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Advances in Physicochemically Stimuli-Responsive
Materials for On-Demand Transient Electronic Systems

Geumbee Lee,"?>’ Yeon Sik Choi,"*3’ Hong-Joon Yoon,"?3%/ and John A. Rogers'-#:356*

SUMMARY

Transient electronics represents a class of technology defined by
components that physically or chemically disintegrate, dissolve, or
otherwise disappear in a controlled manner for application opportu-
nities that lie outside of those that can be addressed with conven-
tional, permanent devices. Materials and system designs that allow
for initiation of the transient processes upon well-defined trigger
events are of particular interest for uses in areas such as hard-
ware-level data security, unrecoverable proprietary electronics,
and certain classes of temporary biomedical implants. Progress re-
lies on the development of advanced materials for this purpose
and a detailed understanding of the mechanisms by which they
respond to various physicochemical stimuli. This review summarizes
a diverse range of materials recently explored in this context, with
responsiveness to changes in temperature, exposure to water, illu-
mination with light, and delivery of electrical current. Subsequent
sections present demonstrations of these materials as the basis
for triggered transient devices with active operation. Strategies
that exploit a cascade or a combination of triggering events repre-
sent important additional trends in this field of technology, laying
the groundwork for a broad range of electronic devices with pre-
cisely controlled lifetimes.

INTRODUCTION

Research in electronics has historically emphasized high-performance, reliable oper-
ation, with invariant characteristics over long periods of time, as an essential goal of
engineering design and materials development (Figure 1A). An emerging and com-
plementary area of interest is in systems that consider the opposite approach, where
the devices themselves have a finite physical lifetime aligned with application re-
quirements. The ultimate fate of such technologies, referred to as transient elec-
tronics, is “disappearance without a trace.” Electronics with transient characteristics
first appeared in an example of silicon transistors on water-soluble substrates (i.e.,
silk) in 2009 in a report by Kim et al." Studies thereafter explored the dissolution ki-
netics of wide-ranging classes of conductors, semiconductors, and insulators that
undergo hydrolysis under various parameters (e.g., surface morphology, chemical
composition/ionic concentration, pH and temperature of the solution, and
methods/conditions for depositing the thin films). These fundamental efforts in ma-
terials science led to advanced work at the device and systems levels. Typically, such
systems cease to function due to mechanical disruption and/or chemical degrada-
tion in a timed fashion with some combination of internal and external physicochem-
ical stimuli.” Technologies of this type can be divided into two main categories—
passive and active—as defined by the nature of these transient processes (Figure 1B).
Passive refers to situations where transience begins immediately upon device
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Progress and Potential
Transient electronic systems
represent a unique class of
technology defined by an ability
to fully or partly dissolve, resorb,
or otherwise physically disappear
with controlled rates or at
triggered times. Recent research
establishes the foundations for a
wide range of vanishing materials
and devices of this type, with
potential applications in fields
that span temporary medical
implants, environmentally
degradable sensors, physically
secure data storage systems,
zero-waste consumer and
industrial electronics, non-
traceable proprietary platforms,
and so on. Many of these
examples include stimuli-
responsive operation where well-
defined triggering events initiate
the transient response, as
opposed to those that rely on
passive, gradual processes that
begin immediately at the time of
deployment. These stimuli
include controlled exposures to
solvents, heat, light, electro-
mechanical impulses, and others.
The materials that support these
behaviors represent areas of
interest for further research in this
dynamic and evolving field. This
review summarizes recent
progress in materials for stimuli-
responsive transient electronics
and the mechanisms that
underpin their behaviors in the
context of triggered changes in
properties and performance.
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Figure 1. Conceptual Diagrams that Highlight Operation in Conventional and Active and Passive
Transient Electronic Systems

(A) Conventional permanent electronic system. Well-engineered devices offer invariant
performance characteristics that extend over long periods of time.

(B) Transient electronic systems in passive and active forms. The gradual degradation of device
performance occurs as a result of mechanical disruption and/or chemical reaction, depending on
the constituent materials and the device designs. Passive systems correspond to those with
transient processes that begin with exposure to the surrounding environment, immediately upon
device deployment. Careful designs lead to stable performance during a period when the
transience involves only the substrate and/or encapsulation materials, followed by continuous
degradation thereafter (left). Active systems are those for which the degradation begins at a
specific time determined by a trigger event (right).

deployment and/or operation, as initiated automatically upon interaction with the
surrounding environment. In well-designed systems, the initial stages of this passive
transience process affect only the encapsulation structures, such that the perfor-
mance remains constant during this period. By contrast, active systems operate
without change until exposed to specific stimuli that serve as triggers to initiate tran-
sient processes. Engineering designs often involve two types of materials: one that
responds to an external stimulus and determines the onset of the device failure and
the other that supports the essential functions. Thus, design considerations include
not only the material properties but also the interaction between stimuli-responsive
materials, triggering events, and neighboring environments to precisely define the
device lifetime on demand.

Although active operation represents a key advantage in nearly all envisioned appli-
cations of transient electronics, many use cases can be addressed adequately with
passive designs. For example, one of the most interesting and compelling areas
of application is in temporary biomedical implants, where stable operation must sim-
ply exceed the time frame for a relevant biological process (i.e., wounds generally
heal in 4-6 weeks).”” After this period, the devices, sometimes referred to as bio-
resorbable or bioabsorbable, can disappear naturally over some subsequent period
to eliminate unnecessary loads on the body and risks to the patient, without the need
for surgical extraction. Recent publications describe a variety of such devices,
including those for sensing pressure in the intracranial space,® mapping electrical ac-
tivity from the cerebral cortex,” and electrically stimulating peripheral nerves to
accelerate neuroregeneration.® The time intervals between the loss of functionality
and the complete disappearance of these devices can, however, be quite long and,
in this sense, non-ideal from the standpoint of patient health.

Nevertheless, in many such cases, complete transience can occur over these long
timescales, without need for precise control. For example, environmentally degrad-
able electronics can often behave in this fashion, without critical need for active tran-
sience. The opportunity here is in addressing challenges associated with the rapidly
growing accumulation of electronic waste associated with the expansion of the elec-
tronics industry and the reduction in product cycle life. Discarded devices and
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components largely accumulate in lower- and middle-income countries through ex-
porting of this waste from wealthy countries.®” Incineration is the primary means for
eliminating this waste, but this process is energy intensive and it can generate gases
that are harmful to the environment, with negative consequences for surrounding
populations and ecosystems.'”'" Transient electronic systems that degrade natu-
rally into environmentally benign end products represent a potentially important
means to address these challenges, where passive operation can suffice in most
scenarios.

