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A stressed substrate for transient electronic systems (1.¢.,
clectronic systems that visually disappear when triggered to
do so) that includes one or more stress-engineered layers
that store potential energy in the form of a significant
internal stress. An associated trigger mechamism 1s also
provided that, when triggered, causes an initial fracture in
the stressed substrate, whereby the fracture energy nearly
instantaneously travels throughout the stressed substrate,
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teatures are optionally provided to control the final fractured
particle size. Electronic systems built on the substrate are
entirely destroyed and dispersed during the transience event.
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FIG. 6(A)

FIG. 6(B)

FIG. 6(C)
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STRESSED SUBSTRATES FOR TRANSIENT
ELECTRONIC SYSTEMS

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

This application is a continuation reissue of application

Ser. No. 15/726,944, which is an application for reissue of
U.S. Pat. No. 9,154,138, which are incorporated herein by
reference in their entireties. Move than one reissue applica-
tion has been filed for the reissue of U.S. Pat. No. 9,154, 138.
The reissue applications are application Sev. No. 16/537,258
(the present application), which is a continuation reissue of

US. Pat. No. 9,154, 138; and Ser. No. 15/726,944, which is
a reissue of U.S. Pat. No. 9,154,138.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND DEVELOPMENT

This invention was made with Government support under
Contract No. HRO011-14-C-0013 (G017.3765) awarded by

defense Advanced Research Projects Agency. The Govern-
ment has certain rights in this invention.

FIELD OF THE INVENTION

This mvention relates to transient electronic systems, and
in particular to substrates used in transient electronic sys-
tems.

BACKGROUND OF THE INVENTION

Large area sensing 1s critical for a variety of military,
ecological and commercial interests and has historically
been served through the use of centralized long-range sen-
sors. However, rapid improvements in miniaturization of
clectronic systems have significantly improved the capabili-
ties of small sensor devices. These micro-sensors have the
potential to create “large N distributed networks with
advantages in operational adaptability, non-traditional sens-
ing modalities that are only possible with close proximity,
increased sensitivity and knowledge extraction through net-
worked intelligence.

While distributed network systems have remarkable
promise, their realistic use 1s limited by risks associated with
their accumulation 1n the environment, detection and defeat,
and exploitation due to 1nability to maintain positive control
(unlike centralized long-range sensors).

The phrase “transient electronics” refers to a relatively
new family of electronic devices that disappear (disaggre-
gate and disperse) within a set period of time, making them
ideally suited for distributed network systems. Conventional
transient electronic systems typically rely on the use of
soluble substrates and electronic materials (such as silk).
When placed 1nto solvent (typically water), these conven-
tional substrates and electronics slowly dissolve into solu-
tion. As such, a distributed network system made up of
conventional transient electronic devices can be expected to
“disappear” over a relatively short amount of time (e.g., after
periodic rainfall).
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Although the conventional transient electronic
approaches achieve the goal of causing the electronics to

“disappear” after use, the long dissolution period required to
achieve complete disaggregation and dispersal make the
conventional approaches unfit for discrete (e.g., military)
applications that require rapid and complete disaggregation
upon command. Moreover, the conventional approaches
utilize materials that are not compatible with existing inte-
grated circuit fabrication and assembly techniques, requiring
the development of new IC fabrication processes at signifi-
cant cost.

What 1s needed 1s a substrate for transient electronics that
1s compatible with existing IC fabrication techniques, and
achieves complete, on-command disaggregation of the elec-
tronic circuitry formed thereon.

SUMMARY OF THE INVENTION

The present mnvention 1s directed to a stressed substrate
for transient electronic systems that utilizes one or more
stress-engineered layers to store potential energy in the form
of residual, self-equilibrating internal stresses, and an asso-
clated transient event triggering mechanism that, upon
receiving a trigger signal, generates an initial fracture that
causes the stressed substrate to suddenly and catastrophi-
cally release the stored potential energy in a manner that
completely disaggregates (“powderizes”) the stressed sub-
strate 1nto micron-sized particulates (1.e., 100 um across)
using a mechanism similar to that captured in a Prince
Rupert’s Drop. The stressed substrate 1s stable enough to
support either mounted or fabricated electronics thereon. In
one embodiment, the stressed substrate comprises a suitable
semiconductor material (e.g., S10,) that 1s compatible with
existing IC fabrication techmiques. The stress-engineered
layers include at least one tensile layer and at least one
compressive layer that are operably attached together such
that release of the potential energy powderizes the stressed
substrate and any electronic devices disposed thereon. The
transient event triggering system 1s connected to the stressed
substrate, and includes an actuating mechanism that controls
release of the potential energy, 1.e., by generating an 1nitial
fracture 1n the stressed substrate upon receipt of a trigger
signal (e.g., an externally delivered current pulse or a radio
frequency signal). The present invention thus facilitates the
production of transient electronic systems that reliably dis-
appear (powderize) 1n a significantly shorter amount of time
than 1s possible using conventional (e.g., soluble substrate)
approaches. Moreover, because the stressed substrate is
compatible with low-cost existing IC fabrication techniques,
the present invention facilitates the production of transient
clectronic systems having custom-fabricated IC devices
and/or the incorporation of high-performance off-the-shelf
clectronic devices with minimal (or potentially without any)
modification to core IC fabrication process.

