. PCT/US07/77759, filed September 6, 2007 and published under No. WO2008/030960 on March 13, 2008.
[0162] The following references relate generally to bioresorbable substrates and methods of making bioresorbable
substrates. Each is hereby incorporated by reference in its entirety: PCT Patent Application PCT/US03/19968 filed
6/24/2003, PCT Patent Application PCT/US04/000255 filed 1/7/2004, PCT Patent Application PCT/US04/11199 filed
4/12/2004, PCT Patent Application PCT/US05/20844 filed 6/13/2005, and PCT Patent Application PCT/US06/029826
filed 7/28/2006.
[0163] The following references relate generally to transient electronic devices. Each is hereby incorporated by refer-
ence in its entirety: U.S. Patent Application No. 13/624,096 and PCT International Application No. PCT/US2012/056538,
each filed September 21, 2012.
[0164] 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, and method
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.
[0165] 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 individually 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.
[0166] The following references relate generally to fabrication methods, structures and systems for making electronic
devices, and are hereby incorporated by reference to the extent not inconsistent with the disclosure in this application.
[0167] It must be noted that as used herein and in the appended claims, the singular forms "a", "an", and "the" include
plural reference unless the context clearly dictates otherwise. Thus, for example, reference to "a cell" includes a plurality
of such cells and equivalents thereof known to those skilled in the art, and so forth. As well, the terms "a" (or "an"), "one
or more" and "at least one" can be used interchangeably herein. It is also to be noted that the terms "comprising",
"including", and "having" can be used interchangeably. The expression "of any of claims XX-YY" (wherein XX and YY
refer to claim numbers) is intended to provide a multiple dependent claim in the alternative form, and in some embodiments
is interchangeable with the expression "as in any one of claims XX-YY."
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(continued)
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[0168] Unless defined otherwise, all technical and scientific terms used herein have the same meanings as commonly
understood by one of ordinary skill in the art to which this invention belongs. Although any methods and materials similar
or equivalent to those described herein can be used in the practice or testing of the present invention, the preferred
methods and materials are now described. Nothing herein is to be construed as an admission that the invention is not
entitled to antedate such disclosure by virtue of prior invention.
[0169] Whenever a range is given in the specification, for example, a range of integers, a temperature range, a time
range, a composition range, 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. As used herein, ranges specifically
include the values provided as endpoint values of the range. As used herein, ranges specifically include all the integer
values of the range. For example, a range of 1 to 100 specifically includes the end point values of 1 and 100. It will be
understood that any subranges or individual values in a range or subrange that are included in the description herein
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can be excluded from the claims herein.
[0170] As used herein, "comprising" is synonymous and can be used interchangeably 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" can be replaced with either of the other two terms. The invention illustratively described herein suitably
can be practiced in the absence of any element or elements, limitation or limitations which is not specifically disclosed
herein.
[0171] 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 any 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
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 invention has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the concepts herein disclosed can 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.

Claims

1. A transient electronic device (100A; 100B; 200A; 200B) comprising:

a substrate (105; 215A; 215B);
one or more active or passive electronic device components (110; 210) supported by said substrate (105; 215A;
215B); wherein said active or passive electronic device components (110; 210) independently comprise a
selectively transformable material capable of dissolution in a solvent; and
an encapsulant layer (115A; 115B; 220) at least partially encapsulating said one or more active or passive
electronic device components (110; 210);
wherein said substrate (105; 215A; 215B) and said encapsulant layer (115A; 115B; 220) independently comprise
a selectively removable inorganic material capable of dissolution in a solvent and responsive to an external or
internal stimulus, wherein the stimulus is an exposure to the solvent, wherein the exposure to the solvent initiates
at least partial removal of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B; 220) or both;
wherein the exposure to the solvent initiates at least partial transformation of said one or more active or passive
electronic device components (110; 210) providing a programmable transformation of the transient electronic
device (100A; 100B; 200A; 200B) at a pre-selected time or at a pre-selected rate; wherein said programmable
transformation provides a change in function of the transient electronic device (100A; 100B; 200A; 200B) from
a first condition to a second condition,
wherein said at least partial removal of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B;
220) or both exposes said one or more active or passive electronic device components (110; 210) to said
external or internal stimulus, thereby initiating said at least partial transformation of said one or more active or
passive electronic device components (110; 210), and wherein said encapsulant layer (115A; 115B; 220) and
substrate (105; 215A; 215B) have a pre-selected transience profile, wherein said selectively removable inorganic
material of said substrate (105; 215A; 215B) and said encapsulant layer (115A; 115B; 220) independently
comprise a thin film, a coating, a foil or any combination of these having a thickness from 1 nm to 100 nm or
from 1 mm to 100 mm; and
wherein said selectively removable inorganic material of said substrate (105; 215A; 215B) and said encapsulant
layer (115A; 115B; 220) independently comprise a metal selected from the group consisting of Mg, W, Mo, Fe,
Zn, or an alloy thereof.

2. The device (100A; 100B; 200A; 200B) of claim 1, wherein said one or more active or passive electronic device
components (110; 210) comprise one or more inorganic semiconductor components and/ or one or more metallic
conductor components.

3. The device (100A; 100B; 200A; 200B) of any of claims 1-2, wherein said substrate (105; 215A; 215B), said encap-
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sulant layer (115A; 115B; 220) or both independently comprise an entirely inorganic structure or a composite inorganic
and organic structure.

4. The device (100A; 100B; 200A; 200B) of claim 3, wherein said composite inorganic and organic structure comprises
an inorganic layer having a first surface adjacent said active or passive electronic device components (110; 210)
and a second surface adjacent an organic layer or
wherein said composite inorganic and organic structure comprises an organic layer having a first surface adjacent
said active or passive electronic device components (110; 210) and a second surface adjacent an inorganic layer.