In these instances, active transience is an option, but in others it is essential. One
example is in strategies for data security that exploit transient memory modules.
Here, the concept is that a trigger event can lead to the elimination of stored sensi-
tive information at the level of the hardware itself. Another area is in sensitive elec-
tronics in military or proprietary industrial systems, where risks of recovery by an ad-
versary can be eliminated by using a remotely triggered transience mechanism.'?"?
In these and other scenarios, high-energy approaches based on explosives or fuses
or other obvious options may be relevant, but physical hazards, safety consider-
ations, and lack of precise control represent key drawbacks.

Afrontier area for research in materials science is to create alternatives to these rudi-
mentary active transient electronic devices through the development of compara-
tively low-energy, stimuli-responsive materials and devices. Progress will not only
address applications that demand active operation but it will potentially enhance
others. For example, materials that dissolve in biofluids within minutes or hours
are not appropriate for implantable systems that must operate for several days. Ma-
terials that react slowly, or not at all, in such environments fail to capture many of the
benefits of bioresorbability. Devices or residues of devices that persist for exces-
sively long periods of time increase the potential for adverse tissue reactions and
other negative health consequences. In all cases, a fundamental understanding of
the physicochemical characteristics of the stimuli-responsive materials and their in-
teractions with other device components and the surrounding environment is
essential.

This review focuses on the most recent advances in the materials science of transient
electronics that offer active operation. The article begins with a summary of physical/
chemical mechanisms for transience in this context, from the materials to the devices
and the engineered systems. Examples include strategies that exploit triggering
events associated with changes in temperature, exposure to solvents/etchants, illu-
mination with light, and delivery of electrical impulses. Although the emphasis is on
the underlying materials, the content also includes integration into active (transistor,
diode) and passive electrical components (resistor, capacitor, inductor) and imple-
mentation at the system level, including associated sub-systems. A concluding sec-
tion summarizes the current state of the field and highlights some opportunities for
further research in material sciences.

STIMULI-RESPONSIVE MATERIALS FOR TRANSIENT ELECTRONICS

In active transient systems, materials degradation and associated operational failure
begin only upon the introduction of an external stimulus event as a trigger. In prac-
tice, these systems consist of many different types of materials integrated together,
where at least one is stimuli responsive. The two main approaches involve (1)
response of one of various materials components within a system or (2) disintegra-
tion of the entire system through the response of the supporting substrate.
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Figure 2. Schematic lllustration of Representative Trigger Stimuli and Failure Mechanisms

Mechanisms can involve heating/cooling or exposing to solvents/etchants, light, or
electrical current. A basic understanding of these responses and a means for exploit-
ing them within a device structure represent the core goals. Recent research results
provide information on essential properties of various organic/inorganic electronic
materials before and after stimulation."*™"” The following subsections provide an
overview, starting with stimuli-responsive materials and their degradation mecha-
nisms, all in the context of device examples (Figure 2).

Temperature Responsive

This section summarizes thermally responsive materials that decompose or disinte-
grate directly through heating/cooling. The content also includes modes of active
transience mechanism that involve thermal initiation of secondary events. For
instance, when the temperature exceeds a certain level, temperature-responsive
materials can expand due to the formation of volatile molecules by depolymeriza-
tion, they can release acidic molecules from a melting process, or their wettability
can change from hydrophobic (i.e., insoluble) to hydrophilic (i.e., soluble). Such ma-
terials can trigger active transience mechanisms as an interlayer or substrate (1) to
disintegrate the device structures or (2) to chemically degrade the devices by
causing a secondary event such as release of acidic molecules for etching. These ap-
proaches can be useful in circumstances that demand rapid and precisely pro-
grammed destruction.

Heating

Thermal stimuli constitute the basis of several approaches to active transience. Fig-
ure 3A presents an example in which a thermally decomposable polymer, poly-a-
methylstyrene (PAMS) responds to impulsive heating via depolymerization.'® These
mechanisms serve as a means for reducing recycling waste for certain chromatog-
raphy techniques. In one example in transient electronics, the PAMS forms an
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Figure 3. Temperature-Triggerable Systems

(A) (Top) Surface morphologies of a device that supports thermally triggered transience by use of poly-a-methylstyrene (PAMS) as an interlayer.
Scanning electron microscope (SEM) images highlight cracks on the surface of the failed device. (Bottom) The decomposition reaction of PAMS above
the critical temperature. Reprinted with permission from Li et al.'® Copyright 2018, Wiley-VCH.

(B) (Top) Degradation of an array of diodes on a cyclic poly(phthalaldehyde) (cPPA) substrate coated with methanesulfonic acid (MSA)/wax at 55°C.
(Bottom) Release of methanesulfonic acid by melting the wax leads to (left) acidic degradation of Mg electrodes and (right) acidic depolymerization of
the cPPA. Reprinted with permission from Park et al.”” Copyright 2015, Wiley-VCH.

(C) A microfluidic system with a thermally expandable polymer to initiate chemical dissolution on demand. (Top, left) Schematic illustration of
microfluidic channels with a thermally expandable polymer layer and microfabricated heaters. (right) Sequence of optical microscope images
associated with dissolution of Si, SiO5, and Al by triggered release of KOH, KHF, and NaOH etchants, respectively. (Bottom) Schematic illustration of a
heat-responsive expandable microsphere. Reprinted with permission from Lee et al.”’ Copyright 2015, Wiley-VCH.

(D) (Top) Structural separation of Ag nanowire (Ag NW) conductors embedded in methyl cellulose (MC) after cooling. (Bottom) When immersed in a
warm water bath (Tyater > LCST), the polymeric binder is hydrophobic and maintains its properties unchanged. The binder becomes hydrophilic and
dissolves in a cool water bath (T, ater < LCST). Reprinted with permission from Zhang et al.?? Copyright 2017, American Chemical Society.

interlayer below a based metal-oxide-semiconductor field effect transistor (MOS-

FET) that uses a silicon nanomembrane (Si NM) as the semiconductor, where disag-
gregation into gaseous monomers occurs upon heating to temperatures above
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~300°C. Free-radical mechanisms in two steps define the kinetics of degradation.'”
Specifically, this thermal process involves random scissions that break the polymer
chains at weak points to yield radical chain segments that then depolymerize the re-
maining material. Released volatile monomers create pressures that fracture the de-
vice components by overcoming the ultimate tensile strength of a stress distribution
layer.