According to alternative exemplary embodiments,
stressed substrates are fabricated either by depositing stress-
engineered substrate layers using, for example, plasma
vapor deposition techniques in which the deposition param-
cters (1.e., temperature or pressure) are varied such that the
layers collectively contain a significant inbwlt stress gradi-
ent, or by post-treating the substrate material using strategies
similar to glass tempering (e.g., by way of 1on-exchange,
heat or chemical treatment). In some cases, the stress-
engineered substrate layers are sequentially deposited on top
of each other mside a sacrificial mold that 1s later removed
(1.e., such that the stressed substrate 1s entirely formed by the
deposited stress-engineered substrate layers). In other cases,
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the stress-engineered layers are formed over a central core
substrate. In each case, the stressed substrate includes at
least one tensile stress layer having a residual tensile stress
and at least one compressive stress layer having a residual
compressive stress, where the compressive stress layer 1s
operably integrally connected to the tensile stress layer such
that residual tensile and compressive stresses are seli-equili-
brating (1.¢., such that the laminated structure 1s stable), and
such that the residual tensile and compressive stresses are
suilicient to cause complete powderization of the substrate
upon application of a triggering force (1.e., an mnitial frac-
ture) by way of a suitable trigger mechamism (e.g., one of a
resistive heat element, a chemical reaction element, and a
mechanical pressure element).

According to an aspect of the present invention, transient
clectronic systems are fabricated by forming a stressed
substrate using the methods mentioned above, and then
disposing (1.¢., fabricating or mounting) one or more elec-
tronic elements and one or more trigger mechanisms on the
stressed substrate. According to alternative embodiments,
the electronic devices are attached to the stressed substrate
using various techniques. In one exemplary embodiment,
already-formed microelectronic circuit “chips™ are attached
to the substrate using a bonding method (such as using
sealing glasses or anodic bonding) that allows crack propa-
gation to destroy the adhered chips. That 1s, during the
transience event, not only will the substrate fracture into
small dithicult to detect particles, but the bonded microelec-
tronic devices will also fracture ito small particulates as
well. The final particle size after triggering 1s based upon
factors such as the stress profile and substrate thickness. In
one embodiment, the IC chip 1s thinned and/or patterned to
provide fracture points (features) that assist in controlling
the final fractured particle size (i.e., the fracture features are
formed such that, when the substrate 1s powderized by
release of the stored potential energy, the substrate fractures
along the patterned fracture features. In another embodi-
ment, standard thin-film fabrication (e.g., photolithographic
or inkjet printing) techniques are used to fabricate the
clectronic devices directly into and/or on the stressed sub-
strate such that, upon triggering, the energy released by the
stressed substrate destroys the thin, brittle functional layers
and all electronics formed thereon.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects and advantages of the
present mnvention will become better understood with regard
to the following description, appended claims, and accom-
panying drawings, where:

FIG. 1 1s a top side perspective view showing a transient
clectronic device produced in accordance with an exemplary
embodiment of the present invention;

FIGS. 2(A), 2(B), 2(C), 2(D) and 2(E) are simplified
cross-sectional side views showing the production of a
stressed substrate according to an embodiment of the present
invention;

FIGS. 3(A), 3(B), 3(C), 3(D) and 3(E) are simplified
cross-sectional side views showing the production of a
stressed substrate according to another embodiment of the
present mvention;

FIGS. 4(A), 4(B), 4(C), 4(D) and 4(E) are simplified
cross-sectional side views showing the production of a
stressed substrate according to another embodiment of the
present mvention;
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FIGS. 3(A), 5(B), 5(C), 5(D), 5(E), 53(F) and 3(G) are
cross-sectional side views showing a transient electronic
device produced 1n accordance with another embodiment of
the present invention;

FIGS. 6(A), 6(B), 6(C), 6(D), 6(E), 6(F) and 6(G) are
cross-sectional side views showing a transient electronic
device produced 1n accordance with another embodiment of
the present invention; and

FIGS. 7(A), 7(B), 7(C), 7(D) and 7(E) are cross-sectional
side views showing a transient electronic device produced 1n

accordance with another embodiment of the present inven-
tion.

DETAILED DESCRIPTION OF THE DRAWINGS

The present invention relates to an improvement 1n tran-
sient electronic devices. The following description 1s pre-
sented to enable one of ordinary skill 1n the art to make and
use the mvention as provided in the context of a particular
application and 1ts requirements. As used herein, directional
terms such as “upper”, “upward”, “lower”, “downward”, are
intended to provide relative positions for purposes of
description, and are not intended to designate an absolute
frame of reference. Various modifications to the preferred
embodiment will be apparent to those with skill 1n the art,
and the general principles defined herein may be applied to
other embodiments. Therefore, the present invention 1s not
intended to be limited to the particular embodiments shown
and described, but 1s to be accorded the widest scope
consistent with the principles and novel features herein
disclosed.