5. The device (100A; 100B; 200A; 200B) of any of claims 1-3, wherein said device is an entirely inorganic device,
wherein said active or passive electronic device components (110; 210), said substrate (105; 215A; 215B) and said
encapsulant layer (115A; 115B; 220) each are independently entirely composed of one or more inorganic materials.

6. The device (100A; 100B; 200A; 200B) of any of claims 1-5, wherein said substrate (105; 215A; 215B), said encap-
sulant layer (115A; 115B; 220) or both independently comprises a composite inorganic and organic structure having
a multilayer geometry.

7. The device (100A; 100B; 200A; 200B) of any of claims 1-6, wherein said substrate (105; 215A; 215B), said encap-
sulant layer (115A; 115B; 220) or both independently have (i) a porosity selected from the range of 0.01% to 99.9%; or

(ii) an extent of crystallinity selected from the range of 0.01% to 100%; or
(iii) a density selected from the range of 0.01% to 100% compared to bulk prior to said at least partial removal
of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B; 220) or both in response to said
external or internal stimulus.

8. The device (100A; 100B; 200A; 200B) of any of claims 1-7, wherein said substrate (105; 215A; 215B), said encap-
sulant layer (115A; 115B; 220) or both limit a net leakage current to the surroundings to 0.1 mA/cm2 or less prior to
said at least partial removal of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B; 220) or both
in response to said external or internal stimulus.

9. The device (100A; 100B; 200A; 200B) of any of claims 1-8, wherein said substrate (105; 215A; 215B), said encap-
sulant layer (115A; 115B; 220) or both undergo an increase in volume equal to or less than 10% upon exposure to
an aqueous or nonaqueous solvent prior to said at least partial removal of said substrate (105; 215A; 215B), said
encapsulant layer (115A; 115B; 220) or both in response to said external or internal stimulus.

10. The device (100A; 100B; 200A; 200B) of any of claims 1-9, wherein said substrate (105; 215A; 215B), said encap-
sulant layer (115A; 115B; 220) or both independently have an average modulus selected over the range of 0.5 KPa
to 10 TPa or wherein said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B; 220) or both independ-
ently have a net flexural rigidity less than or equal to 1 x 10-4 Nm or wherein said substrate (105; 215A; 215B), said
encapsulant layer (115A; 115B; 220) or both independently have a net bending stiffness less than or equal to 1 x
108 GPa mm4.

11. The device (100A; 100B; 200A; 200B) of any of claims 1-10, wherein said substrate (105; 215A; 215B), said en-
capsulant layer (115A; 115B; 220) or both are at least partially optically transparent in the visible or infrared regions
of the electromagnetic spectrum.

12. The device (100A; 100B; 200A; 200B) of any of claims 1-11, wherein said device is a communication system, a
photonic device, a sensor, an optoelectronic device, a biomedical device, a temperature sensor, a photodetector,
a photovoltaic device, a strain gauge, and imaging system, a wireless transmitter, an electrochemical cell, an antenna,
a battery, an energy storage system, an actuator, a nanoelectromechanical system or a microelectromechanical
system.

13. A method of using a transient electronic device (100A; 100B; 200A; 200B), said method comprising the steps of:

providing the transient electronic device (100A; 100B; 200A; 200B) comprising:

a substrate (105; 215A; 215B);
one or more active or passive electronic device components (110; 210) supported by said substrate (105;
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215A; 215B); wherein said active or passive electronic device components (110; 210) independently com-
prise a selectively transformable material capable of dissolution in a solvent; and
an encapsulant layer (115A; 115B; 220) at least partially encapsulating said one or more active or passive
electronic device components (110; 210);
wherein said substrate (105; 215A; 215B) and said encapsulant layer (115A; 115B; 220) independently
comprise a selectively removable inorganic material capable of dissolution in a solvent and responsive to
an external or internal stimulus,

wherein the stimulus is an exposure to the solvent; wherein the exposure to the solvent initiates at least partial
removal of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B; 220) or both;
wherein said at least partial removal of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B;
220) or both exposes said one or more active or passive electronic device components (110; 210) to the solvent;
wherein the exposure of the one or more active or passive electronic device components (110; 210) to the
solvent initiates at least partial transformation of said one or more active or passive electronic device components
(110; 210) providing a programmable transformation of the transient electronic device (100A; 100B; 200A; 200B)
in response to said external or internal stimulus at a pre-selected time or at a pre-selected rate, wherein said
programmable transformation provides a change in function of the transient electronic device (100A; 100B;
200A; 200B) from a first condition to a second condition;
wherein said selectively removable inorganic material of said substrate (105; 215A; 215B) and said encapsulant
layer (115A; 115B; 220) independently comprise a thin film, a coating, a foil or any combination of these having
a thickness from 1 nm to 100 nm or from 1 mm to 100 mm; and
wherein said selectively removable inorganic material of said substrate (105; 215A; 215B) and said encapsulant
layer (115A; 115B; 220) independently comprise a metal selected from the group consisting of Mg, W, Mo, Fe,
Zn, or an alloy thereof;
wherein said encapsulant layer (115A; 115B; 220) and substrate (105; 215A; 215B) have a pre-selected tran-
sience profile;
and
exposing said transient electronic device (100A; 100B; 200A; 200B) to said solvent resulting in said at least
partial removal of said substrate (105; 215A; 215B) or encapsulant layer (115A; 115B; 220) to expose said one
or more active or passive electronic device components (110; 210) to said external or internal stimulus, thereby
providing said programmable transformation of the transient electronic device (100A; 100B; 200A; 200B).