The versatility of thermal activation can be enhanced when coupled with secondary
events accompanied by heat. These events include the release of etchants gener-
ated by melting solid materials (serving as a reservoir) or by actuating expandable
polymers. For example, as shown in Figure 3B, methanesulfonic acid (MSA) droplets
encapsulated in wax (T, = 43°C) can be thermally triggered to (1) etch Mg traces and
(2) depolymerize the device substrate, cyclic poly(phthalaldehyde) (cPPA) (T. =
—40°C) thereby leading to the destruction of silicon nanomembranes (Si NMs) in
positive-intrinsic-negative diodes.”” The transience time depends on the kinetics
of both stages of the process, as defined by the concentration of MSA, the applied
thermal power, and the thickness of the wax protection layer. The kinetics can be
examined as a function of triggering temperature, using Mg resistors as test struc-
tures at fixed values for the other parameters (40 wt % of the concentration of
MSA, and 14-um-thick protection layer). Upon heating to 45°C as a thermal trigger
event, electrical failure occurs within 10 min. As the temperature rises to 55°C, the
performance of the resistor lasts for only 2 min.

Related thermally triggered etching effects can be exploited in microfluidic systems,
as shown in Figure 3C.?" In this case, a thermally expandable polymer couples to
three separately addressable reservoirs filled with a small amount of water and inter-
faced to microfluidic channels. The thermal actuators consist of microfabricated
resistive elements coupled to inductive coils and positioned under the thermally
expandable polymers. Maps of temperature collected during wireless operation
initiated by proximity to a transmission coil powered with radio frequency power
initiate heating to 100°C within 20 s. At this temperature the expandable polymer
(~270 pum thick), which consists of a mixture of polydimethylsiloxane (PDMS) and Ex-
pancel (Nouryon) at a ratio of 2:1 by weight, undergoes an irreversible, rapid in-
crease in volume by ~5X, beginning at around 80°C. The functional material in
this system (Expancel) adopts a core/shell design where a thermoplastic shell softens
above a critical temperature while a liquid hydrocarbon inside undergoes a transi-
tion to the gas phase, thereby leading to large volumetric expansion. This expansion
serves as a pumping mechanism that drives the flow of water along the microfluidic
channels across embedded chemical powders to create active etchants for different
types of electronic materials. The specific example highlighted here uses powders of
potassium hydroxide (KOH), potassium hydrogen fluoride (K;HF), and sodium hy-
droxide (NaOH) for etching of Si, SiO; and Al (Al + 4OH™ — AI(OH),” + 3e7),”
respectively, thereby offering functionality across wide-ranging types of electronics.
Another example of the use of this class of thermally expandable polymer focuses on
mechanical rather than chemical modes of operation. Here, activation of the poly-
mer (~275 pm thick) destroys a thinned silicon chip (25 um thick) within 10 s for tem-
peratures above 80°C, due to stresses that exceed the fracture limit of the silicon
(6.89 GPa).”* According to finite element analysis, this type of operation can be
effective for chips with thicknesses as large as 90 um.

Cooling

Other thermal effects can also be exploited for active transience. One example uses
polymers that exhibit a lower critical solution temperature (LCST)?® such as methyl

1036 Matter 3, 1031-1052, October 7, 2020

Matter



Matter

cellulose (MC; LCST ~45°C), such that the solubility in water depends strongly on
temperature.”” Specifically, for temperatures below the LCST, the polymer becomes
hydrophilic. Figure 3D shows a method to exploit this effect, in which Ag nanowires
(Ag NWs) embedded in MC release into water to disintegrate an associated circuit
within 5 s, upon cooling below the LCST.

Water Responsive

Water can be utilized to trigger the transient process, as described in many funda-
mental studies of materials that react to water. Although water can serve as a stim-
ulus for triggered transience, for applications in biomedical implants or green elec-
tronics, the surrounding environment typically includes water, which leads to passive
transient mechanisms. Controlled exposure to solvents or etchants, as in the
example of thermally triggered microfluidic release described above, represents
one of the most common schemes for active transience, where simple dissolution
or chemical reactions in water or aqueous solution often form the basis for tran-
sience. In certain cases, an aim is to create platforms in which the conductor, semi-
conductor, or insulator materials for electrodes, transistors, substrates, or other
components react with solvents, most commonly water, including groundwater, bio-
fluids, and others. The same sorts of triggerable microfluidic systems of the previous
section can be designed to operate with water alone, instead of traditional etchants.
In this context, Mg, Zn, W, Mo, and Fe are attractive conductors because they un-
dergo hydrolysis reactions to yield biocompatible and environmentally safe end
products. Although these metals show different detailed behaviors upon immersion
in water, they typically react to form metal oxides or hydroxides, some of which are
water soluble. Fundamental studies define the kinetics of these processes in thin
metal traces as conductors and electrodes.’® The following chemical reactions

apply:26—30

Mg + 2H,0 — Mg(OH)z + Hy

Zn + 2H,O — Zn(OH), + H,

2W + 2H,0 + 30, — 2H,WO,

2Mo + 2H,0 + 30, — 2H;Mo00,

4Fe + 30, + 10H,0 — 4Fe(OH),” + 4H"

The rates of dissolution of thin films (40-300 nm thick) of Mg, Zn, W, and Mo depos-
ited by magnetron sputtering in deionized (DI) water at room temperature,
measured as changes in thickness, are ~1,700, 170, 40.8, and 7.2 nm day ™", respec-
tiverA31 Dissolution of Zn, W, Fe, and Mo in phosphate buffered saline (PBS; pH 7.4)
at 37°C occurs at rates of 3,500, 150, 80, and 20 nm day~', respectively.32 As an
example, traces of W can serve as electrical interconnects between components in
electronic systems that adopt three-dimensional, heterogeneously integrated for-
mats.>® Figure 4A summarizes the transient behavior of patterns of W (300 nm thick)
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deposited by magnetron sputtering and immersed in PBS at 37°C. Additional exam-
ples are Mo and Zn as water-triggerable electrodes (300 nm thick) for electrochem-

ical capacitors® and conductive pastes,®*°

respectively. Foils of these materials
can also be useful, specifically as substrates or as antennas for radio frequency oper-
ation, including inductive coils for devices that exploit near-field communication
|orotoco|s.3 A Mg coil (50 pm thick) with a diameter of ~15 mm dissolves completely
after 14 days in artificial cerebrospinal fluid at 60°C (Figure 4B). Oxides of some of
these metals, such as MgO and ZnO, can also undergo hydrolysis, through reactions
such as MgO + H,O — Mg(OH), and ZnO + H,O — Zn(OH), or ZnO + H,O—
Zn?*+20H".%?° ZnO is particularly interesting as a thin film semiconductor and as
a piezoelectric material.