FIG. 1 1s a simplified diagram including perspective
views showing a transient electromic device 100 1n a pre-
transience “whole” state (1.e., device 100(t0) shown 1n the
middle portion of FIG. 1) and a post-transience “powder-
1zed” state (1.e., device 100(tl1) shown in the lower portion
of FIG. 1). Referring to the middle of FIG. 1, in the
pre-transience state (e.g., immediately after production),
transient electromic device 100(t0) generally includes an
integrated circuit (functional) layer 120 and a trigger mecha-
nism 130 that are disposed on a stressed substrate 110, which
1s characterized as shown in the bubble at the upper portion
of FIG. 1. Functional layer 120 of device 100(t0) includes
one or more electronic elements 122 that perform a pre-
scribed useful function (e.g., sensor operations) up until the
transient event. As described 1n additional detail below,
trigger mechanism 130 1mitiates the transient event, e.g., by
generating an 1nitial fracture F, (shown in the bubble 1mme-
diately below device 100(10)). As depicted by device 100
(t1), the mitial fracture propagates through stressed substrate
110 and the associated structures, causing the device to
undergo powderization (1.e., fragmentation into tiny par-
ticles 101, one of which 1s depicted 1n the bubble located in
the lowermost portion of FIG. 1).

Referring to device 100(t0) and to the bubble located 1n
the uppermost portion of FIG. 1, stressed substrate 110 1s a
waler-like structure including at least one tensile stress layer
110-1 having a residual tensile stress and at least one
compressive stress layer 110-2 having a residual compres-
s1ve stress. Tensile stress layer 110-1 and compressive stress
layer 110-2 (collectively referred to herein as “stress-engi-
neered layers) are operably integrally connected together
such that residual tensile and compressive stresses are
self-equilibrating and produce a stress gradient (e.g., indi-
cated by the simplified stress graph shown at the right of the
bubble). As set forth 1n additional detail below, the stress-
engineered layers 110-1 and 110-2 are fabricated either by
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post-treating a substrate material using strategies similar to
glass tempering (e.g., by way of heat or chemical treatment),
or by depositing the substrate layers using, for example
chemical, vapor deposition techniques 1n which the deposi-
tion parameters (1.e., temperature, pressure, chemistry) are
varied such that the layers collectively contain a significant
inbuilt stress gradient. Note that the arrangement of stress-
engineered layers 110-1 and 110-2 indicated 1n the upper
bubble 1s not intended to be limiting in that one or more
non-stressed substrate layers may be disposed between the
two stress-engineered layers, and in that the stress gradient
1s not necessarily linear.

Referring to the middle of FIG. 1, functional layer 120
includes a suitable base layer 121 preferably formed using a
semiconductor matenal (e.g., S10,) that 1s compatible with
existing IC fabrication techniques, and one or more elec-
tronic elements 122 that are fabricated on and 1n base layer
121 that perform one or more designated (e.g., sensor)
operations. As described in additional detail below, func-
tional layer 120 1s operably attached to the stressed substrate
110 such that release of the potential energy powderizes both
stressed substrate 110 and functional layer 120, along with
any electronic devices disposed thereon.

Referring to the lower-middle portion of FIG. 1, trigger
mechanism 130 serves to initiate a transient event that
controls the release of potential energy stored in stressed
substrate 110 1n response to a suitable trigger signal TS (e.g.,
an externally delivered current pulse or a radio frequency
signal). As indicated 1n the middle bubble of FIG. 1, trigger
mechanism 130 1s disposed on substrate 110 and constructed
such that the transient event 1s mitiated, for example, by
generating an initial fracture F,. As indicated 1n the middle
bubble, this initial fracture F, 1s propagated by way of
secondary {fractures F, that travel rapidly throughout
stressed substrate 110, whereby the potential energy stored
in stressed substrate 110 1s suddenly and catastrophically
released 1n a manner that completely disaggregates (pow-
derizes) the stressed substrate into micron-sized particulates
101 (i.e., having length L, width W, and height H dimensions
that are less than approximately 100 um across, as 1llustrated
in the bubble located at the bottom of FIG. 1).

According to an aspect of the present invention, the
mechanism by which transient device 100 1s powderized
during the above-described transient event 1s similar to that
associated with a Prince Rupert’s Drop. A Prince Rupert’s
Drop 1s formed by simply dropping a bead of molten glass
into water, cooling the surface of the drop much more
rapidly than the bulk durning solidification. This leads to
compressive stress on the surface of the glass and tensile
stress within the bulk. The resulting glass 1s very strong as
the surface stress resists cracking, however the tail 1s thin
enough that 1t can be broken; when this 1s done the elastic
strain energy within the drop 1s released rapidly (fracture
propagation steeps are >1000 ms™') and the drop is shattered
into powder. The disaggregation of stressed substrate 110 1n
response to a transient event trigger signal TS 1s similar to
that of a Prince Rupert’s Drop, and hence the terms “pow-
derize” and “powderization” are defined herein to describe
a disaggregation event similar to that associated with a
Prince Rupert’s Drop.