14. A method of making a transient electronic device (100A; 100B; 200A; 200B), said method comprising the steps of:

providing a substrate (105; 215A; 215B);
providing on said substrate (105; 215A; 215B) one or more active or passive electronic device components
(110; 210); wherein said active or passive electronic device components (110; 210) independently comprise a
selectively transformable material capable of dissolution in a solvent; and
at least partially encapsulating said one or more active or passive electronic device components (110; 210) with
an encapsulant layer (115A; 115B; 220);
wherein said substrate (105; 215A; 215B) and said encapsulant layer (115A; 115B; 220) or both independently
comprise a selectively removable inorganic material capable of dissolution in a solvent and responsive to an
external or internal stimulus;
wherein the stimulus is the exposure to the solvent, wherein the exposure to the solvent initiates at least partial
removal of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B; 220) or both;
wherein said at least partial removal of said substrate (105; 215A; 215B), said encapsulant layer (115A; 115B;
220) or both exposes said one or more active or passive electronic device components (110; 210) to the solvent;
wherein the exposure to the solvent initiates at least partial transformation of said one or more active or passive
electronic device components (110; 210) providing a programmable transformation of the transient electronic
device (100A; 100B; 200A; 200B) in response to said external or internal stimulus at a pre-selected time or at
a pre-selected rate, wherein said programmable transformation provides a change in function of the transient
electronic device (100A; 100B; 200A; 200B) from a first condition to a second condition,
wherein said selectively removable inorganic material of said substrate (105; 215A; 215B) and said encapsulant
layer (115A; 115B; 220) independently comprise a thin film, a coating, a foil or any combination of these having
a thickness from 1 nm to 100 nm or from 1 mm to 100 mm; and
wherein said selectively removable inorganic material of said substrate (105; 215A; 215B) and said encapsulant
layer (115A; 115B; 220) independently comprise a metal selected from the group consisting of Mg, W, Mo, Fe,
Zn, or an alloy thereof;
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wherein said encapsulant layer (115A; 115B; 220) and substrate (105; 215A; 215B) have a pre-selected tran-
sience profile.

15. The device (100A; 100B; 200A; 200B) of any of claims 1-12, or the method of claims 13 or 14, wherein the solvent
is an aqueous solvent.

Patentansprüche

1. Eine temporäre elektronische Vorrichtung (100A; 100B; 200A; 200B) umfassend:

ein Substrat (105; 215A; 215B);
eine oder mehrere aktive oder passive elektronische Vorrichtungskomponenten (110; 210), welche durch das
Substrat (105; 215A; 215B) getragen werden; wobei die aktiven oder passiven elektronischen Vorrichtungs-
komponenten (110; 210) unabhängig voneinander ein selektiv umwandelbares Material umfassen, welches zur
Auflösung in einem Lösungsmittel fähig ist; und
eine einschließende Schicht (115A; 115B, 220), welche die einen oder mehreren aktiven oder passiven elek-
tronischen Vorrichtungskomponenten (110; 220) zumindest teilweise einschließt;
wobei das Substrat (105; 215A; 215B) und die einschließende Schicht (115A; 115B, 220) unabhängig vonein-
ander ein selektiv entfernbares anorganisches Material umfassen, welches zur Auflösung in einem Lösungs-
mittel fähig und empfänglich für einen externen oder internen Stimulus ist, wobei der Stimulus eine Aussetzung
gegenüber dem Lösungsmittel ist, wobei die Aussetzung gegenüber dem Lösungsmittel eine zumindest teilweise
Entfernung des Substrates (105; 215A; 215B), der einschließenden Schicht (115A; 115B, 220) oder beidem
initiiert;
wobei die Aussetzung gegenüber dem Lösungsmittel eine zumindest teilweise Transformation der einen oder
mehreren aktiven oder passiven elektronischen Vorrichtungskomponenten (110; 210) initiiert, wodurch eine
einstellbare Transformation der temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B) zu einem
vorausgewählten Zeitpunkt oder mit einer vorausgewählten Rate bereitgestellt wird; wobei die einstellbare
Transformation eine funktionale Änderung der temporären elektronischen Vorrichtung (100A; 100B; 200A;
200B) von einem ersten Zustand in einen zweiten Zustand gewährleistet,
wobei die zumindest teilweise Entfernung des Substrates (105; 215A; 215B), der einschließenden Schicht
(115A; 115B, 220) oder beidem die einen oder mehreren aktiven oder passiven elektronischen Vorrichtungs-
komponenten (110; 210) dem externen oder internen Stimulus aussetzt, wodurch die zumindest teilweise Trans-
formation der einen oder mehreren aktiven oder passiven elektronischen Vorrichtungskomponenten (110; 210)
initiiert wird, und wobei die einschließende Schicht (115A; 115B, 220) und das Substrat (105; 215A; 215B) ein
vorausgewähltes Übergangsprofil aufweisen, wobei das selektiv entfernbare anorganische Material des Sub-
strates (105; 215A; 215B) und der einschließenden Schicht (115A; 115B, 220) unabhängig voneinander einen
dünnen Film, eine Beschichtung, eine Folie oder jegliche Kombination daraus mit einer Dicke von 1 nm bis 100
nm oder von 1 mm bis 100 mm umfasst; und
wobei das selektiv entfernbare anorganische Material des Substrates (105; 215A; 215B) und der einschließen-
den Schicht (115A; 115B, 220) unabhängig voneinander ein Metall ausgewählt aus der Gruppe bestehend aus
Mg, W, Mo, Fe, Zn, oder einer Legierung daraus umfasst.