As a semiconductor, silicon is an ideal choice, given its widespread use in conven-
tional electronics and its natural rates of hydrolysis in water to yield biocompatible
end products. Specifically, recent studies show that hydrolysis of Si NMs occurs on
timescales of days or weeks in physiological conditions.”“***' The reaction gener-
ates orthosilicic acid and H; according to Si + 4H,O — Si(OH)4 + 2H,, even at
near neutral pH conditions.” As an example, a lightly p-doped Si NM (lateral dimen-
sion of 3 pm x 3 pm and thickness of 70 nm) dissolves in PBS (pH 7.4) at 37°C at a
rate of ~5 nm day~".? Thus, a 70-nm-thick Si NM completely disappears within
14 days via this mechanism. Other transient silicon-based materials include silicon
oxides (e.g., SiO3) and silicon nitrides (i.e., Si3N4), which dissolve according to
SiO, + H,O — Si(OH),%*? and SizN4 + 6H,0O — 3SiO5 + 4NHj;,*° respectively. These
compounds are important because they are well developed as insulating layers in
conventional electronic systems. In all cases, the dissolution kinetics depends on
many factors associated with the chemical composition of the solution, the temper-
ature, the pH, and the materials morphology and impurity levels, and others.*?*?

Water-soluble Si NMs can serve not only as the essential active material for a variety
of transient electronic devices but they can also be used for sensing. As an example,
Kim et al.”” describe an array of transient sensors with Si NM electrodes as a dopa-
mine detector. The Si NM electrodes (300 nm thick), heavily doped with boron
(~10%° cm ™), gradually hydrolyze or dissolve within 15 h under accelerated condi-
tions in PBS (10 mM, pH 11) at 37°C, as shown in Figure 4C.

As another example, Si materials form the basis of transient intracranial pressure
(ICP) sensors, with lifetimes of several days to weeks,*** relevant for monitoring dur-
ing recovery from traumatic brain injury. The entire platform, from Si NM as a strain
sensor to nanoporous Si (NP Si, 60-80 um thick; 71% porosity) and SiO; (100 um
thick) as a substrate and a passivation layer, respectively, completely disappears
in aqueous buffer solution (pH 12, for accelerated testing) at room temperature after
30 h (Figure 4D).° The main product of hydrolysis of silicon is ortho-silicic acid (i.e.,
Si(OH),), which has a theoretical solubility of 120 ppm at 25°C (pH 7.4). The amount
of Si(OH)4 present naturally in the human body can be absorbed across the intestinal
wall and excreted in the urine. Monomeric silicic acid penetrates all body liquids and
tissues at a concentration (~1.7 ppm), significantly less than its solubility. By
contrast, polymeric molecules of silicic acid containing up to four to five silicon-ox-
ygen units characterize the form of silicic acid as it transports through the blood.*

As alternatives to NP Si, various polymers can be exploited as substrate supports, as
well as encapsulation layers and other components of transient systems. Silk
fibroin,?*%%¢ sodium alginate,”’*® polyvinyl alcohol (PVA),***? polyethylene oxide

(PEO),*° poly(L-lactide-co-glycolide) (PLGA),*>" and elastomeric polymers such as
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(A and B) SEM (A) and optical (B) images of the dissolution of Mg and W electrodes. Reprinted with permission from Change et al.** and Kang et al.’
Copyright, 2018 Wiley-VCH and 2016 Macmillan Publishers.

(C and D) Optical images of the dissolution of electronic sensors that incorporate Si nanomembranes (Si NMs), nanoporous Si (NP Si), and silicon
dioxide (SiO,). Reprinted with permission from Kim et al.*” and Kang et al.> Copyright, 2018 Wiley-VCH and 2016 Macmillan Publishers.
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Figure 4. Continued

(E and F) Optical images of dissolution of systems on a silk (E) and a polyvinyl alcohol (PVA) (F) substrate. Reprinted with permission from Hwang et a

and Jin et al.”” Copyright, 2013 Wiley-VCH and 2015 American Chemical Society.

poly(1,8-octanediol-cocitrate) (POC)** and poly(glycerol-co-sebacate) (PGS)°”

represent examples of materials for substrates in transient electronics where disinte-
gration occurs upon water stimulation.

Silk fibroin (SF) obtained from Bombyx mori (silkworm) cocoons served as substrates
for the earliest demonstration of transient electronics.’ The peptide bonds along the
polymer chains in SF are water soluble. Hydrogen bonds that form between hydro-
gens associated with amide groups and carbonyl oxygens on adjacent chains,
together with van der Waals interactions, crosslink the material.”* In largely amor-
phous forms, films of SF with thicknesses of a few micrometers swell and allow water
permeation on the timescale of ~1 h (Figure 4E) in deionized (DI) water at room tem-
perature.’® Recrystallization of hydrophobic domains through treatment with
alcohol can, however, dramatically lower the permeability to water, thereby
reducing the rate of biodegradation in a way that can be controlled over a range
of timescales.> After dissolution, the polymer chains degrade into smaller units
via hydrolysis of peptide bonds.

Another option is PVA, whose chains include multiple hydroxyl (-OH) groups that
enable physical crosslinking (i.e., hydrogen bonds). Upon immersion, hydrogen
bonds can form with water molecules that permeate into the polymer network.>®
As a result, films of these materials swell and dissolve in water. An electronic system
built on a substrate of PVA with a thickness of 20 um thereby disperses within mi-
nutes (Figure 4F).?” The rate of dissolution depends on the degree of crosslinking.
Also, increasing the molecular weight decreases the solubility due to inter- and
intra-molecular hydrogen bonds that form between the hydroxyl groups of the poly-
mer chains.”*™>?

Accelerated rates of transience in water-triggered polymer films can be achieved
through advanced paths for chemical reaction.”” For example, gas-forming agents
(sodium bicarbonate [NaHCOg3]/citric acid [C,HgO7]) doped in a water-soluble
polymer matrix (Gelatin-PVA [GPVA]/PEQ) generate carbon dioxide (CO,) upon
reaction with water. In a simple example of this mechanism, an electrically conduc-
tive trace patterned on such a polymer matrix (i.e., GPVA:PEO:NaHCO3:C¢HgO7 =
25:25:12.5:12.5 wt %, calculated over the weight of the ethanol solvent) shows rapid
increases in resistance (over three orders of magnitude) within 85 s following a
trigger event. Here, the released gas (i.e., CO,) and the resultant force lead to rapid
transience due to the spontaneous dissolution of the polymer substrate. The entire
structure undergoes a complete loss of mass after exposure to water for 300 s.