Referring to the lower portion of FIG. 1, by utilizing
suitable device fabrication techniques and trigger mecha-
nisms (some of which are described below), the above-
mentioned transient event facilitates the controlled nearly
instantanecous powderization of the entirety of device 100
(t1) (1.e., functional layer 120) into particles of 100 um or
smaller that are not discernible by the human eye at greater
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than 50 cm viewing distance. That 1s, by storing suflicient
potential energy in stressed substrate 110 to powderize
functional layer 120, and by providing trigger mechanism
130 for releasing the potential energy on command, the
present mnvention facilitates the production of transient elec-
tronic devices 100 that reliably essentially disappear on
command and 1n a significantly shorter amount of time than
1s possible using conventional (e.g., soluble substrate)
approaches. Moreover, because stressed substrate 110 1s
compatible with low-cost existing IC fabrication techniques,
the present invention facilitates the production of transient
clectronic systems having custom-fabricated IC devices
and/or the incorporation of high-performance off-the-shelf
clectronic devices with minimal (or potentially without any)
modification to core IC fabrication process.

Various methods may be used to generate stressed sub-
strate 110 utilized 1n transient electronic device 100 (shown
in FIG. 1). A first approach to forming stressed substrates
involves thin film sputter deposition. In thin film sputter
deposition, generally two distinct regimes can be 1dentified
leading to very different film morphology and characteris-
tics, and result in either compressive or tensile stress. Metals
are often used because of functionality (e.g., electrical
properties), their structural qualities (e.g., ductility), and the
tact that a conductive sputter target allows for a simple, high
yield, glow discharge DC magnetron sputtering process.
However, stress-engineered metal oxides and glasses (sili-
con oxides) can be sputtered as well; these insulating or
semiconducting films can be sputter deposited by either
radiofrequency (RF) sputtering or by reactive sputtering in
a mixed 1nert/reactive gas plasma (e.g. argon/oxygen). The
assignee of the present invention has generated films of
stress engineered vanadium oxide using the latter method,
for use as temperature sensitive micro-probes. In addition,
relatively thick oxide films have been sputter deposited and
stress engineered 1n order to minimize 1ntrinsic stress.

To achieve reliable powdernization yielding fragmentation
particulates =100 um 1n any lateral dimension, the presently
preferred methodology for generating stressed substrates
involves adapting stress-engineered thin film fabrication
techniques with 1on-exchange tempering to create optimal
stress profiles 1n glass (S10,) substrates. The presently
preferred stressed substrate fabrication methodologies are
set forth 1n the exemplary embodiments described below
with reference to FIGS. 2(A) to 2(E), 3(A) to 3(E), and 4(A)
to 4(E).

FIGS. 2(A) to 2(E) 1llustrate a first methodology in which
a stressed substrate 110A 1s built up by patterned S10,
stressed substrates generated entirely using plasma vapor
deposition (PVD) techniques. This methodology provides a
high degree of control over the specific stress profile gen-
erated 1n the stressed substrate, and introduces a completely
new way to create tempered glass, with continuous control
over glass formulation and morphology through the thick-
ness dimension of the stressed substrate. Referring to FIG.
2(A), a water 200 (e.g., silicon or other material) 1s coated
with a release layer 210, most likely a metal. In FIG. 2(B),
a thick liftofl mask 220 1s then patterned on release layer 210
such that mask 220 defines an opening 222. Note that wafer
200, release layer 210 and mask 220 form a sacrificial
structure. Referring to FIGS. 2(C) and 2(D), PVD process-
ing 1s then used to create the stress engineered layers 110A-1
and 110A-2 1n opening 222, placing stresses in the deposited
substrate material 230-1 and 230-2, for example, by altering
the process parameters (e.g., using diflerent temperatures 11
and 12 and/or pressures P1 and P2). Finally, as indicated 1n
FIG. 2(E), the mask 1s then lifted off, and stressed substrate
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110A 1s singulated (removed) from the remaining sacrificial
structure by underetching the release layer.

FIGS. 3(A) to 3(E) illustrate a second methodology in
which a stressed substrate 110B 1s built up by patterned S10,
on a thin glass core using PVD techniques. This methodol-
ogy avoids a possible drawback to the first methodology
(1.e., that the thick PVD processing proves unreliable), but in
a similar manner provides a high degree of control over the
specific stress profile generated 1n the stressed substrate.
Referring to FIG. 3(A), the process begins using a substan-
tially unstressed glass core substrate 110B-0 having a thick-
ness T, 1n the range of 25 um and 100 um. Suitable glass
core substrates are currently produced by Schott North
America, Inc. of Elmsford, N.Y., USA). Retferring to FIGS.
3(B) to 3(E), S10, 1s then deposited on alternating sides of
core substrate 110B-0 via PVD using methods similar to
those described above. Specifically, FIG. 3(B) shows the
deposition of material 230-1 1n a manner that forms stress-
engineered layer 110B-11 on core substrate 110B-0. FIG.
3(C) shows the deposition of material 230-2 in a manner that
forms stress-engineered layer 110B-21 on an opposite side
of core substrate 110B-0. FIG. 3(C) shows the subsequent
deposition of material 230-1 1n a manner that forms stress-
engineered layer 110B-12 on core layer 110B-11, and FIG.
3(E) shows the deposition of material 230-2 1n a manner that
forms stress-engineered layer 110B-22 layer 110B-21. FIG.
3(E) shows completed stressed substrate 110B including
core substrate (central, substantially unstressed layer)
110B-0 with stress-engineered layers 110B-11, 110B-12,
110B-21 and 110B-22 formed thereon. A possible drawback
to this methodology 1s that, because core substrate 110B-0 1s
freestanding and the deposited stress-engineered layers have
high stress, each stress-engineered layer must be made thin
enough that no de-bonding or cracking occurs, and that core
substrate 110B-0 1s not caused to flex excessively. One
possible approach will be to construct a custom fixture that
can rotate the samples inside the deposition chamber during
PVD. Another possible challenge will be developing suit-
able surface preparation and deposition process parameters
so that good film adhesion 1s achieved.