2. Die Vorrichtung (100A; 100B; 200A; 200B) nach Anspruch 1, wobei die einen oder mehreren aktiven oder passiven
elektronischen Vorrichtungskomponenten (110; 210) eine oder mehrere anorganische Halbleiterkomponenten
und/oder eine oder mehrere metallische Leiterkomponenten umfasst.

3. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-2, wobei das Substrat (105; 215A; 215B),
die einschließende Schicht (115A; 115B, 220) oder beides unabhängig voneinander eine vollständig anorganische
Struktur oder eine anorganische und organische Verbundstruktur umfassen.

4. Die Vorrichtung (100A; 100B; 200A; 200B) nach Anspruch 3, wobei die anorganische und organische Verbund-
struktur eine anorganische Schicht mit einer ersten Oberfläche angrenzend an die aktiven oder passiven elektro-
nischen Vorrichtungskomponenten (110; 210) und einer zweiten Oberfläche angrenzend an eine organische Schicht
umfasst oder
wobei die anorganische und organische Verbundstruktur eine organische Schicht mit einer ersten Oberfläche an-
grenzend an die aktiven oder passiven elektronischen Vorrichtungskomponenten (110; 210) und eine zweite Ober-
fläche angrenzend an eine anorganische Schicht umfasst.



EP 2 984 910 B1

42

5

10

15

20

25

30

35

40

45

50

55

5. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-3, wobei die Vorrichtung eine vollständig
anorganische Vorrichtung ist, wobei die aktiven oder passiven elektronischen Vorrichtungskomponenten (110; 210),
das Substrat (105; 215A; 215B) und die einschließende Schicht (115A; 115B, 220) jeweils unabhängig voneinander
vollständig aus einem oder mehreren anorganischen Materialien bestehen.

6. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-5, wobei das Substrat (105; 215A; 215B),
die einschließende Schicht (115A; 115B, 220) oder beides unabhängig voneinander eine anorganische und orga-
nische Verbundstruktur mit einer mehrschichtigen Geometrie umfassen.

7. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-6, wobei das Substrat (105; 215A; 215B),
die einschließende Schicht (115A; 115B, 220) oder beides unabhängig voneinander (i) eine Durchlässigkeit aus-
gewählt aus dem Bereich von 0.01% bis 99.9%; oder

(ii) einen Grad an Kristallinität ausgewählt aus dem Bereich von 0.01% bis 100%; oder
(iii) eine Dichte ausgewählt aus dem Bereich von 0.01% bis 100% verglichen mit Schüttgut vor der zumindest
teilweisen Entfernung des Substrates (105; 215A; 215B), der einschließenden Schicht (115A; 115B, 220) oder
beidem in Reaktion auf den externen oder internen Stimulus aufweist.

8. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-7, wobei das Substrat (105; 215A; 215B),
die einschließende Schicht (115A; 115B, 220) oder beides einen Netto-Leckstrom in die Umgebung auf 0.1 mA/cm2

oder weniger vor der zumindest teilweisen Entfernung des Substrates (105; 215A; 215B), der einschließenden
Schicht (115A; 115B, 220) oder beidem in Reaktion auf den externen oder internen Stimulus begrenzt.

9. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-8, wobei das Substrat (105; 215A; 215B),
die einschließende Schicht (115A; 115B, 220) oder beides eine Volumenzunahme von gleich oder weniger als 10%
bei Exposition gegenüber einem wässrigen oder nicht-wässrigen Lösungsmittel vor der zumindest teilweisen Ent-
fernung des Substrates (105; 215A; 215B), der einschließenden Schicht (115A; 115B, 220) oder beidem in Reaktion
auf den externen oder internen Stimulus durchlaufen.

10. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-9, wobei das Substrat (105; 215A; 215B),
die einschließende Schicht (115A; 115B, 220) oder beides unabhängig voneinander ein durchschnittliches Elasti-
zitätsmodul ausgewählt über den Bereich von 0.5 kPa bis 10 TPa aufweisen oder wobei das Substrat (105; 215A;
215B), die einschließende Schicht (115A; 115B, 220) oder beides unabhängig voneinander eine Netto-Biegefes-
tigkeit von weniger oder gleich 1 x 10-4 Nm aufweist oder wobei das Substrat (105; 215A; 215B), die einschließende
Schicht (115A; 115B, 220) oder beides unabhängig voneinander eine Biegesteifigkeit von weniger oder gleich 1 x
108 GPa mm4 aufweist.

11. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-10, wobei das Substrat (105; 215A; 215B),
die einschließende Schicht (115A; 115B, 220) oder beides zumindest teilweise optisch transparent in den sichtbaren
oder infraroten Bereichen des elektromagnetischen Spektrums sind.

12. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-11, wobei die Vorrichtung ein Kommuni-
kationssystem, eine photonische Vorrichtung, ein Sensor, eine optoelektronische Vorrichtung, eine biomedizinische
Vorrichtung, ein Temperatursensor, ein Photodetektor, eine photovoltaische Vorrichtung, ein Dehnungsmessstrei-
fen, ein Abbildungssystem, ein drahtloser Sender, eine elektrochemische Zelle, eine Antenne, eine Batterie, ein
Energiespeichersystem, ein Aktuator, ein nanoelektromechanisches System oder ein mikroelektromechanisches
System ist.