Another concept in triggered transience involves moisture-responsive polymer sub-
strates.®” For one such polymer for this purpose, synthesis involves UV-induced
polymerization of 4-pentenoic anhydride and poly(ethylene glycol) (PEG) diacrylate
with tetrakis(mercaptoacetate). Sensitivity to moisture follows from hydrolysis of the
main functional group (i.e., anhydride) to carboxylic acid (-COQOH) via exposure to
water molecules in ambient air. The degradation kinetics depend on the PEG con-
tents and the humidity. Films with PEG contents of 0% and 10% (molar ratio) require
36 and 48 h to hydrolyze from solid films to viscous liquids, whereas those of 20%
and 30% require 48 and 96 h for even partial hydrolysis. At 50%, the effects of hydro-
lysis are negligible even after 96 h.
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Figure 5. Light-Triggerable Systems

(A) (Top) Images of degradation of an array of transistors on a photo-acid generator (PAG; MBTT)/cPPA substrate (UV exposure of 379 nm). (Bottom)
Chemical reaction associated with photoinduced HCI generation from the PAG/cPPA substrate. This process causes rapid depolymerization of the
acid-sensitive cPPA polymer and destruction of the electronics on the substrate. Reprinted with permission from Hernandez et al.®' Copyright 2014,
Wiley-VCH.

(B) Encapsulation design that uses a light-degradable hydrogel in a transient memory device. (Top) Optical images of the photoinduced gel-to-sol
transition of a hydrogel and (bottom) associated chemical reactions of crosslinker cleavage. Reprinted with permission from Zhong et al.*” Copyright
2018, American Chemical Society.

(C) (Top) Schematic illustration of the degradation of gold following release of photo-initiated cyanide. (Bottom) The dissolution reaction of potassium
ferrocyanide in water and subsequent gold cyanidation. Reprinted with permission from Chen et al.®® Copyright 2019, Elsevier BV.

Light Responsive

Light-triggerable systems are also possible. Materials with light-triggerable mecha-
nisms can be grouped into three different categories: (1) polymer materials with
photo-acid generators (PAGs); (2) light-induced phase transition materials; (3)
light-induced degradation of a photo-activated aqueous solution. Integrated light
sources such as those based on light-emitting diodes can be used as the trigger
mechanisms. For an information security device, UV light can lead to the destruction
of memory modules via the action of light-triggerable materials. Most examples rely
on metastable polymers blended with PAG additives as substrates and/or encapsu-
lation layers.'~°* For transient electronics, these polymers undergo triggered depo-
lymerization reactions that disrupt, disintegrate, and/or dissolve the device compo-
nents with tunable kinetics.®' The polymer cPPA is of interest due to its low ceiling
temperature (T, = —43°C) and facile synthesis with various end groups. Rapid depo-
lymerization upon backbone bond cleavage is the basis of the use of cPPA as
an acid-degradable polymer. Various PAGs, including 2-(4-methoxystyryl)-4,6-
bis(trichloromethyl)-1,3,5-triazine (MBTT; responsive to 379 nm wavelength),®’
N-hydroxynaphthalimide triflate (HNT; responsive to 254 nm waveleng’ch),64 and
Rhodorsil Faba (responsive to 365-405 nm wavelength),®® can be used to impart
UV light sensitivity. Electronic systems fabricated on composite films of PAG/cPPA
exhibit stable performance until triggered transience via exposure to UV light.
This process causes the PAG molecules to release reactive Cl' radicals that abstract
hydrogens from the environment to form hydrochloric acid (HCI). The HCl reacts with
the acetal backbone of cPPA, thereby initiating a process of degradation that leads
to the destruction of the electronics by disintegration. Figure 5A shows a free-stand-
ing film of 2.5% PAG (MBTT)/cPPA with an array of transistors on its surface before
and after exposure to light from a UV lamp (379 nm wavelength) for 230 min.*’
The intensity and the amount of PAG determine the extent and timescale of degra-
dation. Specimens of 5% MBTT/cPPA require ~7 min and ~15 min to reach failure
when exposed to 1.70 mW cm~2 and 0.70 mW cm 2, respectively.®’ The sample
with 2.5% MBTT fails within 90 min for 0.60 mW cm 2, while samples with 5%
MBTT fail within 35 min at the same illumination.
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Hydrogel-oxide bilayer structures can also serve as light-responsive transient mate-
rials. Under UV light, the 4-arms-polyethyleneglycol-NH, based hydrogel un-
dergoes a gel-to-sol phase transition due to photoinduced cleavage of azo bonds
and associated degradation of the three-dimensional network. This process in-
creases the rate of water permeation through the oxide layer.®® Figure 5B highlights
the complete gel-to-sol phase transition of the hydrogel that follows a crosslinker
cleavage reaction initiated by UV light (365 nm wavelength; 300 mW cm ™ intensity;
80 min). A Mg resistor with the hydrogel-MgO (MgO thickness = 200 nm) bilayer as
an encapsulation coating displays stable operation in DI water until exposure to UV
light. The illumination of UV light (365 nm wavelength; 300 mW cm~2 intensity) de-
stroys the three-dimensional network of the hydrogel by a gel-to-sol transition, and
the collapse of the network allows water to pass and degrade the MgO protective
layer, leading to failure of the Mg resistor within 10 min after illumination.

The dissolution of gold (Au) in cyanide solution represents another scheme for light-
triggered transience.®® The reaction in this case consists of three steps. First, non-
toxic cyanide-containing precursors, including potassium ferricyanide Ks[Fe(CN)]
and potassium ferrocyanide K4[Fe(CN),], generate cyanide upon illumination with
a solar simulator. Second, the resulting free cyanide species diffuse to the surface
of the Au. Consequent reactions of Au, known as the Elsner reaction, involve oxygen
and water (4Au + 8CN + O, + 2H,0 — 4[Au(CN),] + 40H). The rate of Au dissolution
depends on the pH of the solution and the addition of the heavy metal thallium. Fig-
ure 5C illustrates the light-induced dissociation of cyanide and the following disso-
lution chemistry (i.e., cyanidation) of an Au electrode, which involves an oxidative
surface reaction. In this system, 20 s of light illumination (300 W m~?) increases
the resistance of the Cr/Au layer (2 nm/80 nm) from ~80 Q to ~140 Q, corresponding
to degradation of the 35-nm-thick Au layer. Although this example uses non-toxic
forms of cyanide, such chemistries should be avoided in biomedical or environ-
mental applications.