FIGS. 4(A) to 4(E) illustrate a third methodology 1n which
a stressed substrate 110C 1s produced by subjecting a core
substrate to one of an 1on-exchange tempering treatment, a
chemical treatment and a thermal treatment. Specifically,
FIGS. 4(A) to 4(E) illustrate an exemplary 1on-exchange
tempering treatment during which various stress profiles are
introduced 1n a core substrate via molten-salt 1on exchange.
FIG. 4(A) shows a core substrate 110C-0 over a vat 250
containing a molten-salt solution 2535. FI1G. 4(B) shows core
substrate 1100-0 immediately after submersion 1n molten-
salt solution 255, FIG. 4(C) shows core substrate 110C-0
after a first time period of submersion 1n molten-salt solution
255 1in which a first stress-engineered layer 110C-1 1s
formed, and FIG. 4(D) shows the structure after a second
time period of submersion 1n molten-salt solution 255 in
which a second stress-engineered layer 110C-2 1s formed on
first stress-engineered layer 110C-1. FIG. 4(E) shows com-
pleted stressed substrate 1000 including central core sub-
strate 110C-0 and stress-engineered layers 110C-1 and
110C-2.

According to a fourth methodology, a hybrid of the above
second and third methods 1s employed in which diced, thin
glass core substrates are 1on-exchange tempered, and then
multiple layers of S10, are deposited on the tempered
substrates to further increase the induced stresses. This
combined approach has the advantage that much higher
central tension values should be attainable by varying the
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parameters of the 1on exchange or the thickness of the
layering matenals and their relative stress mismatch.

FIGS. 5(A) to 5(F) depict the fabrication and subsequent
actuation of a transient electronic device 100D according to
another embodiment of the present invention.

FIG. 5(A) depicts a stressed substrate 110D produced 1n
accordance with any of the methodologies mentioned above.

FIGS. 5(B) and 5(C) depict the formation of a trigger
mechanism 130D on stressed substrate 110D according to a
currently preferred embodiment. Trigger mechanism 130D
1s electrical, and more specifically utilizes a heating element
to generate local heating 1n response to an applied electrical
pulse. As indicated in these figures, trigger mechanism 130D
1s constructed by forming a wide/thicker lower resistance
clectrodes 132D (shown 1n FIG. 5(B)), and then forming a
resistive, thin, narrow resistor structure 135D (shown in
FIG. 5(C)) between electrodes 132D, where resistor struc-
ture 135D 1s formed using a material that 1s capable of
sustaining high temperature (e.g., a mental such as tung-
sten). Trigger mechamism 130D 1s fabricated directly onto
stressed substrate 110D using standard microfacrication
techniques (vapor deposition and photo-patterning) or sim-
ply through shadow-masked evaporation. The mechanism of
fracture generated by trigger mechanism 130D 1s hoop stress
generated as the portion of stressed substrate 110D heated by
resistor structure 135D expands. Simulation of such trigger-
ing mechamisms indicate that 0.5 ms after the current pulse
1s applied, tensile hoop stresses 1n the range of 100-150 MPa
are present below the resistor structure—this would be
suflicient to initiate fracture in almost any traditionally
tempered glass. These simulation results show that large
surface tensile stresses can be obtained with a modest
amount of current and energy. In this example, based on
resistance estimates using properties for tungsten, the cur-
rent 1s approximately 70 mA, and the voltage developed
across the resistor 1s about 80 mV. These amounts are well
within the capabilities of currently available small-form-
factor batteries.

FIG. 5(D) depicts the disposition of an IC device 120D on
stressed substrate 110D according to a currently preferred
embodiment. The preferred circuit proxy i1s a bare single-
crystal silicon chip, thinned via CMP to realistic thicknesses.
The 1mnventors do not believe that the lack of CMOS pro-
cessing layers changes the mechanical properties of the
proxy chip significantly compared to actual chips. The key
to achieving fragmentation of this type of chip 1s coupling
the propagating cracks from stressed substrate 110D into the
silicon of IC chip 120D. This process can be viewed as a
competition between two possible outcomes: a crack can
propagate upward 1nto the silicon, or make a sharp turn and
instead propagate through the bond region, leading to de-
bonding. To exceed the ratio needed for a glass/silicon bond,
a low-melting-point sealing glass 125D 1s utilized to secure
IC 120D to stressed substrate 110D. Alternatively, an anodic,
cutectic and adhesive bonding 1s used to secure 1C 120D to
stressed substrate 110D.