13. Ein Verfahren zum Benutzen einer temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B), wobei das
Verfahren die Schritte umfasst:
Bereitstellen einer temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B) umfassend:

ein Substrat (105; 215A; 215B);
eine oder mehrere aktive oder passive elektronische Vorrichtungskomponenten (110; 210), welche durch das
Substrat (105; 215A; 215B) getragen werden; wobei die aktiven oder passiven elektronischen Vorrichtungs-
komponenten (110; 210) unabhängig voneinander ein selektiv umwandelbares Material umfassen, welches zur
Auflösung in einem Lösungsmittel fähig ist; und
eine einschließende Schicht (115A; 115B, 220), welche die einen oder mehreren aktiven oder passiven elek-
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tronischen Vorrichtungskomponenten (110; 220) zumindest teilweise einschließt;
wobei das Substrat (105; 215A; 215B) und die einschließende Schicht (115A; 115B, 220) unabhängig vonein-
ander ein selektiv entfernbares anorganisches Material umfassen, welches zur Auflösung in einem Lösungs-
mittel fähig und empfänglich für einen externen oder internen Stimulus ist, wobei der Stimulus eine Aussetzung
gegenüber dem Lösungsmittel ist, wobei die Aussetzung gegenüber dem Lösungsmittel eine zumindest teilweise
Entfernung des Substrates (105; 215A; 215B), der einschließenden Schicht (115A; 115B, 220) oder beidem
initiiert;
wobei die zumindest teilweise Entfernung des Substrates (105; 215A; 215B), der einschließenden Schicht
(115A; 115B, 220) oder beidem die einen oder mehreren aktiven oder passiven elektronischen Vorrichtungs-
komponenten (110; 210) dem Lösungsmittel aussetzt;
wobei die Aussetzung der einen oder mehreren aktiven oder passiven elektronischen Vorrichtungskomponenten
(110; 210) gegenüber dem Lösungsmittel eine zumindest teilweise Transformation der einen oder mehreren
aktiven oder passiven elektronischen Vorrichtungskomponenten (110; 210) initiiert, wodurch eine einstellbare
Transformation der temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B) zu einem vorausgewähl-
ten Zeitpunkt oder mit einer vorausgewählten Rate in Reaktion auf den externen oder internen Stimulus bereit-
gestellt wird; wobei die einstellbare Transformation eine funktionale Änderung der temporären elektronischen
Vorrichtung (100A; 100B; 200A; 200B) von einem ersten Zustand in einen zweiten Zustand gewährleistet;
wobei das selektiv entfernbare anorganische Material des Substrates (105; 215A; 215B) und der einschließen-
den Schicht (115A; 115B, 220) unabhängig voneinander einen dünnen Film, eine Beschichtung, eine Folie oder
jegliche Kombination daraus mit einer Dicke von 1 nm bis 100 nm oder von 1 mm bis 100 mm umfasst; und
wobei das selektiv entfernbare anorganische Material des Substrates (105; 215A; 215B) und der einschließen-
den Schicht (115A; 115B, 220) unabhängig voneinander ein Metall ausgewählt aus der Gruppe bestehend aus
Mg, W, Mo, Fe, Zn, oder einer Legierung daraus umfasst;
wobei die einschließende Schicht (115A; 115B, 220) und das Substrat (105; 215A; 215B) ein vorausgewähltes
Übergangsprofil aufweisen;
und
Aussetzen der temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B) gegenüber dem Lösungsmit-
tel, was zu der zumindest teilweisen Entfernung des Substrates (105; 215A; 215B) oder der einschließenden
Schicht (115A; 115B, 220) führt, um die einen oder mehreren aktiven oder passiven elektronischen Vorrich-
tungskomponenten (110; 210) dem externen oder internen Stimulus auszusetzen, wodurch die einstellbare
Transformation der temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B) bereitgestellt wird.

14. Ein Verfahren zum Herstellen einer temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B), wobei das
Verfahren die Schritte umfasst:

Bereitstellen eines Substrates (105; 215A; 215B);
Bereitstellen einer oder mehrerer aktiver oder passiver elektronischer Vorrichtungskomponenten (110; 210) auf
dem Substrat (105; 215A; 215B); wobei die aktiven oder passiven elektronischen Vorrichtungskomponenten
(110; 210) unabhängig voneinander ein selektiv umwandelbares Material umfassen, welches zur Auflösung in
einem Lösungsmittel fähig ist; und
zumindest teilweise Einschließen der einen oder mehreren aktiven oder passiven elektronischen Vorrichtungs-
komponenten (110; 220) mit einer einschließenden Schicht (115A; 115B, 220);
wobei das Substrat (105; 215A; 215B) und die einschließende Schicht (115A; 115B, 220) oder beides unab-
hängig voneinander ein selektiv entfernbares anorganisches Material umfassen, welches zur Auflösung in einem
Lösungsmittel fähig und empfänglich für einen externen oder internen Stimulus ist; wobei der Stimulus die
Aussetzung gegenüber dem Lösungsmittel ist, wobei die Aussetzung gegenüber dem Lösungsmittel eine zu-
mindest teilweise Entfernung des Substrates (105; 215A; 215B), der einschließenden Schicht (115A; 115B,
220) oder beidem initiiert;
wobei die zumindest teilweise Entfernung des Substrates (105; 215A; 215B), der einschließenden Schicht
(115A; 115B, 220) oder beidem die einen oder mehreren aktiven oder passiven elektronischen Vorrichtungs-
komponenten (110; 210) dem Lösungsmittel aussetzt;
wobei die Aussetzung gegenüber dem Lösungsmittel eine zumindest teilweise Transformation der einen oder
mehreren aktiven oder passiven elektronischen Vorrichtungskomponenten (110; 210) initiiert, wodurch eine
einstellbare Transformation der temporären elektronischen Vorrichtung (100A; 100B; 200A; 200B) zu einem
vorausgewählten Zeitpunkt oder mit einer vorausgewählten Rate in Reaktion auf den externen oder internen
Stimulus bereitgestellt wird, wobei die einstellbare Transformation eine funktionale Änderung der temporären
elektronischen Vorrichtung (100A; 100B; 200A; 200B) von einem ersten Zustand in einen zweiten Zustand
gewährleistet;
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wobei das selektiv entfernbare anorganische Material des Substrates (105; 215A; 215B) und der einschließen-
den Schicht (115A; 115B, 220) unabhängig voneinander einen dünnen Film, eine Beschichtung, eine Folie oder
jegliche Kombination daraus mit einer Dicke von 1 nm bis 100 nm oder von 1 mm bis 100 mm umfasst; und
wobei das selektiv entfernbare anorganische Material des Substrates (105; 215A; 215B) und der einschließen-
den Schicht (115A; 115B, 220) unabhängig voneinander ein Metall ausgewählt aus der Gruppe bestehend aus
Mg, W, Mo, Fe, Zn, oder einer Legierung daraus umfasst;
wobei die einschließende Schicht (115A; 115B, 220) und das Substrat (105; 215A; 215B) ein vorausgewähltes
Übergangsprofil aufweisen.