Other schemes exploit photo-responsive Azo (i.e., 4,4’-didecyloxy-3-methylazoben-
zene) units to initiate the light-triggered enzymatic reactions.®’ In one case, a bilayer
film of poly-L-lactide (PLLA) coated with Azo and the enzyme of Proteinase K un-
dergoes surface erosion due to a light-induced (365 nm wavelength) phase transi-

d®7+¢® that enables enzymatic hydrolysis of the ester

tion of Azo from solid to liqui
bonds. The film of PLLA, with initial thickness of 70 nm, undergoes complete erosion
in ~25 min, corresponding to the degradation rate of 2.7 + 0.4 nm min~". This
concept can be applied to other biodegradable polymers that include ester func-
tional groups (e.g., polycaprolactone [PCL]), as the basis for substrate or encapsula-

tion strategies.

An alternative light-triggered approach uses absorbance to convert an optical
trigger into a thermal trigger. For example, chromophores combined with poly(N-
isopropylacrylamide) (PNIPAAM) can induce thermal changes in the swelling capa-
bility of PNIPAAMs upon exposure to light.®”

Electrical Current Responsive

Electrical methods generally provide fast transient behaviors.”%”" Often, electrical
current triggers generation of chemical energy or release of corrosive chemical
agents to dissolve some component parts of the electronics. One example uses
an electrically triggerable exothermic energy release layer that consists of Al
nanoparticles and poly(4-vinylpyridine)-coated CuO particles. Joule heating
or electrical sparking can trigger the ignition of this layer by the following
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(A) (Top) Optical micrographs of the surfaces of chips before (left) and after (right) thermite layer explosion induced by electrical current. (Bottom)

Electrical current-triggered exothermic reaction of nanothermite (CuO/Al film). Reprinted with permission from Pandey et al.”” Copyright 2018,

Wiley-VCH.

(B) (Top) Degradation behavior of an indium gallium zinc oxide (IGZO) field effect transistor (FET) during an electrochemically triggered dissolving
process. (Bottom) Schematic illustration of the key steps of the electrical current-triggered transience operation. Reprinted with permission from Sim

et al.”’ Copyright 2017, IOP Publishing.

(C) (Top) Degradation of a Si layer via lithiation: SEM images of the surface morphology at (left) 0 h and (right) 12 h. (Bottom) Schematic illustration of the
(left) morphological transformation of Li,Si layers upon lithiation and (right) the exploded view of the device structure for lithiation testing. Reprinted

with permission from Chen et al.”? Copyright 2019, IOP Publishing.

reaction: 3CuO + 2Al — Al,O3 + Cu (AH = —604 kJ mol™" of Al).”% In examples of
silicon chips (supporting electronics or microelectromechanical systems) and metal
resistors, a thin film of nanothermite as a substrate can lead to transience times of
less than 1 s. Figure 6A shows images of a representative chip after this process,
both with (left) and without (right) charred residues remaining on top.

Another electrical triggering approach relies on corrosive chemical agents in sealed
reservoirs and placed over device platforms that also support a source of power,
such as a Joule heating element or an electrochemical reactor. Triggering opens
the reservoirs to initiate the transience process.””’" The operation of an example
of an electrochemical reactor is in Figure 6B (bottom). Application of a DC voltage
between a pair of electrodes electrolyzes the etching solution to generate gases
that lead to an increase in pressure. Above a critical level, this pressure fractures a
sealing membrane to release the etching solution from the reservoir to the elec-
tronics. Fast transience follows from chemical dissolution.”’ Images of the elec-
tronics, based on indium gallium zinc oxide (IGZO) as the semiconductor, Cu as
the conductor, MgO as the dielectric, and glass substrate, are in Figure 6B (top).
Triggering with a 5V DC voltage fractures a SisN4 membrane to release a corrosive
solution (a mixture of copper etchant and NaCl solution; volume ratio = 1:9) that
etches key components of the device, such as the Cu gate electrode, MgO dielec-
tric, IGZO channel, and Cu source/drain electrodes to the point of operational failure
within 15 s. Complete dissolution of the field effect transistor (FET) occurs within
additional tens of seconds.

One challenge with these types of approaches is in the long-term, stable storage of
exothermic energy release agents or chemical etchants. An alternative strategy for
electrically triggered systems that avoids this limitation is based on the lithiation
of Si.”? Figure 6C (bottom, left) illustrates the mechanism. Lithium electrochemically
inserts into the Si through a galvanostatic mode ata constant current density. A vein-
like network of Li,Si forms beneath a planar layer of Li,Si. The accumulated stresses
associated with this lithium diffusion-induced process cause the formation of micro-
cracks in the Si samples. These microcracks create fast paths for lithium diffusion,
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Figure 7. Overview of Stimuli-Responsive Materials for Transient Electronics
In water-responsive materials, filled and empty marks correspond to room and body temperature, respectively.

leading to the accelerated penetration of the vein-like Li,Si network and fracture of
the Si membranes. Figure 6C (bottom, right) shows an exploded view of a test struc-
ture built with a thin Si integrated circuit chip. A hole with a diameter of 10 mm on the
positive case of the CR2032 coin cell covered by a thin piece of glass (20 mm in diam-
eter, 500 um in thickness) and sealed on the edge defines an observation window. A
PDMS stamp with Si ribbons firmly adheres to the glass. A thin layer of Au (200 nm)
deposited on the edge of Si ribbons, PDMS substrate, and the glass allows electrical
connection to the case. Assembly of other components used in the CR2032 coin cell
(including the separator, lithium counter electrode, spacer, spring, and the
negative case) completes a functional test device. Figure 6C (top) shows that the
Si ribbons fragment into microscale pieces after 12 h of lithiation (current density
of 400 pA cm?).

Figure 7 summarizes the main classes of stimuli-responsive materials along with the
type of stimulus and the time to functional failure after a triggering event (degrada-
tion time). Materials that respond to electrical current and temperature (cooling and
heating) often provide the shortest degradation times, in the range of seconds to mi-
nutes, with the potential for additional reductions through engineering optimiza-
tion. In most cases, light-responsive materials lead to degradation times that are
longer than those of electrical or thermally triggered systems. For instance, reports
indicate that PAGs (e.g., MBTT) involve times in the range of tens to hundreds of mi-
nutes,’’ depending on the concentration, the detailed chemistry, and the intensity
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Figure 8. Triggered Transient Devices Based on Various Stimuli

(A) Light-triggerable memory device. (Top) Schematic illustration of a light-responsive hydrogel-
encapsulated resistive random access memory (RRAM) (W/MgO/Mg) and optical images of the

3 X 3 transient RRAM crossbar array. (Bottom) Changes in resistance indicate controllable
degradation of RRAM by exposure to UV light. Reprinted with permission from Zhong et al.®®
Copyright 2018, American Chemical Society.