FIGS. 5(E) to 5(G) illustrate the subsequent completion
and actuation of transient electronic device 100D. FIG. 5(E)
depicts completed device 100D formed by stressed substrate
110D, IC chip (functional substrate or layer) 120D, and
triggering mechamsm 130D. FIGS. 5(F) and 5(G) show the
subsequent controlled destruction (disaggregation) of device
100D, with FIG. 5(F) depicting device 100D(t0) during the
transmission of a radio-frequency trigger signal RF-TS to
triggering mechanism 130D, which 1n turn generates an
initial fracture F, in stressed substrate 110E by way of
localized heating, and FIG. 5(G) depicting the subsequent
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powderized device 100D(tl) caused by the propagation of
fractures throughout the various structures, thereby forming
particles 101E(t1).

In addition to the localized heating approach described in
the previous embodiment, other trigger mechanisms may be
utilized to generate the mnitial fracture required to generate
powderization of the stressed substrate. For example, suit-
able triggering mechanisms may be produced that generate
localized fracturing using by initiating a chemical reaction
on the surface of the stressed substrate, or by applying a
localized mechanical pressure (e.g., using a piezoelectric
clement) to the stressed stressed substrate.

FIGS. 6(A) to 6((G) depict the fabrication and actuation of
a transient electronic device 100E according to another
embodiment of the present invention 1 which defects sites
are created to promote fracturing.

FIGS. 6(A) to 6(C) depict the generation of 1C chips 120E
having the requisite facture features. FIG. 6(A) depicts a
“normal” semiconductor (e.g., monocrystalline silicon)
functional substrate 121F during an established low-cost,
high-volume (e.g., CMOS) fabrication process in which
clectronic elements are produced on upper surface 121F.
FIG. 6(B) depicts functional substrate 121E after lower
surface 121L 1s subject to polishing (1.e., to reduce the
substrate thickness), and the generation of patterned fracture
teatures 125E by laser beams 260 directed onto lower
surface 121L from a laser ablation tool using known laser-
scoring techniques. Alternatively, a process similar to
“stealth dicing” technology developed by Hamamatsu Pho-
tonics K.K. of Japan may be used, in which a laser focus
internal to the silicon creates defects which promote crack-
ing. FIG. 6(C) shows subsequent dicing cuts D applied to
segment the wafer mto individual IC die 120E.

FIGS. 6(D) to 6(G) 1llustrate the subsequent completion
of transient electronic device 100E using IC die 120E. FIG.
6(D) depicts mounting IC die ({unctional substrate) 120E on
stressed substrate 110E, which 1s produced in accordance
with any of the methodologies mentioned above, by way of

a sealing glass 127E (or an anodic bond) 1in the manner
descnbed above. FIG. 6(E) depicts completed device 100E
formed by stressed substrate 110E, IC chip ({functional
substrate or layer) 120E, and a triggering mechanism 130E
formed 1n accordance with any of the embodiments men-
tioned above. FIGS. 6(F) and 6((G) show the subsequent
controlled destruction (disaggregation) of device 100E, with
FIG. 6(F) depicting device 100E(t0) during the transmission
of tnigger signal RF-TS to triggering mechanism 130F,
which 1 turn generates an imtial fracture F, in stressed
substrate 110E according to one of the mechanisms men-
tioned above, and FIG. 6(G) depicting the subsequent pow-
derized device 100E(t1) caused by the propagation of frac-
tures throughout the various structures, thereby forming
particles 101E(t1). The resulting patterned fracture features
(grooves) 125E should have a much higher defect density
than the base polished silicon, so cracks are expected to
readily form at these features, whereby fragmentation (1.e.,
the size of particles 101E(tl)) 1s controlled through the
spacing of these defects.

FIGS. 7(A) to 7(C) depict the fabrication and actuation of
a transient electronic device 100F according to another
exemplary embodiment of the present invention 1n which a
thin-11lm polysilicon and/or amorphous silicon proxy 1s used
to form electronic elements directly on a stressed substrate
100F. FIG. 7(A) depicts a stressed substrate 110F produced
in accordance with any of the methodologies mentioned
above with a base functional layer 120F (e.g., polycrystal-
line or amorphous silicon) formed thereon, FIG. 7(B)

10

15

20

25

30

35

40

45

50

55

60

65

10

depicts the subsequent generation of electronic elements 122
in and on base functional layer 120E-1 by way of existing
large area electronic ink-jet print processes, and FIG. 7(C)
depicts the subsequent generation of a triggering mechanism
130F according to any of the embodiments mentioned

above, thereby completing device 100F. FIGS. 7(D) and

7(E) show the subsequent controlled destruction (disaggre-
gation) ol device 100F, with FIG. 7(D) depicting device