15. Die Vorrichtung (100A; 100B; 200A; 200B) nach einem der Ansprüche 1-11, oder das Verfahren nach den Ansprü-
chen 13 oder 14, wobei das Lösungsmittel ein wässriges Lösungsmittel ist.

Revendications

1. Dispositif électronique transitoire (100A ; 100B ; 200A ; 200B) comprenant :

un substrat (105 ; 215A ; 215B) ;
un ou plusieurs composants de dispositif électronique actif ou passif (110; 210) portés par ledit substrat (105;
215A; 215B) ; lesdits composants de dispositif électronique actif ou passif (110; 210) comprenant indépendam-
ment un matériau transformable de façon sélective capable d’une dissolution dans un solvant ; et
une couche d’agent d’encapsulation (115A; 115B; 220) encapsulant au moins partiellement ledit ou lesdits
composants de dispositif électronique actif ou passif (110; 210) ;
dans lequel ledit substrat (105; 215A; 215B) et ladite couche d’agent d’encapsulation (115A; 115B; 220) com-
prennent indépendamment un matériau inorganique retirable de façon sélective capable d’une dissolution dans
un solvant et réactif vis-à-vis d’un stimulus externe ou interne, le stimulus étant une exposition au solvant,
l’exposition au solvant initiant un retrait au moins partiel dudit substrat (105 ; 215A; 215B), de ladite couche
d’agent d’encapsulation (115A; 115B ; 220) ou des deux ;
dans lequel l’exposition au solvant initie une transformation au moins partielle dudit ou desdits composants de
dispositif électronique actif ou passif (110; 210) fournissant une transformation programmable du dispositif
électronique transitoire (100A; 100B; 200A; 200B) à un temps présélectionné ou à une vitesse présélectionnée ;
dans lequel ladite transformation programmable fournit un changement de fonction du dispositif électronique
transitoire (100A; 100B ; 200A ; 200B) d’une première condition à une seconde condition,
dans lequel ledit retrait au moins partiel dudit substrat (105; 215A ; 215B), de ladite couche d’agent d’encap-
sulation (115A; 115B; 220) ou des deux expose ledit ou lesdits composants de dispositif électronique actif ou
passif (110, 210) audit stimulus externe ou interne, initiant ainsi ladite transformation au moins partielle dudit
ou desdits composants de dispositif électronique actif ou passif (110; 210), et dans lequel ladite couche d’agent
d’encapsulation (115A; 115B; 220) et ledit substrat (105 ; 215A ; 215B) présentent un profil de caractère tran-
sitoire présélectionné, dans lequel lesdits matériaux inorganiques retirables de façon sélective dudit substrat
(105 ; 215A ; 215B) et de ladite couche d’agent d’encapsulation (115A; 115B ; 220) comprennent indépendam-
ment une couche mince, un revêtement, une feuille ou une quelconque combinaison de ceux-ci présentant une
épaisseur allant de 1 nm à 100 nm ou de 1 mm à 100 mm ; et
dans lequel lesdits matériaux inorganiques retirables de façon sélective dudit substrat (105 ; 215A ; 215B) et
de ladite couche d’agent d’encapsulation (115A; 115B ; 220) comprennent indépendamment un métal sélec-
tionné parmi le groupe consistant en Mg, W, Mo, Fe, Zn ou un alliage de ceux-ci.

2. Dispositif (100A ; 100B ; 200A; 200B) selon la revendication 1, dans lequel ledit ou lesdits composants de dispositif
électronique actif ou passif (110 ; 210) comprennent un ou plusieurs composants semi-conducteurs inorganiques
et/ou un ou plusieurs composants conducteurs métalliques.

3. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 2, dans lequel ledit substrat
(105; 215A; 215B), ladite couche d’agent d’encapsulation (115A ; 115B ; 220) ou les deux comprennent indépen-
damment une structure entièrement inorganique ou une structure composite inorganique et organique.

4. Dispositif (100A; 100B; 200A; 200B) selon la revendication 3, dans lequel ladite structure composite inorganique
et organique comprend une couche inorganique présentant une première surface adjacente auxdits composants
de dispositif électronique actif ou passif (110; 210) et une seconde surface adjacente à une couche organique ou
dans lequel ladite structure composite inorganique et organique comprend une couche organique présentant une
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première surface adjacente auxdits composants de dispositif électronique actif ou passif (110 ; 210) et une seconde
surface adjacente à une couche inorganique.

5. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 3, dans lequel ledit dispositif
est un dispositif entièrement inorganique, lesdits composants de dispositif électronique actif ou passif (110 ; 210),
ledit substrat (105 ; 215A; 215B) et ladite couche d’agent d’encapsulation (115A; 115B; 220) étant chacun indépen-
damment entièrement composés d’un ou plusieurs matériaux inorganiques.

6. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 5, dans lequel ledit substrat
(105; 215A; 215B), ladite couche d’agent d’encapsulation (115A ; 115B ; 220) ou les deux comprennent indépen-
damment une structure composite inorganique et organique présentant une géométrie multicouche.

7. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 6, dans lequel ledit substrat
(105; 215A; 215B), ladite couche d’agent d’encapsulation (115A ; 115B ; 220) ou les deux présentent indépendam-
ment (i) une porosité sélectionnée à partir de la plage allant de 0,01 % à 99,9 % ; ou

(ii) une étendue de cristallinité sélectionnée à partir de la plage allant de 0,01 % à 100 % ; ou
(iii) une densité sélectionnée à partir de la plage allant de 0,01 % à 100 % en comparaison au volume avant
ledit retrait au moins partiel dudit substrat (105 ; 215A ; 215B), de ladite couche d’agent d’encapsulation (115A ;
115B ; 220) ou des deux en réponse audit stimulus externe ou interne.

8. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 7, dans lequel ledit substrat
(105; 215A; 215B), ladite couche d’agent d’encapsulation (115A ; 115B ; 220) ou les deux limitent un courant de
fuite net vers les environs à 0,1 mA/cm2 ou moins avant ledit retrait au moins partiel dudit substrat (105 ; 215A ;
215B), de ladite couche d’agent d’encapsulation (115A; 115B ; 220) ou des deux en réponse audit stimulus externe
ou interne.

9. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 8, dans lequel ledit substrat
(105; 215A; 215B), ladite couche d’agent d’encapsulation (115A; 115B; 201) ou les deux subissent une augmentation
de volume égale ou inférieure à 10 % lors d’une exposition à un solvant aqueux ou non aqueux avant ledit retrait
au moins partiel dudit substrat (105 ; 215A ; 215B), de ladite couche d’agent d’encapsulation (115A; 115B ; 220)
ou des deux en réponse audit stimulus externe ou interne.

10. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 9, dans lequel ledit substrat
(105; 215A; 215B), ladite couche d’agent d’encapsulation (115A; 115B; 220) ou les deux présentent indépendam-
ment un module moyen sélectionné sur la plage allant de 0,5 KPa à 10 TPa, ou
dans lequel ledit substrat (105 ; 215A ; 215B), ladite couche d’agent d’encapsulation (115A ; 115B ; 220) ou les
deux présentent indépendamment une rigidité à la flexion nette inférieure ou égale à 1 x 10-4 Nm, ou
dans lequel ledit substrat (105 ; 215A ; 215B), ladite couche d’agent d’encapsulation (115A ; 115B ; 220) ou les
deux présentent indépendamment une rigidité de courbure nette inférieure ou égale à 1 x 108 GPa mm4.

11. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 10, dans lequel ledit substrat
(105; 215A; 215B), ladite couche d’agent d’encapsulation (115A; 115B; 220) ou les deux sont au moins partiellement
optiquement transparents dans les régions du visible ou de l’infrarouge du spectre électromagnétique.

12. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 11, dans lequel ledit dispositif
est un système de communication, un dispositif photonique, un capteur, un dispositif optoélectronique, un dispositif
biomédical, un capteur de température, un photodétecteur, un dispositif photovoltaïque, une jauge de contraintes
et un système d’imagerie, un émetteur sans fil, une cellule électrochimique, une antenne, une batterie, un système
de stockage d’énergie, un actionneur, un système nanoélectromécanique ou un système microélectromécanique.

13. Procédé d’utilisation d’un dispositif électronique transitoire (100A; 100B; 200A ; 200B), ledit procédé comprenant
les étapes suivantes :