(B) Heat-triggerable FET. (Top) Schematic illustration of a Si NM FET in an exploded view format.
Inset shows a photograph of an array of such FETs. (Bottom) Temperature-dependent transfer
characteristics of a SiNM FET on PAMS. The inset shows the electrical characteristics of the device
after heated to 300°C for 3 min. Reprinted with permission from Li et al.'® Copyright 2018, Wiley-
VCH.

(C) Water-triggerable capacitor. (Top) Optical images corresponding to the time-sequential
dissolution of the capacitors (Cu/MgO/Cu) after (left) O h and (right) 84 h in an environment with
humidity of 75%. (Bottom) Changes in the (black) capacitance and (red) dielectric loss of a transient
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Figure 8. Continued

capacitor as a function of time of exposure to a humid environment. Reprinted with permission from
Gao et al. Copyright 2017, AAAS.

(D) Components for radio frequency (RF) communication with a heat-triggerable microfluidic
system. (Top, left) Inductor RF device designed to transform via dissolution of Mg and Al traces that
act as electrical shorts in a planar spiral coil. (Top, right) Magnified views of the crossover lines at
several stages during triggered transformation. (Bottom) Reduction in the resonance frequency
upon dissolution of the Al and Mg sequentially after heat-triggered release of corrosive etchants.
Reprinted with permission from Lee et al.”® Copyright 2015, Wiley-VCH.

of light. A variety of water-responsive materials support degradation times from sec-
onds to weeks. This category includes conductors, semiconductors, and insulators,
and thus can be exploited in transient devices/systems such as electrodes, transistor
channels, dielectric layers, substrates, passivation layers, and others. Most water-
responsive materials degrade slowly over timescales that increase with the thick-
nesses of the responsive layers.

TRIGGERED TRANSIENT DEVICES

Many different types of active transient devices and systems can be constructed us-
ing the materials and principles described in the previous sections. The following
content summarizes some examples, with an emphasis on those that rely critically
on active triggers in their operation. For instance, rapid progress in data storage
technologies coupled with the proliferation of smart devices creates challenges in
information security. Although encryption schemes and associated software ap-
proaches are important, hardware-based mechanisms provide the ultimate level
of security. In this context, triggered transient devices based on stimuli-responsive
materials could offer important options through self-destructive and/or irreversible
elimination of function in data storage components.

The memory modules themselves can be fabricated from or integrated with stimuli-
responsive materials. Figure 8A shows an example in the form of 3 x 3 arrays of tran-
sient resistive random access memory (RRAM) elements fabricated with water-solu-
ble electrodes (Mg, W) and dielectrics (MgO), using an encapsulation approach
based on a light-responsive hydrogel-MgO (200 nm) bilayer. The RRAM shows sta-
ble memory function with reliable on (1 0% Q) and off (10° Q) switching, during the first
~10 min after UV illumination. After 12 min of illumination, the resistance reaches
102 Q, and the module loses its memory function due to the hydrolysis of device ma-
terials by water that permeates through the encapsulation according to mechanisms
described previously.”*”’® Similarly, water-soluble solid sodium glycerin or heat-
responsive polyoxymethylene (POM) substrates support other forms of stimuli-trig-

gered destruction of these or related data storage devices.”*””

As another option, the transistor elements in data storage devices can be con-
structed with triggered transient behavior by integration with stimuli-responsive
substrates. One example (Figure 8B) is in the multilayer configuration of an MOSFET,
where SiO; (~2 pm thick) serves as an encapsulation layer to a Si NM (active layer,
340 nm thick). A bilayer of SiO,/Al,O3 (70/13 nm thick) defines the gate dielectric
layer, with Cr/Au (5/100 nm thick) electrodes as source, drain, and gate. PAMS as
an interlayer lies beneath the layer of Cr/Au electrodes to enable destruction of
the Si NM MOSFET for temperatures at or above its decomposition temperature,
as previously discussed. Polydimethylsiloxane (PDMS, ~5 um thick) serves as an ad-
hesive layer between polyimide (PI, ~5 um thick) and a flexible Kapton substrate
(~12.5 um thick). Temperatures that exceed the decomposition temperature of
the PAMS interlayer (~300°C for 3 min) lead to severe fragmentation of the SiO,
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Table 1. Recent Demonstrations in Active, Transient Devices

Device Stimuli

Transistor Heat

Light

Electrical
current

Diode Heat

Capacitor ~ Heat

Cooling

Memory Heat
devices

Light

Generator  Light

Antenna Heat

Cooling

Dagdeviren et al.* Lee et al.,* Jiang et al.? Yin et al.,® Lu et al.,*” Lei et al.,”® Kim et al.,

Major Failure Material (Role in
Device; Thickness)

PAMS (interlayer; 4 um)

Expancel/PDMS (interlayer;
270 um)

Nitrocellulose paper (substrate;
82 um)

Cyclododecane (substrate; 4—
5 mm)

MBTT in cPPA (substrate;
40 pum)

Acidic agent (gas formation),
SizsN4 (membrane)

Si (channel; ~5 pm)

Methanesulfonic acid/wax cPPA
(substrate; 45 pm)

Poly(e-caprolactone) (substrate;
120 pm)

Cyclododecane (dielectric; 70—
100 pm)

Methyl cellulose (dielectric;
110 um)

Polyoxymethylene (substrate;
1 mm)

Cross-linked PEG-NH,, with
thermo-degradable linker
(packaging; 3-10 mm), MgO
(encapsulant; 200 nm)

Cyclic poly(phthalaldehyde)
(substrate; 100 um)

Expancel/PDMS (interlayer;
300 pm)

Elastin-like peptide (substrate,
encapsulant; N/A)

Methyl cellulose (substrate/
encapsulant; 40 pm)

Failure Mechanism

Volume expansion (at 300°C)
1) Volume expansion
(at>80°C)

2) Corrosion

Burning (at 250°C)
Sublimation (at 60°C)

1) Photo-acid generation (UV
379 nm)
2) Depolymerization

1) Electrolysis (Vpc 5 V)
2) Membrane fracture

Lithiation (400 pA/cm?)

1) Melting (at 55°C)
2) Acidic dissolution

Melting (at 90°C)
Sublimation (at 60°C)
Wettability change (from 60°C

to 22°C)
Depolymerization (at 180°C)

—

Chain scission (UV 365 nm,
300 mW-cm?)