100F (t0) during the transmission of trigger signal RF-TS to

triggering mechanism 130F, which in turn generates an
initial fracture F 1n stressed substrate 110F according to one
of the mechanisms mentioned above, and FIG. 7(E) depict-
ing the subsequent powderized device 100F(t1) caused by
the propagation of fractures throughout the various struc-
tures, thereby forming particles 101F (t1). This embodiment
may be useful, for example, 11 for some reason the single-
crystal approach fails. That 1s, thin film circuitry 122F
represents a way to reach near-COTS-level performance
with stressed substrates 110F. If processed correctly, thin
film silicon layer 120F forms a bond to stressed substrate
110F that 1s similar to that of the stressed substrate material
(e.g., glass). Furthermore, polysilicon and amorphous sili-
con are weaker than single-crystal silicon, and existing
thin-film printing processes allow very thin layers to be
formed and processed as the functional materials directly on
the stressed substrate (rather than requiring a thicker single-
crystal silicon substrate as support between the transient
substrate and the functional materials). For these reasons,
this approach presents a relatively low risk path to demon-
strating silicon circuit proxies on stressed substrates. How-
ever, there are challenges associated with this approach as
well. For example, there are multiple handling and process-
ing steps that will expose the substrates to stresses and
thermal gradients that could madvertently trigger fragmen-
tation, so custom processing may need to be developed.

Although the present mvention has been described with
respect to certain specific embodiments, 1t will be clear to
those skilled in the art that the inventive features of the
present invention are applicable to other embodiments as
well, all of which are intended to fall within the scope of the
present 1nvention.

The mnvention claimed 1s:

1. A transient [electronic device] apparatus, comprising:

a [stressed] stress engineered substrate [including at least

one tensile stress layer having a residual tensile stress
and at least one compressive stress layer having a
residual compressive stress and being operably inte-
grally connected to the at least one tensile stress layer
such that residual tensile and compressive stresses are
self-equilibrating]; and

a trigger mechanism [attached] coupled to the [stressed]

stress engineered substrate [and including means for
generating), the trigger mechanism configured to gen-
erate an initial fracture in [said stressed] the stress
engineered substrate],

wherein said residual tensile and compressive stresses are

suilicient to generate secondary fractures 1n response to
said 1nitial fracture that propagate throughout said
stressed] that causes fracturing of the stress engineered
substrate[, whereby said stressed substrate is powder-
ized].

[2. The transient electronic device of claim 1, further
comprising a functional layer including one or more elec-
tronic elements, wherein the functional layer 1s bonded to
the stressed substrate such that the secondary {ractures
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propagate 1nto said functional layer, whereby said functional
layer 1s powderized substantially simultaneously with said
stressed substrate.]

[3. The transient electronic device of claim 2,

wherein the functional substrate layer comprises silicon,

and

wherein the one or more electronic elements are integrally

fabricated on the functional layer.}

4. The transient [electronic device] apparatus of claim 1,
wherein [said stressed] the stress engineered substrate [fur-
ther] comprises [a central] ar internal, substantially
unstressed layer.

5. The transient [electronic device] apparatus of claim 1,
wherein [said] zhe trigger mechanism comprises [one of
means for applying resistive] a heating element configured
to [said stressed substrate, means for initiating a chemical
reaction 1n said stressed substrate, and means for applying a
mechanical pressure to said stressed stressed] zeat the stress
engineered substrate to generate the initial fracture.

6. The transient [electronic device] apparatus of claim [2]
I, wherein [at least one of said functional layer and said]. /e
stress engineered substrate comprises a plurality of pat-
terned fracture features; and

[formed such that, when said] the stress engineered sub-

strate is [powderized by release of said potential
energy, said substrate fractures] configured to fracture
along [said] tke plurality of patterned fracture features
in response to the initial fracture.

[7. The transient electronic device of claim 2, wherein
said functional layer comprises one or more IC chips
attached to the stressed substrate layer such that said IC
chips are powderized upon release of the potential energy.}

[8. The transient electronic device of claim 7, wherein
said IC chips are attached to the stressed layer by one of a
sealing so glass and an anodic bond.]

[9. The transient electronic device of claim 1, wherein
said functional layer comprises one or more thin-film elec-
tronic elements disposed directly on said stressed substrate.]

[10. A method for manufacturing a transient electronic
device comprising:

forming a stressed substrate including at least one tensile

stress layer having a residual tensile stress and at least
one compressive stress layer having a residual com-
pressive stress and being operably integrally connected
to the at least one tensile stress layer such that residual
tensile and compressive stresses are self-equilibrating;;
and

disposing a trigger mechanism and one or more electronic

elements on the stressed substrate.]

[11. The method of claim 10, wherein forming stressed
substrate comprises depositing one or more substrate mate-
rials while varying applied process conditions such that the
deposited substrate material forms a plurality of layer por-
tions collectively forming a stress gradient.}

[12. The method of claim 11, wherein forming stressed
substrate comprises depositing said one or more substrate
materials onto a sacrificial structure and then removing said
one or more sacrificial structure.]

[13. The method of claim 11, wherein forming stressed
substrate comprises depositing said one or more substrate
materials onto a core substrate.]

[14. The method of claim 10, wherein forming stressed
substrate comprises subjecting a core substrate to one of an
ion-exchange tempering treatment, a chemical treatment and
a thermal treatment.]

[15. The method of claim 10, wherein disposing said one
or more electronic elements comprises fabricating said one
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or more electronic elements on a functional substrate and
then attaching said functional substrate to said stressed
substrate.]