fournir le dispositif électronique transitoire (100A ; 100B ; 200A ; 200B) comprenant : un substrat (105 ; 215A ;
215B) ;
un ou plusieurs composants de dispositif électronique actif ou passif (110; 210) portés par ledit substrat (105;
215A; 215B) ; lesdits composants de dispositif électronique actif ou passif (110; 210) comprenant indépendam-
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ment un matériau transformable de façon sélective capable d’une dissolution dans un solvant ; et
une couche d’agent d’encapsulation (115A; 115B; 220) encapsulant au moins partiellement ledit ou lesdits
composants de dispositif électronique actif ou passif (110; 210) ;
dans lequel ledit substrat (105; 215A; 215B) et ladite couche d’agent d’encapsulation (115A; 115B; 220) com-
prennent indépendamment un matériau inorganique retirable de façon sélective capable d’une dissolution dans
un solvant et réactif vis-à-vis d’un stimulus externe ou interne, le stimulus étant une exposition au solvant ;
l’exposition au solvant initiant un retrait au moins partiel dudit substrat (105 ; 215A; 215B), de ladite couche
d’agent d’encapsulation (115A; 115B ; 220) ou des deux ;
dans lequel ledit retrait au moins partiel dudit substrat (105; 215A ; 215B), de ladite couche d’agent d’encap-
sulation (115A; 115B; 220) ou des deux expose ledit ou lesdits composants de dispositif électronique actif ou
passif (110 ; 210) au solvant ;
dans lequel l’exposition du ou des composants de dispositif électronique actif ou passif (110; 210) au solvant
initie une transformation au moins partielle dudit ou desdits composants de dispositif électronique actif ou passif
(110 ; 210) fournissant une transformation programmable du dispositif électronique transitoire (100A ; 100B ;
200A ; 200B) en réponse audit stimulus externe ou interne à un temps présélectionné ou à une vitesse présé-
lectionnée, ladite transformation programmable fournissant un changement de fonction du dispositif électronique
transitoire (100A; 100B ; 200A ; 200B) d’une première condition à une seconde condition ;
dans lequel lesdits matériaux inorganiques retirables de façon sélective dudit substrat (105 ; 215A ; 215B) et
de ladite couche d’agent d’encapsulation (115A; 115B ; 220) comprennent indépendamment une couche mince,
un revêtement, une feuille ou une quelconque combinaison de ceux-ci présentant une épaisseur allant de 1
nm à 100 nm ou de 1 mm à 100 mm ; et
dans lequel lesdits matériaux inorganiques retirables de façon sélective dudit substrat (105 ; 215A ; 215B) et
de ladite couche d’agent d’encapsulation (115A; 115B ; 220) comprennent indépendamment un métal sélec-
tionné à partir du groupe consistant en Mg, W, Mo, Fe, Zn ou un alliage de ceux-ci ;
dans lequel ladite couche d’agent d’encapsulation (115A; 115B; 220) et ledit substrat (105; 215A; 215B) pré-
sentent un profil de caractère transitoire présélectionné ; et
exposer ledit dispositif électronique transitoire (100A; 100B; 200A; 200B) audit solvant, conduisant audit retrait
au moins partiel dudit substrat (105 ; 215A ; 215B) ou de ladite couche d’agent d’encapsulation (115A; 115B ;
220) pour exposer ledit ou lesdits composants de dispositif électronique actif ou passif (110 ; 210) audit stimulus
externe ou interne, fournissant ainsi ladite transformation programmable du dispositif électronique transitoire
(100A ; 100B ; 200A; 200B).

14. Procédé de réalisation d’un dispositif électronique transitoire (100A; 100B ; 200A ; 200B), ledit procédé comprenant
les étapes suivantes :

fournir un substrat (105; 215A; 215B) ;
fournir, sur ledit substrat (105; 215A; 215B), un ou plusieurs composants de dispositif électronique actif ou
passif (110; 210); lesdits composants de dispositif électronique actif ou passif (110; 210) comprenant indépen-
damment un matériau transformable de façon sélective capable d’une dissolution dans un solvant ; et
encapsuler au moins partiellement ledit ou lesdits composants de dispositif électronique actif ou passif (110;
210) avec une couche d’agent d’encapsulation (115A ; 115B ; 220) ;
dans lequel ledit substrat (105; 215A; 215B) et ladite couche d’agent d’encapsulation (115A; 115B ; 220) ou
les deux comprennent indépendamment un matériau inorganique retirable de façon sélective capable d’une
dissolution dans un solvant et réactif vis-à-vis d’un stimulus externe ou interne, le stimulus étant une exposition
au solvant, l’exposition au solvant initiant un retrait au moins partiel dudit substrat (105 ; 215A ; 215B), de ladite
couche d’agent d’encapsulation (115A ; 115B ; 220) ou des deux ;
dans lequel ledit retrait au moins partiel dudit substrat (105; 215A ; 215B), de ladite couche d’agent d’encap-
sulation (115A; 115B; 220) ou des deux expose ledit ou lesdits composants de dispositif électronique actif ou
passif (110 ; 210) au solvant ;
dans lequel l’exposition au solvant initie une transformation au moins partielle dudit ou desdits composants de
dispositif électronique actif ou passif (110; 210) fournissant une transformation programmable du dispositif
électronique transitoire (100A ; 100B ; 200A; 200B) en réponse audit stimulus externe ou interne à un temps
présélectionné ou à une vitesse présélectionnée, ladite transformation programmable fournissant un change-
ment de fonction du dispositif électronique transitoire (100A; 100B ; 200A ; 200B) d’une première condition à
une seconde condition,
dans lequel lesdits matériaux inorganiques retirables de façon sélective dudit substrat (105 ; 215A ; 215B) et
de ladite couche d’agent d’encapsulation (115A; 115B ; 220) comprennent indépendamment une couche mince,
un revêtement, une feuille ou une quelconque combinaison de ceux-ci présentant une épaisseur allant de 1
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nm à 100 nm ou de 1 mm à 100 mm ; et
dans lequel lesdits matériaux inorganiques retirables de façon sélective dudit substrat (105 ; 215A ; 215B) et
de ladite couche d’agent d’encapsulation (115A; 115B ; 220) comprennent indépendamment un métal sélec-
tionné à partir du groupe consistant en Mg, W, Mo, Fe, Zn ou un alliage de ceux-ci ; et
dans lequel ladite couche d’agent d’encapsulation (115A; 115B; 220) et ledit substrat (105; 215A; 215B) pré-
sentent un profil de caractère transitoire présélectionné.

15. Dispositif (100A ; 100B ; 200A; 200B) selon l’une quelconque des revendications 1 à 12 ou procédé selon la reven-
dication 13 ou 14, dans lequel le solvant est un solvant aqueux.
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摘要(译)

本发明提供了瞬态装置，包括在施加至少一个内部和/或外部刺激时在物理，化学和/或电学上转变的有源和无源装置。 可降解的器
件部件，可降解的基板和/或可降解的封装材料的结合均具有可编程的，可控制的和/或可选择的降解速率，提供了一种转换器件的
手段。 例如，在一些实施例中，本发明的瞬态器件将可降解的高性能单晶无机材料与可选择性去除的衬底和/或密封剂结合在一
起。
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