Hydrolysis at room temper-
ature

&

=

Photo-acid generation (UV
365 nm, 4 mW-cm~?)

2) Depolymerization
1) Volume expansion (at
80°C)

2) Corrosion

Wettability change (at 6.17°C)

Wettability change (at 37°C)

91

Complete Destruction Time
(Failure Time)

3 min
10s

28s
3-12 days

5% MBTT: 20 min
2.5% MBTT: 230 min (110 min)

<60s

6-12h
1 min (20 s)

2s

3-12 days (60 h)

5 min

42 min (8 min)

24 h (10 min)

5 min (2 min)

N/A

160 s

N/A (5 min)

and Hosseini et al.”?

and Si NM, thereby physically destroying the MOSFET."® Various other means for
physical destruction exploit water-soluble polymers (PVA,*” PLGA’?), photo-respon-
sive acid generators (cPPA),®" flammable (nitrocellulose [NC]),%° and sublimating
(cyclododecane)®' materials.

Capacitors, as additional building block elements of solid-state memory modules,
can also be fabricated in transient forms. One case uses a capacitor with Cu as the
top and bottom electrodes and MgO as an insulator on a water-responsive polyan-
hydride (~124 um thick) substrate (Figure 8C).¢° The polyanhydride film can
generate carboxylic acid after hydrolysis of the anhydride group. Thus, the Cu
(50 nm thick) and MgO (50 nm thick) placed on a polyanhydride substrate undergo
acidic dissolution at a relative humidity of ~75%, according to the following mech-
anism: M (MO,) + 2RCOOH — 2RCO™ + MY* + H, (H,0) and loss of function (an
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initial capacitance of ~125 pF) at a frequency of 100 Hz within 30 h. No changes
occur at humidity levels near 0%.

Additional examples are in transient components for radio frequency (RF) communi-
cation, such as antennas. One case exploits wirelessly controlled microfluidic de-
vices that support triggered release of etching solutions (water for Mg and NaOH
for Al) designed to shift the resonance frequency of such an antenna (Au, 800 nm
thick) (Figure 8D), initially configured to operate at 233 MHz. Upon a trigger, etching
solutions pass through microchannels to selectively dissolve electrode traces (i.e.,
Mg, Al) that connect certain parts of the Au antenna structure, such that their
removal increases the number of turns of the antenna. Since the frequency of the an-
tenna is inversely proportional to the number of turns of coil in the loop, this process
increases the frequency from 233 MHz to 222 MHz and 173 MHz due to chemical
dissolution of Mg (2 um thick) and Al (1 pm thick) traces.”® Similarly, Gumus
et al.?? demonstrate a wirelessly destructible form of Si electronics that incorporates
a global positioning system [GPS] and light and pressure sensors. The failure mech-
anism follows from mechanical destruction of a thin Si layer (25 um thick) on an
expandable polymer (i.e., Expancel) by thermal trigger, as described in a previous
section. The GPS sensor allows for automatic destruction if the system moves
outside a certain perimeter of coordinates. Furthermore, the destruction can be trig-
gered when the illumination or the pressure exceeds a predefined threshold
measured by the light or pressure sensor, respectively.

Table 1 provides an overview of triggered transient devices based on various stimuli-
responsive materials.

CONCLUSIONS AND PERSPECTIVES

Since the first report on transient devices in 2009, this field of scientific study and en-
gineering development has experienced significant growth to include a wide variety
of materials that respond to external physical and chemical stimuli, as well as their
use in unique systems with functions to address applications outside of those
contemplated by conventional permanent devices. Depending on the stimuli-
responsive materials and the layouts, the timescales for transience can range from
seconds to days. Although most recently reported research on transient electronics
focuses on passive transient mechanisms, sophisticated, precise approaches that
enable active or triggered transience are of high interest.

In addition to programmable microfluidic systems for controlled release of etchants,
tailored substrates or encapsulation layers can serve as the basis for this type of
active operation. In the simplest cases, reliable performance of the transient system
persists until the encapsulation material is compromised by, for example, hydrolysis
by exposure to water. Organic polymers (e.g., polyanhydride)”* with hydrophobic
properties or inorganic materials (e.g., SiO,, SizN4) are well suited for these
roles.%*? Controlling their behaviors as water barriers is a key feature that defines
the lifetime of entire system. As a result, advances in encapsulation materials and
strategies, including those that consider the geometrical structures and layouts,

will continue to be important.

Transience mechanisms triggered by electrical current, thermal effects, or optical
effects are of interest partly because they can support fast responses. A limitation
is that such approaches are often not well suited to applications in biomedical de-
vices.” Specifically, heat and electrical current can introduce off-target negative
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effects on surrounding tissues, and magnetic fields can interfere with medical im-
aging techniques, and the range of acceptable pH is defined by physiological
values. For these reasons, dissolution or destruction by water-based stimulus
(i.e., biofluid) is advantageous in biomedical systems. By contrast, military and in-
dustrial applications require immediate failure and non-recoverable designs for
strong information security, without the constraints mentioned above.

Hybrid stimuli can create additional opportunities in advanced applications.
Cascade-based triggering processes that use multiple stimuli applied sequentially
in time add versatility and create unusual design options. Here, an engineered com-
bination of materials and device structures exploits two or more reactions, where
initiation of the first becomes a stimulus for the second. Such dual stimuli can sup-
port improved levels of specificity in their response. For example,
sudden illumination of light-triggerable systems can lead to unwanted functional
impairment. Encapsulating a system with materials that change from opaque
to transparent in response to a stimulus (e.g., heating) other than light can
prevent the system from responding to light until presented with this stimulus.
Here and in other cases, specialized materials that respond to ultrasound, magnetic
field, and electric field, some based on shape memory polymers as demonstrated in
actuators and drug delivery systems,”>”” have the potential to be useful in transient
electronic systems with modes of triggering different from those summarized here.

Recent advances in materials and responsive mechanisms to modulate the pro-
cesses of active transience via engineering design accompanied by chemical/me-
chanical failure may be practical in this context. Continued efforts in precise
triggering of the system (i.e., active transience) and associated flexible control
over the operational lifetime will lead to powerful capabilities. Triggering
techniques require consideration of all aspects of materials, mechanics, and ge-
ometry. Research directions for this field include development of (1) thermally,
electrically, electrochemically, optically, and mechanically responsive materials,
(2) material/chemical engineering modifications for improved sensitivity to
the triggering events, and (3) systematic stimulus arrangements for transient
systems via cascade or hybrid triggering. The diverse materials science and
materials engineering content creates many opportunities for basic and applied
studies.
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