[16. The method of claim 15, wherein fabricating said one
or more ¢lectronic elements comprises forming said one or
more electronic elements using a photolithographic semi-
conductor fabrication process flow.]

[17. The method of claim 15, wherein attaching said
functional substrate to said stressed substrate comprises
using one of a sealing glass and an anodic bond.}

[18. The method of claim 15, further comprising forming
a plurality of patterned fracture features in said functional

substrate.]

[19. The method of claim 10, wherein disposing said one
or more e¢lectronic elements comprises forming said one or
more electronic elements directly on the stressed substrate. ]

[20. The method of claim 19, wherein forming said one or
more electronic elements directly on the stressed substrate
comprises printing one or more thin film electronic elements
on the stressed substrate.]

21. The transient apparatus of claim 1, wherein the stress
engineerved substrate comprises at least one tensile stress
laver having a residual tensile stress and at least one
compressive stress layer having a residual compressive
stress and being operably comnnected to the at least one
tensile stvess layer such that the rvesidual tensile and com-
pressive stresses ave self-equilibrating.

22. The tramsient apparatus of claim 21, wherein the
residual tensile and compressive stresses ave sufficient to
cause fracturing of the stress engineered substrate in
response to the initial fracture.

23. The transient apparatus of claim I, wherein the
trigger mechanism comprises a chemical reaction element
configurved to initiate a chemical reaction in the stress
engineerved substrvate to generate the initial fracture.

24. The transient apparatus of claim I, wherein the
trigger mechanism comprises a mechanical pressure ele-
ment configured to apply a mechanical pressure to the stress
engineered substrate to generate the initial fracture.

25. The tramsient apparatus of claim 1, wherein the
trigger mechanism is configured to gemervate the initial

fracture in response to receiving a current pulse or a radio
frequency signal.

20. A transient apparatus, COmprising.

a stress engineered substrate;

one or more electronic elements disposed on the stress

engineerved substrate; and

a trigger mechanism coupled to the stress engineeved

substrate, the trigger mechanism configured to gener-
ate an initial fracture in the stress engineerved substrate
that causes fracturing of the strvess engineerved substrate
and impairment of the one or more electronic elements.

27. The transient apparatus of claim 26, wherein the one
or more electronic elements comprises one ov more micro-
electronic or integrated circuit devices.

28. The tramsient apparatus of claim 26, wherein the
stress engineerved substrate comprises at least one tensile
stress laver having a vesidual tensile stress and at least one
compressive stress layer having a residual compressive
stress and being operably comnnected to the at least one
tensile stress layer such that the rvesidual tensile and com-
pressive stresses are self-equilibrating.

29. The tramsient apparatus of claim 28, wherein the
residual tensile and compressive stresses arve sufficient to
cause fracturing of the stress engineered substrate in
response to the initial fracture.
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30. The tramsient apparatus of claim 26, wherein the
trigger mechanism comprises a heating element configured
to heat the stress engineerved substrate to generate the initial
fracture.

31. The transient apparatus of claim 26, wherein the
trigger mechanism comprises a chemical reaction element
configured to initiate a chemical reaction in the stress
engineered substrate to generate the initial fracture.

32. The transient apparatus of claim 26, wherein the
trigger mechanism comprises a mechanical pressure ele-
ment configured to apply a mechanical pressure to the stress
engineerved substrvate to generate the initial fracture.

33. The transient apparatus of claim 26, wherein:

the stress engineered substrate comprises a plurality of

patterned fracture features; and

the stress engineered substrate is configured to fracture

along the plurality of patterned fracture features in
response to the initial fracture.

34. The transient apparatus of claim 26, wherein the
trigger mechanism is configured to gemerate the initial
fracture in vesponse to receiving a current pulse or a radio
frequency signal.

35. A method, comprising:

actuating a trigger mechanism attached to a strvess engi-

neered substrate; and

generating, in vesponse to actuating the trvigger mecha-

nism, an initial fracture in the stress engineered sub-
strate that causes fracturing of the stress engineerved
substrate.
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36. The method of claim 35, wherein:

one or movre electronic elements are disposed on the stress
engineerved substrate; and

generating the initial fracture in the stress engineered
substrate causes fracturing of the stress engineered
substrate and impairment of the one or more electvonic
elements.

37. The method of claim 35, wherein actuating the trigger
mechanism comprises heating the stress engineeved sub-
strate to generate the initial fracture.

38. The method of claim 35, wherein actuating the trigger
mechanism comprises initiating a chemical rveaction in the
stress engineered substrate to genervate the initial fracture.

39. The method of claim 35, wherein actuating the trigger
mechanism comprises applying a mechanical pressure to the
stress engineered substrate to generate the initial fracture.

40. The method of claim 35, wherein.:

the stress engineeved substrate comprises a plurality of
patterned fracture features; and

the strvess engineerved substvate fractuves along the plu-
rality of patterned fracture features in vesponse to the

initial fracture.

41. The method of claim 35, wherein actuating the trigger
mechanism comprises actuating the trigger mechanism in
response to a curvent pulse or a radio frequency signal.

G o e = x
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